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Summary  

 

Microtubule targeting agents are effective anti-cancer drugs. Their use as part of a 

combined treatment modality with ionising radiation is also a promising strategy. However, 

the emergence of chemical and radiation resistance requires searching for alternative 

treatments. Our laboratories have recently described several drugs that directly or indirectly 

target the cellular microtubules. 2-Ethyl-3-O-sulphamoyl-estra-1,3,5(10)16-tetraene (ESE-

16), an analogue of 2-methoxyestradiol, is a microtubule targeting agent that binds to 

microtubules causing the formation of abnormal mitotic spindles. 9-Benzoyloxy-5,11-

dimethyl-2H,6H-pyrido[4,3-b]carbazol-1-one (LimPyr1) is a novel inhibitor of LIM kinases 

that indirectly induces microtubule stabilization. As microtubule-targeting drugs, both 

agents, ESE-16 and LimPyr1, induce mitotic defects. We thus hypothesized that they could 

sensitize cells to radiation as the G2/M phase is the most radiosensitive phase of the cell 

cycle. The aim of this PhD project was to test that hypothesis and, more specifically, to 

investigate whether low-doses of ESE-16 and LimPyr1 could increase apoptosis and delay 

nuclear repair induced by radiation in breast cancer cells in vitro. 

 

Breast cancer cell lines namely MCF-7-, MDA-MB-231- and BT-20 cells, were exposed to ESE-

16 and LimPyr1 for 24-hours prior to 8 Gy radiation. The effects of these combination 

therapies were compared to those obtained from cells exposed to the compounds alone or 

only to radiation. The activation of the survival and intrinsic apoptotic pathways were 

investigated. Results revealed altered survival and death signaling in cells exposed to the 

individual treatments. The combination treatments decreased cell survival while apoptotic 

signaling was increased, resulting in increased cell death. Furthermore, the combination 

treatments significantly increased the presence of micronuclei in BT-20 cells, indicating an 

increase in deoxyribonucleic acid (DNA) damage. MCF-7- and MDA-MB-231 cells displayed 

similar micronuclei formation when exposed to the combination treatments or radiation 

only. Phosphorylation of H2AX (γH2AX) (normally increased upon DNA damage) and Ku70 

expression (required for DNA repair) were decreased in pre-treated breast cancer cells 2 
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hours after irradiation compared to cells exposed to radiation only. The expression of γH2AX 

and Ku70, however, were significantly increased 24 hours after irradiation in the pre-treated 

cells. LimPyr1 decreased radiation resistance development from dose fractionation by 

increasing the permeability of the mitochondrial membrane. An increase in the generation 

of reactive oxygen species (ROS) was not observed in ESE-16 pre-treated cells exposed to 

fractionated radiotherapy. We also observed pro-apoptotic signaling between cells exposed 

to radiation and non-exposed cells via the radiation-induced bystander effect.  

 

In conclusion, the anti-mitotic effect of ESE-16 and LimPyr1 renders the chromosomes more 

exposed to radiation damage as assessed by the increased occurrence of micronuclei. 

Moreover, both compounds decreased the signaling and trafficking of DNA damage and 

repair proteins. Additionally, LimPyr1 prevented the development of radiation resistance in 

cells exposed to fractionated radiation doses. Future studies will aim to elucidate the 

molecular mechanisms responsible for ESE-16 and LimPyr1 radiosensitization, as well as 

validate the safety and efficacy of this approach in vivo. 

 

 

Key words: Cancer, radiation therapy, 2-methoxyestradiol, LIM kinase, ESE-16, LimPyr1, 

radiosensitization, Akt, FoxO1/3a, reactive oxygen species, Bax, mitochondria, caspase, DNA 

damage and repair, γH2AX, Ku70, apoptosis, radiation-induced bystander effect, radiation 

resistance  
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1. Introduction and literature study 

 

“Nothing in life is to be feared. It is only to be understood. Now is the time to understand 

more, so that we may fear less.”  

-Marie Curie- 

1.1 Breast cancer 
 

“If thou examinst a man having bulging tumors on his breast, and if thou puttst thy hand 

upon his breast upon these tumors, and thou finds them very cool, there being no fever at 

all when thy hand touches him, they have no granulation, they form no fluid, they do not 

generate secretions of fluid, and they are bulging to thy hand.  Thou should say concerning 

him: One having bulging tumors. An ailment with which I will not contend”. This is one of 

the earliest references to a breast tumor as translated from the Edwin Smith Surgical 

Papyrus dated from 1600 Before Christ (BC) (1). In this piece of ancient Egyptian literature 

eight cases of breast tumors were described (2). These tumors were treated by cauterisation 

(3), a futile method as stated by the author: "There is no treatment." 

 

For centuries breast cancer has been diagnosed and treated according to Galenic principles 

based on the theory by Hippocrates (460 BC) and Galen (200 Common Era (CE)) that 

ascribed breast cancer to the accumulation of black bile produced by the liver (4). The 

tumors were described to have a ‘crab-like’ appearance due to dark veins surrounding them 

(5) and were often treated with castor oil, sulphuric acid and opium (6). Hippocrates 

strongly advised against surgery as the procedure was more life threating than receiving no 

treatment (5). The Catholic Church discouraged the surgical removal of tumors during the 

Middle Ages, thus surgery was only introduced in the 18th century as a form of breast cancer 

treatment (6). As the depth of our understanding regarding the cellular nature of cancer 
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increased novel treatment regimens were developed for the treatment and management of 

breast cancer. Chemotherapy, radiotherapy, targeted and hormonal therapies are 

successfully used to increase patient life expectancy and quality, or even induce remission 

(7). However, the development of chemo and radiation resistance as well as the treatment 

of triple receptor-negative breast cancers poses yet unsolved challenges.  

 

Breast cancer is increasing as a cause of morbidity and mortality among men and women. 

Globally, breast cancer was ranked second for cancer incidence (2.09 million cases) and fifth 

for cancer deaths (627 000 deaths) in 2018 according to the World Health Organization (8). 

Africa carries a large percentage of the breast cancer burden due to the socioeconomical 

constraints of the continent. Thus a more time and cost-effective treatment regime with 

fewer side effects is imperative and remains a priority on the research agenda. 

 

Breast cancer is the development of a malignant tumor resulting from the uncontrolled 

growth of breast tissue cells. Gradually these cancer cells invade healthy breast tissue, 

infiltrate the lymph nodes and can metastasize to other parts of the body. Breast cancer is 

caused by genetic mutations. However, only 5-10% of patients diagnosed with breast cancer 

inherit the breast cancer gene 1 (BRCA1) or -2 (BRCA2) mutation (9). A BRCA1 mutation 

increases the probability of developing breast cancer with 55-65%, whereas a 45% increase 

in probability is observed with a BRCA2 mutation (10). The proteins encoded by BRCA1 and 

BRCA2 are tumor suppressor proteins and contribute to deoxyribonucleic acid (DNA) repair. 

A mutation in these genes decreases the production of the tumor suppressor proteins, 

resulting in increased genetic aberrations and cancer development (10). Genetic mutations 

can also be acquired as a result of the aging process. A total of 85-90% of breast cancer 

patients do not inherit the genetic mutations, but acquire them as a result of every day 

‘wear and tear’ (9). Additionally being of Caucasian race, increased age, obese or from high 

socioeconomic status also increased the risk for breast cancer development (11), as does a 

mutation in the tumor suppressor protein p53 (12). It has also been reported that some 
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environmental factors and lifestyle choices such as caffeine consumption, cigarette smoke 

and radiation exposure contribute to cancer development (13).  

 

1.1.1 Classification of breast cancer 

 

Breast cancer is classified and treated based on the breast cancer type, grade and stage, as 

well as gene expression. Breast cancer types are categorized based on the location and 

aggressiveness of the neoplasm. Cancer that develops in the connective tissue of the breast 

is referred to as breast sarcoma (14), while a carcinoma refers to cancer located in the 

breast ducts and lobules (15). Further classification is based on whether the cancer is 

invasive or in situ (not invasive). Histologically breast cancer can further be classified based 

on the tumor grade. The latter refers to the biological appearance of the neoplastic cells. A 

grade 1 tumor refers to neoplastic cells that are well differentiated and have a morphology 

similar to that of healthy breast cells (16). The morphology of grade 2 breast cancers is 

moderately differentiated, whereas a grade 3 classification refers to fast growing poorly 

differentiated cells (16). Breast cancer is classified into five stages. Breast cancer is classified 

as stage 0 when neoplastic cells are non-invasive (17). Stage 1 is reserved for locally invasive 

breast cancers that are less than 2 centimeters (cm) in size and have not spread to the 

lymph nodes (1A) or has formed isolated small clusters of cancerous cells (2 millimeters 

(mm)) in the lymph nodes (1B). Once the cancer has spread to the auxiliary lymph nodes the 

patient is diagnosed with stage 2 breast cancer (17). Stage 3 is termed ‘locally advanced 

breast cancer’ and has spread to numerous lymph nodes as well as tissue surrounding the 

breast such as muscle and skin. Once the cancer has spread to distant sites, such as the lung, 

liver or bones, the patient has stage 4 disease (17). Lastly, breast cancer can be divided into 

four groups based on gene expression. Using a 50-gene quantitative real-time polymerase 

chain reaction (qPCR) assay (PAM50 test), breast cancer can be classified as: Luminal A 

(estrogen receptor (ER) and/or progesterone receptor (PR) positive; human epidermal 

growth factor receptor 2 (Her2) negative), luminal B (ER positive and/or PR positive, Her2 

positive), triple receptor-negative (ER negative, PR negative, Her2 negative), and Her-2 

enriched or negative (18).  
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1.1.2 Treatment options for breast cancer 

 

Various treatment options are available to combat breast cancer. Treatment may include 

surgery, radiotherapy (radiation therapy) and/or chemotherapy. Treatment regimens are 

based on the type and stage of the cancer; whether the cancerous cells express certain 

receptors making them sensitive to hormone therapy; and the health status of the patient. 

Surgical removal of the cancerous mass may be included in the primary treatment strategy. 

Various surgical procedures are available. A lumpectomy is the surgical removal of the 

breast cancer, sparing the breast tissue, whereas the entire breast is removed during a 

mastectomy (7). A mastectomy may be coupled with an axillary lymph node dissection 

where lymph nodes that drain from the breast are removed. Lastly, a less invasive option 

includes a sentinel node biopsy where a controlled number of lymph nodes are identified, 

removed and examined for the presence of cancer cells (7). This form of treatment is 

successful in removing tumors of early staged breast cancer, however surgical treatment of 

invasive tumors remains inadequate. Additionally, several surgical and postsurgical risks 

such as stroke, infection, pulmonary complications and cardiac arrhythmias are associated 

with breast cancer surgery (19). 

 

Breast cancer surgery is generally used in combination with radiotherapy and/or 

chemotherapy. Radiation therapy is used for localized tumors and uses ionizing radiation to 

induce DNA damage in genes associated with cell growth and division, resulting in cell death 

(20). Unfortunately, radiotherapy is associated with long-term side effect such as anatomical 

aberrations, surrounding organ and tissue dysfunction and myelosupression, limiting the 

radiation dose (20). Chemotherapy is commonly used in a combination with surgery for the 

treatment of localized and metastasized tumors. Various anti-cancer agents such as 

cytotoxic drugs, hormones and targeted antibodies are used as chemotherapeutic agents to 

induce apoptosis in rapidly dividing cells such as cancer cells (7). However, rapidly dividing 

non-cancerous cells such as hair cells and mucosal cells lining the digestive tract are also 

negatively affected. To potentially decrease these side effects (amongst others) 

chemotherapeutics can be prescribed in lower doses as part of a combination approach (7). 
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Neoadjuvant chemotherapy is used to simplify the surgical procedure by shrinking the 

tumor prior to surgery, whereas adjuvant systemic chemotherapy decreases the recurrence 

possibility by targeting micro-metastasis (7).  

 

Breast cancer cells that express estrogen or progesterone receptors can be treated with 

hormone therapy. Selective estrogen receptor modulators (SERMs), such as Tamoxifen, 

prevent hormone attachment to the cancer cells, resulting in a decreased growth rate and 

increased cancer cell death (7). Additionally, hormone-dependent breast cancer can also be 

treated with aromatase inhibitors. Formestrone and anastrozole are examples of aromatase 

inhibitors and are used to prevent the conversion of androsterone to estrogen (21,22). This 

decreases the available systemic estrogen levels. Due to the lack of hormonal receptors on 

triple receptor-negative breast cancers, these hormonal therapies are ineffective. Thus 

novel innovative approaches for treating these patients are imperative.  

 

1.2 The cell cycle 
 

The pathological deregulation of cancer can only be comprehended once the intrinsic 

mechanisms of normal cell growth and death are understood. The cell cycle is a tightly 

regulated complex process through which genetic material is accurately duplicated into 

identical chromosomal copies and segregated into two daughter cells (23,24). The cell cycle 

is divided into two stages: interphase, which is comprised of the G1 (gap 1) phase, the 

synthesis or S phase and the G2 (gap 2) phase; and the mitotic or M phase (Figure 1.1) (25). 

Transition through these different cell cycle phases is regulated by different cellular 

proteins. Cyclin dependent kinases (CDK) are a family of serine/threonine kinases and 

associate with regulatory proteins called cyclins in order to initiate cell cycle progression 

(23). CDK 1, -2, -4 and -5 are involved in the regulation of the cell cycle and are the catalytic 

subunits of the cyclin-CDK complex (26,27). Activation of CDK during different cell cycle 

stages depends upon their activation by cyclin A, -B, -D or -E (Figure 1.1) (28).   
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Figure 1.1:  The phases of the cell cycle. The cell cycle consists of 2 phases: Interphase and 

mitosis. Interphase is divided into the gap 1 (G1) phase, the synthesis (S) phase and the gap 

2 (G2) phase. During interphase genetic material is prepared (G1 phase) and duplicated (S 

phase). Mitotic preparation is conducted in the G2 phase prior to the onset of mitosis. The 

mitotic (M) phase is reserved for cell division and produces two identical daughter cells. 

Cyclin dependent kinases (CDK)-cyclin complexes are sequentially formed throughout the 

cell cycle and are responsible for phase progression. Adapted from Vermeulen et al. (2003) 

(29), using Microsoft PowerPoint 2010. 

 

DNA replication is initiated by the phosphorylation of histones by aurora kinases during the 

S phase (30). The S phase is preceded by the G1 phase during which cells prepare for DNA 

replication by synthesizing cellular components and relevant proteins required for the 

subsequent phase (24,31). The S phase is followed by the G2 phase where cells prepare to 

enter mitosis by increasing protein synthesis and growth of intracellular organelles (24,32).  

The M phase is reserved for chromosomal segregation and cytosolic division, achieved by 

orchestrated events divided into prophase, metaphase, anaphase and telophase. Mitosis is 

completed by cytokinesis, resulting in two identical daughter cells (23,24). The newly 

formed daughter cells can immediately enter the G1 preparatory phase or exit the cell cycle 
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and enter the G0 phase (33) (Figure 1.1). Cells present in the G0 phase are in a quiescent 

stage and are not actively preparing for cell division due to factors such as high cell numbers 

and mitogen deprivation (29,32). These cells enter G0 temporarily pending external stimuli 

activation.  

 

1.2.1 The G1 phase 

 

The G1 phase is often referred to as the growth phase of the cell cycle. During this phase 

cells receive positive and negative cues from networks signaling growth, influencing cell 

division and development. Based on the interpretation of these inputs, a decision is made to 

enter the S phase, temporarily stop replication or exit the cell cycle and enter quiescence 

(24). The decision to progress to the S phase and replicate the DNA is made at the 

restriction (R) point, located in the mid to late G1 phase, and is irreversible (34). The 

transition from the G1 phase to the S phase is tightly regulated by the tumor suppressor 

retinoblastoma protein (pRB) family members (pRB, p107 and p130) (35,36). Transcription 

of genes required for DNA synthesis and cell cycle progression is mediated by the elongation 

factor 2 (E2F) family (37). In its phosphorylated state pRB acts as a transcriptional 

suppressor by binding to and inhibiting the E2F transcription of S phase genes. Progression 

to the S phase is facilitated by the dissociation of E2F from pRB which is mediated by the 

phosphorylation of pRB (38-40). Additionally, growth factor activation of 

phosphatidylinositol 3-kinase (PI3K) and receptor mediated Ras intracellular signaling 

cascade initiates the association of cyclin D and CDK4 and -6, contributing to the inactivation 

of pRB and triggering G1 progression (41). The cyclin E-CDK2 complex also plays an 

important role in the G1-S transition by maintaining the hyperphosphorylated state of pRB 

(42). The phosphorylation status of CDK4/6 and CDK2 is tightly regulated by CDK inhibitors. 

Two groups of CDK inhibitors have been identified: the inhibitors of the cyclin-dependent 

kinase 4 (INK4) (p16INK4a, p15INK4b, p18INK4c, p19INK4d)  (29,38) and the CDK interacting 

protein/Kinase inhibitory protein (Cip/Kip) (p21cip1/waf1, p27kip1, p57kip2) (29,43). The INK4 

family members bind to CDK4/6, preventing the association of these kinases with cyclin D 

during the G1 phase (29,38,39,43). Cip/Kip proteins can induce a G1 phase arrest by binding 
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to the CDKs which prevents them from phosphorylating pRB, however Cip/Kip proteins 

operate in all phases of the cell cycle (29,38).  

 

1.2.2 The S phase 

 

The S phase is reserved for DNA replication, a process during which an exact copy of the 

genome of the cell is made (30). The onset of DNA replication takes place at the origin 

recognition complex (ORC) located at different sites on the chromosome (44). The pre-

replication complex (pre-RC) is a multi-protein complex and consists of cell division cycle 

(Cdc) 6, chromatin licensing and DNA replication factor 1 (CDT1) proteins and the 

minichromosome maintenance protein complex (MCM complex) (45). This multi-protein 

assembles on the ORC during the initial step of DNA replication. The MCM complex unwinds 

the DNA ahead of each replication fork, limiting DNA replication to once per cell cycle (46). 

The assembly of the pre-RC is completed once the MCM complex binds to the chromatin. 

This is followed by the phosphorylation of the DNA replication machinery facilitated by the 

cyclin A-CDK2 complex, thus activating the pre-RC (39). Subsequently, the ORC at each 

replication origin changes to a post-replication state and DNA replication is initiated (44).  

 

1.2.3 The G2 phase 

 

Preparation for mitotic entry is completed in the G2 phase, where DNA and cytoplasmic 

replication is checked. Progression from the G2 to M phase is initiated by the association of 

cyclin B with CDK1 (47). This forms the mitosis promoting factor (MPF) and is regulated by 

CDK1 activity which is controlled by reversible phosphorylation and protein-protein 

interactions (48). The activity of CDK1 is inhibited by phosphorylation of its threonine 

(Thr)14 and tyrosine (Tyr)15 amino acid residues by Wee-1 and Myt-1 kinases. The up-

regulation and phosphorylation of Wee-1 and Myt-1 kinases are facilitated by checkpoint 

kinase 1 and 2 (Chk1, Chk2) (49). These two kinases are involved in the DNA structure 
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checkpoint and prevent CDK1 entry into the nucleus. Activation of CDK1 initiates the 

association with cyclin B at the end of the G2 phase and cells enter mitosis (40,43). CDK1 is 

activated and translocates to the nucleus via phosphorylation of its Thr161 amino acid 

residue by cyclin activating kinase (CAK) and dephosphorylation of Thr14 and Tyr15 by dual 

specificity phosphatase Cdc25B and Cdc25C (49). The polo-like kinase-1 (Plk-1)-dependent 

phosphorylation of Cdc25C at serine (Ser)214 and Thr130 activates the phosphatase, 

generating a positive feedback loop between Cdc25C and CDK1 (50). Chk1 and Chk2 inhibit 

the activity of Cdc25C via phosphorylation at Ser216 throughout interphase. Once Cdc25C 

activity is inhibited, Cdc25C is associated with 14-3-3σ in the cytoplasm, resulting in Cdc25C 

sequestering (51). Plk-1 activity is regulated by the DNA damage status, signaled via ataxia-

telangiectasia-mutated (ATM) and ataxia telangiectasia and Rad3-related protein (ATR), in 

addition of Chk1 and Chk2 regulation (52).  

 

1.2.4 The M phase 

 

Mitosis is initiated by chromosome condensation during prophase (30). Metaphase is 

entered into as the chromosomes align on the metaphase plate. Chromosomes attach to 

the mitotic spindles via specialized protein complexes known as kinetochores (53). 

Kinetochores assemble at the centromeres of chromosomes, which are responsible for the 

equatorial alignment. Segregation of sister chromatids to opposite poles of the cell occurs 

during anaphase, a process that depends on microtubule motor proteins and microtubule 

dynamics (54). The kinetochore/centromere complex contains the growing end of the 

microtubules (53). The kinetochore microtubules initiate the division of the centromere 

allowing segregation of the sister chromatids. Cell division in completed during telophase. 

Telophase is characterized by spindle disintegration, chromosome unraveling, nuclear 

membrane reassembling and cytokinesis (24,30).  

 

 



 

 

 
10 

 

1.2.5 Cell cycle checkpoints 

 

Successful cellular replication is monitored by cell cycle checkpoints. These checkpoints 

inspect each phase of the cell cycle to ensure that the genetic material is correctly replicated 

(DNA replication checkpoint), that no DNA damage has occurred (DNA damage checkpoint), 

and that the replicated DNA is correctly divided among the two daughter cells (spindle and 

mitotic checkpoints) (55). Should critical errors be detected, the checkpoints will induce cell 

cycle arrest followed by the recruitment and activation of repair machinery (56). Once the 

errors are mended the checkpoint will allow the cell to re-enter the cell cycle and proceed 

to the subsequent phase. Cellular damage that is irreparable will result in permanent cell 

cycle arrest. The latter is followed by the induction of cell death (56).  

 

Entry of quiescent cells into the cell cycle is monitored by the G1/S checkpoint, while the 

G2/M checkpoint regulates mitotic entry. Correct spindle attachment and chromatid 

segregation is crucial for mitotic exit and is regulated by the spindle checkpoint.  

 

1.2.5.1 DNA structure checkpoints 

 

The DNA damage checkpoints are located at the G1/S and G2/M transition point (57). DNA 

damage will thus prevent entry into the S and M phases, respectively. Cell cycle arrest at the 

G1/S checkpoint is p53 dependent (58,59). Activation of p53 requires its phosphorylation by 

ATM and ATR upon DNA damage and induces transcription of the p53 negative regulator 

mouse double minute 2 homolog (Mdm2), multiple anti-cancer proteins including p21 (CDK 

inhibitor) and the apoptotic promoting gene B-cell lymphoma (Bcl)-2 associated X protein 

(Bax) (58,59).  

 

DNA damage detected during the G2/M transition activates the checkpoint via p38 mitogen-

activated protein kinases (MAPK) activity (57). Mitotic arrest will be induced in an attempt 
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to repair the damaged DNA or induce apoptosis prior to mitotic completion if the damage is 

too severe (60). Cell cycle arrest at the G2/M checkpoint can occur irrespective of the p53 

status (29). Mitotic entry is prevented by maintaining the inactivity of CDK1. Upregulation of 

p53 activates several genes including DNA damage inducible gene (Gadd)45, p21 and 14-3-

3σ (61). Gadd45 and p21 keep CDK1 in its inactive form by dissociating the cyclin B-CDK1 

complex and inducing cyclin B degradation, respectively (61,62). This prevents the activation 

of the MPF, facilitating the metaphase arrest. Entry into mitosis is also delayed due the 

association of 14-3-3σ to cyclin B which inhibits the activation of the cyclin B-CDK1 complex, 

thus preventing MPF activation (63). In addition to the p53-dependent CDK1 inactivation, 

CDK1’s activity can also be inhibited in a p53 independent manner. Chk1 and Chk2 are ATM 

dependent kinases which are activated upon DNA damage (64). These checkpoint kinases 

phosphorylate and inhibit the tyrosine phosphatase, Cdc25 (64). Cdc25 is responsible for the 

dephosphorylation and activation of cyclin B-CDK1 (65). However, in its phosphorylated 

state Cdc25 is unable to activate CDK1, preventing mitotic progression. 

 

1.2.5.2 Spindle assembly checkpoint 

 

Accurate segregation of mitotic chromosomes is ensured by the spindle assembly 

checkpoint (SAC) (66). This is achieved by inhibiting the commencement of anaphase until 

each kinetochore is properly attached to their mitotic spindle (48). Chromosomal 

segregation is mediated by the Cdc20 activated anaphase promoting complex/cyclosome 

(APC/C) (67) which targets cyclin B and securin for degradation once proper mitotic spindle-

chromosome attachment is achieved (68) (Figure 1.2). Degradation of the cyclin results in 

the inactivation of the CDK1, inducing a metaphase block (68). The APC/C is a target of the 

SAC (66). Improperly attached kinetochores will result in the inhibition of the APC/C by the 

SAC, preventing the transition from metaphase to anaphase. The latter is achieved by the 

formation of the mitotic checkpoint complex (MCC) (69) which consists of budding 

uninhibited by benzimidazoles (Bub)R1 and Bud3, Cdc20 and mitotic arrest deficiency 

protein (Mad)2 (70,71) (Figure 1.2). SAC detection of improper kinetochore attachment 

activates the MCC via checkpoint protein signaling. These proteins include the Mad1, Mad2 
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and Mad2/BubR1 and the Bub1 and Bub3 proteins and inhibit the Cdc20-APC/C complex 

ubiquitin ligase activity of the mitotic cyclins and the protein securin (72) (Figure 1.2). 

Securin regulates the activity of separase, a protein responsible for cleaving the cohesion 

complex between two sister chromatids (71). Thus, by halting the APC/C, securin is not able 

to initiate chromatid separation, preventing the onset of anaphase. Once all the 

kinetochores are correctly attached to the mitotic spindles, the SAC becomes inactive. The 

checkpoint proteins’ activity is inhibited and they dissociate from Cdc20. Cdc20 activates the 

APC/C which initiates the degradation of cyclin B, initiating the progression to anaphase (71) 

(Figure 1.2). 

 

 

Figure 1.2: The spindle assembly checkpoint. The anaphase promoting complex or cyclone 

(APC/C) inhibits the degradation of cyclin B following improper chromosome attachment. 

This process is regulated by the spindle assembly checkpoint (SAC) and will delay the 

progression from metaphase to anaphase pending proper chromosome attachment. A. 

Proper attachment of the chromosomes to the microtubules prevents the activation of the 

checkpoint proteins budding uninhibited by benzimidazoles (Bud)R1, Bud1 and mitotic 

arrest deficiency protein (Mad)2. This is followed by the activation of the APC/C by cell 
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division cycle (Cdc)20. The APC/C initiates cyclin B degradation and the mitotic block is 

dismissed (73). B. Detection of improper chromosome attachment activates the 

aforementioned checkpoint proteins. This prevents APC/C activation by Cdc20 resulting in 

the accumulation of cyclin B and a mitotic block is induced by the checkpoint (73). Adapted 

from Matson and Stukenberg (2011) (73), using Microsoft PowerPoint 2010.  

 

1.3 Cell death 
 

Cell death can be classified as apoptotic or necrotic based on morphological changes during 

the process. Apoptosis is controlled by programmed cellular cascades, whereas certain 

types of necrosis are described as an unprogrammed ‘accidental’ death (74). Apoptosis is 

described as a ‘clean’ form of cell death as all the cellular content remains within cell 

membrane envelopes during degradation. This limits the immune response. In contrast, 

during necrosis cellular content are expelled into the extracellular space, triggering an 

immune response. Lastly, cell death can be categorized according to enzymological criteria 

based on the involvement of nucleases or proteases (74).  

  

1.3.1 Necrosis 

 

Necrotic cell death does not require energy and is characterized by cell and membrane 

swelling. This is followed by cell membrane rupture during the early stages of necrosis and 

results in spillage of intracellular material into the extracellular space, triggering an 

inflammatory response (75,76). Due to compromised membranes, proteolytic enzymes are 

release from lysosomes and enter the cytosol (77-79). The death sequence commences via 

lysosomal breakdown of the cell, which result in metabolic failure with subsequent 

adenosine triphosphate (ATP) depletion (80,81). 
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The onset of necrosis is mediated by poly-adenosine diphosphate (ADP)-ribose polymerase 

(PARP), the formation of reactive oxygen species (ROS), cathepsins, calcium-activated 

nonlysosomal proteases and the influx of calcium ions through the plasma membrane 

(82,83). The intracellular ATP stores are rapidly depleted by the catalyzation of DNA strand 

break repair mechanisms, a process facilitated by the DNA repair enzyme, PARP (82,83). The 

rapid depletion of ATP renders the cells necrotic. Additionally, PARP also plays a role in 

apoptosis, however, the aforementioned necrotic response is muted during the early stages 

of apoptosis (84,85). The latter is achieved by rapid cleavage and degradation of the PARP 

enzyme, preserving ATP. This is necessary for successful apoptotic induction as several 

apoptotic effector processes are energy dependent. Apoptotic cell death may be shifted to 

necrotic cell death, if the ATP stores become depleted (84,85). The effect of calcium on the 

induction of cell death is origin-dependent. The release of calcium from the endoplasmic 

reticulum (EndoR) induces apoptotic cell death, whereas necrosis is a result of the rapid 

influx of calcium ion across the cell membrane (79). 

 

Necrotic cell death can be distinguished from other forms of cell death by using small 

ionized molecules which are unable to cross intact cell membrane (86). The propidium 

iodide staining method is often used to distinguish between dead and viable cells where 

propidium iodide can only cross the plasma membrane of necrotic cells (due to the loss of 

membrane integrity) and binds to DNA with a corresponding increase in fluorescence (87).  

 

1.3.2 Apoptosis 

 

Morphological changes observed in apoptotic cells (type I programmed cell death) contrast 

those seen during necrosis. Apoptotic cells maintain their membrane integrity until late 

stages (79,87) and are characterized by cell shrinkage caused by aspartame-specific 

protease cleavage of the subcellular infrastructure, pseudopodia retraction, and plasma 

membrane blebbing (74). Additionally, chromatin condensation and fragmentation of the 

nucleus, termed pyknosis and karyorrhexis, respectively, are also observed during apoptotic 
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cell death (74). Plasma membrane blebbing results in the formation of apoptotic bodies. 

Contained within these apoptotic bodies are nuclear and cytoplasmic fragments, as well as 

tightly packed organelles (88). These cellular fragments are engulfed by macrophages, 

parenchymal cells and neoplasmic cells followed by lysosomal degradation (88). The 

aforementioned engulfed fragments do not produce and release cytokines, thus apoptotic 

cell death does not trigger an immune response (89,90). Unlike necrosis, apoptotic cell 

death is a highly energy dependent process (79). Membrane asymmetry facilitates the 

externalization of the negatively charged membrane phospholipid, phosphatidylserine (PS) 

(79). The plasma membrane consists of a phospholipid bilayer. On the outer cell membrane 

sphingomyelin and phosphatidylcholine are located, whereas PS is located at the inner 

cytosolic position (91). Externalization of PS is noted as an early apoptotic event and 

initiates macrophage recognition, followed by phagocytosis. Additionally, PS externalization 

is used to detect and quantify apoptotic cells. The 35 kilodalton (kDA) phospholipid-binding 

protein, annexin V, has a high affinity for PS in the presence of calcium, and is incorporated 

into laboratory techniques for apoptotic cell death detection and quantification (91). 

 

1.3.2.1 Regulation of apoptosis 

 

Caspases are aspartame-specific cytokine proteases and play an essential role in 

orchestrating the cascade which executes apoptotic cell death mechanisms (92). A pro-

apoptotic signal, initiated by DNA damage or oxidative stress for example, activates the 

initiator caspases (caspase 2, -8, -9, -10 and -11) which associate and subsequently activate 

effector caspases (caspase 3, -6 and -7) (93). The origin of the pro-apoptotic signal 

determines the mode of activation of the initiator caspase. Caspase 8 is activated by 

extrinsic apoptotic signaling and binds to the death effector domain (DED) on the Fas-

associated protein with death domain (FADD) co-factor (94,95). Activation of caspase 9 is 

stimulated by intrinsic apoptotic signals. This caspase binds to the co-factor apoptotic 

protease activating factor (Apaf)-1 via the caspase recruitment domain (CARD) (96). 

Activation of the initiator caspase strengthens the apoptotic signal and activates the 
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effector caspases. The effector caspases cleave specific substrates resulting in cellular 

disassembly (97). 

 

The extrinsic apoptotic pathway involves transmembrane receptor-mediated interactions, 

facilitated by the tumor necrosis factor (TNF) receptor family (98), and is thus also referred 

to as the death receptor pathway (93) (Figure 1.3). The extrinsic apoptotic pathway is 

activated in response to membrane death receptor ligation. The TNF receptor ligand, Fas 

ligand (FasL), and TNF-related apoptosis-inducing ligand (TRAIL) complex with their 

respective death receptors on the cell membrane (98). This results in the formation of a 

death-inducing signaling complex (DISC) via the recruitment of the intracytoplasmic adaptor 

protein, FADD, which binds to the receptor-ligand death domain (99). FADD binds to- and 

dimerizes pro-caspase 8, completing the DISC formation and activating caspase 8. This result 

in the recruitment of additional initiator caspases (caspase 8 and/or -10) followed by the 

cleavage of effector caspases such as caspase 3 and/or -6 and/or -7 (Figure 1.3). 

Additionally, the cleavage and mitochondrial translocation of BH3 interacting-domain death 

agonist (Bid) may be facilitated by caspase 3, indirectly activating the intrinsic apoptotic 

pathway (Figure 1.3) (93). 

 

 

Figure 1.3: The intrinsic and extrinsic apoptotic pathways.  The intrinsic apoptotic pathway 

is activated upon the release of cytochrome c from the mitochondria. The cytosolic 
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cytochrome c activates the initiator caspase 9, which in turn activates the executioner 

caspase 3. Caspase 3 is also activated through the extrinsic apoptotic pathway. The extrinsic 

apoptotic, or death receptor pathway, is activated by the death-inducing signaling complex 

(DISC). The DISC is formed by the association of a ligand to the death receptor (eg. Fas and 

death receptor 5 (DR5)). Fas-associated protein with death domain (FADD) and pro-caspase 

8 are recruited to the activated receptor to complete the DISC formation. The extrinsic 

pathway will proceed by activating caspase 8, resulting in BH3 interacting-domain death 

agonist (Bid) cleavage. The latter will increase the permeability of the mitochondrial 

membrane allowing the release of pro-apoptotic proteins. Caspase 8 also activates caspase 

3. Activated caspase 3 will initiate a caspase cascade resulting in the induction of apoptosis. 

Adapted from de Vries et al. (2006) (100), using Microsoft PowerPoint 2010. 

 

Intrinsic pro-apoptotic signaling is stimulated by cytokines, radiation-induced DNA damage, 

hormones, free radicals and hypoxia (88). The intrinsic apoptotic pathway is characterized 

by the extravasation of mitochondrial proteins such as cytochrome c (98) (Figure 1.3). The 

permeabilization of the mitochondrial membrane is facilitated by a family of Bcl proteins. 

These proteins are classified as pro-apoptotic BH123 proteins (Bax and Bcl-2 homologous 

antagonist-killer (Bak)), anti-apoptotic BH1234 proteins (Bcl-2 and Bcl-extra large (Bcl-XL)) 

and Bcl-2 homology domain (BH)3 only proteins (Bid and Bcl-2-associated death promoter 

(Bad)). The pro-apoptotic proteins (BH123) and the anti-apoptotic proteins (BH1234) are 

polar opposites with regards to their function, while the BH3-only proteins regulate their 

activity (93). Noxious stimulation produced as a result of cell damage or stress will activate 

the BH3-only proteins. The latter will activate the BH123 pro-apoptotic proteins, while 

simultaneously neutralizing the BH1234 anti-apoptotic proteins (93).  Once the 

mitochondria are permeabilized by the pro-apoptotic proteins, the next step of the intrinsic 

apoptotic pathway is entered into. This step involves the formation of an apoptosome in the 

cellular cytosol. An apoptosome consist of the released cytochrome c, apoptotic protease 

Apaf-1, pro-caspase 9 and deoxyadenosine triphosphate (dATP) (93). Successful association 

of the apoptosome will result in the activation of caspase 9, followed by effector caspase 

activation (Figure 1.3).  
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1.3.2.2 Involvement of reactive oxygen species in apoptosis 

 

Reactive oxygen species (ROS) such as singlet oxygen, superoxide, hydrogen peroxide 

(H2O2), hypochlorous acid, nitric oxide and hydroxyl radicals are generated as a result of 

incomplete (one-electron) reduction of oxygen (101,102). The latter is facilitated by the 

electron transport chain, peroxidases, lipoxygenases, cyclooxygenases, hemoproteins, 

arachidonic acid metabolizing enzymes, cytochrome P450 and nicotinamide adenine 

dinucleotide phosphate (reduced form) (NADPH) oxidases (101).  

 

Mitochondrial ROS production is tightly regulated for its participation in physiological cell 

signaling and is one of the major sources of cellular ROS production (103). Superoxide is 

produced by the mitochondria and can be converted into other ROS forms (104). Under 

normal physiological conditions, mitochondrial ROS are maintained in equilibrium by 

antioxidant activity (105). Superoxide dismutases (SOD) are located in the mitochondrial 

inner membrane space and cytosol (SOD1), as well as the mitochondrial matrix (SOD2) and 

extracellular matrix (SOD3) (105). The latter removes excess ROS by converting superoxide 

into H2O2. This is followed by the H2O2-facilitated oxidation of several enzymes including 

glutathione peroxidases and peroxiredoxin 2 and -5 which are located within the 

mitochondria (105). The oxidation process reduces H2O2 to water and initiates the reduction 

of glutathione peroxidases by glutathione activity and peroxiredoxins reduction by 

thioredoxin, thioredoxin reductase and NADPH (105).  

 

ROS also serves as a type I (apoptosis) or type II (autophagy) cell death stimulus once the 

physiological ROS threshold has been exceeded (101,106). The intrinsic apoptotic pathway is 

activated by ROS signaling Bax/Bak oligomerization by the truncated form of Bid (tBid) 

(107). This results in the insertion of megapores into the mitochondrial membrane with a 

subsequent decrease in the mitochondrial transmembrane potential. The compromised 

mitochondrial membrane will release cytochrome c into the cytoplasm where it will 

complex with pro-caspase 9 and Apaf-1 to for the apoptosome (108). The subsequent 
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activation of caspase 9 will cleave downstream effector caspases such as caspase 3 and -7, 

inducing apoptosis.  

 

Additionally, ROS activates autophagy as a salvage pathway. The 5′ AMP-activated protein 

kinase (AMPK) is a key energy sensor and maintains energy homeostasis by regulating 

metabolism (109). Nutrient deficiency and energy depletion are detected by the AMPK. In 

order to maintain the cellular energy homeostasis, AMPK promotes autophagy by inhibiting 

mammalian target of rapamycin (mTOR) activity (109).  Under normal physiological 

conditions, phosphorylated v‐Akt murine thymoma viral oncogene (Akt) (also known as 

protein kinase B) regulates mTOR activation, suppressing autophagy. Downstream effectors 

of activated Akt are, among others, the forkhead box proteins (FoxO). The latter are a family 

of transcription factors involved in protein degradation and apoptosis. Activated Akt 

phosphorylates and sequesters the FoxO proteins, translocating them to the cytoplasm 

(110). Due to the nuclear exclusion, FoxO can no longer facilitate apoptotic signaling. Akt-

dependent phosphorylation of FoxO thus contributes to cell survival, proliferation and 

growth. ROS serve as an autophagy survival pathway stimuli by inhibiting Akt activity with a 

simultaneous activation of AMPK (110).  

 

1.4 Radiotherapy as an effective anti-cancer treatment modality 
 

Locoregional radiotherapy is a fundamental component in the treatment of various cancers. 

Radiation therapy is included in at least 50% of all cancer patients’ treatment regimes, 

complementing local and systemic tumor treatments such as chemotherapy and surgery 

(111,112). Conventional radiotherapy is delivered to tumors using a high energy beam 

composed of x-rays. Solid tumors receive a total radiation dose of 60-70 gray (Gy) delivered 

in 30-35 daily fractions over 6-7 weeks (113). However, the therapeutic radiation dose is 

limited by the adverse reactions of non-cancerous cells surrounding the tumor and those 

located within the cancerous mass (113). Additionally, the development of radiation 
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resistance due to the fractionated regime further limits the therapeutic effect of 

radiotherapy (114,115). Two clinically important strategies have been investigated to 

improve the therapeutic window between tumor control and normal tissue damage: 

protecting normal cells from radiation damage and sensitizing tumor cells to radiation 

utilizing various anti-cancer drugs (116).  Radiation is also used in the treatment of breast 

cancer that metastasized to the spinal cord. Palliative radiotherapy is used as part of a 

multidisciplinary treatment regime for treating these bone metastases and aim to decrease 

neurological pain symptoms and spinal cord compression (117). Additionally, palliative 

radiotherapy assists in recalcifying the bone while minimizing the risk of paraplegia (117). 

 

Exposure of biological material to radiation results in ionization through the removal of 

electrons from the atoms. Energy is deposited from the high energy rays to the biological 

material, causing the molecular bonds to break (118). Ionizing radiation is classified 

according to their linear energy transfer (LET). LET refers to the ionization density of the 

radiation tracks and is quantified by the average energy deposited per track length 

(119,120). LET values of 0.2-5 kiloelectronvolts (keV)/micrometer (µm) is considered low-

LET radiation, while ionizing radiation types like neutrons and heavier ions produce LET-

values of 50-200 keV/µm and are referred to as high-LET (121). The relative biological 

effectiveness of high-LET radiation is greater compared to the lower LET-radiation due to 

the increased energy transferred (121). Damage to various cellular components including 

nucleic acids, lipids and proteins are obtained when exposed to radiation (118). The main 

target of ionizing radiation is the cell nucleus containing the DNA, which can be ionized 

directly or indirectly (122,123). Direct ionization of the DNA molecule is mainly induced by 

high-LET radiation and is achieved by the transient electron or ion itself, while indirect 

ionization is obtained through ionized water molecules (116,124,125). Water molecules 

surrounding the DNA molecule become ionized following exposure to radaition, which 

produce highly reactive hydroxyl radicals (•OH). These radicals diffuse to the DNA, react with 

the molecules and induce DNA damage (124,125).  Low-LET irradiation results in direct and 

indirect ionization in the ratio of 1:3.  
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Nuclear DNA damage may include, amongst others, single and double strand breaks 

(122,123). A single strand break is classified as the cleavage of a single strand of the DNA 

double helix and is rapidly repaired by employing DNA ligase and use of the undamaged 

strand as a template for base excision repair (122,123). Double strand break repairs are 

more complex and play a vital role in cell fate (Figure 1.4).  Double strand breaks may result 

in the loss of genetic material due to incompletely- or unrepaired DNA damage (118). The 

damaged DNA is now incorporated into the chromosomes may induce cell death or result in 

carcinogenesis (Figure 1.4). DNA damage is detected by transducer-, sensor- and effector 

cellular proteins. Damage to the cell’s genome will launch a signaling cascade for the 

damage to be repaired. These signaling proteins will induce cell cycle arrest, preventing the 

damaged DNA to be transferred to the next generation of cells (118). The arrest will be 

maintained until the damaged DNA has been repaired, or cell death will be induced if the 

damaged is too severe (Figure 1.4).  

 

 

Figure 1.4: Cellular response to radiation-induced DNA double strand breaks. Ionizing 

radiation can induce DNA double strand breaks. As a response, cell cycle arrest is induced 

and cellular mechanisms involved in DNA repair are recruited to the site of damage. 

Successful repair of this damaged DNA allows the surviving cells to re-enter the cell cycle. 

Cell death is induced when the DNA damage is too severe and cannot be rectified. Misrepair 

of the DNA damage result in a genetic mutation that is transferred to the next generation of 

cells. Unless this mutation is detected (cell death) or rectified (cell survival) the mutation 
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give rise to carcinogenesis. Adapted from Prise and O'Sullivan (2009) (118), using Microsoft 

PowerPoint 2010. 

 

1.4.1 DNA damage signaling and repair 

 

The DNA damage response (DDR) is initiated upon the induction of DNA damage (126,127). 

Double strand breaks are detected and regulated by the ATM kinase (128), while the ATR 

kinase is mostly activated upon single strand breaks and are responsible for stalling the 

replication fork (129). These kinases phosphorylate and activate downstream proteins 

involved in the recruitment of DNA repair proteins. The first step in the DDR is the induction 

of cell cycle arrest at the G1/S or G2/M phase transitions (130).  A temporary phase arrest 

facilitates DNA repair by DNA repair proteins that are recruited to the site of damage, and 

ensures genome stability (130). Cell cycle arrest is achieved by the phosphorylation of cell 

cycle regulators, Chk1 and Chk2, located downstream of ATM (131). The guardian of the 

genome, p53, becomes phosphorylated at Ser15 (‘arrest’p53) by the active ATM and 

checkpoint kinases, whereafter, it translocates to the nucleus and determines whether the 

cell death or survival pathway will be activated (132). Severe and complex DNA damage is 

often irreparable and result in prolonged p53 activation, activating the ‘killer’ p53 through 

phosphorylation at Ser46 (132). Activation of the ‘killer’ p53 results in the induction of 

apoptosis (133,134).  

 

Homologous recombination (HR) and non-homologous end joining (NHEJ) are the two main 

pathways through which double strand breaks can be repaired (135). DNA damage detected 

during the G1 phase of the cell cycle is mainly repaired by NHEJ, however, NHEJ functions 

throughout the cell cycle. NHEJ accurately repairs simple double strand breaks with 

complementary overhangs and phosphorylated 5’ and hydroxylated and 3’ ends (135). If any 

processing of the DNA end is required prior to DNA ligation, NHEJ causes short additions and 

deletions of DNA sequences (135). The latter may result in the loss of genetic information 

and inaccurate DNA repair which will result in the formation of micronuclei (136). 
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Micronuclei result from chromosomal translocation and rearrangement, as well as the 

formation of dicentric and acentric chromosomes, which subsequently result in aneuploidy 

(136). Although NHEJ is used for most double strand break repairs, a more ‘error free’ 

method is used by HR. Unfortunately, this method can only be used in the late S- and G2 

phase due to the requirement of an undamaged sister chromatid for the recombination 

(135).  

 

Double strand breaks initiate the recruitment of the Ku70-Ku80 (Ku) heteromere to the site 

of damage (137). Ku binds to the damaged DNA ends and prevents DNA 5’ end resectioning 

by HR. Both ends of the damaged DNA are kept in close proximity by the Ku heteromere, 

allowing direct re-joining facilitated by NHEJ (137). Additionally, DNA damaged ends are 

further protected from HR via the activation of the p53-binding protein 1 (53BP1) by Ku 

(137). Double strand breaks are highlighted in the nucleosome by the phosphorylation of 

histone 2A variant X (H2AX) at Ser139 (gamma (γ)-H2AX) (138). This allows the DNA repair 

machinery, such as artemis and protein kinase DNA-activated catalytic polypeptide (PRKDC), 

to accumulate at the site of damage by acting as an assembly scaffold (138). DNA ligation by 

x-ray repair cross-complementing protein (XRCC)4-like factor (XLF), DNA ligase IV (Lig4) and 

XRCC4 complete the double strand break repair via NHEJ (135). Double strand break repair 

by HR is initiated by the Mre11-Rad50-Nbs1 (MRN) complex, which transmits the signal to 

ATM and ATR in order to initiate phosphorylation of downstream factors (139).  In 

combination with retinoblastoma binding protein 8 (RBBP8), the MRN complex facilitates 

the resectioning of double stranded ends in preparation for DNA end processing. The DNA 

strand is degraded from the 3’ end to the 5’ end, allowing the release of Ku from the double 

strand break ends. Activation of HR then commences by annealing the undamaged sister 

chromatid to the newly generated single-stranded DNA (135).  The choice of which DNA 

repair pathway is activated is made by BRCA1. During the S and G2 phases of the cell cycle 

BRCA1 antagonises 53BPI. The latter activates DNA repair via HR while silencing NHEJ 

(140,141). 
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1.4.2 Cell death induced by radiation 

 

Radiation therapy aims to deprive malignant cells of their reproductive potential. This is 

achieved by inducing severe DNA damage that is irreparable by the cell’s DNA repair 

machinery. The modes of cell death in radiation exposed cell are often mitotic catastrophe 

(p53 independent), apoptosis (p53 dependent) or senescence (142). The mode of cell death 

is determined by a number of factors. The cell type is one of the major decision makers in 

cell death. Apoptotic cell death is predominantly observed in leukemic-, hematopoietic- and 

lymphoid cells, whereas normal tissues enter senescence following radiation exposure 

(116). Mitotic catastrophe and apoptosis are usually induced in solid tumors, depending on 

the dose and quality of the radiation received (116).  

 

One of the most predominant cells death mechanisms induced by radiation is mitotic 

catastrophe (142). Mitotic catastrophe is a delayed cell death and is entered into due to the 

DNA damage causing premature mitotic entry (142). The phase checkpoint is not satisfied if 

the cell enters mitosis prematurely and causes aberrant mitotic processes (143,144). 

Additionally, mitotic catastrophe is used by hyperamplified centrosomes (144,145).  In 

contrast to the normal function of centrosomes which are responsible for bipolar mitotic 

spindle formation (146), hyperamplified centrosomes result in multipolar spindle formation 

(147). The latter results in atypical segregation of the chromosomes, resulting in aberrant 

nuclear morphology (144,148), micronuclei formation (122) and multinucleated cells 

(144,149). Micronuclei are whole chromosomes or chromosome fragments that were 

excluded from the nuclei of the newly formed daughter cells (150). These additional nuclear 

bodies are similar in morphology compared to the main nucleus with the main difference 

being the size (smaller compared to the cell nucleus). The micronuclei can be observed 

during interphase in the cellular cytoplasm in close proximity to the nucleus (151). The 

cytokinesis-block micronucleus assay is an international standard method for DNA damage 

quantification. Cells are exposed to cytochalasin B prior to micronuclei quantification. This 

method prevents cytokinesis and produces binucleated cells in which an accurate 

quantification of DNA damage can commence (152). Quantification of binucleated cells is 
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essential as some of the DNA damage may only be observed in the next nuclear division 

following exposure to radiation.  

 

Ionizing radiation activates a cellular caspase cascade resulting in apoptotic cell death. The 

activation of the intrinsic apoptotic pathway is facilitated by the inhibition of the anti-

apoptotic protein, Bcl-2, with a subsequent activation of pro-apoptotic proteins such as Bax 

and BH3 only proteins (153-155). These pro-apoptotic proteins are activated by p53 in a 

rate-limiting fashion (156,157). The BH3 only protein, p53 upregulated modulator of 

apoptosis (PUMA), plays an important role in radiation-induced apoptosis by promoting the 

Bax/Bak mitochondrial megapore insertion, increasing mitochondrial permeability (156-

158). Additionally the oligemerization of Bax/Bak is facilitated by tBid. Elevated intracellular 

ROS levels produced upon radiation-exposure act as a stimulus to activate tBid (159). As a 

result of the increased mitochondrial permeability, cytochrome c is released into the cytosol 

where it participates in the formation of the apoptosome (160). This is followed by the 

activation of initiator caspase 9 and executioner caspase 3 (161,162), which targets cell cycle 

regulatory proteins and DNA repair proteins in order to facilitate apoptosis induction (159). 

 

The last mechanism through which radiation prevents cellular proliferation is senescence 

(163-165). Enlarged flattened cells that present with increased granularity are said to be in a 

state of senescence (166). Senescent cells have exited the active cell cycle and entered a 

permanent state of cell cycle arrest (167). Upon radiation exposure cells enter senescence 

due to a sustained DNA damage response signal. This ensures that cellular proliferation is 

arrested and that the DNA damage obtained from the radiation is not transferred to the 

daughter cells (167,168). Radiation-induced senescence should not be confused with 

‘proliferation limiting senescence’. ‘Proliferation limiting senescence’ refers to the 

senescence induced due to telomere shortening obtained by cells during their lifespan 

(168). 
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1.4.3 Radiation resistance 

 

Radiotherapy is an effective method for the treatment of tumors, however the development 

of radiation resistance remains a challenge (169). Radiation resistance refers to the process 

through which cancer cells adapt to the cellular changes induced by radiotherapy. This 

process is complex and involves multiple genes and cellular mechanisms (170,171).  

 

One of the main factors involved in the development of radiation resistance is the 

mechanism through which cells repair their damaged DNA (Figure 1.5). By increasing the 

rate of the DNA damage response, radioresistant cells increase the onset of signaling 

pathways responsible for DNA repair (172,173). These pathways include the PI3K and the 

MAPK pathways which promote DNA repair by maintaining steady homologous 

recombinant levels and mediating the oxidative stress response, respectively (174,175). 

Additionally, cells increase DNA repair by inducing prolonged cell cycle arrests (Figure 1.5). It 

has been reported that the G2/M phase block induced by the protein 14-3-3σ is closely 

related to the development of radiation resistance (176). Here the cells can utilize the ATM-

Chk2 and ATR-Chk1 axes to increase the DNA damage repair signaling and decrease the 

induction of cell death (177). Another mechanism through which cells obtain radiation 

resistance is by altering oncogenes and tumor suppressor proteins (Figure 1.5). The 

development of radiation resistance in nasopharyngeal carcinoma (NPC) has been assigned 

to alterations in the oncogene vitronectin (VTN) (178,179). VTN is a cell adhesion molecule 

and deregulation of its expression contributes to cell migration and invasion. Similar effects 

have been seen in lung- and breast cancer cells where alterations were made in the 

expression of tumor suppressor micro-ribonucleic acids (miRNAs), such as miR-29c and miR-

22 (180,181).  
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Figure 1.5: Factors contributing to the development of radiation resistance. Constant 

exposure to radiation results in cellular changes that enable the cells to protect themselves 

from the radiation damage. As illustrated in the figure, various cellular mechanisms and 

factors are involved in the development of radiation resistance and contribute to treatment 

failure in patients. Adapted from Tang et al. (2018) (182), using Microsoft PowerPoint 2010. 

Immune invasion is a tactic used by tumor cells to maintain their proliferation rate by 

evading the hosts’ immune response (183) (Figure 1.5).  The risk of tumor relapse and 

metastasis is increased by various immunosuppressive processes, thus changes in the tumor 

microenvironment, such as cytokine levels and epithelial-mesenchymal transition (EMT)-

related processes, contribute to the development of radiation resistance (184-187). Cells 

may also utilize autophagy in order to gain resistance to radiation (188) (Figure 1.5). The 

initiation of the metabolic-recycling autophagy pathway promotes cell survival and 

proliferation, whilst decreasing the rate of radiation-induced apoptosis (189,190). Another 

mechanism extensively studied for its involvement in radiation resistance, is tumor 

metabolism (191,192) (Figure 1.5). Cellular radioresistance is conferred via altered glycolytic 

and/or mitochondrial metabolism (193). Cancer stem cells have high oncogenic activity and 

multi-directional differentiation potential (188) (Figure 1.5). These cells are undifferentiated 

and have the ability to self-renew, providing a possible mechanism for the development of 

radiation resistance. Furthermore, cancer stem cells are responsible for tumor cell 
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heterogeneity, display increased metastatic potential after radiation treatment and rapidly 

respond to DNA damage (188,194-196). 

 

1.4.4 Radiation-induced bystander effect 

 

‘A cell that responds to the fact that its neighbors have been irradiated’, is a simple 

explanation for the complex process known as the radiation-induced bystander effect (197). 

Unlike the dose-response relationship seen in irradiated cells where the cellular response is 

directly proportional to the radiation dose, the bystander response is saturated at low 

radiation doses (198,199). Above this saturation point no additional bystander effects occur, 

and thus not all the cells exposed to the bystander effects will respond upon contact (200). 

Although the bystander effects induced by low radiation doses are as effective as the direct 

response (201), it should be emphasized that the bystander effect is still active at higher 

radiation doses and play a significant role in the overall effectiveness of radiotherapy (202). 

The bystander effect has been studied intensively in vitro and in vivo. Endothelial cells (203), 

fibroblast (204), lymphocytes (205) and tumors cells (206) all displayed bystander responses 

which can either be damaging (genetic mutations (207), DNA damage (208) and cell death 

(209)) or protective (radioadaptive response (210), terminal differentiation (211) and 

removal of damaged cells via apoptosis (212)) (213). Two main mechanisms are involved in 

the radiation-induced bystander effect. The first mechanism describes the relationship 

between irradiated and non-irradiated cells that are in direct contact. Cells utilized the 

multimeric protein Gap junctional intercellular communication (GJIC) channels to transmit 

the bystander signaling molecules (214). These molecule-transmitting structures are 

individually formed as hemi-channels on the cells. By physically interacting with each other, 

cells initiate the merging of these structures. Connexion proteins form the gap junctions 

which typically allow the transport of molecules sized 1000-1500 dalton (Da). These 

molecules include second messengers such as nucleotides, ions and peptides (215). This 

bystander signaling mechanisms are more available in non-cancerous cells, due to the GIJC 

being down-regulated in tumor cells (216). The second mechanism utilized in the radiation-
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induced bystander effect involves the release of soluble factors by the irradiated cells (217). 

These molecules may be regulated by ROS (such as superoxide radicals), are between 1000 

and 10000 kDa in size and include cytokines such as TNFα (218), lipid peroxide products 

(219) and inosine nucleotides (220). The effect of these molecules released by the irradiated 

cells can be mimicked in an in vitro laboratory setting by transferring conditioned media 

obtained from irradiated cells to non-irradiated cells (209). 

 

Several molecules such as interleukin (IL)6 (221) and IL8 (222), TNFα (223), transforming 

growth factor (TGF)β-1 (224), ROS (225) and reactive nitrogen species (RNS) (206,226), are 

involved in cell-cell signaling and the stress response and have been identified as key players 

in the radiation-induced bystander effect. Additionally, radiation-induced bystander 

signaling has some similarities to the inflammatory response. Macrophages are phagocytic 

cells responsible for the elimination of pathogens and apoptotic cells. However, when 

exposed to radiation under bystander conditions macrophages constantly produce 

increased levels of oxidative stress molecules (227). The cellular inflammatory response 

mediator, cyclooxygenase (COX)2, also contributes to radiation-induced bystander signaling. 

Induction of COX2 synthesis by the activation of the MAPK pathway contributes to 

transcription factor activation. The downstream signaling includes the activation of NO 

synthase resulting in an increased production of RNS. Previously published work reported a 

reduced bystander response in non-exposed cells where the aforementioned pathways 

were inhibited (223).  

 

The bystander effect is not dependent on signaling from the direct DNA damage obtained by 

cells exposed to radiation, but rather the energy deposited into the cytoplasm of these cells 

(228). The deposited energy located in the exposed cytoplasm of the cells increases the 

production of ROS. This can indirectly induce nuclear damage in exposed and bystander cells 

(229). Therefore, the mitochondria and other subcellular targets that are able to produce 

bystander signaling molecules or those participating in the signal transduction have been 

classified as radiation-induced bystander mediators (230,231). The mitochondria for 



 

 

 
30 

 

example contribute directly to the bystander signaling and response pathway by producing 

and releasing ROS following radiation exposure. Additionally, radiation exposure results in 

the loss of mitochondrial transmembrane potential. Cytochrome c is released as a result of 

the increased mitochondrial permeability and induces the production of ROS. In this way the 

mitochondria also contribute indirectly to the radiation-induced bystander effect. 

 

1.5 Intracellular microtubule dynamics 
 

Microtubules are multifunctional, long filamentous tube-shaped cytoskeletal proteins with 

an outer diameter of 25 nanometer (nm). These polymers form part of the essential 

machinery involved in intracellular transport, cell signaling and shape (232). Additionally, 

microtubules are responsible for spindle formation during mitosis, ensuring accurate 

attachment and division of chromosomes (232,233). 

 

The microtubule global protein dimer consists of α and β tubulin heteromeres (232). These 

tubulin heteromeres vary in length and form protofilaments by aligning in a head-to-tail 

fashion. The subsequently formed protofilaments are arranged in parallel and provide 

structural polarity which is essential for proper microtubule functioning (232). Centrosomes 

are the principle microtubule nucleating structures and function as the microtubule 

organizing centers (MTOC) (234). The centrosome consists of two centrioles, each arranged 

as nine microtubule triplets bound by peri-centriolar material. The proteins involved in the 

nucleation of the microtubules, as well as those that assist in microtubule organization, are 

located within the peri-centriolar material (234). One such protein, γ-tubulin, initiates the 

formation of the γ-tubulin ring complex (γ-TuRC) by associating with γ-tubulin complex 

proteins 2 and 3 (GCP2 and GCP3) (235). The minus ends of newly formed microtubules are 

capped and nucleated by the γ-TuRC which provides stabile binding sites for α and β tubulin 

dimers (234). By capping and binding the minus end of microtubules, the γ-TuRC ensures a 
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slow grow rate of these ends (compared to the plus ends) during microtubule assembly 

(232). 

 

Microtubules are highly dynamic structures and constantly undergo polymerization (growth) 

and depolymerization (shrinkage). The β tubulin subunits play an important role in 

microtubule polymerization due to the fact that they are located at the plus ends of the 

microtubules, while α subunits are located at the minus end (236,237). The β tubulin 

subunit is equipped with guanosine triphosphate (GTP) (Figure 1.6). During microtubule 

polymerization, β tubulin facilitates the hydrolysis of GTP to guanosine diphosphate (GDP) 

which is stored in the tubulin lattice (238). The minimal energy shape of GDP tubulin is bent, 

however, the microtubule is kept in a straight configuration by being bound to adjacent 

tubulin polymers (239) (Figure 1.6).  This results in the release of GDP and microtubule 

depolymerization commences (240). 

 

Figure 1.6: Microtubule dynamics. The dynamic microtubules constantly undergo 

polymerization and depolymerization. Microtubule polymerization is facilitated by the GTP-

rich β tubulin. β tubulin hydrolyses guanosine triphosphate (GTP) to guanosine diphosphate 

(GDP) and microtubule polymerization commences. GDP is released from the straight 

microtubule, due to its preferred bent configuration, resulting in microtubule 
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depolymerization. Adapted from Conde and Cáceres 2009 (238), using Microsoft 

PowerPoint 2010. 

 

In addition to the intrinsic regulation of microtubules by the GTP-cap, microtubules are also 

extrinsically regulated by microtubule-associated proteins (MAPs) (234). MAPS consist of 

microtubule stabilizing proteins (MAP2, MAP4 and Tau), as well as microtubule severing 

proteins (spastin, katanin and fidgetin) (241). Additionally, proteins from the inesisn-13 

family, such as kinesin heavy chain member (Kif)2A and mitotic centromere-associated 

kinesin (MCAK), induce conformational changes to the tubulin structure, resulting in 

microtubule depolymerization (242-244). The depolymerizing ability of MCAK was first 

studied in Xenopus egg extract, using the homologue Xenopus kinesin catastrophe 

modulator-1 (XKCM1) (245-247). The study revealed a lack of microtubule growth and 

spindle formation in overexpressed XKCM1 Xenopus egg extract, however, XKCM1 depletion 

resulted in excessive microtubule growth. Microtubule rescue events are coordinated by a 

group of MAPs called the plus-end tracking proteins (+TIP) (234). The +TIP, cytoplasmic 

linker protein (CLIP-170), restores microtubule dynamics during the transitions from 

microtubule shrinkage to microtubule growth (248,249). The aforementioned rescue events 

are stimulated by the binding of CLIP-170 to the microtubules under the regulation of 

FK506-binding protein (FKBP)-rapamycin-associated protein (FRAP) (247). Adenosine 

monophosphate (AMP) kinase inhibits the association of CLIP-170 to the microtubules 

(250,251), resulting in the +TIPs inactivity and a decrease in rescue events (249).  

 

The intracellular microtubule network is used as a target for anti-cancer drugs. By targeting 

this dynamic network, the proliferation of rapidly dividing cells can be reduced or halted. 

The effect of microtubule drugs are more pronounced in rapidly dividing cells. Anti-mitotic 

drugs can either exhibit microtubule stabilizing or depolymerizing properties (252). The 

microtubule destabilizing vinca alkaloid, vinblastine, inhibits microtubule polymerization by 

binding to the tubulin monomers and preventing their association (73,253,254). Paclitaxel is 

characterized as a microtubule stabilizing agent (255,256). Paclitaxel binds to and stabilizes 

already formed microtubules by preventing microtubule depolymerization (73,232). 



 

 

 
33 

 

Colchicine is an anti-mitotic agent that permanently induces a curved configuration to 

tubulin by binding to α and β subunits (252). Colchicine can be classified as a microtubule 

stabilizing or destabilizing agent as it increase microtubule depolymerization at high 

concentrations, but inhibits microtubule dynamics at lower concentration (252). These anti-

mitotic agents prevent the migration of chromosomes from the spindle poles to the 

metaphase plate (252). This is accomplished by interfering with the microtubule dynamics 

and preventing the proper attachment of microtubules to kinetochores (257). The 

subsequent metaphase block then inhibits cellular proliferation and the cell may be 

programmed to death (258).  

 

1.6 2-Methoxyestradiol 
 

The hepatic metabolism of estradiol yields a potential anti-cancer agent, 2-methoxyestradiol 

(2-ME) (259) (Figure 1.7). Estradiol metabolism is initiated by 17β-hydroxysteriod 

dehydrogenase (17β-HSD) which converts estrone to estradiol (260). Estradiol is further 

metabolized by the catalytic activity of cytochrome P450 family 1 subfamily B polypeptide 1 

(CYP1B1), CYP1A2 and CYP3A. Estradiol is metabolized to 4-hydroxyestradiol by CYP1B1 

(261,262), while CYP1A2 and CYP3A convert estradiol into 2-hydroxyestradiol (262-264). 

Subsequently, these metabolites are methylated by catechol-O-methyltransferase (COMT), 

producing 2-ME and 4-methoxyestradiol (265,266) (Figure 1.7). In circulation, 2-ME binds 

with low affinity to estrogen and testosterone receptors and was, thus, thought to be 

inactive (267). However, several in vitro and in vivo studies highlighted the antitumor and 

anti-angiogenic properties of 2-ME, rendering it a potential chemotherapeutic agent. 2-ME 

has been developed as an experimental drug under the trade name Panzem® (268-270). 
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Figure 1.7: Hepatic metabolism of estradiol. Estrone serves as a metabolic intermediate of 

estradiol. Estradiol is synthesized from estrone, using the 17-β-hydroxysteroid 

dehydrogenase (17β-HSD) enzyme. Estradiol is further metabolized through the activity of 

cytochrome P450s (CYPs) to produce 2- and 4-hydroxyestradiol. Catechol-O-

methyltransferase (COMT) methylates these to produce 2- and 4-methoxyestradiol, 

respectively. Adapted from Tsuchiya et al. (2005) (259), using Microsoft PowerPoint 2010. 

2-ME has a higher affinity for sex hormone-binding globulin (SHBG) compared to estrogen 

(271). The expression of estrogen receptors does not influence 2-ME’s antiproliferative and 

anti-angiogenic activity (272). 2-ME exerts its antiproliferative effect by binding to the 

colchicine binding sites on microtubules (273,274), resulting in the depolymerization of the 

latter and induction of a G2/M phase block (270,273). This prolonged mitotic block prevents 

cellular proliferation and induces programmed cell death in vitro in cervical (275)-, prostate 

(276,277)- and breast (278-280) cancer cells. By targeting the cellular cytoskeleton, 2-ME’s 

antiprolierative activity is more pronounced in actively dividing cells, such as cancer cells, 

while quiescent cells are less affected (274). 2-ME’s mechanism of action was confirmed 

during in vivo studies, where microtubule depolymerization was observed in orthotopic 

breast cancer mice models (281). The test subjects were treated daily with 30 or 150 
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milligram (mg)/kilogram (kg) 2-ME, resulting in tumor morphological changes such as 

aberrant microtubules and decreased tubulin polymers, which elevated soluble tubulin 

levels (281). 

 

Substances that prevent the growth of new blood vessels can be categorized as direct or 

indirect angiogenic inhibitors (282). Angiogenic inhibitors targeting the cells that form the 

inner cell lining of blood and lymphatic vessels, known as the endothelium, are classified as 

direct angiogenic inhibitors. Indirect angiogenic inhibitors target the pro-angiogenic growth 

factors, such as vascular endothelial growth factor (VEGF), which are produced by the cells 

(283). The angiogenic activities of 2-ME can be classified as both direct and indirect. The 

ability of 2-ME to prevent proliferation and induce apoptosis in endothelia cells identifies 2-

ME as a direct angiogenic inhibitor. However, the ability of 2-ME to inhibit hypoxia-inducible 

factor (HIF)-1α expression categorizes this microtubule targeting agent as an indirect 

angiogenic inhibitor (284). HIF-1α interacts with hypoxia response elements which in turn 

activates pro-angiogenic proteins such as VEGF. HIF-1α exerts its effect in the nucleus (285). 

2-ME delays the nuclear translocation of HIF-1α by abrogating the microtubule transport 

network, decreasing HIF-1α activity (281). 2-ME thus exerts its anti-angiogenic activity in an 

indirect manner by preventing the activation of pro-angiogenic proteins. 

 

The protein P-glyco-protein pumps (PgP) are primary multidrug transporters located in the 

plasma membrane (286). Drugs are actively transported out of the cell by binding to the PgP 

pumps. Active transport is initiated by ATP hydrolysis and the drugs are transported out of 

the cell against their concentration gradient, decreasing the intracellular drug concentration 

(287,288). Multidrug resistance may be associated with increased levels of PgP. Increased 

expression of these efflux pumps in the cell membrane results in constant export of anti-

cancer drugs from the cell. This limits the antitumor activity of these compounds, resulting 

in the development of chemoresistance. This may be observed with the use of classic 

microtubule targeting agents, such as paclitaxel (73). One major advantage of the use of 2-

ME in cancer treatment is the fact that it does not act as a PgP substrate (289). This 

microtubule targeting agent may thus provide an alternative treatment option for drug-

resistant tumors (290). Additionally, compared to clinically used microtubule targeting 
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agents, 2-ME has a better tolerated side effect profile, with a decrease in neurotoxicity and 

myelosupression (277,291,292).    

 

Apoptotic cell death induced by 2-ME may occur via the intrinsic as well as the extrinsic 

pathway. Activation of the extrinsic apoptotic pathway requires the activation of a 

multiprotein complex called DISC. The DISC is formed by members of the apoptotic-inducing 

cellular death receptor family (293). Upregulation of death receptor (DR)5 on 2-ME treated 

cancer cell surfaces was observed in mouse xenograph mouse models in vivo (293). This 

increased the cellular sensitivity to the DR5 ligand, TRAIL (294). Upon ligand binding, 

initiator caspases, caspase 8 and -9, became active and initiated a caspase cascade (293). 

The sequential activation of the executioner caspase 3 resulted in 2-ME-induced apoptosis, 

utilizing the extrinsic pathway. Exposure of cancer cells to 2-ME resulted in the activation of 

c-Jun N-terminal kinases (JNK). JNK plays a role in the induction of cell death via the intrinsic 

apoptotic pathway (295). Myeloma cells treated with 2-ME increased the phosphorylated 

state of JNK, whereafter it has translocated to the mitochondria. At the mitochondrial site, 

phosphorylated JNK decreased the mitochondrial transmembrane potential by inserting 

megapores. As a result of the compromised membrane, the pro-apoptotic proteins, 

cytochrome c and second mitochondria-derived activator of caspases (Smac), were released 

from the mitochondria and the apoptotic caspase cascade was induced (295).  

 

Mitochondrial reactive oxygen species are short-lived highly reactive molecules and play a 

key role in the ability of 2-ME to induce cell death via the intrinsic apoptotic pathway (296). 

The mechanism through which 2-ME induces ROS production was identified as the inhibition 

of SOD1 and copper, and SOD2 (297). These free radical scavenger enzymes play an 

essential role in preventing cell death by eliminating superoxide radicals. However, these 

findings were challenged by a report authored by Hagen et al. (298). Here, the authors 

attribute the increased ROS production to the ability of 2-ME to inhibit mitochondrial 

respiration. This resulted in the inhibition of mitochondrial electron transport chain (mETC) 

complex 1, which increased ROS production (298). Although the induction of cell death 

through the mitochondrial pathway is considered to be p53 regulated, previous studies 
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proved that the ability of 2-ME to induce apoptotic cell death is independent of p53 status 

(296,299).  

 

The ability of 2-ME to induce cancer cell death has been studied extensively in various in 

vitro cellular models (274,275,277-280,300-304). Ultrastructural changes such as double-

membraned vesicles were observed in transmission electron microscopy (TEM) micrographs 

of cells exposed to 2-ME (305). These vacuolar structures resembled the morphology of 

structures observe during autophagic cell death called autophagosomes (306,307). The 

ability of 2-ME to induce two different cell death pathways was confirmed by gene 

expression microarrays. This technique indicated upregulation of autophagic genes as well 

as genes involved in apoptosis (305). Additionally, several apoptotic cell death markers such 

as H2O2 and cytochrome c were elevated following 2-ME exposure (305). The cells also 

presented with morphological changes associated with apoptosis, such as hypercondensed 

chromatin, nuclear fragmentation, cell shrinkage and plasma membrane blebbing (300). The 

promising results obtained from in vitro studies indicated the potential of 2-ME to serve as 

an anti-cancer drug and gave rise to several in vivo studies. The anti-proliferative effect of 2-

ME observed in the in vitro experimental setup was mirrored in in vivo studies. The 

proliferation of estrogen receptor-negative breast cancer (308) and lung cancer (309) cells 

was significantly reduced in mouse models following 2-ME treatment. Being able to inhibit 

the growth of estrogen receptor-negative cancer cells in vivo further classified 2-ME as a 

potential drug for the use in drug resistant tumors.  

1.6.1 2-Methoxyestradiol analogues 

 

Structural modification to 2-ME aimed to improve on the anti-mitotic and anti-angiogenic 

properties of the parent compound. Additionally, 2-ME undergoes rapid 17β-hydroxysteriod 

dehydrogenase-mediated metabolism (259,310,311), resulting in a short half-life. Thus, 

improving on the parent compound’s bioavailability was of great importance. Stander et al. 

(312) in silico-designed several 3’ sulphamoylated 2-ME analogues. Modification of the C2’ 

and C17’ positions were made to the 2-ME molecule with moieties know to increase the 

half-life and anti-mitotic effect of the compound. Various combinations of modifications 
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displaying the optimal colchicine binding site fit were assessed, using The Lamarckian 

genetic algorithm in AutoDockTools4 with the prepare_ligand4py script. Additionally, the 

design of these compounds aimed to localize the analogues to tumor cells with preferential 

binding to carbonic anhydrase IX (CAIX) which is expressed in the acidic tumor micro-milieu 

(312). The bioavailability of the parent compound was increased by increasing the 

analogue’s binding affinity to carbonic anhydrase II (CAII) in erythrocytes (312). This allows 

the analogues to bypass the first hepatic metabolism. 

 

Two of these compounds, namely, 2-ethyl-3-O-sulphamoyl-estra-1,3,5(10),15-tetraen-17-

one (ESE-15-one) and 2-ethyl-3-O-sulphamoyl-estra-1,3,5(10)16-tetraene (ESE-16) (Figure 

1.8)  were synthesized and investigated in a series of in vitro experiments for their anti-

mitotic and pro-apoptotic abilities. Structurally, ESE-15-one and ESE-16 are very similar, 

differing only at the C’17 and C’16 positions of the D-ring (312). These compounds are not 

yet commercially available. Cytotoxicity studies revealed a dose-dependent decrease in 

proliferation in breast (MDA-MB-231 and MCF-7)-, esophageal (SNO)- and cervical (HeLa) 

cancer cell lines, when exposed to nanomolar concentrations of both ESE-15-one and ESE-

16 (312). Confocal microscopy revealed abnormal microtubule architecture in MDA-MB-231 

cells after a 24-hour exposure to ESE-15-one and ESE-16, indicating conservation of the 

parent compound’s anti-mitotic mechanisms (312). These results were mirrored in flow 

cytometric quantification of the cell cycle in which a significant increase in the G2/M phase 

of treated MDA-MB-231 cells was demonstrated. Additionally, a significant increase in the 

sub-G1 phase of ESE-15-one and ESE-16 treated MDA-MB-231 cells was observed after a 24-

hour exposure, indicating the induction of apoptosis (312). Furthermore, a 48-hour 

exposure to these compounds revealed a decrease in the G2/M phase with a concurrent 

increase in the sub-G1 phase of the MDA-MB-231 cells. Although the anti-mitotic activity 

and cytotoxicity of these compounds have been investigated in several cell lines, the 

potential of ESE-15-one and ESE-16 to radiosensitize breast cancer cells with various 

receptor statuses has not yet been investigated. 
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Figure 1.8: In silico-designed sulphamoylated 2-methoxyestradiol analogues. 2-

Methoxyestradiol (A), 2-ethyl-3-O-sulphamoyl-estra-1,3,5(10),15-tetraen-17-one (ESE-15-

one) (B) and 2-ethyl-3-O-sulphamoyl-estra-1,3,5(10)16-tetraene (ESE-16) (C) (312). 

 

1.7 Lin-11, Isl-1 and Mec-3 (LIM) kinase: A regulator of the 

cytoskeleton 
 

A key mediator involved in the regulation of the cellular cytoskeleton is LIM kinase. LIM 

kinase 1 (LIMK1) and LIM kinase 2 (LIMK2) are two members of the LIM motif-containing 

protein kinase family and play a crucial role in the dynamics of the actin and microtubule 

cytoskeleton (313). LIMK1 and LIMK2 consist of two LIM double zinc finger domains, a post-

synaptic density protein 95 drosophila disc large tumor suppressor zona occludens 1 (PDZ) 

domain with proline/serine-rich regions and a catalytic protein kinase domain at the C-

terminus (Figure 1.9) (314). Although homologous in structure, LIMK1 and LIMK2 are 

controlled by different upstream pathways, resulting in different biological functions for 

each kinase in addition to their coinciding cellular functions (315,316). Both LIMK isoforms 

function as dual-specificity protein kinases and phosphorylate tyrosine and serine/threonine 

residues (314) under the regulation of Rho GTPase (317).  

 

 

Figure 1.9: LIM kinase protein structure. The LIM kinase protein consist of two LIM domains 

located at the amino acid N-terminal, a centrally located post-synaptic density protein 95 

drosophila disc large tumor suppressor zona occludens 1 (PDZ) domain with proline/serine 
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(P/S)-rich regions, followed by the kinase domain at the C-terminal. Adapted from Prunier et 

al. (2017) (318), using Microsoft PowerPoint 2010.    

 

LIMK regulates the cyclic phosphorylation and dephosphorylation of the actin severing 

protein, cofilin (319). LIMK-induced phosphorylation of cofilin results in the inactivation of 

the protein, preventing the severing of filamentous actin (F-actin) and resulting in the 

accumulation of actin monomers (Figure 1.10) (320). The subsequent dysregualtion of actin 

affects several cellular functions, including cell migration and differentiation, stress fiber 

formation, and extracellular matrix remodeling (315). Additionally, LIMK also contributes to 

the regulation of microtubule dynamics via a mechanism independent of the actin 

regulation. Although the mechanism through which LIMK influences microtubule dynamics 

remains unelucidated, four possible mechanisms have been described in the literature. The 

first possible target for LIMK-dependent microtubule regulation is the tubulin 

polymerization-promoting protein, TPPP/p25 (Figure 1.10). TPPP/p25 is a MAP that 

promotes microtubule stabilization and/or destabilization by directly interacting with the 

microtubules of the cell (321). Initially, TPPP/p25 was described as a substrate for LIMK, in 

which LIMK inhibits the ability of TPPP/p25 to assemble microtubules due to 

phosphorylation of p25 (322). Recent studies revealed that TPPP/p25 is indeed not a 

substrate for LIMK (323). However, the possibility of an unidentified MAP serving as a LIMK 

substrate cannot be excluded. A study conducted by Bhardwaj et al. (324) suggested that 

LIMK acts as a MAP itself in its unphosphorylated state, providing the second possible 

mechanism through which LIMK regulates microtubules. It was observed that 

unphosphorylated LIMK directly interacts with tubulin (Figure 1.10). This interaction was 

eliminated upon LIMK phosphorylation, stimulated by the activity of the cytokine CSCL12 

(324). The third hypothesis suggested that LIMK1 affects microtubule dynamics via tubulin 

phosphorylation (Figure 1.10). This was based on the ability of CDK1 to regulate microtubule 

dynamics during mitosis by phosphorylating β-tubulin (325). The final hypothesis suggests 

that microtubule dynamics are regulated by LIMK via Aurora A activity (326,327). Aurora A is 

a key regulator in mitotic progression. Pharmacological inhibition of Aurora A has shown to 

suppress the dynamic instability of microtubules during interphase by retarding microtubule 

assembly, shrinkage and catastrophe rescue (328). Thus, LIMK-dependent phosphorylation 
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of Aurora A resulted in the stabilization of the microtubule network (328,329) (Figure 1.10). 

Although data suggest that microtubule dynamics can be regulated by LIMK, the underlying 

mechanisms remain unclear.  

 

 

Figure 1.10: Regulation of the cytoskeleton by LIM kinase. (A) LIM kinase (LIMK) 

phosphorylates cofilin resulting in its inactivation, which reorganizes the actin cytoskeleton. 

LIM kinase activity increases F-actin severing which results in decreased free barbed ends, 

reducing cellular protrusions. Additionally, LIM kinase activity increases focal adhesion and 

stress fiber formation by inhibiting the cofilin driven depolymerization of actin fibers. (B) 

LIM kinase regulates microtubule dynamics through a still unknown mechanism. Four 

mechanisms through which LIM kinase activity depolymerize microtubules have been 

proposed: LIM kinase-dependent phosphorylation of microtubule-associate protein (MAP), 

tubulin or aurora A kinase, and the direct interaction between tubulin and LIM kinase which 

acts as a MAP. Adapted from Prunier et al. (2017) (318) and Scott and Olsen (2007) (316), 

using Microsoft PowerPoint 2010. 
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1.7.1 The role of the actin skeleton in cell migration 

 

By regulating phosphorylation of cofilin, LIM kinase plays a crucial role in cell migration. 

Chemotaxis is a form of guided cell migration and is functional in wound healing and tumor 

metastasis (330,331). Cell migration necessitates rearrangement of the cytoskeleton, such 

as, the polymerization of actin filaments at the leading edge of a cell (332). This allows 

lamellipodia formation, generally referred to as cellular protrusions (330,331). These 

protrusions form new contact points on the extracellular matrix (adhesions) and initiate 

contraction of the cell, whereby the cell body is translocated towards the adhesion. As the 

cell migrates towards the newly formed adhesion, the rear end of the cell detaches and 

retracts in order to complete the migration cycle (332).  

 

Formation of cellular protrusions is controlled by cofilin, a key actin dynamic-promoting 

factor (41,333). By depolymerizing and severing, F-actin cofilin generates free barbed ends. 

The latter polymerizes actin which is essential for directed lamellipodia formation (334). In 

addition, cofilin can quickly replenish the dwindling monomeric actin pool. This ensures that 

the actin filaments continuously extend, creating lamellipodial protrusions (335). 

Furthermore, in vitro studies demonstrated that localized active cofilin has the ability to 

direct the migration of tumor cells (336,337). Cofilin activity is largely regulated by LIMKs 

(338-340) (Figure 1.10). LIMK activity is regulated by the Rho-GTPases downstream kinases: 

Rho-associated protein kinase (ROCK), p21 activated kinases (PAK)1 and PAK4 (341-343). 

The Rho-GTPase, Rac, signals downstream to PAK, initiating the phosphorylation and 

activation of LIMK. LIMKs inhibit the binding of cofilin and F-actin via phosphorylation of 

cofilin at its serine 3 residue (344) (Figure 1.10). Reactivation of cofilin is mediated by 

dephosphorylation of its serine 3 residue via the activity of two phosphatase families: 

slingshot family (SSH) and chronophin (CIN) (345-347). 

 

1.7.2 LIM kinase involvement in the cell cycle progression 

 

LIMK1 and LIMK2 have key functions at various stages of cell cycle progression, including 

mitotic spindle organization, segregation of chromosomes and cytokinesis (348). During the 
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G1 phase, LIMK1 maintains extracellular signal-regulated kinases (ERK) activity, which plays a 

key role in mitosis regulation. LIMK1 activity and a concurrent increase in cofilin 

phosphorylation are evident in prometaphase and metaphase during mitosis (349). These 

levels stay elevated until anaphase is reached, whereafter, the phosphorylated cofilin and 

LIMK activity return to basal levels. Due to the decreased LIMK1 activity during cytokinesis, 

SSH and CIN are activated with the subsequent dephosphyralation of cofilin. Depending on 

the mitotic phase, LIMK shows a different localization within the mitotic apparatus. LIMK1 

and LIMK2 are directly associated and co-localized with y-tubulin in centrosomes during the 

early stages of mitosis which enables active LIMK to assist in the assembly of the mitotic 

spindles (350). Inhibition of LIMK1 activity during mitosis causes disregulation of cofilin 

phosphorylation, delays the progression from metaphase to anaphase and results in 

irregular spindle positioning (16). 

 

1.7.3 LIM kinase inhibitors 

 

Metastasis and drug resistance contribute significantly to morbidity and mortality in cancer 

patients. For many years, microtubules were the target for anti-cancer drugs. Microtubules 

play a major role in mitosis, rendering it a target for cancer treatment (351,352).  Numerous 

anti-cancer drugs have been identified over the years targeting tubulin, however, tumor 

resistance to these microtubule targeting drugs is emerging and thus their clinical use is 

restricted (353). As microtubules are still considered an effective target for anti-cancer 

drugs, microtubule regulators are considered as an alternative target in order to decrease 

the development of drug resistance.  One such regulator is LIMK. Since LIMK is involved in 

the regulation of both the actin and microtubule cytoskeletons, it is considered to be a good 

therapeutic target for decreasing drug resistance development, as well as metastatic spread 

from the primary tumor (354). 

 

With the use of a cell-based assay that probes the microtubule polymerization status, 

Prudent et al. (353) identified a compound that interacts with microtubule regulators. This 

compound, 9-benzoyloxy-5,11-dimethyl-2H,6H-pyrido[4,3-b]carbazol-1-one (Pyr1), 

suppressed microtubule dynamics, causing microtubule stabilization similar to paclitaxel. 
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Pyr1 is a cell-permeable inhibitor of LIMK1/2 (Figure 1.11) (353). Pyr1 exhibited anti-mitotic 

and cytotoxic properties in cancer cell lines, including a multidrug resistant uterine sarcoma 

cell line. Disorganization of astral microtubules, as well as complete dephosphorylation of 

cofilin was revealed in HeLa cells after Pyr1 treatment in vitro. By inhibiting LIMK, rescue of 

cofilin phosphorylation was demonstrated which resulted in actin severing and 

depolymerisation of F-actin filaments. However, these results did not correlate with the 

phenotype observed when LIMK was knocked down by small interfering ribonucleic acids 

(siRNA) (355). The authors suggested that the differences observed could be in the 

mechanism of action of siRNA and pharmacologic inhibitors. Pharmacologic inhibitors only 

inhibited the enzymatic activity of the protein, whereas siRNA reduced the protein levels 

(353). The ability of Pyr1 to sensitize cancer cells to radiation in vitro has not been 

investigated. 

 

 

Figure 1.11: Chemical structure of 9-benzoyloxy-5,11-dimethyl-2H,6H-pyrido[4,3-

b]carbazol-1-one (Pyr1). Pyr1 is a LIM kinase inhibitor which increases detyrosinated 

microtubule generation (353). 

 

1.8 Paclitaxel  
 

The hydrophobic molecule, paclitaxel, was isolated from the bark of a Taxus brevifolia tree 

(356), and was first described as a microtubule stabilizing agent in the late 1970s during an 

in vitro microtubule assembly assay (357). This mechanism of action was confirmed a year 

later in a mouse fibroblast cell model and the investigation of the anti-cancer potential of 

paclitaxel commenced (358). Paclitaxel induces microtubule stabilization by binding to the 
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N-terminal region of the β-subunit of tubulin (358,359). The latter prevents 

depolymerization of these microtubules and induces a G2/M phase block. The paclitaxel-

induced microtubule arrest prevents the dynamic reorganization of the microtubule 

network, deterring cellular division. Paclitaxel is a hydrophobic mitotic inhibitor, thus, in 

order to overcome the limited solubility of the molecule, a combination of 

cremophor/ethanol is used as a vehicle for its delivery to patients (360). Paclitaxel is often 

prescribed for the treatment of breast- and ovarian cancer, however, paclitaxel related toxic 

effects such as neutropenia and peripheral neuropathies limits the therapeutic dose (361). 

 

1.8.1 Paclitaxel resistance 

 

The development of drug resistance is one of the major limitations in cancer treatment. 

Several molecular and cellular mechanisms contribute to the development of drug 

resistance, such as the overexpression of ATP-binding cassette (ABC) transporters on the cell 

membrane that increases cellular efflux of the drugs, compartmentalization of the drugs in 

endocytic vesicles, increased bio-inactivation via metabolism and reduced drug uptake due 

to down regulation of their associated receptors (362). Additionally, chemoresistance may 

develop due to increased DNA damage repair, alterations in membrane lipids, inhibition of 

the Bcl-2 intrinsic apoptotic pathway and changes in cell cycle checkpoint proteins (362). 

Multiple cellular mechanisms mentioned above are manipulated through paclitaxel to 

induce drug resistance. Paclitaxel treatment results in the overexpression of the ABC 

transporters, inhibition of the Bcl-2 and p53 apoptotic pathway, tubulin mutations and 

changes in β-tubulin binding sites (Figure 1.12) (363,364). 
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Figure 1.12: Cellular mechanisms involved in Paclitaxel resistance. A. Paclitaxel exerts its 

effect by binding to intracellular β-tubulin, stabilizing the microtubule network. This results 

in the induction of a G2/M phase block, triggering apoptosis. B. Resistance to paclitaxel 

develops due to overexpression of the transmembrane ATP-binding cassette (ABC) efflux 

transporters, decreasing the intracellular concentration of the drug (1); decreased 

microtubule stabilization due to a decline in β-tubulin binding as a result of tubulin 

mutations and unstable microtubule networks (2). The latter hinders the induction of a 

mitotic block and prevents apoptotic cell death. Additionally, paclitaxel treatment may 

inhibit the intracellular Bcl-2 and p53 apoptotic pathway, decreasing the induction of 

apoptosis and contributing to the development of paclitaxel resistance (3). Adapted from 

Barbuti and Chen (2015) (365), using Microsoft PowerPoint 2010. 

 

One of the most significant mechanisms contributing to paclitaxel resistance is the 

overexpression of ABC transporters (362) (Figure 1.12). ABC transporters are energy 

dependent and are present across the cell membrane. ABC transporters hydrolyze ATP in 

order to facilitate the transport of specific substances across the cell membrane (365). The 

overexpression of ABC transporter sub-family B, member 1 (ABCB1) and sub-family C, 

member 10 (ABCC10) plays a significant role in the development of drug resistance 

associated with paclitaxel therapy. ABCB1, also known as PgP, is encoded by the multiple 

drug resistance (MDR)1 gene and transports hydrophobic products, including paclitaxel, 

across the cell membrane (366). By increasing the transport of paclitaxel out of the cell, 
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ABCB1 decreases the intracellular anti-cancer drug levels, resulting in reduced antitumor 

activity. The ABCC transporters function as lipophilic anion pumps and regulate ion channels 

(367-369). ABCC10 is encoded by the ABCC10 gene and is also known as multidrug resistant 

protein 7 (MRP7) (370). ABCC10 contributes to paclitaxel resistance by transporting two 

substances involved in cellular detoxification, known as the glutathione conjugate of 

leukotriene C4 (LTC4) and 17β-estradiol 17-(β-D-glucuronide), across the cell membrane 

(371). By increasing cellular detoxification in addition to increasing cellular export of 

paclitaxel, ABCB1 and ABCC10 significantly decrease paclitaxel’s cytotoxicity, resulting in 

chemoresistance.  

 

Disruption of the microtubule dynamics is another important paclitaxel resistance 

mechanism (363). The α- and β-tubulin heteromers normally combine in a polarized and 

sequential manner to form 25 nm hollow tubes. During cell division the minus-end of the 

heterodimer remains embedded in the centrosome, while the plus-end grows towards the 

plasma membrane (53). The latter provides the transportation for chromosomes during 

chromosome segregation. Although minor fluctuations in the microtubule dynamics can be 

tolerated by cells, significant changes can induce a mitotic block and prevent cell division 

(372). Paclitaxel binds to β-tubulin and stabilizes the polymer (373). This decreases the 

frequency of microtubule detachment from the centrosome, preventing cellular division. 

Microtubule alterations, such as α and β-tubulin mutations, changes in paclitaxel-

microtubule attachment, alterations in microtubule regulatory proteins or post-translations 

changes to the microtubule regulatory proteins, limit the response of cells to paclitaxel in 

vitro and in vivo (Figure 1.12) (363,374-377). Mutations to the α and β-subunits of tubulin 

do not affect the binding of paclitaxel to tubulin. Instead, paclitaxel resistance is conferred 

by the increased frequency of microtubule detachments and spindle disruption during cell 

division, caused by the aforementioned mutations (373). Additionally, altered microtubule 

interacting protein-expression also contributes to the development of paclitaxel resistant 

cells. A family of motor proteins, known as kinesin, utilizes the microtubules to facilitate 

intracellular transport and mitosis (378). The depolymerization of microtubules is catalyzed 

by MCAK, a kinesin related motor protein. This protein has been found to be overexpressed 

in paclitaxel-resistant cancer cells (379,380). The mechanism of action of MCAK counteracts 
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the paclitaxel-induced microtubule polymerization, decreasing paclitaxel’s microtubule 

stabilization and anti-cancer effect. 

 

1.8.2 Paclitaxel based combination chemotherapy 

 

Clinical trials demonstrated that paclitaxel is effective in breast- and ovarian cancer 

treatment (381,382). Additionally, paclitaxel has demonstrated clinical success against 

metastatic breast cancer (383-388). In order to utilize the anti-cancer ability of paclitaxel, 

while decreasing the development of paclitaxel resistance, lower doses of paclitaxel has 

been combined with other cytotoxic agents.  

 

1.8.2.1 Paclitaxel-doxorubicin combination therapy 

 

Prior to the discovery of the taxanes the anthracycline, doxorubicin, was used for the 

treatment of metastatic breast cancer (389). Phase 1 clinical trials for anthracycline and 

taxane combination therapies were initiated by the Medicine Branch of the National Cancer 

Institute (United States of America (USA)) and the M. D. Anderson Cancer Center (University 

of Texas, USA). Based on the administration schedule for paclitaxel single-agent trials, and in 

order to limit anthracycline-related side effects, the combination therapy was administered 

via a long duration infusion (390-394). Although these initial trials for anthracycline-taxane 

combination therapy were effective, several dose-limiting toxicities were reported. Patients 

presented with diarrhea, mucositis, tiflitis and neutropenic fever. However, no clinically 

relevant cardiac toxicities were reported, a side effect usually associated with the 

anthracycline, doxorubicin. 

 

The positive reports of these initial combination trials prompted the design and 

investigation of new doses and administration methods for this combination. It was 

hypothesized that the dose of doxorubicin could be increased by shortening the 
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administration period, however, pharmacokinetic studies revealed a schedule-dependent 

interaction (395-397). Thus, a combination therapy was designed by investigators based at 

the Istituto Nazionale Tumori in Italy where a 3-hour long administration of paclitaxel was 

followed by a bolus administration of doxorubicin. This approach allowed the doses of 

paclitaxel and doxorubicin to be increased to 100 mg/m2 and 60 mg/m2, respectively, 

without any clinically relevant schedule-dependent interactions. The latter increased the 

anti-cancer activity of the drugs, with a response rate of above 90% and a complete 

remission rate grater than 40% (398). Regrettably, patients presented with severe cardiac 

toxicity. Subsequent clinical trials have been conducted with the major focus on cardiac 

toxicity (399-401).  

 

1.8.2.2 Paclitaxel-cisplatin combination therapy 

 

Paclitaxel was also combined with other anti-tumor agents in an attempt to increase the 

anti-cancer activity and decreasing the cardiac toxicity associated with anthracyclines. 

Cisplatin, clinically known as Platinol, was considered a good candidate for paclitaxel 

combination therapy due to its pronounced single-agent anti-tumor activity in metastatic 

breast cancer (402). Compared to other clinically effective agents used in metastatic breast 

cancer treatment, cisplatin is less myelosuppressive (403). During a phase I/II clinical trial, 

patients were treated with proper hydration and appropriate premedication prior to 60 

mg/m2 cisplatin treatment. This was followed with 90 mg/m2 paclitaxel during a 3-hour 

infusion, and was administered every other week (404). A response was observed in 85% of 

patients treated with the aforementioned regime, with 11% achieving a complete response. 

Side effects included nausea, peripheral neuropathy and sever fatigue. No grade VI non-

hematologic toxicity was reported, however, neutropenic fever and myelosuppression was 

observed. Several other successful clinical trials utilized cisplastin in combination with 

paclitaxel, aiming to establish the optimal dose and administration schedule for this 

combination therapy (405). 
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1.8.2.3 Paclitaxel-cyclophosphamide combination therapy 

 

The alkylating agent, cyclophosphamide, is commonly used as part of combination 

treatment regimens for breast cancer. The mechanism of action of taxanes differs from 

those of alkylating agents, yielding dissimilar side effects. Additionally, the mechanism of 

chemoresistance is unrelated, rendering cyclophosphamide a candidate for paclitaxel 

combination therapy. A dose-escalating study conducted by Tolcher et al. (406) reported a 

62% response rate in patients treated with a combination of paclitaxel and 

cyclophosphamide. Myelosuppression is an overlapped toxicity of paclitaxel and 

cyclophosphamide, thus the administration of hematopoietic growth factors such as 

granulocyte colony-stimulating factor was necessarily (406). The severe myelosuppression 

caused by the aforementioned combination therapy rendered this combination less 

favorable compared to other paclitaxel-based combination therapies. 

 

1.8.2.4 Paclitaxel-vinorelbine combination therapy 

 

Another agent used in metastatic breast cancer treatment is the vinblastine analogue, 

vinorelbine. This agent is a tubulin-active agent and is well tolerated as a single agent in 

weekly administered treatment regimens (407,408). Simultaneous intravenous 

administration of vinorelbine and paclitaxel yielded response rates between 50-65% (409). 

Dose-limiting toxicities included cumulative neuropathy and neutropenic fever which was 

decreased with the administration of hematopoietic growth factors (410). The latter allowed 

higher dose administration, which was limited by the development of neuropathy. 

Peripheral neuropathy was decreased when vinorelbine and paclitaxel was administered in 

a sequential treatment schedule (411-413).  
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1.8.3 Compound T4 sensitizes cells to non-lethal doses of paclitaxel in vitro 

 

The research group from Institute for Advanced Biosciences (IAB), Université Grenoble Alpes 

(UGA)/ Institut national de la santé et de la recherche médicale (INSERM) U1209/ Le Centre 

National de la Recherche Scientifique (CNRS) 5309 (Grenoble, France) screened 8 000 

molecules in order to obtain compounds that sensitize cells to non-lethal doses of paclitaxel. 

Compound T4 was selected, as it exhibited non-toxic effects when exposed to cells in vitro 

as a single agent. When T4 was combined with low-doses of paclitaxel (also non-toxic when 

administered as a single agent) a cytotoxic effect is achieved (Unpublished data). In vitro 

studies revealed that T4 exerts its effect by binding directly to tubulin. This induces 

abnormal mitotic spindles when T4 is combined with non-toxic doses of paclitaxel. 

Furthermore, it is hypothesized that T4 targets a cell cycle check-point, but has yet to be 

fully elucidated.   

 

1.9 Radiosensitization by agents targeting the cytoskeleton 
 

Cancer cells progress much faster through the cell cycle compared to their neighboring non-

cancerous cells in general. This increased proliferation rate makes them ideal targets for 

microtubule targeting agents (252). Previous studies revealed that the G2/M phase of the 

cell cycle is the most radiosensitive phase due to the exposure of chromosomes to radiation 

(414-416). Microtubule targeting agents, such as paclitaxel, induce a G2/M phase block 

(417). The latter will be more pronounced in cancerous cells due to their rapid proliferation. 

Thus, by preventing the transition from the G2 phase to the M phase, microtubule targeting 

agents can enhance cancer cell radiosensitivity (417). This will allow the administration of 

lower doses of each modality, while increasing tumor response to the treatment. In theory, 

the additive effect of combination therapy should improve the therapeutic gain and lessen 

side-effects commonly associate with traditional chemotherapy and radiotherapy (418). 

 



 

 

 
52 

 

Several studies have investigated the ability of microtubule targeting agents to 

radiosensitize cells (418-420). A study utilizing 2-ME successfully illustrated the ability of this 

microtubule targeting agent to radiosensitize two human glioma cell lines (T98G- and 

U231MG cells) (419). The experimental protocol entailed a 12-hour pre-exposure of the 

cancer cells to 2 micromolar (µM) 2-ME, followed by irradiation. The effect of the 

combination therapy was then evaluated and compared to that of cells exposed to radiation 

in the absence of 2-ME, using clonogenic studies, apoptosis quantification and the induction 

of DNA damage, as well as cell cycle alterations. Results obtained from the aforementioned 

experiments revealed a significant increase in radiation-induced cell death in both glioma 

cell lines when cell were presensitized with 2-ME (419). Additionally, clonogenic studies 

showed that the survival fraction of glioma cells exposed to the combination therapy 

decreased in a dose-dependent manner. The enhanced radiotoxicity observed in pre-treated 

cells was associated with increased H2AX phosphorylation, indicating increased DNA 

damage, as well as, phosphorylation of the ATM protein kinase, which resulted in Chk2 

activation and a G2/M phase cell cycle arrest (419). Interesting to note was the inability of 

estradiol to radiosensitize glioma cells in this experimental setting. This suggested that it 

was specifically 2-ME that possessed the ability to radiosensitize the glioma cells rather than 

the general effect of estradiol. Additionally, the authors noted that the radiosensitization 

and enhanced radio-cytotoxicity were not transferred to normal lymphocytes (419). 

 

The ability of LIMK inhibitors to radiosensitize cancer cells in vitro has not been established. 

A literature study revealed no previous experiments or publications on the radiosensitizing 

ability of inhibitors targeting LIMK specifically. By evaluating the potential of LIMK inhibitors, 

such as Pyr1, during the completion of this study, a novel application of LIMK inhibitors as 

radiosensitizing agents may be established. Additionally, the compound T4 has not been 

used in radiosensitization studies previously. Results obtained from this in vitro study may 

provide a foundation upon which future studies can build to develop more strategic 

treatment regimens with the aim of increasing the effectivity of radiation therapy, decrease 

metastasis and prevent the development of treatment resistance.   
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2. Aims and objectives 

 

“The most exciting phrase to hear in science, the one that heralds new discoveries, is not 

„Eureka!‟ but „That‟s funny…‟ ”  

-Isaac Asimov- 

 

The aim of this study was to determine whether ESE-15-one, ESE-16, LimPyr1 and T4 induce 

cell death in the estrogen receptor-positive (MCF-7)-, estrogen receptor-negative (MDA-MB-

231)- and triple receptor-negative (BT-20) breast cancer cell lines and whether these 

compounds increase the sensitivity of cancer cells to radiation.  

 

The objectives of the study were to describe the cellular effects of ESE-15-one, ESE-16, 

LimPyr1 and T4 on breast cancer cells and to investigate their potential radiosensitization 

abilities. Two compounds were selected for radiosensitization studies. Apoptotic signaling, 

cellular proliferation and survival, and DNA damage and repair mechanisms were assessed. 

Additionally, these two compounds were investigated to ascertain the effects of the 

combination therapy on the radiation-induced bystander effect and radiation-induced 

resistance due to dose fractionation in BT-20 cells. 

 

To this aim the experiments conducted intended to: 

 

i. Determine the ability of ESE-16 to bind to the colchicine binding sites on tubulin 

using an in vitro colchicine binding assay; 

 

https://www.goodreads.com/author/show/107032.Max_Planck
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ii. Determine the ability of ESE-16 to induce a metaphase block in HeLa Kyoto cells 

via live video microscopy; 

 

iii. Determine the long term cytotoxic effects of ESE-15-one and ESE-16 via 

IncuCyte® measurement using HeLa cells; 

 

iv. Investigate the effects of ESE-15-one and ESE-16 on cell migration utilizing the 

IncuCyte® system using HeLa cells; 

 

v. Determine the half maximum growth inhibitory concentration (GI50) of ESE-15-

one, ESE-16, LimPyr1 and T4 after a 48-hour exposure to MCF-7-, MDA-MB-231- 

and BT-20 breast cancer cell lines via spectrophotometry using 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) staining; 

 

vi. Visualize the effect of ESE-15-one, ESE-16, T4 and LimPyr1 on the microtubule 

and actin skeletons of MCF-7-, MDA-MB-231- and BT-20 cells with fluorescence 

microscopy; 

 

vii. Determine the lowest concentrations of the compounds and radiation that 

significantly induced apoptosis in MCF-7-, MDA-MB-231- and BT-20 cell lines via 

flow cytometry. These compound concentrations were used to pre-treat cells 24 

hours prior to radiation in all sensitization experiments; 

 

viii. Evaluate the effect of the compounds (at low doses) in combination with 

radiation on cell cycle progression and the induction of apoptosis using flow 

cytometry in MCF-7-, MDA-MB-231- and BT-20 cells. Based on the results 

obtained from BT-20 cells the two compounds that showed the most potential to 

sensitize cells to radiation were selected for further investigation; 

 



 

 

 
55 

 

ix. Determine the temporal production of reactive oxygen species in MCF-7-, MDA-

MB-231- and BT-20 cells pre-treated with ESE-16 and LimPyr1 for 24 hours prior 

to radiation using flow cytometric quantification of superoxide 4-, 24- and 48 

hours after radiation; 

 

x. Detect changes in the mitochondrial transmembrane potential of MCF-7-, MDA-

MB-231- and BT-20 cells pre-treated with ESE-16 and LimPyr1 for 24 hours prior 

to radiation via flow cytometry employing MitoCapture™;  

 

xi. Compare the effects of the ESE-16 and LimPyr1/radiation combination 

treatments with those of the individual treatments by analyzing the intracellular 

signaling pathways. Bax, cleaved caspase 3, cyclin B1 and the phosphorylation of 

Akt and FoxO1/3a were quantified, using Western blot analysis 24 hours after 

radiation in MCF-7-, MDA-MB-231- and BT-20 cells; 

 

xii. Determine the sequential in vitro effects on the morphology of MCF-7-, MDA-

MB-231- and BT-20 cells when exposed to ESE-16 and LimPyr1 for 24 hours prior 

to radiation. Images were taken 6-, 24- and 48 hours after radiation using 

polarization-optical transmitted light differential interference contrast 

microscopy;  

 

xiii. Determine the effects of ESE-16 and LimPyr1 in combination with radiation on 

long term MCF-7-, MDA-MB-231- and BT-20 cell survival by staining cell 

populations 14 days after radiation;  

 

xiv. Quantify DNA damage induced by the ESE-16 and LimPyr1/radiation combination 

treatments using flow cytometric quantification of γH2AX 2 and 24 hours after 

radiation in MCF-7-, MDA-MB-231- and BT-20 cells. Light microscopy was 

employed to quantify micronuclei stained with Giemsa; 
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xv. Determine the effects of the ESE-16 and LimPyr1/radiation combination 

treatments on DNA repair within MCF-7-, MDA-MB-231- and BT-20 breast cancer 

cells via Western bot analysis of Ku70; 

 

xvi. Evaluate the radiation-induced bystander effect by transferring conditioned 

medium obtained from treated BT-20 cells onto untreated BT-20 cells. Induction 

of the intrinsic apoptotic pathway and long term cellular survival was evaluated 

48 hours after medium transfer via: 

 

a. Flow cytometry to quantify the reactive oxygen species formation and 

changes in the mitochondrial transmembrane permeability; 

b. Cell populations stained with Giemsa 14 days after transfer. 

 

DNA damage and repair mechanism were quantified 2 hours after transfer via 

 

a. Western blot quantification of γH2AX and Ku70. 

 

xvii. Evaluate radiation-induced resistance due to dose fractionation in BT-20 cells 

exposed to fractionated radiotherapy (2 Gy for 4 consecutive days) compared to 

BT-20 cells exposed to a single dose of 8 Gy. Apoptosis induction was evaluated 

using the techniques set out in objective xvi a.  
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3. Materials and methods 

 

“An experiment is a question which science poses to Nature and a measurement is the 

recording of Nature's answer.”  

-Max Planck- 

3.1 Cell lines 
 

The radiosensitizing ability of the microtubule regulators were tested in vitro on the 

estrogen receptor-positive MCF-7 (421)-, estrogen receptor-negative MDA-MB-231 (422)- 

and triple receptor-negative BT-20 (423) tumorigenic human epithelial breast cancer cell 

lines. The MCF-7 (population doubling time (PDT) is approximately 38 hours (424))- and 

MDA-MB-231 (PDT is approximately 38 hours (425)) cells were derived from Caucasian 

females aged 69 and 51 years, respectively (421,422). These cells were derived from 

metastatic sites, secondary to a primary breast adenocarcinoma. The BT-20 cell line (PDT is 

approximately 51 hours (426)) consists of neoplastic epithelial cells derived from a primary 

breast lesion in a 74 year old Caucasian female (423). The effects of the 2-methoxyestratiol 

analogues, ESE-15-one and ESE-16, were also investigated on human cervical 

adenocarcinoma (HeLa) cells (427). All cells were acquired from the American Type Culture 

Collection (ATCC) (Virginia (VA), USA). HeLa cells expressing red fluorescent protein (RFP)-

H2B and green fluorescent protein (GFP)-tubulin (HeLa Kyoto cells) were a kind gift from Dr 

C Guilluy, Institute of Advanced Biosciences (Grenoble, France). 

 

3.2 General cell culture maintenance 
 

Experiments were performed at the Department of Physiology of the University of Pretoria 

in Pretoria, South-Africa, and at the Institute of Advanced Biosciences in Grenoble, France. 

https://www.goodreads.com/author/show/107032.Max_Planck
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Consumables were ordered from the same manufacturers to minimize experimental 

variables. All protocols and procedures used in this study were standardized. 

 

3.2.1 Cell culture maintenance reagents 
 

GIBCO® Dulbecco's Modified Eagle's medium (DMEM), GIBCO® HAM F-12 Nutrient 

Mixture and GIBCO® Roswell Park Memorial Institute (RPMI) medium were purchased from 

Thermo Fisher Scientific (Massachusetts (MA), USA). Additionally, GIBCO® fetal calf serum 

(FCS), fungizone, penicillin, streptomycin and GIBCO® trypsin-ethylenediaminetetraacetic 

acid (EDTA) were purchased from Thermo Fisher Scientific (MA, USA), as was GIBCO® 

phosphate buffered saline (PBS). A 1x working PBS stock (pH 7.4) was prepared from a 10x 

concentrated stock (80 gram (g)/liter (L) sodium chloride (NaCl), 2 g/L potassium chloride 

(KCl), 2 g/L potassium dihydrogen phosphate (KH2PO4) and 11.5 g/L disodium hydrogen 

phosphate (Na2HPO4)) and autoclaved (20 minutes, 120 degrees Celsius (°C), 15 pounds per 

square inch (psi)) prior to use. Sterile cell culture flasks (25 and 75 cm2), cell culture plates 

(6, 24 and 96 well), cell culture tubes (15 and 50 milliliter (mL)), serological pipettes and cell 

scrapers were purchased from Greiner Bio‐One (Frickenhausen, Germany).  

 

3.2.2 Maintenance 
 

MCF-7- and MDA-MB-231 cells were cultured in DMEM, whilst the BT-20 cells were cultured 

in DMEM/HAM F12 (50:50) nutrient mixture. The compounds, LimPyr1 and T4, are not 

soluble in DMEM, thus MCF-7-, MDA-MB-231- and BT-20 cells were also cultured in RPMI 

media when exposed to these compounds. All media were supplemented with 10% heat-

inactivated FCS (56°C, 30 minutes), 100 microgram (μg)/mL streptomycin, penicillin G (100 

units per milliliter (U/mL)) and 250 µg/L fungizone. Cells were culture and maintained in 

sterile 75 cm² tissue culture flasks in a Forma Scientific water-jacketed incubator (Ohio (OH), 

USA)  (5% carbon dioxide (CO2), 37°C). 

 

Growth medium of the cultured breast cancer cells was replaced every 3-4 days in order to 

replenished nutrients and maintain a constant pH. Actively dividing cells were trypsinized 
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when approximately 80% confluent. Trypsinization was done by discarding the media from 

the adherent cells and rinsing twice with pre-warmed (37°C) PBS to remove cell debris from 

the culture. Additionally, the PBS rinse ensures that the serum (which contains trypsin 

inhibitors) is removed from the cells prior to the addition of trypsin. Cells were incubated 

with trypsin-EDTA until round and easily detachable. The trypsin-EDTA was neutralized with 

the addition of complete growth media. Cells were collected by centrifugation (500 times 

gravity (x g) for 5 minutes) and either seeded for experiments, sub-cultured up to passage 

40 or frozen to preserve cell stock. 

 

Harvested cells were frozen in complete growth medium supplemented with 5% 

(volume/volume (v/v)) dimethyl sulfoxide (DMSO) (428). Cells were frozen at a 

concentration of three million cells/mL in Nalgene™ cryogenic tubes (Thermo Fisher 

Scientific, MA, USA) at -70°C. The cryotubes were transferred to liquid nitrogen for long 

term storage. Thawing of cells occurred rapidly by placing the cryotube in a water bath at 

37°C. Once thawed, cells were centrifuged in order to remove the cryoprotective agent 

(DMSO) and transferred to 25 cm2 cell culture flasks containing pre-warmed complete 

growth media. Growth media were replaced daily until cells were confluent. 

 

Experiments and cell culture were conducted under sterile conditions, using aseptic 

techniques. Cell culture was conducted in a laminar flow cabinet (Labculture®, Labotec, 

Midrand, South Africa or MSC-Advantage, Thermo Fisher Scientific, MA, USA ) and all 

the glassware was autoclaved (20 minutes, 120°C, 15 psi) prior to use.  

 

3.3 General method for experiments  
 

Research was conducted as part of the fulfillment for a dual Doctor of Philosophy (PhD) 

degree at the University of Pretoria (Pretoria, South Africa) and the Université Grenoble 

Alpes (Grenoble, France). Experiments were performed at the Department of Physiology’s 

cell culture laboratory at the University of Pretoria under the supervision of Dr AE Mercier 
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and Prof AM Joubert. Prof L Lafanechère supervised experiments conducted at the Institute 

of Advanced Biosciences (Université Grenoble Alpes, Grenoble, France).  

 

3.3.1 Compounds and positive controls 
 

The compounds (ESE-15-one, ESE-16, LimPyr1 and T4) are not commercially available. The 2-

Methoxyestradiol analogues, ESE-15-one and ESE-16, were synthesized by iThemba (Pty) 

Ltd. Pharmaceuticals (Modderfontein, Gauteng, South Africa). The LIM kinase inhibitor, 

LimPyr1, and the paclitaxel sensitizer, T4, were synthesized by Elderis (Lyon, France).  A 10x 

working stock was prepared in DMSO and stored at -20°C. Actinomycin D, vinblastine, 

doxorubicin, rotenone, etoposide, latrunculin B, colchicine and paclitaxel were used as 

positive experimental controls and were purchased from Sigma Aldrich (St. Louis, Missouri 

(MO), USA / St. Quentin‐Fallavier, France).  

 

3.3.2 General experimental method  
 

HeLa cells were used for the IncuCyte® cytotoxicity assay and the IncuCyte® scratch wound 

cell migration assay. HeLa cells were seeded in complete DMEM in 96 well plates at 

densities of 2 500 and 150 000 cells/well for the cytotoxicity and cell migration assays, 

respectively.  HeLa Kyoto cells were used for the time-lapse video microscopy analysis and 

were seeded in a 2 well µ-slide (chambered coverslip) (ibidi®, Martinsried, Germany,) at a 

density of 150 000 cells/well. Cytotoxicity and radiosensitizing experiments were performed 

on MCF-7-, MDA-MB-231- and BT-20 cells seeded at appropriate densities in the required 

cell culture vessels according to each experimental procedure (Table 3.1). 
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Table 3.1: Densities seeded for cytotoxicity and radiosensitizing experiments on MCF-7-, 

MDA-MB-231- and BT-20 cells. 

Experiment Cell culture vessel MCF-7 MDA-MB-231 BT-20 

  Number of cells/flasks or wells 

Cytotoxicity 96 well 5 000 5 000 7 000 

Fluorescent microscopy 24 well 40 000 40 000 60 000 

Light microscopy 6 well 300 000 300 000 500 000 

Long term cellular 
proliferation 

6 well / 35 mm petri dish 80 000 80 000 100 000 

Western blot 25 cm2 500 000 500 000 1 000 000 

Micronuclei 25 cm2 500 000 500 000 1 000 000 

Flow cytometry 25 cm2 500 000 500 000 1 000 000 

 

Cell densities were calculated by counting trypsinized cells with a 0.1 mm Tiefe Depth 

Profondeur haemocytometer (Precicolor HBG, Hessen, Germany) (429). Trypsinized cells (20 

microliter (µL)) were suspended in 80 µL PBS, providing a diluted cell stock. Non-viable cells 

were excluded via the addition of 20 µL 0.4% trypan blue (Sigma Aldrich, MO, USA) to 20 µL 

of the diluted cell stock. Trypan blue only penetrates cells when the cell membrane has 

been compromised. These cells stain blue when viewed under a microscope and were left 

uncounted (430).  

 

Viable cells per mL were calculated using the following formula:  

Cells/mL= Average count of viable cells in corner squares of haemocytometer x dilution 

factor 

 

Cells were seeded and incubated for 24 hours (5% CO2 at 37°C) to allow for attachment. 

Adherent cells were exposed to the compounds at the appropriate concentrations as per 

experimental design. Several controls were included in each experiment. A negative control 

consisted of cells propagated in medium only and a DMSO vehicle control consisting of the 

same amount of DMSO (v/v%) used to dissolve the compounds. The DMSO content of the 

final dilutions never exceeded 0.5% (431). Cell cultures exposed to actinomycin D (1 µM), 

vinblastine (0.2 µM) and doxorubicin (0.5 µM) for 24 hours served as positive apoptotic 

controls. Rotenone (24-hour exposure at 0.5 µM) was used as a positive control for ROS 
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production, while etoposide (2-hour exposure at 100 µM) was used as a positive control for 

DNA damage. For visualization of the cytoskeleton, fluorescent microscopy was employed 

where 0.2 µM (15-minute exposure) latrunculin B was used as a positive control for actin 

depolymerization. A 24-hour exposure to colchicine (0.5 µM) served as a positive control for 

microtubule depolymerization and paclitaxel (1 µM, 24-hour exposure) was used as a 

microtubule stabilizer. After a 24 hour exposure to the compounds the cells were radiated 

with the Gy as determined by radiation dose-response curves. Apoptosis experiments were 

terminated 4, 24 or 48 hours after irradiation, DNA damage and repair were assessed 2 and 

24 hours after irradiation, and long term cellular proliferation was quantified 14 days after 

irradiation according to the protocols set out in this thesis.  

 

3.3.3 Radiation exposure 
 

In South Africa, the breast cancer cells were irradiated at the Department of Radiation 

Oncology (Steve Biko Academic Hospital, University of Pretoria) under the supervision of 

Prof R Lakier and Ms L Sebopa. Samples were irradiated on a Siemens Oncor 6 MV linear 

accelerator (Midrand, South-Africa) with a dose rate of 1 centigray (cGy)/ monitor unit (MU) 

using a 10x10 field with appropriate bolus to ensure that each sample received the full 

radiation dose. Irradiation of samples in France was done under the supervision of Prof L 

Chaperot. Samples were irradiated with a BloodXrad 13-69 (Le-Plessis-Pâté, France) with a 

dose rate of 7 Gy/min. In order to ensure reproducible results of an experiment, all three 

biological repeats were irradiated with the same radiation machine. 

 

3.4 Experimental setup 
 

As part of the experimental setup, two microtubule disrupters (ESE-15-one and ESE-16), a 

LIM kinase inhibitor (LimPyr1) and a compound that sensitizes cells to non-lethal doses of 

paclitaxel (T4) were tested on BT-20 cells. For each compound the GI50 was determined by 

spectrophotometric quantification of MTT (Sigma Aldrich, MO, USA). BT-20 cells were then 
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exposed to a dose range of the compounds (GI50, ¾ GI50, ½ GI50, ¼ GI50 and ⅙ GI50), as well as 

a radiation dose-response curve (2, 4, 6, 8, and 10 Gy), respectively. The lowest compound 

and radiation doses that induced apoptosis significantly (as determined by flow cytometry, 

using Annexin V (BioLegend, California (CA), USA) was used further in all combination 

studies (Figure 3.1). This comprised of BT-20 cells exposed to the lowest compound 

concentration that induced cell death significantly 24 hours prior to radiation. For the rest of 

the cell lines and experiments, the most effective microtubule disrupter (ESE-15-one or ESE-

16) and either LimPyr1 or T4 were selected (Figure 3.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Experimental setup. The ability of four compounds to radiosensitize BT-20 cells was 

investigated by flow cytometry. The two most effective compounds were selected for the full study 

(bottom box). 
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3.5 Drug properties and relative cytotoxicity 
 

3.5.1 Tubulin competitive binding assay: Tritiated [3H] colchicine binding 
 

ESE-16 was designed to bind to the colchicine binding sites on microtubules (312). To 

confirm that the colchicine binding sites on tubulin indeed constitute a target for ESE-16 

binding, an in vitro tubulin binding assay was performed with tritiated [3H] colchicine in 

competition with ESE-16. Colchicine is tritiated at the ring C methoxy position with tritium 

[3H] and it’s binding to tubulin can be assessed with radioactivity (432). The experiment was 

executed by Ms. L Peronne (PhD candidate, Institute of Advanced Biosciences) due to 

restricted access to the radioactive laboratory. 

 

Materials 

 

The Ultima Gold™ liquid scintillant and [3H] colchicine (82,6 Ci.mmol-1) were purchased from 

PerkinElmer (MA, USA). Diethylaminoethyl (DEAE) Sephadex A25, piperazine-N,N′-bis(2-

ethanesulfonic acid) (PIPES), magnesium chloride (MgCl2), ethylene glycol-bis(β-aminoethyl 

ether)-N,N,N',N'-tetraacetic acid (EGTA) and pure ethanol were purchased from Sigma‐

Aldrich (Saint‐Quentin Fallavier, France). Pure bovine tubulin was prepared according to the 

procedure described by Paturle‐Lafanechère et al., 1991 (433) and was kindly supplied by 

Ms. L Peronne.  

 

PIPES-MgCl2-EGTA (PME) buffer was prepared as follows: 100 millimolar (mM) PIPES, 1 mM 

MgCl2, 1 mM EGTA (pH 6.65).  DEAE Sephadex A25 was prepared one day prior to use by 

mixing 1 g DEAE Sephadex A25 in 25 mL PME buffer. The mixture was centrifuged (2400 x g 

for 4 minutes at 4°C) and the supernatant removed. The pellet was rinsed thrice in PME 

buffer and kept at 4°C overnight. Tubulin and [3H] colchicine were diluted to the desired 

concentrations in PME buffer prior to use. 
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Method 

 

The 2-methxyestradiol analogue, ESE-16 (100 µM), and [3H] colchicine (5 M) were mixed 

with tubulin (final concentration of 0.3 mg/mL) in PME buffer at 4°C to a final volume of 200 

µL. The mixture was vortexed and incubated at 30°C for 30 minutes. The reaction was 

stopped by placing the samples on ice, followed by the transfer of 50 µL to presedimented 

DEAE Sephadex A25 in PME buffer. The samples were incubated for 10 minutes on ice with 

continuous shaking, ensuring quantitative binding of tubulin to the DEAE Sephadex A25 gel. 

Samples were centrifuged for 4 minutes at 2400 x g (4°C) and the supernatant removed. The 

pellets contained the bound molecule-tubulin complexes and were rinsed four times with 1 

mL PME buffer. The tubulin-bound [3H] colchicine was solubilized with the addition of 500 

µL ethanol. The samples were incubated for 10 minutes at room temperature. The ethanol 

solution (400 µL) was transferred to 8 mL of Ultima Gold™ liquid scintillant and [3H] 

colchicine incorporation was measure using a liquid scintillation counter (Beckman Coulter, 

LS 6500 spectrometer, CA, USA). 

 

3.5.2 Time-lapse imaging: ESE-16’s anti-mitotic effect  
 

Cell behavior can be assessed in real time using time-lapse video microscopy (434). Images 

are captured at regular time intervals and viewed at an accelerated frame rate, creating a 

video of the microscopic observations. Data can be acquired continuously throughout the 

study, an advantage over fixed samples in which data can only be acquired at selected time 

points.  Additionally, this technique allows for the observation of cellular responses to 

various stimuli and stressors (435). The anti-mitotic effect of ESE-16 was visualized using 

time-lapse video microscopy. 

 

Materials 

 

The 2 well µ-slide (chambered coverslip) with an intermediate plate was purchased from 

ibidi® (Martinsried, Germany). 
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Method 

 

HeLa Kyoto cells were seeded on a 2 well µ-slide (chambered coverslip) with an 

intermediate plate and incubated for 24 hours prior to a 0.4 µM ESE-16 exposure 

(concentration selected during a trial run). The microslide was placed on a heated stage 

(37°C) inside a mini CO2 incubator (5% CO2). Images were acquired every 150 seconds by a 

spinning disk confocal laser microscope (Andromeda iMIC, Munich, Germany) with a focus 

stabilizer (Field Electron and Ion Company (FEI), Oregon (OR), USA). The microscope was 

equipped with a Plan-Apochromat 10x/0.45 M27 and iXon electron multiplying charge 

coupled device (EMCCD) camera (Andor, Belfast, Ireland). Image sequences were acquired 

using the FEI Live acquisition software v.2.7.0.16 (FEI, OR, USA) and the cellular responses 

were analyzed manually. 

 

3.5.3 IncuCyte® Cytotoxicity assay 
 

The IncuCyte® Cytotox Green reagent is a cyanine nucleic acid dye that enables real-time 

evaluation and quantification of cell death (436). The IncuCyte® Cytotox Green reagent is 

unable to penetrate healthy cells due to intact plasma membranes. However, as the cell 

membrane integrity diminishes, as a result of cell death, the IncuCyte® Cytotox Green 

reagent enters the cells, binds the DNA of the apoptotic cells and yields a 100-1000 fold 

increase in fluorescence that can be analyzed, using the IncuCyte® live-cell analysis system 

and IncuCyte® integrated analysis software (436). 

 

Materials 

 

The IncuCyte® Cytotox Green reagent was purchased from Sartorius AG (Göttingen, 

Germany). The IncuCyte® Cytotox Green reagent was diluted to a final concentration of 250 

nM prior to addition to seeded cells. 

 

 

 

https://www.google.co.za/search?q=G%C3%B6ttingen+Germany&stick=H4sIAAAAAAAAAOPgE-LSz9U3ME4xKamIV-IAsZOyTAy0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAr7fA4UQAAAA&sa=X&ved=2ahUKEwiY_Y-y8_bcAhWhNpoKHQAfDEkQmxMoATAWegQIChAi
https://www.google.co.za/search?q=G%C3%B6ttingen+Germany&stick=H4sIAAAAAAAAAOPgE-LSz9U3ME4xKamIV-IAsZOyTAy0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAr7fA4UQAAAA&sa=X&ved=2ahUKEwiY_Y-y8_bcAhWhNpoKHQAfDEkQmxMoATAWegQIChAi
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Method 

 

HeLa cells were seeded into a 96 well plates and incubated for 24 hours to allow for 

attachment. Cells were exposed to ESE-15-one and ESE-16, respectively, and the IncuCyte® 

Cytotox Green reagent. The plates were placed in the IncuCyte® S3 Live-Cell Analysis System 

(Essen BioScience, Hertfordshire, United Kingdom (UK)) and two photos per well were taken 

every two hours over a 72-hour period. 

 

3.5.4 Scratch wound cell migration assay 
 

Cancer metastasis primarily depends on the ability of cancer cells to migrate (437). In 

addition to cancer metastasis, cell migration is a fundamental component of various 

biological processes such as angiogenesis and wound healing (438). Microtubules and the 

actin skeleton play a central role in cell migration. Cell migration is initiated by a stimulus 

which results in cell polarization and the rapid reorganization of the actin filaments and 

microtubules (439). As ESE-15-one and ESE-16 exert their effect on the microtubule 

network, the ability of HeLa cells to migrate was assessed after ESE-15-one and ESE-16 

exposure. 

 

Materials 

 

Fribronectin was purchased from Sigma‐Aldrich (St. Quentin‐Fallavier, France). The 

IncuCyte® WoundMaker, the ImageLock™ plate and the IncuCyte® S3 Live-Cell Analysis 

System were provided by Essen BioScience (Hertfordshire, UK) as part of a trial period for 

the IncuCyte® S3 Live-Cell Analysis System. Plates were coated with 5 µg/mL fibronectin and 

kept at 4°C overnight. Wells were rinsed thrice with PBS prior to cell seeding. 

 

Method 

 

HeLa cells were seeded in a 96-well ImageLock™ plate pre-coated with fibronectin and 

incubated for 24 hours to allow for attachment. A scratch was made using the IncuCyte® 
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WoundMaker (Essen BioScience, Hertfordshire, UK) and the wells were rinsed three times 

with complete growth medium. Cells were exposed to 0.1 and 0.2 µM ESE-15-one and ESE-

16, respectively. Cells were placed in the IncuCyte® S3 Live-Cell Analysis System (Essen 

BioScience, Hertfordshire, UK) and photos were taken every two hours for 24 hours. 

 

3.5.5 Cytotoxicity studies: Spectrophotometric quantification of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
 

Cytotoxicity studies determined the GI50 of ESE-15-one, ESE-16, LimPyr1 and T4 after a 48-

hour exposure. Cell survival was indirectly measured via the colorimetric MTT assay, as 

cellular proliferation can be examined via the reduction of tetrazolium salts such as MTT 

(440). This water-soluble yellow tetrazolium salt can be reduced intracellular by the action 

of cellular oxido‐reductase enzymes, such as nicotinamide adenine dinucleotide (NADH) and 

nicotinamide adenine dinucleotide phosphate (NADPH), in metabolically active cells to an 

insoluble purple formazan (440). The latter can be solubilized and quantified via 

spectrophotometric means (441). 

 

Materials 

 

MTT (5 mg/mL), RPMI without phenol red, isopropanol, 37% hydrochloric acid (HCl) and 

Triton® X-100 were purchased from Sigma Aldrich (MO, USA). MTT was diluted in RPMI 

without phenol red to a working concentration of 0.5 mg/mL. Additionally, PBS and MTT 

solubilization solution (1800 mL isopropanol, 16 mL 37% HCl and 200 mL Triton® X-100) 

were used. 

 

Method 

 

Cells were seeded in 96 well plates and incubated for 24 hours to allow for attachment. Cells 

were then exposed to a dilution series of ESE-15-one, ESE-16, LimPyr1 and T4, as per table 

3.2, for 48 hours. Cells exposed to DMSO served as a vehicle control, while cells exposed to 

0.1% sodium dodecyl sulfate (SDS) provided a positive control (100% cell death). After 
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exposure, cells were rinsed with 100 µL warm PBS. Diluted MTT (100 µL) was added to the 

cells and incubated for 4 hours at 37°C, protected from light. During this incubation, purple 

formazan crystals formed and were dissolved with the addition of 100 µL MTT solubilization 

solution. Plates were incubated overnight at room temperature in the dark. The absorbance 

was read at 570 nanometer (nm), using an ELx800 Universal Microplate Reader (Bio-Tek 

Instruments Inc., Vermont (VT), USA). Data of three independent biological repeats (n=4) 

were analyzed, using Microsoft Excel 2010 (Microsoft Corporation, Washington (WA), USA). 

Cell viability was calculated relative to the DMSO vehicle control and expressed as % cell 

growth: 

 

P% = 100*[(Sc - SMTT SDS)/ (SMTT DMSO ‐ SMTT SDS) 

 

Where: 

P% = percentage viable cells 

Sc = absolute absorption of compound‐exposed cells 

SMTT SDS = absolute absorption of the SDS control (0% viability) 

SMTT DMSO = absolute absorption of the DMSO control (100% viability) 

 

Percentage cell growth was plotted graphically, from which the GI50 values were 

extrapolated. 

 

Table 3.2: Dilution series of ESE-15-one, ESE-16, LimPyr1 and T4 that were used during 

cytotoxicity studies. 

Compound Dilution series 

ESE-15-one and ESE-16 
10 µM, 5 µM, 2.5 µM, 1.25 µM, 0.625 µM, 0.313 µM, 0.156 µM, 0.078 µM, 

0.039 µM, 0.02 µM 

LimPyr1  
25.6 μM, 20.48 μM, 16.384 μM, 13.107 μM, 10.486 μM, 8.389 μM,  

6.711 μM, 5.369 μM 

T4 45 µM, 41 µM, 36 µM, 33 µM, 30 µM, 27 µM 
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3.5.6 Visualization of the cytoskeleton: Fluorescent microscopy 
 

The cytoskeleton is composed of microtubules and actin filaments (442). The cytoskeleton is 

responsible for cellular shape, internal organization, cell motility and cytokinesis (443). To 

visualize the effect ESE-15-one, ESE-16, LimPyr1 and T4 have on the cytoskeleton, a double-

immunofluorescence staining technique was used. The microtubules were stained with a 

primary tubulin antibody and visualized with Alexa Fluor® 488-conjugated secondary 

antibody. The actin skeleton was stained red with Phalloidin, a fluorescently-labeled probe 

with a high affinity for F-actin (444).   

 

Materials  

 

Bovine serum albumin (BSA) and 37% formaldehyde were purchased from Sigma‐Aldrich (St. 

Quentin‐Fallavier, France), Triton® X-100 and Tween®‐20 were purchased from EUROMEDEX 

(Mundolsheim, France), ProLong® Diamond Antifade Mountant with  4′,6-diamidino-2-

phenylindole (DAPI) and Rhodamine Phalloidin were purchased f rom Invitrogen™ (CA, 

USA). The primary tubulin antibody, α3A1, is a monocolonal antibody produced by Dr 

Lafanechère (Grenoble, France) and the secondary polyclonal antibody, Alexa Fluor® 488 

Goat Anti‐Mouse immunoglobulin G (IgG), was purchased from Jackson ImmunoResearch 

Laboratories (Pennsylvania (PA), USA).  

 

The primary antibody cocktail was prepared as follows: primary mouse α‐tubulin antibody 

(α3A1) (1:4000) and Rhodamine Phalloidin (1:1000) in 0.1% PBS‐Tween®‐20 with 2% 

BSA. The secondary antibody was prepared as follows: Alexa Fluor® 488 Goat Anti‐Mouse 

IgG (1:1000) in 0.1% PBS‐Tween®‐20 with 2% BSA.  

 

Method 

 

Cells were seeded on 12 mm round sterilized cover slips in 24 well plates and allowed to 

attach for 48 hours before exposure to the relevant compounds for 24 hours. Termination 

followed by rinsing the cells with PBS before they were fixed in 3.7% formaldehyde/PBS for 
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30 minutes at 37°C. Cells were permeabilized with 0.2% Triton® X-100/PBS for 30 minutes at 

room temperature. Thereafter, cells were rinsed with PBS and incubated with the primary 

antibody cocktail for 30 minutes at room temperature. Samples were rinsed three times 

with PBS-Tween®‐20 (0.1%) prior to a 30-minute incubation with the secondary antibody at 

room temperature. Coverslips were mounted on microscope slides with ProLong® Diamond 

Antifade Mountant with DAPI (Invitrogen™, MA, USA). A Zeiss ApoTome microscope 

controlled by Axiovision software (Zeiss, Oberkochen, Germany) was used to view the slides 

(63x oil objective). Images were captured using an AxioCam MRm camera (Zeiss, 

Oberkochen, Germany). 

 

3.6 Radiation dose-reponse curve 
 

In order to determine the radiation dose (Gy) that decreases cell viability significantly cells 

were exposed to a range of radiation doses (0, 2, 4, 6, 8 and 10 Gy) 24 hours after seeding. 

Termination followed 24 hours after radiation via flow cytometry employing Annexin V 

(apoptosis induction) and propidium iodide (PI) (cell cycle analysis), respectively. 

 

3.6.1 Apoptosis induction in cells exposed to radiation doses: Annexin V 

quantification via flow cytometry 
 

The internal cell membrane phospholipid, phosphatidylserine, is externalized during early 

apoptosis (91). The exposed phosphatidylserine can be labeled with the phospholipid 

binding protein, Annexin V, conjugated to a fluorescein isothiocyanate (FITC) fluorochorme 

to detect apoptosis via flow cytometry (445). Propidium iodide (PI) is a red fluorescent 

nuclear stain and was used to differentiate apoptotic cells from necrotic cells due to PI’s 

inability to permeate intact cell membranes (446).  

 

 

 

 

https://www.google.co.za/search?q=Oberkochen+Germany&stick=H4sIAAAAAAAAAOPgE-LUz9U3MEwutChWAjNNTTPMy7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDPh5lcRAAAAA&sa=X&ved=2ahUKEwiz0eK__uzcAhVkG5oKHXdIATEQmxMoATARegQICRAc
https://www.google.co.za/search?q=Oberkochen+Germany&stick=H4sIAAAAAAAAAOPgE-LUz9U3MEwutChWAjNNTTPMy7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDPh5lcRAAAAA&sa=X&ved=2ahUKEwiz0eK__uzcAhVkG5oKHXdIATEQmxMoATARegQICRAc
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Materials 

 

FITC-labeled Annexin V, PI and Annexin V binding buffer were purchased as part of the FITC 

Annexin V apoptosis detection kit from BioLegend (CA, USA). 

 

Method 

 

Treated cells were trypsinized and washed with ice-cold PBS. Harvested cells were 

resuspended in Annexin V binding buffer (0.25-0.1 x 107 cells/mL). Each cell suspension (100 

µL) was transferred to a 5 mL test tube to which Annexin V-FITC (5 µL) and 10 µL of PI 

solution were added. Cells were vortexed and incubated for 15 minutes at room 

temperature, covered with foil to prevent loss of fluorescence. Prior to analysis, 400 µL of 

Annexin V binding buffer was added to each tube. Cells were analyzed, using a FC500 flow 

cytometer (Beckman Coulter (CA, USA)). Fluorescence on the FL1 channel (detects emissions 

at 515-545 nm) was measured for the quantification of FITC, while the FL3 channel (detects 

emissions at 600 nm) was used for the quantification of PI.  

 

A dot plot was obtained for each sample by plotting FL1 log against FL3 log. Each dot plot 

was divided into four quadrants, using the Kaluza Analysis version 1.5 software (Florida (FL), 

USA). The bottom left corner was assigned to viable cells as these cells have minimal FITC 

and PI staining. Cells undergoing apoptosis (labeled with Annexin V-FITC) were quantified in 

the top left and right quadrants. Necrotic cells stained positive with PI only were quantified 

in the bottom right quadrant.   

 

3.6.2 Cell cycle analysis of cells exposed to radiation doses: Flow cytometry 

employing propidium iodide 
 

Flow cytometry uses hydrodynamic focusing principles to measure the fluorescence of cells 

or particles with diameters of 0.5-40 µm. The argon laser beam is focused on one cell at a 

time resulting in scattered light. Cell size is measured by forward scatter (perpendicular to 

the detectors) and the granularity/complexity of the cell is measured via side scatter (in line 
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with the detectors) (447). Any fluorochrome with which the cells are labeled releases 

photons after excitation which is detected by appropriate fluorescent channels (448). PI is a 

red fluorescent intercalating agent which allows for the identification of different phases of 

the cell cycle using flow cytometric principles (449). PI binds to the cytosine-guanine 

nucleotide pair and is thus able to stain both DNA and ribonucleic acid (RNA). In order to 

eliminate the signaling of RNA-PI binding, the cells are treated with RNAse A prior to PI 

staining, ensuring that only the DNA content are measured (450,451). 

 

Materials 

 

PI, RNAse A and Triton® X-100 were purchased from Sigma Aldrich (MO, USA) and ethanol 

(99.9%) was purchased from Merck Co. (Munich, Germany). FCS was purchased from 

Thermo Fisher Scientific (MA, USA). 

 

Method 

 

Harvested cells were washed in 1 mL of ice-cold PBS prior to centrifugation at 500 x g for 2 

minutes. Cells were resuspended in 200 µL of ice-cold PBS containing 0.1% FCS to block non-

specific binding sites. Fixation of the cells entailed placing the cells on a vortex and adding 

ice-cold 70% ethanol (4 mL) in a drop-wise manner. Samples were incubated for 24 hours at 

4°C. Fixed cells were pelleted by centrifugation (500 x g for 5 minutes). The supernatant was 

discarded and the cells were resuspended in PBS containing PI (40 µg/mL), Triton® X-100 

(0.1%) and RNAse A (100 µg/mL). Cells were incubated for 40 minutes at 37°C in the dark.  

 

PI fluorescence was detected on FL3 channel (excitation at 488nm/emission at 535/610 

nm) using a FC500 flow cytometer (Beckman Coulter, CA, USA). Kaluza Analysis version 1.5 

software (Florida, USA) (Beckman Coulter, CA, USA) was used to analyze the data from at 

least 10 000 cells per sample. Events from cell debris and clumps of cells were removed 

from further analysis by gating. Histograms were created for each sample by plotting cell 

count against PI emission. The phases of the cell cycle were assigned based on the DNA 

content of the cells.  
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3.7 Compound dose-response curve 
 

3.7.1 Apoptosis induction in cells exposed to compound doses: Flow 

cytometric quantification of Annexin V 
 

To determine the lowest doses at which the compounds decreased cell viability significantly 

flow cytometric quantification of Annexin V was used. Breast cancer cells were exposed to a 

range of compound doses (GI50, ¾ GI50, ½ GI50, ¼ GI50 and ⅙ GI50) for 24 hours and 

terminated, as per protocol described in section 3.6.1. 

 

3.7.2 Cell cycle analysis of cells exposed to compound doses: Flow 

cytometry employing propidium iodide 
 

The cell cycle progression of breast cancer cells exposed to a range of compound doses 

(GI50, ¾ GI50, ½ GI50, ¼ GI50 and ⅙ GI50) was assessed 24 hours after exposure, as per protocol 

set out in section 3.6.2. The lowest compound dose that had a significant effect on the cell 

cycle was selected for the radiosensitization studies. 

 

3.8 Radiosensitization studies 
 

A series of experiments were conducted on the three breast cancer cell types, in order to 

determine whether exposure to the novel compounds, prior to radiation, significantly 

affected the induction of cell death, intracellular signaling pathways and morphological 

responses of the cells after exposure to low doses of each therapy. 

 

3.8.1 Flow cytometric quantification of Annexin V-FITC 
 

Breast cancer cells were exposed to the lowest dose of the compounds that induced 

apoptosis significantly after 24 hours (as determined from the dose-response curves in 

section 3.7). Following the 24-hour exposure, cells were exposed to the radiation dose 
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which significantly induced apoptosis (as determined from the dose-response curves in 

section 3.6). Termination followed 24 hours after radiation as per protocol set out in section 

3.6.1. 

 

3.8.2 Cell cycle analysis  
 

To determine the effect that drug pre-exposure has on the cell cycle distribution of breast 

cancer cells exposed to radiation, flow cytometry employing PI was used. Seeded cells were 

exposed to the compounds for 24 hours followed by radiation at the pre-determined doses. 

Termination followed 24 hours after radiation as per protocol set out in section 3.6.2. 

 

3.8.3 Intracellular signaling pathways induced by pre-exposing breast 

cancer cells to the novel compounds prior to radiation 
 

Apoptosis is regulated by a number of signaling pathways. Mitochondrial ROS (mROS) is 

tightly regulated for its participation in physiological cell signaling. When ROS production is 

increased beyond a threshold level, the intrinsic apoptotic pathway is activated (101). ROS 

serves as an apoptotic stimulus which causes the tBid to oligomerizise Bax/Bak (107). The 

latter inserts megapores into the mitochondrial membrane, decreasing the mitochondria 

membrane potential (107). Cytochrome c translocates from the mitochondria to the 

cytoplasm and forms the apoptosome with Apaf1 (108). Pro-caspase 9 is then recruited to 

the apoptosome which in turn cleaves downstream effector caspases 3 and 7 (108). The 

caspase cascade induces apoptotic cell death. Energy depletion and nutrient deficiency is 

detected by AMPK (109). The latter results in mTOR inactivation by activating the tuberous 

sclerosis complex (TSC) resulting in the inhibition of autophagy (109). Class I 

phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)’s downstream effectors, such as Akt, 

can activate mTOR (452). ROS activates AMPK while inhibiting Akt activity, resulting in mTOR 

inhibition. Depending on the levels of cellular stress, ROS production leading to autophagy 

as a salvage pathway, or induction of either programmed cell death type I or II may result 

(106). 
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3.8.3.1 Reactive oxygen species production: Flow cytometric quantification of 

superoxide employing hydroethidine 

 

Hydroethidine is a superoxide indicator that exhibits a blue fluorescence in the cytosol. 

Superoxide oxidizes hydroethidine to 2‐hydroxyethidium which intercalates with the cell’s 

DNA, staining the cell nucleus bright fluorescent red (453).  

 

Materials 

 

Hydroethidine was purchased from Sigma‐Aldrich (Missouri, USA) and was diluted in PBS to 

a working concentration of 10 µM. 

 

Method 

 

Superoxide was measured 4, 24 and 48 hours after irradiation by resuspending trypsinized 

cells in a 1 mL hydroethidine solution. Incubation followed for 15 minutes at 37°C. 2‐

Hydroxyethidium (excitation at 488 nm/emission at 535/610 nm) was detected on the FL3 

channel, using a FC500 system flow cytometer (Beckman Coulter, CA, USA). Data from at 

least 10 000 cells were acquired and analyzed, using Kaluza Analysis version 1.5 software 

(FL, USA).  

 

3.8.3.2 Mitochondrial transmembrane potential: Flow cytometric 

quantification of Mitocapture™ 

 

MitoCapture™ is a cationic dye that exhibits a red fluorescence when accumulated within 

healthy cell mitochondria. Due to the disrupted mitochondrial membrane in apoptotic cells, 

MitoCapture™ cannot accumulate in the mitochondria and is limited to the cytoplasm, 

where it generates a green fluorescence in its monomer form (454).  
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Materials 

 

The MitoCapture™ Mitochondrial Apoptosis Detection Fluorometric Kit (BioVision, CA, USA) 

was used to detect changes in mitochondrial transmembrane potential. The MitoCapture™ 

reagent was diluted at 1:1000 in the provided incubation buffer (pre-warmed to 37°C) prior 

to use. 

 

Method 

 

Harvested cells (1 x 106) were resuspended in 1 mL of diluted MitoCapture™ solution and 

incubated at 37°C for 20 minutes. Samples were centrifuged (500 x g for 5 minutes) and the 

supernatant discarded. Samples were resuspended in 1 mL of pre-warmed incubation buffer 

prior to analyses.  Fluorescence of the FL1 channel (excitation/emission at 488/530 nm) was 

measured with a FC500 flow cytometer (Beckman Coulter, CA, USA). Data from at least 10 

000 cells were analyzed with Kaluza Analysis version 1.5 software (FL, USA).  

 

3.8.3.3 Western blots 

 

The Western blot technique was used for the evaluation of several proteins in the treated 

breast cancer cells. The Western blot technique is a multi-step protocol based on the 

principle of immunochromatography. Proteins are separated according to their molecular 

weight via a polyacrylamide gel and are transferred to a membrane. The proteins in 

question are then detected with their specific primary antibody and visualized with a 

labeled secondary antibody (455).   

 

Materials  

 

NaCl, Trizma® (Tris base), 10% SDS, sodium deoxycholate, EDTA, EGTA, cOmplete™ mini 

EDTA-free protease inhibitor cocktail tablets, phosphatase inhibitor cocktails 2 and 3, 

Laemmli buffer, ammonium persulfate (APS), N,N,N',N'‐tetramethylethylenediamine 

(TEMED), glycine and BSA were purchased from Sigma‐Aldrich (St. Quentin‐Fallavier, 
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France). Bradford reagent, the Precision Plus protein dual color standards marker, 

acrylamide/bis‐acrylamide (37.5:1), Trans-Blot® Turbo™ Midi-size polyvinylidene difluoride 

(PVDF) membrane and Clarity™ Western enhanced chemiluminescence (ECL) substrate were 

purchased from Bio‐Rad Laboratories Inc. (CA, USA). Tween®-20, trisaminomethane (Tris)-

buffered saline (TBS) and 10x Tris-Glycine-SDS migration buffer were purchased from 

EUROMEDEX (Mundolsheim, France). 

 

The radioimmunoprecipitation assay (RIPA) buffer was prepared as follows: 150 mM NaCl, 

10 mM Tris-HCl (pH 7.4), 0.1% SDS, 0.5% sodium deoxycholate, 1 mM EDTA, 1 mM EGTA, 1x 

protease inhibitor and 1x phosphatase inhibitor cocktails 2 and 3. A 10x transfer buffer was 

prepared as follows: Tris-HCl (30 g) and 144 g glycine dissolved in double-distilled water 

(ddH2O) to 1 L. Prior to use, 100 mL of the 10x transfer buffer was diluted in 700 mL of 100% 

ethanol and 200 mL of ddH2O.  

 

The 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS‐PAGE) gels were 

prepared as per table 3.3.  Glass casting plates (1.5 mm) were clamped in casting frames and 

set on casting stands (Bio‐Rad Laboratories Inc., CA, USA). The running gel was set in the 

glass casting plates prior to the addition of the stacking gel. A 10 spacer comb was placed in 

the stacking gel prior to setting to create the loading wells. 

 

Table 3.3: Reagents required to hand-cast 10% running and 4 % stacking SDS-
polyacrylamide (SDS‐PAGE) gels.  
 

 
10% Running (10 mL gel)  

(mL) 
4 % Stacking (4 mL gel) 

(mL) 

ddH2O 4.8 6.3 

Trizma® (Tris base) 2.5 (1.5 M pH 8.8) 2.5 (0.5 M pH 6.8) 

acrylamide/bis‐acrylamide (37.5:1) 2.5 0.41 

10% Sodium dodecyl sulphate (SDS) 0.1 0.1 

10 % ammonium persulfate (APS) 0.1 0.1 

TEMED 0.01 0.01 
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The following primary antibodies were used: 

 

i. Anti-Bax polyclonal antibody produced in rabbit (BD Pharmingen™, 

Cat#554104) and anti-caspase 3 monoclonal antibody produced in rabbit (Cell 

Signaling Technology, Cat#9664)  

 

Apoptosis is inhibited when the pro-apoptotic protein Bax is bound to the phosphorylated 

anti-apoptotic protein Bcl-2 (456). Once the intrinsic apoptotic pathway is activated, Bax is 

released from Bcl-2 and translocates to the mitochondria. Bax permeabilizes the outer 

mitochondrial membrane, resulting in the release of cytochrome c. The release of 

cytochrome c from the mitochondria activates the initiator caspase 9, which in turn 

activates caspase 3, an effector caspase (100). The activation of the caspase cascade results 

in the induction of programmed cell death type I.   

 

ii. Anti-phospho-Akt (Ser473) monoclonal antibody produced in rabbit (Cell 

Signaling Technology, Cat#4060) and anti-phospho-FoxO1 (Thr24)/FoxO3a 

polyclonal antibody produced in rabbit (Thr32) (Cell Signaling Technology, 

Cat#9464) 

 

The Forkhead family of transcription factors (FoxO1, FoxO4 and FoxO3a) signaling is 

mediated through a pathway involving Akt (457). Active unphosphorylated FoxO promotes 

apoptosis and activates p27kip1, resulting in cell cycle arrest (458). FoxO’s tumor suppressor 

activity is inactivated upon phosphorylation by phosphorylated Akt. Phosphorylated FoxO is 

translocated from the nucleus to the cytoplasm and its transcription is inhibited, facilitating 

cellular survival (459).   

 

iii. Cyclin B1 polyclonal antibody produced in rabbit (Cell Signaling Technology, 

Cat#4138) 
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The onset of mitosis is tightly regulated via a serine/threonine protein kinase consisting of 

CDK1 (catalytic subunit) and cyclin B1 (positive regulatory subunit). The binding of CDK1 to 

cyclin B1 is essential for the activation of the kinase and forms the mitosis-promoting factor 

(MPF) (460). The MPF remains inactive until the CDK activating kinase (CAK) phosphorylates 

CDK1 at Thr161 during the G2 phase of the cell cycle. The latter activates the MPF and 

mitosis is triggered (460).  

 

iv. Anti-phospho-histone H2A.X (Ser139) monoclonal antibody produced in mouse 

(Merck Millipore, Cat#05-636) and anti-Ku70 monoclonal antibody produced in 

mouse (Santa Cruz Biotechnology, Inc., Cat#sc-56129) 

 

DNA damage is sustained in cells exposed to radiation. Such damage includes DNA double 

strand breaks (DSB) which can be quantified via the phosphorylation of H2AX (γH2AX) and 

are repaired by NHEJ (461). NHEJ requires minimal processing of the DNA ends and 

functions rapidly throughout the cell cycle via the activity of the Ku70-Ku80 complex. The 

Ku70-Ku80 complex loads onto the free ends of the damaged DNA and recruits DNA repair 

proteins, such as the DNA damage response (DDR) dependent protein kinase (DNA-PK), 

Artemis nuclease and ligase IV X-ray repair cross-complementing protein 4 (XRCC4) complex 

(462).  

 

Method 

 

Western blot samples were prepared by lysing the treated cells with ice-cold RIPA buffer 

(200 μL). The samples were incubated for 5 minutes on ice. Lysed cells were collected via 

scraping followed by centrifugation at 21130 × g at 4 °C for 30 minutes (Eppendorf® 

Centrifuge 5424 R, Hamburg, Germany). The supernatant containing the cytosolic content 

was removed from the pellet (cell debris) and placed on ice.  

 

 

https://www.google.co.za/search?q=Hamburg+Germany&stick=H4sIAAAAAAAAAOPgE-LUz9U3SKksyktW4gAxjTOKqrS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQAqyxGuQwAAAA&sa=X&ved=2ahUKEwitma2J-e7cAhXrLsAKHbN5AFAQmxMoATAPegQIChAc
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Protein quantification 

 

The Bradford protein assay was used to determine the protein concentration of each 

sample. The Bradford protein assay uses Coomassie dye to which protein molecules bind, 

resulting in a color change from brown to blue.  The protein concentration of each sample 

was demined by adding 2-3 µL of the cytosolic extract to 500 µL ddH2O in a BioSigma 

BSA002 Cuvette (Veneto, Italy), followed by the addition of 500 µL Bradford reagent. The 

absorbance was read at 595 nm, using a BioPhotometer Plus (Eppendorf®, Hamburg, 

Germany). The protein concentrations of the samples was calculated using a BSA standard 

curve constructed over a range of concentrations (0, 1, 2, 3, 4, 5 µg/mL). 

 

Gel electrophoresis and membrane transfer of proteins 

 

For each sample, 20 µg of cellular protein were denatured on an Eppendorf® Thermomixer 

Compact (Eppendorf®, Hamburg, Germany) at 96°C for 5 minutes in Laemmli buffer. 

Proteins were separated based on their molecular weight and charge via electrophoresis on 

a 10% SDS‐PAGE using a Mini-PROTEAN® Tetra Vertical Electrophoresis Cell (Bio‐Rad 

Laboratories Inc., CA, USA). Gels were run at 80 volt (V) for 3 hours in 1x migration buffer 

against an appropriate molecular size marker. Separated proteins were transferred to a 

PVDF membrane activated in 100% ethanol, in transfer buffer. Wet transfer was achieved by 

applying 100 V to the sandwiched membrane for 90 minutes. Membranes were blocked 

with 5% BSA in 0.1% TBS-Tween®-20 for 90 minutes and were incubated overnight at 4°C in 

the primary antibody in 5% BSA in 0.1% TBS-Tween®-20 with agitation (MS Orbital Shaker, 

MS-NOR-30, Major Science, CA, USA). Membranes were washed 3 times with 0.1% TBS-

Tween®-20 prior to a 1 hour incubation with the secondary antibody (donkey anti‐rabbit 

horseradish peroxidase (HRP) conjugated polyclonal antibody (Jackson ImmunoResearch, 

Cat#711‐036‐152) or donkey anti‐mouse HRP conjugated polyclonal antibody (Jackson 

ImmunoResearch, Cat#715-035-150) in 2% BSA in 0.1% TBS-Tween®-20 (room 

temperature). Membranes were washed three times with 0.1% TBS-Tween®-20. Proteins 

were visualized, using a ChemiDoc MP (Bio-rad, CA, USA) after activating HRP activity with 

Clarity™ Western ECL Substrate (Bio‐Rad Laboratories Inc., CA, USA). Band size was 

https://www.google.co.za/search?q=Hamburg+Germany&stick=H4sIAAAAAAAAAOPgE-LUz9U3SKksyktW4gAxjTOKqrS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQAqyxGuQwAAAA&sa=X&ved=2ahUKEwitma2J-e7cAhXrLsAKHbN5AFAQmxMoATAPegQIChAc
https://www.google.co.za/search?q=Hamburg+Germany&stick=H4sIAAAAAAAAAOPgE-LUz9U3SKksyktW4gAxjTOKqrS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQAqyxGuQwAAAA&sa=X&ved=2ahUKEwitma2J-e7cAhXrLsAKHbN5AFAQmxMoATAPegQIChAc
https://www.google.co.za/search?q=Hamburg+Germany&stick=H4sIAAAAAAAAAOPgE-LUz9U3SKksyktW4gAxjTOKqrS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQAqyxGuQwAAAA&sa=X&ved=2ahUKEwitma2J-e7cAhXrLsAKHbN5AFAQmxMoATAPegQIChAc
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determined, using Image Lab version 5.2.1 software (Bio‐Rad Laboratories Inc., CA, USA). 

Quantification followed after standardization using bands obtained from actin staining (β-

Actin produced in rabbit, Cell Signaling Technology, Cat#4967), using Image Lab version 

5.2.1 software (Bio‐Rad Laboratories Inc., CA, USA). 

 

3.8.4 Morphological studies: Polarization-optical transmitted light 

differential interference contrast microscopy 
 

Cell morphology was visualized with polarization-optical transmitted light differential 

interference contrast microscopy (PlasDIC). Based on the Nomarski-DIC configuration (463), 

Zeiss combined polarization and interference to develop PlasDIC, which allows the 

visualization of cells outside the polarization-sensitive area (464). PlasDIC differs from 

conventional Nomarski-DIC configuration based on the fact that linear polarized light is 

generated after the object (465), providing high quality images of individual cells and cell 

clusters due to the DIC effect being invariant to unwanted optical anisotropies stemming 

from the object, slide, condenser and objective (466). PlasDIC can also be used to visualize 

apoptotic and necrotic hallmarks (467). 

 

Materials 

 

No additional materials were required. 

 

Method 

 

Breast cancer cells were seeded in 6-well culture plates and incubated for 24 hours at 37°C. 

Cells were exposed to a vehicle control (DMSO), vinblastine (MCF-7- and MDA-MB-231 cells) 

or actinomycin D (BT-20 cells) as positive apoptotic controls alongside the compounds (ESE-

16 or LimPyr1) for 24 hours. Following the 24 hour pre-treatment with the compounds, cells 

were exposed to radiation. A Zeiss Axiovert-40 microscope (Gotting, Germany) was used to 

obtain PlasDIC images (40x magnification) 6, 24 and 48 hours after irradiation.  
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3.8.5 Cell survival assay: Long term cellular proliferation quantified via a 

crystal violet stain 
 

Cellular survival and long term proliferation following exposure to the different treatment 

modalities were assessed, using a crystal violet stain 14 days after radiation exposure. The 

inability of a cell to proliferate and the loss of reproductive integrity are the two most 

common mechanisms of cell death described in radiation biology (468). Thus clonogenic 

studies have been used to successfully evaluate the cellular response to various treatment 

conditions (469,470). Clonogenic studies evaluate the effectiveness of radiation and/or 

chemotherapy based on the understanding that clonogenic cells are viable and can 

proliferate, giving rise to a colony of cells. Nonproliferative cells are unable to multiply due 

to the inability of these cells to synthesize DNA and proteins, rendering them non-viable 

(468).  

 

Materials 

 

Crystal violet, 37% formaldehyde and methanol were purchased from Sigma‐Aldrich (St. 

Quentin‐Fallavier, France), Triton® X-100 was purchased from EUROMEDEX (Mundolsheim, 

France). A crystal violet staining solution was prepared in distilled water prior to use: 0.05% 

crystal violet, 1% formaldehyde, 1x PBS and 1% methanol.  

 

Method 

 

Colonies were stained with crystal violet for 1 hour at room temperature. The staining 

solution was removed and the plates were rinsed thrice with distilled water. The plates 

were thoroughly dried. The crystal violet dye was solubilized with the addition of 0.2% 

Triton® X-100 for 30 minutes at room temperature. The solution was transferred to clean 

96-well plates. The absorbance was read at 570 nm, using a FLUOstar OPTIMA Microplate 

Reader (BMG Labtechnologies, Ortenberg, Germany). Data of three independent biological 

repeats (n=3) were analyzed for each cell line using Microsoft Excel 2010 (WA, USA).  
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3.8.6 DNA damage and repair 
 

DNA damage was quantified via H2AX phosphorylation and micronuclei formation. DNA 

repair was quantified via Ku70 expression, using the Western blot technique. The DNA 

damage and repair response were measured 2 and 24 hours after irradiation. 

 

3.8.6.1 Quantification of phosphorylated H2AX via flow cytometry 

 

H2AX is a member of the histone H2A family which resides downstream of the DNA damage 

kinase signaling cascade (471). Upon DNA damage, histone H2AX is phosphorylated at serine 

139 and is known as gamma (γ) H2AX.  γH2AX accumulates at the sites of DNA damage and 

recruits response proteins to DNA damage sites (471). In addition to recruiting checkpoint 

proteins to damaged DNA sites, γH2AX may also play a direct role in DNA repair (472). 

 

Materials 

 

The FlowCellect™ DNA Damage Histone H2A.X Dual Detection Kit was purchased from 

Merck Millipore (Munich, Germany). The supplied wash buffer (10x) and assay buffer (5x) 

were diluted in deionized water to a working stock solution (1x) prior to use and stored at 

4°C. 

 

Method 

 

Trypsinized cells were washed in 1x wash buffer (500 μL) followed by fixation of cells by 

adding equal parts fixation buffer to 1x wash buffer (1:1) and incubated on ice for 10 

minutes. Cells were centrifuged and the buffer discarded. Cells were resuspended in 1 mL of 

1x assay buffer and centrifuged at 300 x g for 3 minutes (at 4°C). Permeabilization of the 

cells followed by adding 1 mL of ice-cold permeabilization buffer and incubated on ice for 20 

minutes. Samples were centrifuged and the buffer discarded prior to a rinsing step (200 μL 

of 1x assay buffer). The latter was followed by the antibody staining step in which cells were 
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resuspended in 90 μL of assay buffer containing 5 μL of anti-phospho-histone H2A.X-

peridinin chlorophyll protein complex (PerCP) (monoclonal antibody). Cells were incubated 

for 30 minutes in the dark at room temperature. Assay buffer (100 μL) was added to the 

samples which were centrifuged at 300 x g for 5 minutes and the supernatant discarded. A 

final rinsing step was included (200 µL of 1x assay buffer) prior to analysis. Fluorescence on 

the FL4 channel (excitation/emission at 477/678 nm) was measured with a FC500 system 

flow cytometer (Beckman Coulter, CA, USA) and analyzed, using Kaluza Analysis version 1.5 

software (FL, USA).  

 

3.8.6.2 Micronuclei quantification 

 

Micronuclei originate either from acentric chromatid and chromosome fragments, or whole 

chromosomes that fail to be included in a daughter cell nucleus following telophase (136). 

This is due to the inability of the micronucleus to attach correctly to the spindle apparatus 

during segregation in anaphase. These fragments are eventually enclosed by a nuclear 

membrane and display a similar morphological appearance to a nucleus after staining, 

except the smaller size (136). Micronuclei are visible in cells that have completed nuclear 

division prior to cellular division. Thus cytochalasin B, a microfilament-assembly inhibitor, is 

used to prevent cytokinesis (150). The cytokinesis-block-micronucleus assay can provide a 

measure of chromosome breakage and loss, as well as chromosome rearrangement (150). 

Therefore, the cytokinesis-block-micronucleus assay is a simple and reliable method to 

determine DNA damage. 

 

Materials 

 

KCl, NaCl, methanol, acetic acid and giemsa were purchased from Sigma Aldrich (MO, USA). 

Hypotonic solution (5.2 g KCl / 500 mL distilled water), fixative I (methanol: 0.9% NaCl: 

acetic acid (v:v:v; 12:13:3)) and fixative II (methanol: acetic acid (v:v; 4:1)) were prepared 

prior to use.  
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Method 

 

Micronuclei can be quantified in binucleated cells. MCF-7-, MDA-MB-231- and BT-20 cells 

were exposed to cytochalasin B 2 and 24 hours after irradiation in order to prevent 

cytokinesis. The interaction between the microtubule regulating agents and cytochalasin B 

was prevented by removing the compounds prior to cytochalasin B exposure. Exposure to 

cytochalasin B lasted for one and a half cell cycles before termination. 

 

Trypsinized cells were centrifuged for 15 minutes at 900 x g. The supernatant was discarded 

and pre-warmed hypotonic solution (5 mL) was slowly added to the cells while being 

vortexed. Incubation followed at room temperature for 5 minutes. The cells were then 

centrifuged for 15 minutes at 900 x g. The supernatant was removed and 5 mL fixative I was 

added to the cells and incubated at room temperature for 5 minutes. Samples were 

centrifuged for 10 minutes at 1000 x g and the supernatant discarded. Fixative II was slowly 

added to the cells (5 mL) and incubated at room temperature for 5 minutes. Cells were 

centrifuged for 10 minutes at 1000 x g. Three drops of each sample were placed on 

degreased, dry microscope slides. Slides were dried overnight and stained with 10% giemsa 

the following day. Samples were visualized under a light microscope followed by blind 

scoring of micronuclei in 500 binucleated cells per repeat.  

 

3.8.6.3 Quantification of the DNA repair response via Western blot analysis of 

Ku70 expression 

 

The DNA repair response was measured with a standard Western blot technique (as 

described in section 3.8.3.3) employing anti-Ku70 monoclonal antibody produced in mouse 

(Santa Cruz Biotechnology, Inc., Cat#sc-56129).  
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3.9 Evaluation of the bystander effect induced by irradiated cells 
 

The radiation-induced bystander effect demonstrates the relationship between irradiated 

and non-irradiated cells (473). Traditionally, it was believed that DNA damage only occurs in 

cells directly exposed to radiation. However, studies have shown that non-irradiated cells 

neighboring irradiated cells exhibit radiation effects (474). This is due to the transfer of DNA 

damage signals from irradiated cells (473,474). In this in vitro study, the bystander effect 

was investigated by replacing the medium of non-irradiated cells with conditioned medium 

collected from irradiated cells. Breast cancer cells were seeded and incubated for 24 hours 

to allow for attachment. Adherent cells were exposed to the relevant compounds for 24 

hours after which the cells were rinsed with PBS and propagated in clean media (compound-

free media). This ensured that the compounds were not transferred to non-exposed cells. 

Treated cells propagated in compound-free media were radiated and the conditioned media 

were transferred 2 or 24 hours after radiation, depending on the experiment. The following 

investigations were conducted: 

 

3.9.1 The permeability of the mitochondrial membrane was determined 24 hour after 

transfer in irradiated cells and was compared to cells propagated in the conditioned 

medium as per protocol set out in section 3.8.3.2.  

 

3.9.2 ROS generation (section 3.8.3.1) was quantified for both irradiated cells as well as 

non-irradiated cells propagated in conditioned medium 24 hours after transfer.  

 

3.9.3 The ability of non-irradiated cells propagated in conditioned media to form colonies 

was assessed 14 days after transfer, as per protocol in section 3.8.5.  

 

3.9.4 DNA damage and repair mechanisms were evaluated 2 hours after medium transfer 

with a standard Western blot, as per protocol set out in section 3.8.3.3, using an 

anti-phospho-histone H2A.X (Ser139) monoclonal antibody produced in mouse 



 

 

 
88 

 

(Merck Millipore, Cat#05-636) and an anti-Ku70 monoclonal antibody produced in 

mouse (Santa Cruz Biotechnology, Inc., Cat#sc-56129).  

 

3.10 Evaluation of radiation-induced resistance due to dose 

fractionation in cells exposed to the combination treatment 
 

Exposure of cells to repetitive small amounts of DNA stress, such as ionizing radiation, may 

render the cells resistant to subsequent exposure (475). Hence, the development of 

radioresistance which decreases the response of the cells to higher radiation doses (476). In 

order to determine whether pre-treatment of breast cancer cells with agents targeting 

microtubule regulators reduce this phenomenon, cells were exposed to these compounds 

24 hours prior to 8 Gy radiation exposure fractionated over four days (2 Gy per day). These 

cells were compared to cells exposed to one radiation dose (8 Gy). Termination followed by: 

 

3.10.1 Determining the ROS generation as set out in section 3.8.3.1.  

 

3.10.2 Detecting changes in the mitochondrial membrane potential (section 3.8.3.2).  

 

3.11 Statistical analysis 
 

Variation in results may result from variations within the subjects (biological variation), 

variations between subjects within a random sample and variation during analytical 

procedure. Statistical parameters for quantitative- and qualitative studies were determined 

as described below. 

 

Quantitative studies 

 

Data obtained from three independent biological repeats were presented as either mean 

percentages or mean fold increases. Variation in the three biological repeats was presented 
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as the standard deviation. The ANOVA-single factor model followed by a two-tailed 

Student’s t-test was used to calculate statistically significant differences. Means were 

graphically presented in bar charts, with T-bars indicating the standard deviations. A P-value 

<0.05 was regarded as statistically significant and was indicated by an asterisk (*). Three 

independent repeats were conducted for the colchicine binding and cytotoxicity assays, 

while two biological repeats were conducted for the IncuCyte® studies. Flow cytometric 

data of at least 10 000 cells were obtained for annexin V, cell cycle progression, ROS 

generation, MitoCapture™ and γH2AX analysis. Kaluza Analysis version 1.5 software (FL, 

USA) was used to analyze all flow cytometric data. The expression of Bax, cleaved caspase 3, 

cyclin B1, phosphorylated Akt, FoxO1/3a, γH2AX and Ku70 were quantified employing 

Western blotting. Band size was determined, using Image Lab version 5.2.1 software (Bio-

rad, CA, USA). Quantification of band size was determined following standardization, using 

bands obtained from actin staining as a housekeeping protein. Three biological repeats 

(n=3) were conducted for the long term cellular proliferation assay. Blind scoring of 

micronuclei was done in triplicate (500 binucleated cells) for each treatment condition and 

all relevant controls (in three biological repeats). 

 

Qualitative studies  

 

Morphological studies were conducted by means of light, fluorescent and video microscopy. 

Two biological repeats were analyzed and captured for each cell line which included all 

relevant treatment conditions and controls. At least 100 cells were manually analyzed for 

the time-lapse imaging in order to obtain statistical data, using Image J 1.48v (National 

Institute of Health, USA). Representative images are displayed in the figures. 

 

Statistical support was granted from Prof P Becker from the research office of the Faculty of 

Health Sciences of the University of Pretoria, Pretoria, South Africa. 
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3.12 Logistics and funding 
 

Flow cytometric analyses were performed using the FC500 flow cytometer (Beckman 

Coulter (CA, USA)) from the Department of Pharmacology, University of Pretoria, Pretoria, 

South Africa. Fluorescent and video microscopy were completed using equipment provided 

by the Institute of Advanced Biosciences, Grenoble, France. IncuCyte® cytotoxicity and 

wound healing assays were performed at the Institute of Advanced Biosciences, using 

equipment provided by Essen BioScience (Hertfordshire, UK) as part of a trial period for the 

IncuCyte® S3 Live-Cell Analysis System. 

 

This project was funded by grants awarded to Prof A Joubert by the National Research 

Foundation (NRF), the Medical Research Council of South Africa, and the Cancer Association 

of South Africa (CANSA). Dr AE Mercier obtained funding for the project from the NRF and 

Ms EM Nolte was awarded the PhD student grant from the French Embassy which funded 

her transport and living costs while in Grenoble. Dr L Lafanechère obtained grants (La Ligue, 

Fondation Arc) for the experiments conducted in Grenoble, France.  

 

3.13 Ethics approval 
 

Ethical approval for the in vitro study entitled: Pro-apoptotic and radiosensitizing potential 

of four candidate microtubule regulators in breast cancer cells was granted from the 

University of Pretoria’s Ethics Committee in 2017 (ethics approval number: 285/2017).  
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4. Results 

 

“One thing I have learned in a long life: that all our science, measured against reality, is 

primitive and childlike -- and yet it is the most precious thing we have.” 

-Albert Einstein- 

4.1 Drug properties and relative cytotoxicity 
 

4.1.1 Tubulin competitive binding assay: Tritiated [3H] colchicine binding 
 

The 2-methoyxestradiol analogue, ESE-16, was in silico-designed to bind to the colchicine 

binding sites on tubulin, preventing microtubule assembly (312). This phenomenon was 

tested by evaluating ESE-16’s ability to prevent colchicine binding to tubulin in vitro. Purified 

bovine tubulin was exposed to ESE-16 in competition with tritiated colchicine ([3H] 

colchicine). DEAE was used to recover protein bound [3H] colchicine followed by liquid 

scintillation counting. 

 

Purified bovine tubulin exposed to [3H] colchicine served as a positive control (100% 

binding). Additionally, 100 µM vinblastine was used as a negative control as vinblastine does 

not exerts its effect via colchicine binding. No statistically significant difference was 

observed in [3H] colchicine binding with the addition of vinblastine (99.45±6.85%) (Table 

4.1). The binding of [3H] colchicine to tubulin was significantly decreased (9.90±1.49%) with 

the addition of 100 µM colchicine and served as a positive method control. Similarly, binding 

of [3H] colchicine was significantly decreased in the presence of 100 µM ESE-16 

(23.35±6.25%), confirming that ESE-16 binds to the colchicine binding sites on tubulin 

(Figure 4.1).   
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Figure 4.1: Binding of tritiated colchicine to tubulin in the presence of various anti-mitotic 

compounds. In the presence of colchicine and ESE-16 the binding of tritiated [3H] colchicine to 

tubulin was significantly decreased compared to the negative control. This illustrates the ability 

of ESE-16 to bind to the colchicine binding sites on tubulin, preventing microtubule assembly. 

Vinblastine does not bind to the colchicine binding sites, thus the binding of [3H] colchicine to 

tubulin was not affected. Bars represent the averaged percentages (n=3) and standard 

deviations are represented by error bars. Statistical significance (P-value <0.05) is indicated by 

an asterisk (*).   

 

Table 4.1: Binding of tritiated colchicine to purified bovine tubulin in competition with 

colchicine, vinblastine and ESE-16. The averaged percentages (M%) and standard deviations 

(SD) of three biological repeats are displayed for all treatment conditions. Statistically 

significant differences (P-value <0.05) were calculated using tritiated [3H] colchicine binding 

to tubulin as a baseline. 

 Tubulin Colchicine Vinblastine ESE-16 

M%±SD 100±0.00 9.90±1.49 99.45± 6.85 23.35± 6.25 

P-value - 5.03E-08 0.90 2.91E-05 
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4.1.2 Time-lapse imaging: ESE-16’s anti-mitotic effect 
 

The colchicine binding assay confirmed that ESE-16 binds to the colchicine binding sites on 

tubulin.  The latter prevents microtubule assembly and induces a metaphase block. The 

G2/M phase is the most radiosensitive phase of the cell cycle (414,417), thus microtubule 

disrupting agents, such as ESE-16, hold promise as radiosensitizing agents. The mitotic 

progression of autofluorescent HeLa Kyoto cells was monitored via time-lapsed imaging in 

order to confirm the anti-mitotic ability of ESE-16.  

 

Cells exposed to 0.4 µM of ESE-16 for 24 hours displayed a significant increase in mitotic 

cells with misaligned chromosomes (Video 4.1). The average duration of metaphase 

increased in cells exposed to ESE-16 (367.85±19.89 minutes) compared to the DMSO vehicle 

control (26.3±2.4 minutes) (Table 4.2, Figure 4.2). These results illustrate the ability of ESE-

16 to induce a metaphase block, potentially rendering the cells more susceptible to 

radiation damage. 
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Figure 4.2: Time-lapsed imaging of HeLa Kyoto cells exposed to the anti-mitotic agent, ESE-16. 

(A) Selected frames from time-lapsed imaging of HeLa Kyoto cells exposed to 0.4 µM ESE-16 

B C 
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illustrating misaligned chromosomes. Scale bars represent 10 µm. (B) ESE-16 caused a marked 

delay in metaphase progression compared to cells exposed to DMSO as shown in the graphical 

representation (C). Bars indicate average time spent in metaphase of 100 individual cells, with 

the standard error of the mean represented by T-bars. Statistical significance (P-value <0.001) is 

indicated by an asterisk (*).   

 

Table 4.2: Time HeLa Kyoto cells spent in metaphase following exposure to DMSO and an 

anti-mitotic compound, ESE-16. The averaged time in minutes and standard error of the 

mean (SEM) of two biological repeats are displayed. Statistically significant differences (P-

value <0.05) were calculated using DMSO (vehicle) as a baseline. 

 DMSO ESE-16 

minutes±SEM 26.3± 2.41 367.85± 19.89 

P-value - <0.001 

 

4.1.3 IncuCyte® Cytotoxicity assay 
 

The anti-mitotic properties of the novel 2-methoyestradiol analogues were confirmed 

during the colchicine binding and time-lapsed imaging assays. The induction of a prolonged 

metaphase block prevents the progression from metaphase to anaphase and may induce 

programmed cell death (258). The cytotoxic effect of two 2-methoyestradiol analogues, ESE-

15-one and ESE-16, was measured over time in HeLa cells using the fluorescent cell 

impermeant DNA-binding reagent, IncuCyte® Cytotox Green.  

 

Cell death was measured over 72 hours in HeLa cells exposed to 0.4 µM of ESE-15-one and 

ESE-16 (Figure 4.3). An increase in rounded cells was observed over the 72 hour time frame. 

A significant increase in green fluorescence was observed 8 hours (4.13±0.49/mm2) and 12 

hours (4.59±0.35/mm2) after exposure to ESE-15-one and ESE-16, respectively (Video 4.2), 

compared to DMSO (2.68±0.40/mm2 (8 hours) and 3.20±0.42/mm2 (12 hours), indicating a 
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significant increase in cell death (Appendix A (Table A1)). The cytotoxic effect of ESE-15-one 

and ESE-16 was retained over the 72 hour exposure time as indicated by the time-

dependent increase in IncuCyte® Cytotox Green fluorescence (Figure 4.4). 
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Figure 4.3: Real time IncuCyte® Cytotox Green fluorescence in HeLa cells exposed to two anti-

mitotic compounds indicating the number of dead HeLa cells. Selected time frames of HeLa 

cells exposed to 0.4 µM of ESE-15-one and ESE-16 illustrated an increased number of rounded 

cells and a time-dependent increase in green fluorescence (cell death). Scale bars represent 400 

µm.  
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Figure 4.4: Graphical representation of IncuCyte® Cytotox Green fluorescence in HeLa cells 

exposed to ESE-15-one and ESE-16. Graphs indicate a time-dependent increase in green 

fluorescence (cell death) being statistically significant at 8 and 12 hours following exposure to 

ESE-15-one (A) and ESE-16 (B), compared to DMSO.   

 

4.1.4 Scratch wound cell migration assay 
 

Tumor metastasis is instigated by the invasion of neoplastic cells into surrounding tissue and 

requires chemotactic migration, a process steered by the attachment of the protruding 

cellular membrane to the extracellular matrix (477). The formation of these pseudopodia 

requires the rearrangement of the cellular cytoskeleton (439). The 2-methoxyestradiol 

analogues, ESE-15-one and ESE-16, bind to the colchicine binding sites on tubulin, resulting 

in the disruption of the microtubule dynamics. The latter may change the mechanical 

properties of the actin skeleton, decreasing cell motility (478). To investigate whether these 

two novel compounds have an inhibitory effect on cell migration, scratch assays were 

performed. 

 

A scratch was made in confluent HeLa cells prior to the addition of 0.2 and 0.4 µM of ESE-

15-one and ESE-16, respectively (Figure 4.5). Wound closure was measured every 2 hours 

for 24 hours. Cell migration was significantly delayed after 8 hours exposure to 0.4 µM ESE-

15-one and ESE-16 compared to DMSO (Appendix A (Table A2)) and was maintained for the 

duration of the study. This significant delay in wound closure was due to the mitotic block 

induced by the compounds, demonstrated by the increased number of rounded cells (Video 

4.3). HeLa cells exposed to 0.2 µM ESE-15-one and ESE-16 also displayed rounded cells, but 

A B 
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to a lesser extend compared to the higher concentration. Cell migration was significantly 

delayed in 0.2 µM ESE-15-one-exposed HeLa cells 10 hours after exposure. Wound closure 

was retarded for the duration of the experiment (Figure 4.6). A delay in wound closure was 

not observed in HeLa cells exposed to the lower concentration of ESE-16. 
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Figure 4.5: Wound closure in HeLa cells exposed to ESE-15-one and ESE-16 indicating the effect 

on cell migration. Selected time frames of wounds created in confluent HeLa cells illustrating a 

delay in closure when exposed to ESE-15-one and ESE-16. An increased number of rounded cells 

were observed in the exposed cells. 
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Figure 4.6: Graphical representation of wound closure in HeLa cells exposed to ESE-15-one and 

ESE-16. Graphs indicate a delay in wound closure becoming statistically significant at 8 hours 

following exposure to 0.4 µM ESE-15-one (A) and ESE-16 (B), and 10 hours following exposure to 

0.2 µM ESE-15-one (A), compared to DMSO.  No significant differences were observed in wound 

closure of cells exposed to 0.2 µM ESE-16 (B). 

 

4.1.5 Cytotoxicity studies: Spectrophotometric quantification of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide  
 

Metabolically active cells can reduce a yellow tetrazolium salt, MTT, via dehydrogenase 

enzyme activity, resulting in the formation of intracellular purple formazan (440). By 

solubilizing the latter, MTT provides a reliable method for examining cell viability via 

spectrophotometric means. The GI50 of four microtubule regulators were obtained in three 

breast cancer cell lines. These concentrations were used as a starting point for determining 

the lowest compound dose that significantly increases apoptosis, which were subsequently 

used to pre-treat cells prior to radiation exposure. 

 

Breast cancer cells were exposed to ESE-15-one-, ESE-16-, T4- and LimPyr1 doses for 48 

hours. Dose response curves revealed a GI50 of 0.08±0.02 μM and 0.22±0.04 μM in BT-20 

cells which were exposed to ESE-15-one and ESE-16, respectively (Table 4.3). BT-20 cells 

exposed to T4 and LimPyr1 revealed GI50 concentrations of 36.00±1.10 μM and 16.38±0.55 

μM, respectively (Figure 4.7 A-D). MCF-7- and MDA-MB-231 cells exposed to ESE-16 

displayed GI50 concentrations of 0.31±0.62 µM and 0.27±0.06 µM, respectively (Table 4.3). 
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LimPyr1 displayed a GI50 of 19.50±1.41 µM when exposed to MCF-7 cells and 19.50±0.71 µM 

when exposed to MDA-MB-231 cells (Figure 4.7 E-H). 
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Figure 4.7: Dose response curves of breast cancer cells exposed to various microtubule 

regulators and T4, a compound that sensitizes cells to non-lethal doses of paclitaxel. BT-20 
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cells were exposed to ESE-15-one (A), ESE-16 (B), LimPyr1 (C) and T4 (D) doses. MCF-7- (E-F) and 

MDA-MB-231 cells (G-H) were exposed to ESE-16 and LimPyr1 doses. Cell viability is expressed 

as % cell growth and was calculated relative to the DMSO vehicle control. Standard deviations 

are represented by T-bars. 

 

Table 4.3: Half maximum growth inhibitory concentrations (GI50) for ESE-15-one, ESE-16, 

LimPyr1 and T4 after exposure to BT-20-, MCF-7- and MDA-MB-231 breast cancer cells for 

48 hours. The GI50 concentration ± standard deviations of three biological repeats are 

displayed for each cell line exposed to the different compounds.  

Compound GI50 (μM) 

 BT-20 MCF-7 MDA-MB-231 

ESE-15-one 0.08±0.02 - - 

ESE-16 0.22±0.04 0.31±0.62 0.27±0.06 

LimPyr1 16.38±0.55 19.50±1.41 19.50±0.71 

T4 36.00±1.10 - - 

 

4.1.6 Visualization of the cytoskeleton: Fluorescent microscopy 

 

Cell migration was retarded in the presence of ESE-15-one and ESE-16, as illustrated by the 

scratch assays. Additionally, LimPyr1 induces morphological changes resulting in decreased 

wound healing (353). The effect of the paclitaxel sensitizing agent, T4, on cell migration has 

not been investigated to date. Cell migration is facilitated by the reorganization of the 

cellular cytoskeleton. Polymerization of the actin skeleton is partially responsible for cell 

movement and adhesion, and is regulated by leading and trailing edge-regulating proteins 

trafficked by microtubules (479,480). The effect of the four microtubule regulators (at GI50 

concentrations) (Table 4.3) on the cytoskeleton of three breast cancer cell lines (24 hour 

exposure) was visualized with fluorescent microscopy employing an anti-tubulin antibody, 

Phalloidin (actin staining) and DAPI (nuclear staining). 
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MCF-7-, MDA-MB-231- and BT-20 cells displayed similar changes in the microtubule network 

following exposure to the microtubule regulating compounds. Cells propagated in medium 

only served as a negative control and cells exposed to DMSO as a vehicle control. The cells 

exposed to the vehicle control displayed intact microtubule networks (green), with most 

cells present in interphase. Actin staining (red) revealed normal stress fiber formation along 

the leading edges of the cells, polarizing the cells for movement. The cytoskeleton within 

cells grown in medium only was identical to that of the DMSO vehicle control, indicating 

that DMSO had no effect on the cellular cytoskeleton (Figure 4.8-4.10). MCF-7-, MDA-MB-

231- and BT-20 cells exposed to paclitaxel served as a positive control for microtubule 

stabilization, while colchicine exposure provided a positive control for microtubule 

depolymerization. A 15 min exposure to latrunculin B served as a positive control for actin 

depolymerization (Figure 4.8-4.10). 

 

BT-20 cells exposed to ESE-15-one and ESE-16 displayed rounded cells with depolymerized 

microtubules (similar to the colchicine control) and peripheral radial arrangements of actin 

filaments (Figure 4.8). Cells displayed no stress fiber formation and migration polarity was 

not evident. Similar disrupted microtubule networks were observed in MCF-7- and MDA-

MB-231 cells exposed to ESE-16. However, the actin skeleton of ESE-16 exposed MCF-7- and 

MDA-MB-231 cells displayed an increase in stress fiber formation and disruption of cell 

polarity (Figure 4.9 & 4.10). This indicated that ESE-16 stabilized and accumulated F-actin in 

MCF-7 and MDA-MB-231 cells, potentially preventing migration. BT-20 cells exposed to T4 

displayed marginal microtubule stabilization with the formation of a few stress fibers (Figure 

4.8). The depolymerizing effect of LimPyr1 on the actin skeleton was evident in all cell lines 

(Figure 4.8-4.10) and the migration polarity seen in the vehicle control was no longer 

present. Additionally, LimPyr1 exposed MCF-7-, MDA-MB-231- and BT-20 cells displayed 

stabilized microtubules (Figure 4.8-4.10).  
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Figure 4.8: Response of the cytoskeleton of BT-20 cells exposed to various microtubule 

regulating agents for 24 hours. The actin (red) and microtubule (green) cytoskeleton of cells 

propagated in medium only were identical to cells exposed to DMSO. Latrunculin B exposure 

provided a positive control for actin depolymerization. Paclitaxel exposure resulted in the 

stabilization of the microtubules, whereas colchicine exposure resulted in the depolymerization 

of the microtubule network. BT-20 cells exposed to ESE-15-one and ESE-16 displayed similar 

microtubule morphology (microtubule depolymerization) to that of the colchicine samples. Cells 

appeared round with a peripheral radial arrangement of actin filaments. A slight stabilization of 

the microtubule network was observed in BT-20 cells exposed to T4. Additionally, a few stress 

fibers were observed after 24 hours. LimPyr1 induced depolymerization of the actin skeleton 

with a concurrent stabilization of the microtubule network. Scale bars represent 20 µm. 
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Figure 4.9: Response of the cytoskeleton of MCF-7 cells exposed to ESE-16 and LimPyr1. The 

negative (cells propagated in medium only) and vehicle (DMSO) controls displayed identical 

microtubule and actin networks, indicating that the vehicle had no effect on the MCF-7 cellular 

cytoskeleton. Positive controls were included for microtubule stabilization (paclitaxel), 

microtubule depolymerization (colchicine) and actin depolymerization (latrunculin B). Similar to 

the colchicine controls MCF-7 cells exposed to ESE-16 for 24 hours displayed depolymerized 

microtubules. Stabilization of the actin network was observed after ESE-16 exposure via the 

increased stress fiber formation. In contrast, LimPyr1 exposure resulted in the depolymerization 

of the actin skeleton and stabilization of the microtubule network. Scale bars represent 20 µm. 
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Figure 4.10: Response of the cytoskeleton of MDA-MB-231 cells exposed to ESE-16 and 

LimPyr1 for 24 hours. The cellular cytoskeleton of DMSO exposed cells did not differ from that 

of those propagated in media only, confirming that the vehicle had no effect on the 

cytoskeleton. MDA-MB-231 cells exposed to ESE-16 for 24 hours displayed depolymerized 

microtubules, similar to the colchicine positive control. An increase in stress fiber formation was 

observed, indicating accumulation and stabilization of F-actin, potentially decreasing cellular 

movement. Cells exposed to paclitaxel served as a positive control for microtubule stabilization. 

MDA-MB-231 cells exposed to LimPyr1 displayed similar morphological changes in the 

microtubule network, but to a letter extend than that in the paclitaxel positive control. 

Additionally, migration polarity and stress fiber formation along the leading edges of the cells 

(as seen in DMSO exposed cells) were decreased in LimPyr1 exposed cells. Scale bars represent 

20 µm. 
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4.2 Radiosensitization studies 
 

MCF-7-, MDA-MB-231- and BT-20 cells were exposed to a range of radiation doses 

(Additional file 1) in order to determine the lowest radiation dose that significantly 

decreases cell viability in each cell line. The lowest radiation dose that significantly 

decreased the viability of all three breast cancer cell lines was determined to be 8 Gy. 

Additionally, BT-20 cells were exposed to doses of ESE-15-one, ESE-16, T4 and LimPyr1, 

while MCF-7- and MDA-MB-231 cells were exposed to doses of ESE-16 and LimPyr1 

(Additional file 2), in order to determine the lowest dose of each compound that 

significantly increased apoptosis in each cell line. For further experiments, breast cancer 

cells were exposed to the compounds for 24 hours prior to 8 Gy radiation. Termination 

followed 4, 24 and 48 hours after radiation for apoptotic studies, 2 and 24 hours after 

radiation for DNA damage and repair experiments, respectivey, and 14 days after radiation 

for cell survival assays.  

 

4.2.1 Flow cytometric quantification of annexin V-FITC 

 

To evaluate whether a 24-hour pre-exposure to low doses ESE-15-one, ESE-16, T4 and 

LimPyr1 prior to 8 Gy radiation induced apoptosis to a greater extent than the individual 

treatments, apoptosis induction was quantified via flow cytometry employing annexin V. By 

labeling the externalization of phosphatidylserine with an annexin V antibody this technique 

enables the quantification of apoptosis (91). Additionally, propidium iodide was used to 

measure necrotic cell death.  

 

Breast cancer cells exposed to DMSO served as a vehicle control and showed no statistically 

significant differences in cell viability or apoptotic induction compared to cells propagated in 

growth medium only (negative controls). BT-20 cells exposed to actinomycin D, and MCF-7- 

and MDA-MB-231 cells exposed to vinblastine served as positive controls for apoptosis. Cells 

exposed to the positive controls revealed a significant decrease in cell viability with a 

concurrent increase in apoptosis (Figure 4.11, 4.13 and 4.15). 
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BT-20 cells presented with a decrease in cell viability with a concurrently increase in 

apoptosis when exposed to ESE-15-one (88.27±3.51% and 10.96±3.37%), ESE-16 

(86.41±1.49% and 12.56±1.01%), LimPyr1 (85.21±2.51% and 13.23±1.42 %) and 8 Gy 

radiation (85.73±1.86% and 13.60±1.53% (DMEM/F-12), 85.90±0.80% and 12.88±1.15% 

(RPMI)), compared to DMSO (90.68±0.24% and 8.76±0.33% (DMEM/F-12), 90.49±1.02% and 

8.73±1.05% (RPMI)), respectively (Table 4.4). BT-20 cells pre-treated with ESE-15-one 

(12.72±3.03%), ESE-16 (15.83±1.25%), T4 (14.93±4.42%) and LimPyr1 24 hours prior to 

radiation (19.59±1.11%) displayed a significant increase in apoptosis compared to the 

vehicle control. Additionally, cells exposed to ESE-15-one-, ESE-16-, T4- or LimPyr1 24 hours 

prior to radiation displayed a significant decrease in cell viability (86.48±3.22%, 

83.35±0.76%, 83.74±4.24% and 78.63±1.44, respectively) compared to DMSO (Figure 4.11). 

In order to identify the analogues (ESE-15-one or ESE-16 and T4 or LimPyr1) with the greater 

potential to induce cell death in combination with radiation, the combination treatments 

were compared to the individual treatment results. BT-20 cells exposed to ESE-15-one or T4 

prior to 8 Gy radiation revealed no significant differences in cell viability or apoptosis when 

compared to the cells exposed to the individual treatment conditions (Figure 4.12). ESE-16 

and LimPyr1 pre-treated BT-20 cells displayed an increased number of apoptotic cells with a 

concurrent decrease in cell viability when compared to cells exposed to the compounds 

individually. Additionally, decreased cell viability and increased apoptotic cells were 

observed in LimPyr1 pre-treated cells compared to cells exposed to 8 Gy radiation only.  

These results suggested that the analogues ESE-16 and LimPyr1 may be more effective in 

sensitizing the cells to radiation in this experimental setup, and were thus selected as the 

pre-treatment agents for the remainder of the study (Figure 4.12). 
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Figure 4.11: Representative flow cytometric dot plots of annexin V-FITC indicating apoptosis in 

BT-20 cells exposed to various treatment modalities. Annexin V-FITC (FL1 Log) was used to 

label apoptotic cells and was plotted against permeable cells stained with propidium iodide (FL3 

Log). BT-20 cells were propagated in growth media only (negative control), exposed to DMSO 

and actinomycin D as vehicle and positive apoptotic controls, respectively, and exposed to 

various treatment modalities. The bottom left corner: viable cells; top left and right quadrants: 

apoptotic cells; bottom right quadrant: necrotic cells. 
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Table 4.4: Apoptotic induction measured by annexin V-FITC quantification in BT-20 cells 

exposed to various treatment conditions. Data were generated, using Kaluza Analysis 

software version 1.5 (FL, USA), and analyzed using the ANOVA-single factor model. 

Statistical significance was calculated, using a two-tailed Student’s t-test. In the table below 

the averaged percentage (M%) and standard deviations (SD) of three biological repeats are 

displayed for viable, apoptotic and necrotic BT-20 cells. Cells exposed to DMSO and the 

individual treatment conditions served as baselines when statistically significant differences 

(P-value <0.05) were calculated. 

   Medium 
only 

DMSO 
Actinomycin 

D 
ESE-15-one ESE-16 

8 Gy 
radiation 

ESE-15-one 
+ radiation 

ESE-16  
+ radiation 

V
ia

b
le

 

M%±SD 91.45±1.31 90.68±0.24 16.90±2.24 88.27±3.51 86.41±1.49 85.73±1.86 86.48±3.22 83.35±0.76 

P-value when compared to: 

DMSO 0.37 - 5.75E-07 3.57E-03 8.09E-03 1.03E-02 0.03 8.86E-05 

ESE-15-one  0.19  

ESE-16   0.03 

Radiation  0.19 0.11 

A
p

o
p

to
si

s 

M%±SD 8.06±1.33 8.76±0.33 82.38±2.29 10.96±3.37 12.56±1.01 13.60±1.53 12.72±3.03 15.83±1.25 

P-value when compared to: 

DMSO 0.43 - 6.49E-07 2.25E-03 3.48E-03 5.80E-03 1.13E-02 6.90E-04 

ESE-15-one  0.09  

ESE-16   0.02 

Radiation  0.11 0.12 

N
ec

ro
si

s 

M%±SD 0.48±0.26 0.56±0.32 0.72±0.19 0.78±0.25 1.03±0.82 0.67±0.34 0.79±0.40 0.82±0.49 

P-value when compared to: 

DMSO 0.76 - 0.50 0.71 0.39 0.41 0.70 0.49 

ESE-15-one  0.80  

ESE-16   0.73 

Radiation  0.90 0.68 

 Medium 
only 

DMSO 
Actinomycin 

D 
T4 LimPyr1 

8 Gy 
radiation 

T4 + 
radiation 

LimPyr1 + 
radiation 

V
ia

b
le

 

M%±SD 90.13±1.27 90.49±1.02 46.28±4.66 86.54±3.48 85.21±2.51 85.90±0.80 83.74±4.24 78.63±1.44 

P-value when compared to: 

DMSO 0.68 - 7.55E-06 0.08 1.15E-02 1.39E-03 0.02 5.07E-05 

T4  0.40  

LimPyr1   1.71E-02 

Radiation  0.43 1.56E-03 

A
p

o
p

to
si

s 

M%±SD 8.57±0.93 8.73±1.05 52.47±5.18 12.16±3.21 13.23±1.42 12.88±1.15 14.93±4.42 19.59±1.11 

P-value when compared to: 

DMSO 0.83 - 1.30E-05 0.10 4.65E-03 4.22E-03 0.03 4.37E-05 

T4  0.40  

LimPyr1   3.64E-03 

Radiation  0.48 1.90E-03 

N
ec

ro
si

s 

M%±SD 1.30±0.69 0.79±0.40 1.26±0.55 1.29±0.43 1.56±1.15 1.22±1.03 1.34±0.93 1.78±1.40 

P-value when compared to: 

DMSO 0.25 - 0.24 0.17 0.25 0.47 0.32 0.22 

T4  0.95  

LimPyr1   0.85 

Radiation  0.88 0.61 
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Figure 4.12: Graphical representation of annexin V-FITC quantification in BT-20 cells exposed 

to various treatment conditions. BT-20 cells exposed to ESE-15-one, ESE-16, LimPyr1 and the 

combination treatments displayed a statistically significant increase in apoptotic cells (Ai and 

Aii). BT-20 cells pre-treated with ESE-16 and LimPyr1 displayed a significant increase in 

apoptosis compared to cells exposed to the compounds only (Bi and Bii). Cell viability was 

significantly decreased in cells pre-treated with LimPyr1 compared to samples exposed to 8 Gy 
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radiation only (Cii). Apoptosis was not significantly induced in BT-20 cells pre-treated with ESE-

15-one, ESE-16 or T4 compared to cells exposed to 8 Gy radiation only (Ci and Cii). BT-20 cells 

presensitized with T4 did not show any significant difference in cell viability compared to cells 

exposed to T4 only (Bii).  Three biological repeats were completed for each experiment. The 

averages of viable, apoptotic and necrotic cells are displayed on the bar graph and the standard 

deviations are indicated by T-bars. A P-value <0.05 was considered statistically significant and 

are indicated with an asterisk (*). 

 

ESE-16 did not decrease cell viability (90.79±4.99%) or inducing apoptosis (8.79±4.94%) in 

MCF-7 cells. However, ESE-16 exposed MDA-MB-231 cells displayed a significant decrease in 

cell viability (89.93±1.81%) and increased apoptosis (9.69±1.89%) compared to DMSO 

(93.93±1.31% and 4.98±1.39% (MCF-7), 94.98±0.67% and 4.70±0.56% (MDA-MB-231), 

respectively) (Figures 4.13 & 4.15). MCF-7- and MDA-MB-231 cells exposed to LimPyr1 

revealed a significant decrease in cell viability (91.32±0.59% and 87.73±4.50%) with a 

concurrent increase in apoptotic cells (8.24±0.78% and 11.51±4.28%), compared to the 

vehicle controls (96.89±0.84% and 2.73±0.69% (MCF-7), 95.81±3.13% and 3.61±2.74% 

(MDA-MB-231)), respectively (Table 4.5 & 4.6). Radiation exposure statistically significantly 

decreased cell viability in MCF-7- (84.60±2.75% (DMEM), 85.65±4.80% (RPMI)) and MDA-

MB-231 cells (84.81±1.41% (DMEM), 77.82±3.66% (RPMI)). Pre-treatment of MCF-7- and 

MDA-MB-231 cells with ESE-16 significantly increased apoptosis (25.39±1.84% and 

18.76±2.04%) and decreased cell viability (73.68±2.22% and 80.58±2.10%) compared to 

DMSO, ESE-16-exposed samples and cells exposed to 8 Gy radiation only. Similarly, LimPyr1 

pre-treated MCF-7- (30.69±8.36%) and MDA-MB-231 cells (29.55±2.44%) displayed a 

significant increase in apoptotic induction compared to the vehicle control, LimPyr1-

exposed cells and cells exposed to 8 Gy radiation only (Figures 4.14 & 4.16).  
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Figure 4.13: Representative flow cytometric dot plots of annexin V-FITC indicating apoptosis in 

MCF-7 cells exposed to various treatment modalities. Apoptosis was quantified in MCF-7 cells 

by plotting annexin V-FITC staining (FL1 Log) against propidium iodide which stained permeable 

cells (FL3 Log). MCF-7 cells were exposed to several controls, individual- or combination 

treatment conditions. The bottom left corner: viable cells; top left and right quadrants: 

apoptotic cells; bottom right quadrant: necrotic cells. 
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Table 4.5: Apoptotic induction measured by annexin V-FITC quantification in MCF-7 cells 

exposed to various treatment conditions. Kaluza Analysis software version 1.5 (FL, USA) 

was used to generate data of three biological repeats. The ANOVA-single factor model and a 

two-tailed Student’s t-test were used to analyze the data and calculate statistically 

significant differences, respectively. The table summarizes the averaged percentage (M%) 

and standard deviations (SD) for viable, apoptotic and necrotic MCF-7 cells. Statistically 

significant differences (P-value <0.05) were calculated using the vehicle (DMSO) and cells 

exposed to the individual treatment conditions as baselines. 

     Medium only DMSO Vinblastine Compound 
8 Gy 

radiation 
Compound + 

radiation 

ES
E-

1
6

 

V
ia

b
le

 

M%±SD 93.89±2.45 93.93±1.31 54.74±8.89 90.79±4.99 84.60±2.75 73.68±2.22 

P-value when compared to: 

DMSO 0.98 - 1.26E-04 0.27 8.66E-04 4.19E-06 

ESE-16  1.55E-03 

Radiation  8.28E-04 

A
p

o
p

to
si

s 

M%±SD 5.49±2.32 4.98±1.39 43.30±7.85 8.79±4.94 14.77±2.99 25.39±1.84 

P-value when compared to: 

DMSO 0.73 - 7.26E-05 0.19 1.01E-03 2.06E-06 

ESE-16  1.45E-03 

Radiation  9.16E-04 

N
ec

ro
si

s 

M%±SD 0.63±0.20 1.09±0.44 1.96±1.08 0.41±0.27 0.63±0.39 0.93±0.52 

P-value when compared to: 

DMSO 0.16 - 0.18 0.07 0.17 0.66 

ESE-16  0.18 

Radiation  0.40 

Li
m

P
yr

1
 

V
ia

b
le

 

M%±SD 96.89±0.84 97.10±0.64 31.62±7.02 91.32±0.59 85.65±4.80 67.01±8.34 

P-value when compared to: 

DMSO 0.74 - 8.71E-05 2.04E-03 1.49E-02 3.38E-03 

LimPyr1  0.03 

Radiation  0.03 

A
p

o
p

to
si

s 

M%±SD 2.73±0.69 2.46±0.54 60.83±8.03 8.24±0.78 13.62±4.09 30.69±8.36 

P-value when compared to: 

DMSO 0.62 - 2.31E-04 2.11E-03 9.40E-03 4.29E-03 

LimPyr1  0.04 

Radiation  0.03 

N
ec

ro
si

s 

M%±SD 0.39±0.16 0.44±0.14 7.55±2.83 0.45±0.19 0.73±0.71 2.30±1.96 

P-value when compared to: 

DMSO 0.70 - 1.22E-02 0.97 0.52 0.18 

LimPyr1  0.29 

Radiation  0.26 
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Figure 4.14: Graphical representation of annexin V-FITC quantification in MCF-7 cells exposed 

to various treatment conditions. MCF-7 cells exposed to LimPyr1, 8 Gy radiation, ESE-16 or 

LimPyr1 24 hours prior to radiation displayed a significant increase in apoptotic cells with a 

concurrent decrease in cell viability (Ai and Aii). MCF-7 cells pre-treated with ESE-16 and 

LimPyr1 displayed a significant increase in apoptosis induction compared to cells exposed to 

ESE-16 or LimPyr1 only (Bi and Bii) and cells exposed to 8 Gy radiation only (Ci and Cii). The 
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averages of viable, apoptotic and necrotic cells of three biological repeats are displayed on the 

bar graph and the standard deviations are indicated by T-bars. A P-value <0.05 was considered 

statistically significant and are indicated with an asterisk (*). 
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Figure 4.15: Representative flow cytometric dot plots of annexin V-FITC indicating apoptosis in 

MDA-MB-231 cells exposed to various treatment modalities. The dot plots were obtained from 

MDA-MB-231 cells exposed to DMSO as a vehicle control, vinblastine as a positive method 

control, ESE-16, LimPyr1, 8 Gy radiation and ESE-16 or LimPyr1 24 hours prior to radiation by 

plotting apoptotic cells (annexin V-FITC (FL1 Log)) against necrotic cells (propidium iodide (FL3 

Log)). The bottom left corner: viable cells; top left and right quadrants: apoptotic cells; bottom 

right quadrant: necrotic cells. 
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Table 4.6: Apoptotic induction measured by annexin V-FITC quantification in MDA-MB-231 

cells exposed to various treatment conditions. Data were generated and analyzed using 

Kaluza Analysis software version 1.5 (FL, USA) and the ANOVA-single factor model, 

respectively. A two-tailed Student’s t-test was used to calculate statistical significance. The 

averaged percentage (M%) and standard deviations (SD) for viable, apoptotic and necrotic 

MDA-MB-231 cells are summarized in the table below. The vehicle control (DMSO) and cells 

exposed to the individual treatment conditions served as baselines for the calculation of 

statistical significance (P-value <0.05). 

 Medium only DMSO Vinblastine ESE-16 
8 Gy 

radiation 
ESE-16 + 
radiation 

ES
E-

1
6

 

V
ia

b
le

 

M%±SD 95.66±0.93 94.98±0.67 47.80±10.01 89.93±1.81 84.81±1.41 80.58±2.10 

P-value when compared to: 

DMSO 0.36 - 1.24E-03 1.06E-02 3.50E-04 3.45E-04 

ESE-16  4.27E-03 

Radiation  0.04 

A
p

o
p

to
si

s 

M%±SD 4.14±0.90 4.70±0.56 50.37±10.77 9.69±1.89 14.37±1.70 18.76±2.04 

P-value when compared to: 

DMSO 0.41 - 1.84E-03 1.18E-02 7.28E-04 3.27E-04 

ESE-16  4.84E-03 

Radiation  4.59E-02 

N
ec

ro
si

s 

M%±SD 0.20±0.04 0.31±0.12 1.83±0.77 0.37±0.08 0.83±0.32 0.66±0.22 

P-value when compared to: 

DMSO 0.21 - 0.03 0.50 0.06 0.07 

ESE-16  0.09 

Radiation  0.49 

Li
m

P
yr

1
 

V
ia

b
le

 

M%±SD 95.81±3.13 96.75±0.93 33.12±12.39 87.73±4.50 77.82±3.66 68.79±1.65 

P-value when compared to: 

DMSO 0.64 - 8.92E-04 0.03 9.65E-04 1.39E-05 

LimPyr1  2.38E-03 

Radiation  1.76E-02 

A
p

o
p

to
si

s 

M%±SD 3.61±2.74 2.67±1.01 58.69±13.27 11.51±4.28 21.43±3.71 29.55±2.44 

P-value when compared to: 

DMSO 0.61 - 1.88E-03 0.03 1.08E-03 6.12E-05 

LimPyr1  3.16E-03 

Radiation  3.40E-02 

N
ec

ro
si

s 

M%±SD 0.59±0.40 0.57±0.13 8.18±2.20 0.76±0.23 0.75±0.43 1.66±0.87 

P-value when compared to: 

DMSO 0.93 - 3.91E-03 0.27 0.52 0.10 

LimPyr1  0.16 

Radiation  0.18 

 

 

 

 

 

 



 

 

 
116 

 

 

 
Figure 4.16: Graphical representation of annexin V-FITC quantification in MDA-MB-231 cells 

exposed to various treatment conditions. MDA-MB-231 cells exposed to ESE-16, LimPyr1, 8 Gy 

radiation and the combination treatment conditions displayed a significant increase in apoptosis 

(Ai and Aii). ESE-16 and LimPyr1 pre-treated MDA-MB-231 cells displayed a significant increase 

in apoptosis compared to cells exposed to the compounds alone (Bi and Bii) and 8 Gy radiation 

only (Ci and Cii). The bars represent the averages of viable, apoptotic and necrotic cells for three 
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biological repeats and the standard deviations are indicated by T-bars. A P-value <0.05 was 

considered statistically significant and are indicated with an asterisk (*). 

 

4.2.2 Cell cycle analysis 
 

The effect of microtubule regulating agents and radiation on the cell cycle progression of 

MCF-7-, MDA-MB-231- and BT-20 cells was evaluated 24 hours after radiation via flow 

cytometry. The G2/M phase is the most radiosensitive phase of the cell cycle. Microtubule 

regulating drugs induce a mitotic block and expose the cells’ chromosomes to radiation, 

resulting in increased DNA damage (414,417). 

 

MCF-7-, MDA-MB-231- and BT-20 cells grown in medium only revealed no significant 

differences in the cell cycle distribution compared to cells exposed to DMSO (vehicle 

control). BT-20 cells were exposed to actinomycin D, and MCF-7- and MDA-MB-231 cells 

were exposed to vinblastine as positive controls for apoptosis. Cells exposed to the positive 

controls revealed a significant increase in the sub-G1 apoptotic phase (Tables 4.7-4.9).  

 

BT-20 cells displayed a statistically significant decrease in the G1 phase with a concurrent 

increase in the sub-G1 phase when exposed to ESE-15-one (50.95±1.84% and 16.96±6.01%), 

ESE-16 (48.29±0.64% and 23.77±0.75%), T4 (57.47±1.20% and 8.13±3.91%), LimPyr1 

(48.49±6.48% and 5.92±2.38%) and 8 Gy radiation (33.13±11.34% and 20.49±5.37% 

(DMEM/F-12), 33.90±3.33% and 4.34±1.60% (RPMI)), compared to the vehicle control 

(57.17±3.49% and 7.87±3.74% (DMEM/F-12), 61.89±3.02% and 2.27±0.46% (RPMI). 

Additionally, the G2/M phase was significantly increased in cells exposed to LimPyr1 

(35.50±5.14%) and 8 Gy radiation (47.76±10.31% (DMEM/F-12) and 52.09±3.60% (RPMI)), 

compared to DMSO (27.87±4.74% (DMEM/F-12) and 27.96±1.20% (RPMI)) (Figure 4.17). BT-

20 cells presented with a significant increase in the sub-G1 and G2/M phases, while the G1 

phase of was significantly decreased when pre-treated with ESE-15-one (15.68±5.87%, 

48.77±9.94% and 28.00±3.01%, respectively) and ESE-16 (25.75±1.01%, 36.64±0.43% and 
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28.99±0.67%, respectively) (Table 4.7). ESE-15-one pre-treated cells displayed a significant 

decrease in the G1 phase with a concurrent increase in the G2/M phase, compared to cells 

exposed to ESE-15-one only. Similarly, cell cycle analysis of ESE-16 pre-treated cells 

displayed an increase in the G2/M phase and a decrease in the G1 population compared to 

the cells exposed to ESE-16 only. No significant differences were observed in the cell cycle 

distributions of the ESE-15-one and ESE-16/radiation combination therapies when 

compared to cells exposed to 8 Gy radiation only (Figure 4.18). As ESE-15-one pre-treated 

cells failed to increase the externalization of phosphatidylserine (as quantified by annexin V) 

more so than the individual treatments at these early time-points, ESE-16 was selected for 

all subsequent sensitization studies. 

 

BT-20 cells displayed increased cell numbers in the sub-G1 and G2/M phases, while the 

percentage of cells in the G1 phase was significantly decreased when exposed to T4 

(7.97±4.23%,  41.14±10.48% and 41.21±11.68%, respectively) or LimPyr1 (4.65±1.21%, 

63.63±6.61% and 23.69±5.47%, respectively) 24 hours prior to radiation. (Figure 4.17). Pre-

treatment of BT-20 cells with T4 or LimPyr1 significantly decreased the G1 phase, while 

increasing the G2/M phase, compared to cells exposed to the compounds individually. T4 

pre-treated BT-20 cells showed no changes in cell cycle distribution compared to cells 

exposed to 8 Gy radiation only. However, LimPyr1 pre-treated cells displayed a significant 

decrease in the G1 phase, with a concurrent increase in the mitotic phase, compared to the 

8 Gy radiation only sample (Figure 4.18). These results, in combination with results obtained 

from the annexin V quantification, identified LimPyr1 as the most successful candidate 

(compared to T4) to increase apoptotic cell death in combination with radiation. LimPyr1 

was thus selected to pre-treat cells prior to radiation exposure for the remainder of the 

study.  
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Figure 4.17: Histograms representing the cell cycle distributions of BT-20 cells exposed to 

various treatment conditions. Histograms were obtained by plotting the number of cells against 

propidium iodide (FL3 Lin).  BT-20 cells were propagated in medium only (negative control) or 

exposed to DMSO as a vehicle control. Actinomycin D was used as a positive method control. 

BT-20 cells were exposed to various microtubule regulating agents and 8 Gy radiation. 
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Additionally, BT-20 cells were pre-treated with ESE-15-one, ESE-16, T4 or LimPyr1 24 hours prior 

to radiation. 

 

MCF-7 cells exposed to ESE-16 displayed a small but statistically significant increase in the 

sub-G1 phase (2.12±0.04%) compared to the vehicle control (1.52±0.07%). LimPyr1-exposure 

significantly increased the sub-G1 (7.73±1.24%) and G2/M phases (60.04±1.94%), while 

decreasing the G1 population (16.81±0.54%) in MCF-7 cells, compared to DMSO 

(3.46±0.70%, 34.70±3.56% and 43.87±4.81%, respectively) (Figure 4.19). A significant 

increase in the sub-G1 (3.89±0.24% (DMEM) and 8.70±0.86% (RPMI)) and G2/M phase 

(62.98±6.61% (DMEM) and 64.11±0.00% (RPMI)) was observed in MCF-7 cells exposed to 8 

Gy radiation, compared to DMSO (1.52±0.07% and 39.56±4.14 (DMEM), 3.46±0.70% and 

34.70±3.56% (RPMI), respectively). Additionally, the S (5.00±0.81% (DMEM) and 

10.03±3.73% (RPMI)) and G1 phase (25.81±2.60% (DMEM) and 15.47±0.62% (RPMI)) was 

significantly decreased in MCF-7 cells 24 hours after radiation compared to DMSO 

(7.88±1.29% and 51.01±3.79% (DMEM), 17.97±2.47% and 43.87±4.81% (RPMI), respectively) 

(Table 4.8). MCF-7 cells exposed to ESE-16 24 hours prior to radiation displayed a significant 

increase in the sub-G1 (6.27±0.72%) and G2/M populations (61.38±6.94%) compared to 

DMSO as well as cells exposed to the compound only. A decrease in the S (5.02±0.41%) and 

G1 phases (28.05±6.58%) were also observed in ESE-16 pre-treated cells when compared to 

the vehicle control and cells exposed to the compound only. Compared to cells exposed to 

radiation only, ESE-16 pre-treated MCF-7 cells displayed a statistically significant increase in 

the sub-G1 apoptotic phase (Figure 4.20). LimPyr1 pre-treated MCF-7 cells displayed a 

significant increase in the sub-G1 (7.80±1.00%) and G2/M phases (72.81±1.60%), while the S 

(9.38±4.29%) and G1 phases (8.44±0.04%) were significantly decreased. Compared to cells 

exposed to LimPyr1 or 8 Gy radiation only, LimPyr1 pre-treated MCF-7 cells displayed a 

significant increase in the G2/M phase, with a concurrent decrease in the G1 phase (Figure 

4.20). 
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Table 4.7: Cell cycle analysis of BT-20 cells exposed to various treatment conditions. Data 

were generated using Kaluza Analysis software version 1.5 (FL, USA) and analyzed, using an 

ANOVA-single factor model. In the table below, the averaged percentages (M%) and 

standard deviations (SD) of three biological repeats are displayed for each phase of the cell 

cycle. Statistical significance (P-value <0.05) was calculated with a two-tailed Student’s t-test 

using cells exposed to DMSO and the individual treatments as baselines. 

 Medium 
only 

DMSO 
Actinomycin 

D 
ESE-15-

one 
ESE-16 

8 Gy 
radiation 

ESE-15-one 
+ radiation 

ESE-16 
+ radiation 

Su
b

-G
1 

M%±SD 10.96±5.57 7.87±3.74 32.84±3.59 16.96±6.01 23.77±0.75 20.49±5.37 15.68±5.87 25.75±1.01 

P-value when compared to: 

DMSO 0.33 - 1.96E-05 0.03 1.93E-03 4.18E-03 0.04 7.66E-03 

ESE-15-one  0.77  

ESE-16   0.08 

Radiation  0.27 0.38 

G
1 

M%±SD 55.17±2.64 57.17±3.49 39.31±5.54 50.95±1.84 48.29±0.64 33.13±11.34 28.00±3.01 28.99±0.67 

P-value when compared to: 

DMSO 0.34 - 5.77E-04 1.51E-02 0.02 1.92E-03 3.33E-06 3.18E-03 

ESE-15-one  1.28E-05  

ESE-16   6.42E-05 

Radiation  0.41 0.58 

S 

M%±SD 7.25±1.59 7.33±1.48 8.95±3.13 7.42±1.46 7.88±1.36 7.01±1.95 7.92±3.57 9.15±0.35 

P-value when compared to: 

DMSO 0.94 - 0.34 0.93 0.84 0.78 0.74 0.30 

ESE-15-one  0.80  

ESE-16   0.31 

Radiation  0.64 0.45 

G
2
/M

 

M%±SD 26.85±5.98 27.87±4.74 20.04±5.87 24.94±6.49 20.41±2.14 47.76±10.31 48.77±9.94 36.64±0.43 

P-value when compared to: 

DMSO 0.77 - 0.06 0.46 0.06 6.06E-03 4.08E-03 4.27E-03 

ESE-15-one  7.00E-03  

ESE-16   2.09E-03 

Radiation  0.89 0.51 

 Medium 
only 

DMSO 
Actinomycin 

D 
T4 LimPyr1 

8 Gy 
radiation 

T4 + 
radiation 

LimPyr1 + 
radiation 

Su
b

-G
1 

M%±SD 3.61±1.26 2.27±0.46 13.26±4.01 8.13±3.91 5.92±2.38 4.34±1.60 7.97±4.23 4.65±1.21 

P-value when compared to: 

DMSO 0.09 - 1.03E-03 0.02 0.02 0.04 0.03 1.06E-02 

T4  0.96  

LimPyr1   0.38 

Radiation  0.11 0.76 

G
1 

M%±SD 62.72±2.84 61.89±3.02 55.06±1.81 57.47±1.20 48.49±6.48 33.90±3.33 41.21±11.68 23.69±5.47 

P-value when compared to: 

DMSO 0.68 - 3.83E-03 0.03 9.50E-03 3.61E-06 1.13E-02 1.82E-05 

T4  0.03  

LimPyr1   1.10E-03 

Radiation  0.21 1.03E-02 

S 

M%±SD 7.50±1.58 7.70±1.56 8.62±3.00 6.23±1.52 10.01±3.16 9.66±2.57 9.64±2.56 7.91±1.49 

P-value when compared to: 

DMSO 0.86 - 0.60 0.23 0.24 0.23 0.23 0.85 

T4  0.05  

LimPyr1   0.27 

Radiation  0.99 0.27 

G
2/

M
 

M%±SD 26.20±3.34 27.96±1.20 23.09±2.80 28.04±2.99 35.50±5.14 52.09±3.60 41.14±10.48 63.63±6.61 

P-value when compared to: 

DMSO 0.35 - 1.48E-02 0.96 0.03 4.37E-06 0.04 4.11E-05 

T4  4.81E-02  

LimPyr1   5.28E-04 

Radiation  0.06 1.20E-02 
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Figure 4.18: Graphical representation of cell cycle analysis in BT-20 cells exposed to various 

treatment conditions. BT-20 cells exposed to ESE-15-one or ESE-16 (Ai) and LimPyr1 or T4 (Aii) 

displayed a significant increase in the sub-G1 apoptotic phase, with a concurrent decrease in the 

G1 population. Additionally, LimPyr1-exposed cells displayed an increase in the G2/M phase (Aii). 

Exposure to 8 Gy radiation significantly increased the sub-G1 and G2/M phases in addition to 

decreasing the G1 population (Ai & Aii). ESE-15-one and ESE-16 pre-treated cells displayed a 
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significant increase in the G2/M phase with a concurrent decrease in the G1 phase compared to 

DMSO and cells exposed to the compounds only (Ai &Bi). Compared to DMSO, ESE-15-one and 

ESE-16 pre-treated cells displayed an increase in the sub-G1 apoptotic phase. Exposure to T4 24 

hours prior to radiation significantly increased the G2/M phase while decreasing the G1 

population compared to DMSO and cells exposed to T4 only (Aii & Bii). T4 pre-treatment also 

significantly increased the sub-G1 phase compared to DMSO. Similarly, LimPyr1 pre-treatment 

increased the sub-G1 and G2/M phases in addition to decreasing the G1 phase compared to the 

vehicle control (Aii). Compared to cells exposed to LimPyr1 (Bii) or 8 Gy radiation only (Cii), cells 

exposed to the LimPyr1 and radiation treatment significantly increased the G2/M phase, while 

decreasing the percentage of cells in the G1 phase.  Three biological repeats were completed for 

each experiment. The mean percentages of cells in each phase of the cell cycle are displayed in 

the bar graphs and the standard deviations are indicated by T-bars. A P-value <0.05 was 

considered statistically significant and are indicated with an asterisk (*). 

 

MDA-MB-231 cells displayed a significant increase in the sub-G1 phase with a concurrent 

decrease in the G1 phase when exposed to ESE-16 (2.41±0.01% and 48.47±2.05%, 

respectively) and LimPyr1 (6.90±0.23% and 33.32±2.49%, respectively), compared to the 

vehicle control (1.31±0.45% and 54.22±0.91% (DMEM), 3.12±0.99% and 47.51±3.00% 

(RPMI), respectively). Additionally, LimPyr1-exposed MDA-MB-231 cells displayed a 

significant increase in the G2/M phase (52.75±4.63%) compared to the vehicle control 

(36.18±1.28%) (Figure 4.21). Exposure to 8 Gy radiation significantly decreased the G1 

population (32.35±4.69% (DMEM) and 30.83±5.49% (RPMI)) and increased the G2/M phase 

(54.89±9.06% (DMEM) and 54.91±5.20% (RPMI)) of MDA-MB-231 cells (Table 4.9). 

Compared to the vehicle control MDA-MB-231 cells displayed a significant increase in the 

sub-G1 and G2/M phases, in addition to a decreased G1 phase when pre-treated with ESE-16 

(5.90±2.22%, 55.35±5.77% and 30.90±1.96%, respectively) or LimPyr1 (6.28±0.74%, 

76.64±0.34% and 12.58±1.29%, respectively) 24 hours prior to radiation. Additionally, 

LimPyr1 pre-treated MDA-MB-231 cells displayed a statistically significant decrease in the S 

phase (4.52±1.18%) compared to the vehicle control (13.22±4.16%) (Figure 4.21). Compared 

to cells exposed to the compounds only, ESE-16 and LimPyr1 pre-treated MDA-MB-231 cells 

displayed a significant decrease in the G1 phase, with a concurrent increase in the G2/M 

phase. LimPyr1 pre-treatment significantly decreased the G1 population while increasing the 

G2/M phase in MDA-MB-231 cells compared to cell exposed to 8 Gy radiation only (Figure 

4.22). 



 

 

 
124 

 

 

 ESE-16 LimPyr1 

Medium only 

  

DMSO 

  

Vinblastine 

  

Compound 

  

8 Gy radiation 

  

Compound + radiation 

  
 

Figure 4.19: Histograms representing the cell cycle distributions of MCF-7 cells exposed to 

various treatment conditions. Cell counts were plotted against propidium iodide detection (FL3 

Lin). MCF-7 cells propagated in medium only or exposed to DMSO served as negative and 

vehicle controls, respectively. A positive control, vinblastine, was included for apoptosis 

detection.  MCF-7 cells were also exposed to ESE-16, LimPyr1, 8 Gy radiation and the 

combination treatment conditions. 
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Table 4.8: Cell cycle analysis of MCF-7 cells exposed to various treatment conditions. Data 

of three biological repeats were generated using Kaluza Analysis software version 1.5 (FL, 

USA). The ANOVA-single factor model and a two-tailed Student’s t-test were used to analyze 

the data and calculate statistically significant differences, respectively. The table 

summarizes the averaged percentages (M%) and standard deviations (SD) of all cell cycle 

phases. Statistically significant differences (P-value <0.05) were calculated using the vehicle 

(DMSO) and cells exposed to the individual treatments as baselines. 

 Medium 
only 

DMSO Vinblastine Compound 
8 Gy 

radiation 
Compound + 

radiation 

ES
E-

1
6

 

Su
b

-G
1 

M%±SD 1.55±0.28 1.52±0.07 33.04±11.76 2.12±0.04 3.89±0.24 6.27±0.72 

P-value when compared to: 

DMSO 0.90 - 9.73E-03 2.00E-03 4.29E-04 1.14E-03 

ESE-16  1.48E-02 

Radiation  4.74E-02 

G
1 

M%±SD 46.51±9.68 51.01±3.79 5.19±1.18 47.74±2.32 25.81±2.60 28.05±6.58 

P-value when compared to: 

DMSO 0.49 - 3.70E-05 0.27 6.86E-04 6.35E-03 

ESE-16  8.10E-03 

Radiation  0.61 

S 

M%±SD 8.20±0.96 7.88±1.29 3.97±0.51 8.99±1.42 5.00±0.81 5.02±0.41 

P-value when compared to: 

DMSO 0.75 - 8.12E-03 0.37 0.03 0.02 

ESE-16  9.65E-03 

Radiation  0.97 

G
2/

M
 

M%±SD 41.64±7.03 39.56±4.14 63.87±11.49 40.47±3.52 62.98±6.61 61.38±6.94 

P-value when compared to: 

DMSO 0.68 - 0.04 0.78 6.51E-03 9.47E-03 

ESE-16  9.64E-03 

Radiation  0.79 

Li
m

P
yr

1
 

Su
b

-G
1 

M%±SD 3.22±0.60 3.46±0.70 36.81±8.69 7.73±1.24 8.70±0.86 7.80±1.00 

P-value when compared to: 

DMSO 0.68 - 2.69E-03 6.56E-03 1.20E-03 3.52E-03 

LimPyr1  0.95 

Radiation  0.30 

G
1 

M%±SD 43.72±9.64 43.87±4.81 7.57±1.52 16.81±0.54 15.47±0.62 8.44±0.04 

P-value when compared to: 

DMSO 0.98 - 2.38E-04 4.86E-03 4.24E-03 2.20E-03 

LimPyr1  2.07E-03 

Radiation  3.91E-03 

S 

M%±SD 17.51±3.45 17.97±2.47 7.28±3.35 11.56±3.80 10.03±3.73 9.38±4.29 

P-value when compared to: 

DMSO 0.86 - 1.13E-02 0.07 0.04 0.04 

LimPyr1  0.54 

Radiation  0.85 

G
2/

M
 

M%±SD 35.54±5.73 34.70±3.56 48.34±5.74 60.04±1.94 64.11±0.00 72.81±1.60 

P-value when compared to: 

DMSO 0.84 - 0.02 4.16E-04 1.58E-03 7.21E-05 

LimPyr1  9.28E-04 

Radiation  5.35E-03 
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Figure 4.20: Graphical representation of cell cycle analysis in MCF-7 cells exposed to various 

treatment conditions. MCF-7 cells exposed to ESE-16 (Ai) and LimPyr1 (Aii) displayed a 

statistically significant increase in the sub-G1 phase. Additionally, LimPyr1 exposure resulted in 

an increased G2/M phase with a concurrent decrease in the G1 population (Aii). Cells exposed to 

8 Gy radiation, the ESE-16/radiation combination treatment and the LimPyr1/radiation 

combination treatment displayed a significant decrease in the G1 and S phases, while the sub-G1 
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and G2/M phases were significantly increased (Ai & Aii). Similarly, ESE-16 pre-treated cells 

displayed an increase in the sub-G1 and G2/M phases, and a decrease in the G1 and S phases 

compared to cells exposed to ESE-16 only (Bi). Compared to cells exposed to 8 Gy radiation only, 

ESE-16 pre-treated cells displayed a statistically significant increase in the sub-G1 phase (Ci). 

Exposure to LimPyr1 24 hour prior to radiation resulted in a decreased G1 population and 

increased G2/M phase compared to the individual treatment conditions (Bii & Cii).  The mean 

percentage cells present in the cell cycle phases are displayed in the bar graphs and the 

standard deviations indicated by T-bars. A P-value <0.05 was considered statistically significant 

and are indicated with an asterisk*. 
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Figure 4.21: Histograms representing the cell cycle distributions of MDA-MB-231 cells exposed 

to various treatment conditions. Cell cycle distributions were visualized by plotting cell counts 

against propidium iodide (FL3 Lin) quantification. MDA-MB-231 cells exposed to DMSO served 

as a vehicle control and cells grown in medium only as a negative control. MDA-MB-231 cells 
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were exposed to the positive method control, vinblastine. MDA-MB-231 cells were exposed to 

ESE-16, LimPyr1 and 8 Gy radiation and the augmented effect of the compounds and radiation 

were observed in the combination treatment condition samples.   

 

Table 4.9: Cell cycle analysis of MDA-MB-231 cells exposed to the various treatment 

conditions. Data were generated and analyzed, using Kaluza Analysis software version 1.5 

(FL, USA) and the ANOVA-single factor model, respectively. A two-tailed Student’s t-test was 

used to calculate statistical significance. The averaged percentage (M%) and the standard 

deviations (SD) of three biological repeats are summarized in the table below. The vehicle 

control (DMSO) and individual treatment samples served as baselines for the calculation of 

statistical significance (P-value <0.05). 

 Medium 
only 

DMSO Vinblastine Compound 
8 Gy 

radiation 
Compound + 

radiation 

ES
E-

1
6

 

Su
b

-G
1
 

M%±SD 1.54±0.83 1.31±0.45 37.65±9.50 2.41±0.01 5.71±2.86 5.90±2.22 

P-value when compared to: 

DMSO 0.69 - 2.70E-03 4.60E-02 0.06 0.02 

ESE-16  0.12 

Radiation  0.93 

G
1
 

M%±SD 52.50±4.81 54.22±0.91 5.39±1.05 48.47±2.05 32.35±4.69 30.90±1.96 

P-value when compared to: 

DMSO 0.58 - 4.36E-07 0.02 1.36E-03 4.84E-05 

ESE-16  2.35E-03 

Radiation  0.65 

S 

M%±SD 10.02±2.51 10.30±3.02 7.58±3.66 10.40±2.84 7.01±1.85 7.81±1.95 

P-value when compared to: 

DMSO 0.91 - 0.38 0.97 0.18 0.30 

ESE-16  0.30 

Radiation  0.63 

G
2/

M
 

M%±SD 35.92±6.48 34.16±3.33 49.34±10.91 38.69±4.89 54.89±9.06 55.35±5.77 

P-value when compared to: 

DMSO 0.70 - 0.08 0.29 0.02 0.01 

ESE-16  4.50E-02 

Radiation  0.95 

Li
m

P
yr

1
 

Su
b

-G
1
 

M%±SD 3.17±2.48 3.12±0.99 41.29±4.33 6.90±0.23 6.56±2.02 6.28±0.74 

P-value when compared to: 

DMSO 0.98 - 1.19E-04 2.96E-03 0.06 1.13E-02 

LimPyr1  0.24 

Radiation  0.83 

G
1
 

M%±SD 47.98±1.76 47.51±3.00 6.16±0.84 33.32±2.49 30.83±5.49 12.58±1.29 

P-value when compared to: 

DMSO 0.83 - 2.12E-05 3.23E-03 9.91E-03 4.99E-05 

LimPyr1  2.13E-04 

Radiation  4.98E-03 

S 

M%±SD 12.59±2.95 13.22±4.16 3.90±0.42 7.05±2.09 7.73±2.09 4.52±1.18 

P-value when compared to: 

DMSO 0.84 - 1.81E-02 0.08 0.11 0.03 

LimPyr1  0.14 

Radiation  0.08 

G
2/

M
 

M%±SD 36.30±1.96 36.18±1.28 48.66±4.00 52.75±4.63 54.91±5.20 76.64±0.34 

P-value when compared to: 

DMSO 0.94 - 6.74E-03 3.96E-03 3.75E-03 7.58E-07 

LimPyr1  8.80E-04 

Radiation  1.95E-03 
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Figure 4.22: Graphical representation of the cell cycle analysis of MDA-MB-231 cells exposed 

to various treatment conditions. MDA-MB-231 cells exposed to ESE-16 (Ai) and LimPyr1 (Aii) 

displayed a significantly increase in the sub-G1 phase with a concurrent decrease in the G1 phase 

compared to DMSO. Additionally, LimPyr1 exposure resulted in an increased G2/M population 

(Aii). Cells exposed to 8 Gy radiation displayed a significant increase in the G2/M phase and a 
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decreased G1 population (Ai & Aii). ESE-16 and LimPyr1 pre-treated cells displayed a decrease in 

the G1 phase and an increase in the sub-G1 and G2/M phases, compared to DMSO (Ai & Aii). The 

S phase was also significantly decreased in LimPyr1 pre-treated cells (Aii). Compared to cells 

exposed to the compounds only, ESE-16 and LimPyr1 pre-treated cells displayed a decrease in 

the G1 phase with a concurrent increase in the G2/M phase (Bi & Bii). Similar observations were 

made in LimPyr1 pre-treated cells compared to cells exposed to 8 Gy radiation only (Cii). The 

bars represent the averaged percentage of three biological repeats and the standard deviations 

are indicated by T-bars. A P-value <0.05 was considered statistically significant and are indicated 

with an asterisk (*). 

 

4.2.3 Intracellular signaling pathways induced by pre-exposing breast 

cancer cells to the novel compounds prior to radiation 
 

4.2.3.1 Reactive oxygen species production: Flow cytometric quantification of 

superoxide employing hydroethidine 

 

ROS generation exists in equilibrium with a variety of antioxidant defenses and is considered 

essential for normal physiological cellular functions. However, once ROS production is 

increased beyond this threshold, damage to various proteins, membranes, lipids and 

organelles occur resulting in apoptotic activation (481). The presence of ROS was quantified 

via flow cytometry, employing hydroethidine (superoxide detection) at different time points 

in breast cancer cells following exposure to different treatment conditions. 

 

Breast cancer cells exposed to DMSO served as vehicle controls for this experiment. No 

statistically significant differences were observed at any time-point in superoxide formation 

when the vehicle control was compared to cells propagated in growth medium only 

(negative control). MCF-7-, MDA-MB-231- and BT-20 cells were exposed to rotenone as a 

positive control. Superoxide was significantly increased in all samples exposed to the 

positive control compared to the vehicle control. 

 

MCF-7 cells exposed to ESE-16 displayed an increase in superoxide at the 4 hour termination 

point (1.22±0.18 fold increase) (Figure 4.23). Superoxide production was decreased at the 
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24- and 48 hour termination points, but not statistically significantly less than the levels 

quantified at 4 hours (Figure 4.24). LimPyr1-exposed MCF-7 cells displayed an increase in 

superoxide generation at the 4 (1.12±0.06 fold increase), 24 (1.48±0.17 fold increase) and 

48 hours (1.42±0.18 fold increase) termination points, compared to the vehicle control. 

Additionally, LimPyr1-exposure resulted in a sustained increase in superoxide production 

over the 48 hour time frame (Figure 4.24). Superoxide generation was significantly 

increased 4 (1.20±0.13- and 1.22±0.19 fold increase), 24 (1.24±8.29E-04- and 1.59±0.42 fold 

increase) and 48 hours (1.57±0.46- and 1.21±0.08 fold increase) after 8 Gy radiation in cells 

propagated in DMEM and RPMI media, respectively (Table 4.10). MCF-7 cells exposed to 

ESE-16 24 hours prior to radiation displayed a significant increase in superoxide 4 

(1.49±0.17-, 1.32±0.27- and 1.26±0.20 fold increase, respectively), 24 (1.44±0.19-, 

1.54±0.24- and 1.24±0.11 fold increase, respectively) and 48 hours (1.73±0.45-, 1.77±0.36- 

and 1.06±0.01 fold increase, respectively) after radiation compared to DMSO, ESE-16-

exposed cells and cells exposed to 8 Gy radiation only, respectively (Figure 4.23). Similarly, 

LimPyr1 pre-treated cells also displayed significantly higher levels of superoxide 4 

(1.35±0.17-, 1.18±0.17- and 1.08±0.07 fold increase, respectively), 24 (1.75±0.36-, 

1.18±0.14- and 1.28±0.07 fold increase, respectively) and 48 hours (1.64±0.40-, 1.24±0.17- 

and 1.49±0.36 fold increase, respectively) after radiation compared to DMSO and cells 

exposed to LimPyr1 or 8 Gy radiation only, respectively (Figure 4.23). 
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Figure 4.23: Representative overlay histograms of superoxide detection in MCF-7 cells. 

Histograms were obtained 4, 24 and 48 hours after radiation by plotting cell count against 

superoxide detection (FL3 Log). Overlay histograms displayed a right shift at all three time-
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points in cells exposed to the combination treatment conditions, compared to the DMSO vehicle 

control and cells exposed to the individual treatment conditions. 

 

Table 4.10: Superoxide detection in MCF-7 cells exposed to various treatment conditions. 

Data analyses were completed using the ANOVA-single factor model, using statistical data 

generated with Kaluza Analysis version 1.5 (FL, USA). The table displays the averaged fold 

change (FC) of three biological repeats at three different time-points after radiation and 

their standard deviations (SD). A two-tailed Student’s t-test was used to calculate 

statistically significant differences (P-value <0.05) by using the vehicle control and cells 

exposed to the individual treatments as baselines. 

        Medium only DMSO Rotenone Compound 8 Gy radiation Combination 

Compared to DMSO 

4
 h

o
u

rs
 

ESE-16 
FC± SD 1.12±0.16 1 1.44±0.24 1.22±0.18 1.20±0.13 1.49±0.17 

P-value 0.14 - 3.51E-03 0.03 0.01 2.22E-04 

LimPyr1 
FC± SD 1.09±0.09 1 1.55±0.28 1.12±0.06 1.22±0.19 1.35±0.17 

P-value 0.07 - 2.42E-03 2.02E-03 0.04 1.97E-03 

2
4

 h
o

u
rs

 

ESE-16 

FC ± SD 1.10±0.18 1 1.22±0.11 0.95±0.08 1.24±8.29E-04 1.44±0.19 

P-value 0.40 - 0.03 0.33 1.32E-08 0.02 

LimPyr1 

FC ± SD 1.34±0.37 1 1.50±0.30 1.48±0.17 1.59±0.42 1.75±0.36 

P-value 0.11 - 0.02 1.27E-03 0.03 0.01 

4
8

 h
o

u
rs

 

ESE-16 
FC ± SD 1.05±0.12 1 1.56±0.16 1.11±0.12 1.57±0.46 1.73±0.45 

P-value 0.47 - 4.08E-04 0.11 4.66E-02 0.02 

LimPyr1 
FC ± SD 1.02±0.17 1 1.57±0.35 1.42±0.18 1.21±0.08 1.64±0.40 

P-value 0.86 - 0.02 3.53E-03 2.80E-03 0.02 
Compared to compound 

4
 h

o
u

rs
 

ESE-16 
FC ± SD 

 
1 

 
1.32±0.27 

P-value - 0.03 

LimPyr1 
FC ± SD 

 
1 

 
1.18±0.17 

P-value - 0.04 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 

 
1.54±0.24 

P-value - 0.02 

LimPyr1 
FC ± SD 

 
1 

 
1.18±0.14 

P-value - 0.04 

4
8

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 

 
1.77±0.36 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 

 
1.24±0.17 

P-value - 0.03 
Compared to 8 Gy radiation 

4
 h

o
u

rs
 

ESE-16 
FC ±S D 

 
1 1.26±0.20 

P-value - 0.02 

LimPyr1 
FC ±S D 

 
1 1.08±0.07 

P-value - 4.66E-02 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 1.24±0.11 

P-value - 0.02 

LimPyr1 
FC ± SD 

 
1 1.28±0.07 

P-value - 8.36E-04 

4
8

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 1.06±0.01 

P-value - 6.74E-06 

LimPyr1 
FC ± SD 

 
1 1.49±0.36 

P-value - 0.03 
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Figure 4.24: Graphical representation of superoxide quantification in MCF-7 cells after 

exposure to different treatment conditions. ESE-16 exposed MCF-7 cells displayed a significant 

increase in superoxide at the 4 hour termination point (A). LimPyr1 exposure significantly 

increased superoxide production at all three time points (B). Superoxide production increased 

over the 48 hour time frame in LimPyr1 exposed cells. MCF-7 cells exposed to 8 Gy radiation (A-

B), and ESE-16 (A) or LimPyr1 (B) 24 hours prior to 8 Gy radiation displayed a significant increase 
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in superoxide 4-, 24- and 48 hours after radiation. Compared to cells exposed to the compounds 

(Ci) or 8 Gy radiation (Cii) only, ESE-16- and LimPyr1 pre-treated MCF-7 cells displayed 

significantly higher levels of superoxide at all three time-points in the experiment. The bar graph 

summarizes the mean fold increase of three biological repeats and standard deviations are 

represented by T-bars. Statistically significant differences are indicated with * (P-value <0.05) 

when compared to DMSO (A-B), cells exposed to ESE-16 and LimPyr1 only (Ci) or 8 Gy radiation 

only (Cii), ◊ when the 4 hour termination point was compared to the 24 hour termination point; 

and • when the 4 hour termination point was compared to the 48 hour termination point. 

 

MDA-MB-231 cells exposed to ESE-16 (1.02±0.01 fold increase) or LimPyr1 (1.74±0.39 fold 

increase) displayed a significant increase in superoxide at the 24 hour termination point 

(Figure 4.25). Additionally, MDA-MB-231 cells exposed to LimPyr1 displayed significantly 

higher superoxide levels at the 48 hour termination point (1.16±0.13 fold increase) 

compared to DMSO. Exposure to 8 Gy radiation significantly increased superoxide in MDA-

MB-231 cells 24 (1.40±0.20- and 2.12±0.53 fold increase) and 48 hours (1.48±0.25- and 

1.32±0.18 fold increase) after radiation in cells propagated in DMEM and RPMI media, 

respectively (Table 4.11). This increase in superoxide was significantly higher 24 and 48 

hours after radiation compared to superoxide levels measured at 4 hours after radiation 

(Figure 4.26). ESE-16 pre-treated cells displayed significantly higher superoxide levels 4 

(1.16±0.10-, 1.10±0.06- and 1.20±0.12 fold increase), 24 (1.47±0.21-, 1.34±0.16- and 

1.05±0.03 fold increase) and 48 hours (2.18±0.32-, 2.27±0.39- and 1.48±0.07 fold increase) 

after radiation compared to cells exposed to DMSO, ESE-16 and 8 Gy radiation only, 

respectively. Additionally, superoxide production progressively increased in the ESE-16 pre-

treated MDA-MB-231 cells over the 48 hour time frame (Figure 4.26). Pre-treatment of 

MDA-MB-231 cells with LimPyr1 resulted in significantly higher superoxide levels 4 

(1.54±0.35-, 1.22±0.13- and 1.28±0.20 fold increase), 24 (2.17±0.89-, 1.34±0.23- and 

1.17±0.05 fold increase) and 48 hours (1.37±0.10-, 1.55±0.18- and 1.80±0.24 fold increase) 

after radiation compared to cells exposed to DMSO, LimPyr1 or 8 Gy radiation only, 

respectively. 
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Figure 4.25: Representative overlay histograms of superoxide detection in MDA-MB-231 cells. 

Histograms were obtained 4, 24 and 48 hours after radiation by plotting cell counts against the 

generated superoxide production (FL3 Log). Overlay histograms displayed an increase in 
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superoxide via a right shift in cells exposed to the different treatment conditions, compared to 

the DMSO vehicle control. 

 

Table 4.11: Superoxide detection in MDA-MB-231 cells exposed to various treatment 

conditions. Data were generated with Kaluza Analysis version 1.5 (FL, USA) and analyzed, 

using the ANOVA-single factor model. Three biological repeats were completed for each 

time-point. The table displays the averaged fold change (FC) and the standard deviations 

(SD). Statistically significant differences (P-value <0.05) were calculated with a two-tailed 

Student’s t-test using the vehicle control and cells exposed to the individual treatments as 

baselines. 

        Medium only DMSO Rotenone Compound 
8 Gy 

radiation 
Combination 

Compared to DMSO 

4
 h

o
u

rs
 

ESE-16 
FC± SD 0.95±0.07 1 1.36±0.26 0.99±0.13 1.05±0.05 1.16±0.10 

P-value 0.21 - 0.03 0.91 0.07 0.02 

LimPyr1 
FC± SD 1.05±0.19 1 1.43±0.25 1.22±0.31 1.20±0.22 1.54±0.35 

P-value 0.62 - 0.01 0.21 0.11 0.02 

2
4

 h
o

u
rs

 

ESE-16 

FC ± SD 0.97±0.10 1 1.58±0.28 1.02±0.01 1.40±0.20 1.47±0.21 

P-value 0.59 - 0.02 4.92E-02 0.02 0.02 

LimPyr1 

FC ± SD 1.27±0.43 1 1.87±0.53 1.74±0.39 2.12±0.53 2.17±0.89 

P-value 0.26 - 0.02 0.01 0.01 0.04 

4
8

 h
o

u
rs

 

ESE-16 
FC ± SD 1.05±0.20 1 1.67±0.22 0.97±0.16 1.48±0.25 2.18±0.32 

P-value 0.68 - 0.01 0.80 0.03 3.14E-03 

LimPyr1 
FC ± SD 1.11±0.18 1 1.39±0.17 1.37±0.10 1.55±0.18 1.80±0.24 

P-value 0.27 - 3.3598E-03 3.9522E-04 7.4212E-04 5.9314E-04 
Compared to compound 

4
 h

o
u

rs
 

ESE-16 
FC ± SD 

 
1 

 
1.10±0.06 

P-value - 0.02 

LimPyr1 
FC ± SD 

 
1 

 
1.22±0.13 

P-value - 0.02 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 

 
1.34±0.16 

P-value - 0.03 

LimPyr1 
FC ± SD 

 
1 

 
1.34±0.23 

P-value - 0.03 

4
8

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 

 
2.27±0.39 

P-value - 4.92E-03 

LimPyr1 
FC ± SD 

 
1 

 
1.32±0.18 

P-value - 0.01 
Compared to 8 Gy radiation 

4
 h

o
u

rs
 

ESE-16 
FC ±S D 

 
1 1.20±0.12 

P-value - 0.02 

LimPyr1 
FC ±S D 

 
1 1.28±0.20 

P-value - 0.03 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 1.05±0.03 

P-value - 0.04 

LimPyr1 
FC ± SD 

 
1 1.17±0.05 

P-value - 3.5993E-04 

4
8

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 1.48±0.07 

P-value - 2.61E-04 

LimPyr1 
FC ± SD 

 
1 1.16±0.13 

P-value - 4.6189E-02 
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Figure 4.26: Graphical representation of superoxide quantification in MDA-MB-231 cells after 

exposure to the different treatment conditions. MDA-MB-231 cells exposed to ESE-16 

displayed a very small increase in superoxide production at the 24 hour time point (A), whereas 

LimPyr1-exposure resulted in increased superoxide levels at the 24 and 48 hour time points (B). 

MDA-MB-231 cells displayed significantly higher levels of superoxide 24 and 48 hours after 

exposure to 8 Gy radiation (A-B). ESE-16 pre-treated MDA-MB-231 cells increased superoxide 

production over the 48 hour time frame (A). MDA-MB-231 cells pre-treated with LimPyr1 

displayed significantly higher levels of superoxide at all three time-points. Compared to cells 
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exposed to the compound only (Ci) and cells exposed to 8 Gy radiation (Cii), the combination 

treatment conditions significantly increased superoxide production over a 48 hour time frame 

following radiation. The mean fold increases of three biological repeats are summarized in the 

bar graph. Standard deviations are represented by T-bars and statistically significant differences 

are indicated with * (P-value <0.05) when compared to DMSO (A-B), cells exposed to ESE-16 and 

LimPyr1 only (Ci) or 8 Gy radiation only (Cii), ◊ when the 4 hour termination point was compared 

to the 24 hour termination point, □ when the 24 hour termination point was compared to the 

48-hour termination point; and • when the 4 hour termination point was compared to the 48 

hour termination point. 

 

Superoxide levels were significantly higher in BT-20 cells exposed to ESE-16 at the 4 

(1.37±0.12 fold increase), 24 (1.05±0.02 fold increase) and 48 hour (1.24±0.12 fold increase) 

termination points, compared to DMSO (Figure 4.27). Superoxide production decreased 

from the 4 to the 24 hour termination point, but was restored at 48 hours (Figure 4.28). BT-

20 cells exposed to LimPyr1 displayed a significant increase in superoxide production at the 

4 (1.47±0.13 fold increase), 24 (1.37±0.06 fold increase) and 48 hour (1.24±0.05 fold 

increase) termination points compared to the vehicle control. This increase in superoxide 

observed in the LimPyr1-exposed BT-20 cells significantly decreased over the 48 hour time 

frame (Figure 4.28). Radiation exposure resulted in significantly higher superoxide levels in 

BT-20 cells at all three time points in the experiment (Table 4.12). Superoxide production 

significantly increased from 4 to 24 hours after radiation. Exposure of BT-20 cells to ESE-16 

prior to radiation significant increased superoxide 4 (1.54±0.17-, 1.13±0.08- and 1.37±0.13 

fold increase), 24 (1.38±0.04-, 1.32±0.06- and 1.08±0.02 fold increase) and 48 hours 

(1.51±0.27-, 1.22±0.09- and 1.04±0.02 fold increase) after radiation compared to DMSO and 

the compound or radiation only samples, respectively (Figure 4.27). LimPyr1 pre-treated BT-

20 cells displayed a significant increase in superoxide production 4 (1.72±0.12 fold increase), 

24 (2.28±0.44 fold increase) and 48 hours (2.56±0.59 fold increase) after radiation 

compared to DMSO. This increase in superoxide production was significantly higher 48 

hours after radiation compared to the 4 hour quantification (Figure 4.28). Additionally, the 

superoxide production was significantly higher in the LimPyr1 pre-treated BT-20 cells 4 

(1.18±0.15- and 1.26±0.17 fold increase), 24 (1.66±0.31- and 1.43±0.20 fold increase) and 48 

hours (1.86±0.43- and 1.42±0.23 fold increase) after radiation compared to cells exposed to 

the compound or radiation only, respectively (Figure 4.27). 
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Figure 4.27: Representative overlay histograms of superoxide detection in BT-20 cells. 

Histograms were obtained over a 48 hour time frame following radiation exposure. Histograms 

were created by plotting cell counts against superoxide quantification (FL3 Log). Overlay 

Superoxide (FL3 Log) 
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histograms displayed a right shift indicating increased superoxide production in cells exposed to 

the different treatment conditions, compared to the DMSO vehicle control. 

 

Table 4.12: Superoxide detection in BT-20 cells exposed to various treatment conditions. 

Kaluza Analysis version 1.5 (FL, USA) was used to generate statistical data followed by 

analysis, using the ANOVA-single factor model. The average fold change (FC) is displayed in 

the table ± the standard deviations (SD). A two-tailed Student’s t-test was employed to 

calculate statistically significant differences (P-value <0.05) using the vehicle control and 

cells exposed to the individual treatments as baselines. 

        Medium only DMSO Rotenone Compound 
8 Gy 

radiation 
Combination 

Compared to DMSO 

4
 h

o
u

rs
 ESE-16 FC± SD 1.06±0.17 1 2.48±0.19 1.37±0.12 1.13±0.03 1.54±0.17 

 P-value 0.50 - 4.84E-06 7.37E-04 9.09E-05 6.02E-04 

LimPyr1 FC± SD 1.11±0.16 1 2.03±0.43 1.47±0.13 1.46±0.25 1.72±0.12 

 P-value 0.24 - 2.95E-03 3.93E-04 0.01 1.87E-05 

2
4

 h
o

u
rs

 ESE-16 FC ± SD 1.05±0.09 1 2.91±0.47 1.05±0.02 1.31±0.06 1.38±0.04 

 P-value 0.39 - 2.17E-03 1.45E-02 1.10E-03 9.51E-05 

LimPyr1 FC ± SD 1.06±0.07 1 2.28±0.21 1.37±0.06 1.88±0.22 2.28±0.44 

 P-value 0.21 - 4.60E-04 5.43E-04 2.30E-03 0.01 

4
8

 h
o

u
rs

 ESE-16 FC ± SD 1.30±0.36 1 3.02±0.25 1.24±0.12 1.34±0.07 1.51±0.27 

 P-value 0.15 - 3.66E-06 0.01 6.88E-05 0.01 

LimPyr1 FC ± SD 1.07±0.09 1 2.00±0.25 1.24±0.05 1.56±0.31 2.56±0.59 

 P-value 0.21 - 2.15E-03 2.88E-03 0.03 0.01 
Compared to compound 

4
 h

o
u

rs
 

ESE-16 
FC ± SD 

 
1 

 
1.13±0.08 

P-value - 0.02 

LimPyr1 
FC ± SD 

 
1 

 
1.18±0.15 

P-value - 4.96E-02 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 

 
1.32±0.06 

P-value - 8.4549E-04 

LimPyr1 
FC ± SD 

 
1 

 
1.66±0.31 

P-value - 0.02 

4
8

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 

 
1.22±0.09 

P-value - 3.13E-03 

LimPyr1 
FC ± SD 

 
1 

 
1.86±0.43 

P-value - 0.02 
Compared to 8 Gy radiation 

4
 h

o
u

rs
 

ESE-16 
FC ±S D 

 
1 1.37±0.13 

P-value - 1.41E-03 

LimPyr1 
FC ±S D 

 
1 1.26±0.17 

P-value - 0.02 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 1.08±0.02 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 1.43±0.20 

P-value - 0.03 

4
8

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 1.04±0.02 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 1.42±0.23 

P-value - 0.04 
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Figure 4.28: Graphical representation of superoxide quantification in BT-20 cells after 

exposure to different treatment conditions. ESE-16 and LimPyr1-exposed BT-20 cells displayed 

a significant increase in superoxide at the 4, 24 and 48 hour termination points (A+B). 

Superoxide production significantly decreased from 4 to 24 hours in ESE-16 exposed cells, but 

was restored after 48 hours (A). In contrast, superoxide production continuously decreased over 

the 48 hour time frame in LimPyr1 exposed BT-20 cells (B). BT-20 cells displayed a significant 
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increase in superoxide levels following 8 Gy radiation (A-B). ESE-16- and LimPyr1 pre-treated BT-

20 cells displayed a significant increase in superoxide compared to the vehicle controls (A-B) and 

the individual treatments (C). The decrease in superoxide observed in LimPyr1 exposed cells was 

prevented in the combination therapy (B). The bar graph summarizes the mean fold increases of 

three biological repeats. Standard deviations are represented by T-bars and statistically 

significant differences are indicated with * (P-value <0.05) when compared to DMSO (A-B), cells 

exposed to ESE-16 and LimPyr1 only (Ci) or 8 Gy radiation only (Cii), ◊ when the 4 hour 

termination point was compared to the 24 hour termination point, □ when the 24 hour 

termination point was compared to the 48 hour termination point; and • when the 4 hour 

termination point was compared to the 48 hour termination point. 

 

4.2.3.2 Mitochondrial transmembrane potential: Flow cytometric 

quantification of Mitocapture™ 
 

As an early intracellular apoptotic event, the mitochondrial transmembrane potential 

decreases (107). This increases the permeability of the outer membrane, resulting in the 

release of apoptotic proteins such as cytochrome c (108). The permeability of the 

mitochondrial transmembrane was quantified following exposure to the different 

treatments, via flow cytometry, employing the Mitocapture™ fluorometric kit. 

 

MCF-7-, MDA-MB-231- and BT-20 cells grown in media only or exposed to DMSO served as 

negative- and vehicle controls, respectively. No statistically significant differences were 

observed in the permeability of the mitochondrial transmembrane in cells propagated in 

growth medium when compared the vehicle control (Table 4.13). A positive control for 

apoptosis was included, by exposing the cells to vinblastine. A significant increase in 

Mitocapture™ was observed in MCF-7-, MDA-MB-231- and BT-20 cells exposed to the 

positive control (Figure 4.29). 

 

MCF-7 cells exposed to LimPyr1 revealed a significant increase (1.11±0.03 fold) in 

Mitocapture™, but no changes in the mitochondrial transmembrane potential was 

quantified in the ESE-16 exposed samples (Table 4.13). A statistically significant increase in 



 

 

 
144 

 

Mitocapture™ was observed in MDA-MB-231- (1.20±0.11- and 1.36±0.027 fold increases) 

and BT-20 cells (1.18±0.07- and 1.16±0.15 fold increase) exposed to ESE-16 and LimPyr1, 

respectively. Mitocapture™ was significantly increased in MCF-7- (1.47±0.29 (DMEM)- and 

1.26±0.20 (RPMI) fold increases), MDA-MB-231- (1.32±0.19 (DMEM)- and 1.42±0.18 (RPMI) 

fold increases) and BT-20 cells (1.21±0.07 (DMEM/F-12)- and 1.32±0.19  (RPMI) fold 

increases) 24 hours after 8 Gy radiation, compared to the vehicle control. MCF-7 cells pre-

treated with ESE-16 or LimPyr1 24 hours prior to 8 Gy radiation revealed a 1.74±0.29- and 

1.43±0.17 fold increase in Mitocapture™, respectively. Similarly, ESE-16 and LimPyr1 pre-

treated MDA-MB-231- (1.69±0.24- and 1.63±0.27 fold increases, respectively) and BT-20 

cells (1.31±0.08- and 1.52±0.10 fold increases, respectively) displayed significant increases in 

Mitocapture™ 24 hours after radiation (Figure 4.29).  

 

The augmented effect of ESE-16 and LimPyr1 in combination with radiation was observed 

when the combination therapy was compared to the individual treatments. A statistically 

significant increase in Mitocapture™ were observed in MCF-7- (1.57±0.06- and 1.19±0.08 

fold increases, respectively), MDA-MB-231- (1.40±0.10- and 1.28±.15 fold increases, 

respectively) and BT-20 cells (1.29±0.09- and 1.08±0.04  fold increases, respectively) 

exposed to the ESE-16/radiation combination therapy when compared to cells exposed to 

ESE-16 and 8 Gy radiation only (Figure 4.30). Compared to cells exposed to LimPyr1 only, 

LimPyr1 pre-treated MCF-7-, MDA-MB-231-, and BT-20 cells displayed significant fold 

increases of 1.23±0.14, 1.22±0.15 and 1.29±0.20 in Mitocapture™, respectively (Table 4.13). 

Mitocapture™ was also significantly increased in the LimPyr1 pre-treated MCF-7- (1.15±0.07 

fold increase), MDA-MB-231- (1.08±0.06 fold increase) and BT-20 cells (1.16±0.15 fold 

increase), compared to cells exposed to 8 Gy radiation only (Figure 4.30). 
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Figure 4.29: Representative overlay histograms of Mitocapture™ detection in MCF-7-, MDA-

MB-231- and BT-20 cells exposed to appropriate controls and various treatment conditions. 

Histograms were obtained 24 hours after irradiation by plotting cell count against Mitocapture™ 

detection (FL1 Lin). Overlay histograms displayed a right shift in cells exposed to the different 

treatment conditions, compared to the DMSO vehicle control. 
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Table 4.13: Mitocapture™ quantification in breast cancer cells exposed to various 

treatment conditions. Data analyses were completed using the ANOVA-single factor model, 

using data generated with Kaluza Analysis version 1.5 (FL, USA). The table displays the 

averaged fold change (FC) of three biological repeats and the standard deviations (SD). A 

two-tailed Student’s t-test was used to calculate statistically significant differences (P-value 

<0.05) by using the vehicle control and cells exposed to the individual treatments as 

baselines. 

        Medium only DMSO Vinblastine Compound 
8 Gy 

radiation 
Combination 

Compared to DMSO 

M
C

F-
7

 ESE-16 
FC± SD 1.12±0.29 1 1.14±0.05 1.11±0.20 1.47±0.29 1.74±0.29 

P-value 0.53 - 1.09E-02 0.41 4.91E-02 1.16E-02 

LimPyr1 
FC± SD 0.97±0.27 1 1.65±0.33 1.11±0.03 1.26±0.20 1.43±0.17 

P-value 0.81 - 1.05E-02 6.02E-04 0.04 2.63E-03 

M
D

A
-M

B
-

2
3

1
 ESE-16 

FC ± SD 1.07±0.11 1 1.80±0.39 1.20±0.11 1.32±0.19 1.69±0.24 

P-value 0.34 - 0.02 0.04 0.04 7.67E-03 

LimPyr1 

FC ± SD 0.94±0.08 1 1.11±0.04 1.36±0.27 1.42±0.18 1.63±0.27 

P-value 0.19 - 2.06E-03 0.04 3.50E-03 3.30E-03 

B
T-

2
0 ESE-16 

FC ± SD 0.94±0.15 1 1.35±0.16 1.18±0.07 1.21±0.07 1.31±0.08 

P-value 0.54 - 1.75E-02 1.78E-02 6.24E-03 3.01E-03 

LimPyr1 
FC ± SD 1.01±0.32 1 1.38±0.34 1.16±0.15 1.32±0.19 1.52±0.10 

P-value 0.96 - 0.04 0.04 6.62E-03 5.66E-06 
Compared to compound 

M
C

F-
7

 ESE-16 
FC ± SD 

 
1 

 
1.57±0.06 

P-value - 5.98E-05 

LimPyr1 
FC ± SD 

 
1 

 
1.23±0.14 

P-value - 1.65E-02 

M
D

A
-M

B
-

2
3

1
 ESE-16 

FC ± SD 
 

1 
 

1.40±0.10 

P-value - 2.51E-03 

LimPyr1 
FC ± SD 

 
1 

 
1.22±0.15 

P-value - 0.03 

B
T-

2
0 ESE-16 

FC ± SD 
 

1 
 

1.29±0.09 

P-value - 7.49E-03 

LimPyr1 
FC ± SD 

 
1 

 
1.29±0.20 

P-value - 1.42E-02 
Compared to 8 Gy radiation 

M
C

F-
7

 ESE-16 
FC ±S D 

 
1 1.19±0.08 

P-value - 1.69E-02 

LimPyr1 
FC ±S D 

 
1 1.15±0.07 

P-value - 5.30E-03 

M
D

A
-M

B
-

2
3

1
 ESE-16 

FC ± SD 
 

1 1.28±0.15 

P-value - 0.03 

LimPyr1 
FC ± SD 

 
1 1.08±0.06 

P-value - 0.03 

B
T-

2
0 ESE-16 

FC ± SD 
 

1 1.08±0.04 

P-value - 0.04 

LimPyr1 
FC ± SD 

 
1 1.16±0.15 

P-value - 0.04 
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Figure 4.30: Graphical representation of Mitocapture™ quantification in MCF-7-, MDA-MB-

231- and BT-20 cells after exposure to different treatment conditions. ESE-16 exposed MDA-

MB-231- and BT-20 cells displayed a statistically significant increase in Mitocapture™ compared 

to DMSO (A). MCF-7-, MDA-MB-231- and BT-20 cells displayed a significant increase in 

Mitocapture™ when exposed to LimPyr1 (B) and 8 Gy radiation (A-B), respectively. Following 

exposure to either ESE-16 or LimPyr1 24 hours prior to 8 Gy radiation MCF-7-, MDA-MB-231- 
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and BT-20 cells displayed a significant increase in Mitocapture™ when compared to the vehicle 

controls (A-B) and the individual treatment conditions (C). The bar graph summarizes the mean 

fold increases of three biological repeats. Standard deviations are represented by T-bars and 

statistically significant differences are indicated with * (P-value <0.05) when compared to DMSO 

(A-B), cells exposed to ESE-16 and LimPyr1 only (Ci) or 8 Gy radiation only (Cii). 

 

4.2.3.3 Western blot  

 

4.2.3.3.1 Bax and cleaved caspase 3 

 

Increased apoptotic cell death was confirmed in the combination treatments during annexin 

V quantification and cell cycle analysis. Activation of the intrinsic apoptotic pathway results 

in the activation of Bax which inserts pores into the mitochondrial outer membrane (482). 

The latter was quantified via Mitocapture™. Apoptosis can be induced via a caspase 

dependent or -independent route downstream of Bax (483). The effector caspase, caspase 

3, has been identified as a key mediator for caspase dependent apoptotic cell death (483). 

In order to identify whether the combination therapies induce apoptosis via a caspase 

dependent or -independent manner, Bax and cleaved caspase 3 were quantified via a 

western blot in MDA-MB-231- and BT-20 cells, 24 hours after radiation. As MCF-7 cells do 

not express caspase 3 (484), only Bax was quantified for this cell line.  

 

MCF-7 cells exposed to ESE-16 (2.59±0.87 fold increase), LimPyr1 (1.84±0.09 fold increase) 

and 8 Gy radiation (3.33±1.23- (DMEM) and 3.96±1.07 (RPMI) fold increases) displayed a 

significant increase in Bax expression compared to the vehicle control (Figure 4.31). ESE-16 

pre-treated MCF-7 cells displaced a significant increase in Bax expression compared to 

DMSO (4.25±0.42 fold increase), cells exposed to ESE-16 (1.70±0.29 fold increase) and cells 

exposed to 8 Gy radiation only (1.13±0.06 fold increase) (Figure 4.32). Bax expression was 

also significantly increased in MCF-7 cells exposed to LimPyr1 24 hours prior to radiation 

compared to the vehicle control (5.04±0.50 fold increase) and cells exposed to the LimPyr1 

(2.65±0.43 fold increase) or 8 Gy radiation only (1.44±0.22 fold increase) (Table 4.14). 
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Exposure to ESE-16 (1.16±0.06 fold increase), 8 Gy radiation (1.64±0.26 (DMEM)- and 

2.36±0.81 (RPMI) fold increases), ESE-16 prior to radiation (2.78±0.67 fold increase) and 

LimPyr1 prior to radiation (3.74±1.11 fold increase) significantly increased Bax expression in 

MDA-MB-231 cells (Figure 4.31). Additionally, ESE-16- and LimPyr1 pre-treated cells 

displayed a significant increase in Bax expression compared to cells exposed to the 

compounds (2.47±0.66- and 2.95±0.98 fold increases, respectively) and 8 Gy radiation only 

(1.47±0.09- and 1.61±0.31 fold increases, respectively) (Table 4.14). BT-20 cells exposed to 

LimPyr1 (2.01±0.58 fold increase) and 8 Gy radiation (1.61±0.29 (DMEM/F-12)- and 

2.29±0.44 (RPMI) fold increases) expressed significantly higher Bax levels compared to the 

vehicle control (Figure 4.33). ESE-16 pre-treated BT-20 cells displayed a significant increase 

in Bax compared to DMSO (2.37±0.36 fold increase), cells exposed to ESE-16 (1.51±0.14 fold 

increase) or 8 Gy radiation only (1.49±0.21 fold increase) (Table 4.14). Similarly, LimPyr1 

pre-treated BT-20 cells displayed a significant increase in Bax expression compared to DMSO 

(2.40±0.01 fold increase), cells exposed to LimPyr1 (1.46±0.06 fold increase) and cells 

exposed to 8 Gy radiation only (1.18±0.03 fold increase) (Figure 4.34).  

 

MDA-MB-231- and BT-20 cells exposed to ESE-16 (5.81±1.98- and 1.59±0.11 fold increases, 

respectively) and LimPyr1 (4.92±0.31- and 3.13±0.96 fold increases, respectively) displayed 

a significant increase in cleaved caspase 3 compared to DMSO (Table 4.15). Exposure to 8 Gy 

radiation significantly increased cleaved caspase 3 in MDA-MB-231- (9.81±5.49 (DMEM)- 

and 3.66±0.90 (RPMI) fold increases)  and BT-20 cells (1.26±0.14 (DMEM)- and 3.35±0.61 

(RPMI) fold increases). MDA-MB-231 cells pre-treated with ESE-16 (25.38±4.42 fold 

increase) and LimPyr1 (4.58±1.47 fold increase) displayed significantly higher cleaved 

caspase 3 levels compared to the vehicle control (Figure 4.33). Compared to DMSO treated 

cells, increased cleaved caspase 3 protein levels were also observed in BT-20 cells pre-

treated with ESE-16 (1.42±0.20 fold increase) and LimPyr1 (4.33±1.08 fold increase) (Figure 

4.34). ESE-16 pre-treated MDA-MB-231- (14.86±3.08 fold increase) and BT-20 cells 

(1.93±0.31 fold increase) displayed significantly higher cleaved caspase 3 protein levels 

compared to cells exposed to the compounds only. Additionally, MDA-MB-231- and BT-20 

cells exposed to the ESE-16- (2.18±0.53- and 1.18±0.05 fold increases, respectively) and the 
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LimPyr1 (1.40±0.15- and 1.29±0.14 fold increases, respectively) combination therapies 

displayed a significant increase in cleaved caspase 3 compared to cells exposed to 8 Gy 

radiation only (Table 4.15). 

 ESE-16 LimPyr1 
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Figure 4.31: Western blots visualizing Bax and cleaved caspase 3 protein expressions in MCF-7-

, MDA-MB-231- and BT-20 cells exposed to various treatment conditions. The expression of 

Bax was quantified in the MCF-7 cell line, whereas Bax and cleaved caspase 3 protein 

expressions were quantified in MDA-MB-231- and BT-20 cell exposed to ESE-16, LimPyr1 and 8 

Gy radiation. Additionally, cells were pre-treated with ESE-16 or LimPyr1 24 hours prior to 

radiation. 

 

 

 

 

 



 

 

 
151 

 

Table 4.14: Bax expression in MCF-7-, MDA-MB-231- and BT-20 cells exposed to various 

treatment conditions. ChemiDoc MP (Bio-rad, CA, USA) was used to visualize proteins 

followed by analysis, using Image Lab Software Version 5.2.1 (Bio-rad, CA, USA). The 

ANOVA-single factor model and a two-tailed Student’s t-test were used to analyze data.  The 

mean fold change (FC) of three biological repeats is displayed in the table ± standard 

deviations (SD). Cells exposed to DMSO and the individual treatment conditions were used 

as baselines to calculate statistically significant differences (P-value <0.05). 

        DMSO Compound 8 Gy radiation Combination 

Compared to DMSO 

M
C

F-
7

 ESE-16 
FC± SD 1 2.59±0.87 3.33±1.23 4.25±0.42 

P-value - 0.04 0.04 7.00E-04 

LimPyr1 
FC± SD 1 1.84±0.09 3.96±1.07 5.04±0.50 

P-value - 3.86E-04 0.01 1.52E-04 

M
D

A
-M

B
-

2
3

1
 ESE-16 

FC ± SD 1 1.16±0.06 1.64±0.26 2.78±0.67 

P-value - 0.01 0.02 0.01 

LimPyr1 

FC ± SD 1 1.08±0.08 2.36±0.81 3.74±1.11 

P-value - 0.17 0.04 0.01 

B
T-

2
0 ESE-16 

FC ± SD 1 1.46±0.29 1.61±0.29 2.37±0.36 

P-value - 0.06 0.02 2.75E-03 

LimPyr1 
FC ± SD 1 2.01±0.58 2.29±0.44 2.40±0.01 

P-value - 4.54E-02 0.01 4.26E-08 
Compared to compound 

M
C

F-
7

 ESE-16 
FC ± SD 

 
1 

 
1.70±0.29 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 

 
2.65±0.43 

P-value - 0.01 

M
D

A
-M

B
-

2
3

1
 ESE-16 

FC ± SD 
 

1 
 

2.47±0.66 

P-value - 0.02 

LimPyr1 
FC ± SD 

 
1 

 
2.95±0.98 

P-value - 0.03 

B
T-

2
0 ESE-16 

FC ± SD 
 

1 
 

1.51±0.14 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 

 
1.46±0.06 

P-value - 6.19E-04 
Compared to 8 Gy radiation 

M
C

F-
7

 ESE-16 
FC ±S D 

  
1 1.13±0.06 

P-value - 0.03 

LimPyr1 
FC ±S D 

  
1 1.44±0.22 

P-value - 0.03 

M
D

A
-M

B
-

2
3

1
 ESE-16 

FC ± SD 
  

1 1.47±0.09 

P-value - 2.51E-03 

LimPyr1 
FC ± SD 

  
1 1.61±0.31 

P-value - 0.03 

B
T-

2
0 ESE-16 

FC ± SD 
  

1 1.49±0.21 

P-value - 0.02 

LimPyr1 
FC ± SD 

  
1 1.18±0.03 

P-value - 1.51E-03 
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Table 4.15: Cleaved caspase 3 expression in MDA-MB-231 and BT-20 cells exposed to 

various treatment conditions. Proteins were visualized on a ChemiDoc MP (Bio-rad, CA, 

USA) and quantified, using Image Lab Software Version 5.2.1 (Bio-rad, CA, USA).  Data were 

analyzed, using the ANOVA-single factor model and a two-tailed Student’s t-test. Three 

biological repeats were completed.  The mean fold change (FC) and standard deviations (SD) 

are displayed in the table. Statistically significant differences (P-value <0.05) were calculated 

using DMSO and cells exposed to the individual treatment conditions as baselines. 

             DMSO Compound 8 Gy radiation Combination 

Compared to DMSO 

M
D

A
-M

B
-

2
3

1
 

ESE-16 

FC ± SD 1 5.81±1.98 9.81±5.49 25.38±4.42 

P-value - 0.01 4.99E-02 1.86E-03 

LimPyr1 

FC ± SD 1 4.92±0.31 3.66±0.90 4.58±1.47 

P-value - 1.58E-04 0.01 0.02 

B
T-

2
0 

ESE-16 
FC ± SD 1 1.59±0.11 1.26±0.14 1.42±0.20 

P-value - 1.97E-03 0.03 0.03 

LimPyr1 
FC ± SD 1 3.13±0.96 3.35±0.61 4.33±1.08 

P-value - 0.02 2.65E-03 0.01 

Compared to compound 

M
D

A
-M

B
-

2
3

1
 ESE-16 

FC ± SD 
 

1 
 

14.86±3.08 

P-value - 3.37E-03 

LimPyr1 
FC ± SD 

 
1 

 
2.41±0.46 

P-value - 0.01 

B
T-

2
0 

ESE-16 
FC ± SD 

 
1 

 
1.93±0.31 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 

 
1.41±0.14 

P-value - 0.01 

Compared to 8 Gy radiation 

M
D

A
-M

B
-2

3
1

 

ESE-16 
FC ± SD 

  
1 2.18±0.53 

P-value - 0.02 

LimPyr1 
FC ± SD 

  
1 1.40±0.15 

P-value - 0.01 

B
T-

2
0 

ESE-16 
FC ± SD 

  
1 1.18±0.05 

P-value - 4.85E-03 

LimPyr1 
FC ± SD 

  
1 1.29±0.14 

P-value - 0.03 
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Figure 4.32: Graphical representation of Bax expression in MCF-7 cells exposed to different 

treatment conditions. MCF-7 cells exposed to ESE-16 (A) and LimPyr1 (B) displayed a significant 

increase in Bax expression. MCF-7 cells exposed to 8 Gy radiation (A-B), and ESE-16 (A) or 

LimPyr1 (B) 24 hours prior to 8 Gy radiation displayed a significant increase in Bax 24 hours after 

radiation. Compared to cells exposed to ESE-16 or LimPyr1 (Ci), or 8 Gy radiation (Cii) only, ESE-

16- and LimPyr1 pre-treated MCF-7 cells displayed significantly higher Bax protein levels 24 

hours after radiation. The bar graph summarizes the mean fold increases of three biological 

repeats and standard deviations are represented by T-bars. Statistically significant differences 
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are indicated with * (P-value <0.05) when compared to DMSO (A-B), cells exposed to ESE-16 and 

LimPyr1 (Ci) or 8 Gy radiation only (Cii).                    

 

 

 

        
Figure 4.33: Graphical representation of Bax and cleaved caspase 3 proteins in MDA-MB-231 

cells exposed to different treatment conditions. Bax and cleaved caspase 3 expressions was 

significantly increased in MDA-MB-231 cells exposed to ESE-16 and 8 Gy radiation, compared to 

DMSO (A-B). LimPyr1 exposed cells only expressed increased cleaved caspase 3 proteins levels 

(B). MDA-MB-231 cells exposed to ESE-16 (A) or LimPyr1 (B) 24 hours prior to radiation 
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expressed significantly higher Bax and cleaved caspase 3 protein levels compared to cells 

exposed to the vehicle (A-B), cells exposed to the compounds (Ci) and cells exposed to 8 Gy 

radiation only (Cii). The mean fold increases of three biological repeats are displayed in the bar 

graph. Standard deviations are represented by T-bars and statistically significant differences are 

indicated with * (P-value <0.05) when compared to DMSO (A-B), cells exposed to ESE-16 or 

LimPyr1 only (Ci) and 8 Gy radiation only (Cii).          

 

 

 

      
Figure 4.34: Graphical representation of Bax and cleaved caspase 3 proteins in BT-20 cells 

exposed to different treatment conditions. BT-20 cells exposed to ESE-16 displayed significantly 
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higher cleaved caspase 3 protein levels compared to the vehicle control (A). LimPyr1 (B) and 8 

Gy radiation (A-B) exposure resulted in significantly higher Bax and cleaved caspase 3 protein 

levels compared to DMSO. Pre-treatment of BT-20 cells with ESE-16 (A) and LimPyr1 (B) resulted 

in elevated Bax and cleaved caspase 3 levels compared to DMSO (A-B) and cells exposed to the 

compounds (Ci) or 8 Gy radiation only (Cii). The bar graph illustrates the mean fold changes of 

three biological repeats, and the standard deviations are represented by T-bars. Statistically 

significant differences are indicated with * (P-value <0.05) when compared to DMSO (A-B), cells 

exposed to ESE-16 or LimPyr1 only (Ci) and 8 Gy radiation only (Cii).          

 

4.2.3.3.2 p-Akt & p-FoxO1/3a  

 

The protein, FoxO, is a downstream target of Akt/PKB and is tightly regulated by 

posttranslational modifications such as acetylation, ubiquitination and phosphorylation 

(485). Cell proliferation and -survival are regulated by the Akt kinase which inhibits the 

transcriptional functions of the pro-apoptotic FoxO proteins via phosphorylation. 

Phosphorylation of FoxO results in the translocation of the protein from the nucleus to the 

cytoplasm (457,485). In addition to decreasing the DNA binding activity and inducing 

cytoplasmic retention of FoxO, Akt/PKB also induces proteosomal degradation of FoxO in 

response to insulin and serum growth factors (486). The effect of microtubule regulators in 

combination with radiation on the Akt/FoxO pathway in breast cancer cells was evaluated 

via quantification of both proteins in their phosphorylated state, using western blot analysis 

24 hours after irradiation. 

  

MCF-7 cells exposed to ESE-16 (1.65±0.25- and 1.27±0.09 fold increase), LimPyr1 

(2.06±0.19- and 2.52±0.66 fold increase) and 8 Gy (1.59±0.35- and 1.44±0.12 fold increase 

(DMEM), 1.42±0.21- and 1.93±0.49 fold increase (RPMI)) radiation displayed a significant 

increase in the phosphorylation of Akt and FoxO1/3a, respectively, compared to the vehicle 

control (Table 4.16 & 4.17). Interestingly, ESE-16- (0.61±0.12- and 0.54±0.08, respectively) 

and LimPyr1 (0.70±0.16- and 0.41±0.17, respectively) pre-treated MCF-7 cells displayed a 

significant decrease in phosphorylated Akt and FoxO1/3a proteins compared to the vehicle 

control taken as 1 (Table 4.16 & 4.17). Phosphorylation of Akt and FoxO1/3a was 
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significantly decreased in MCF-7 cells exposed to the ESE-16/radiation combination therapy 

compared to cells exposed to ESE-16 (0.37±0.01 and 0.37±0.15, respectively) or 8 Gy 

radiation only (0.45±0.06 and 0.41±0.03, respectively) taken as 1 (Figure 4.35). Similarly, 

LimPyr1 pre-treated MCF-7 cells displayed significantly lower phosphorylated Akt and 

FoxO1/3a levels compared to cells exposed to LimPyr1 (0.35±0.11 and 0.25±0.11, 

respectively) and 8 Gy radiation only (0.51±0.18 and 0.38±0.14, respectively) (Figure 4.36). 

 

Exposure to ESE-16 (1.31±0.15- and 1.62±0.27 fold increase, respectively), LimPyr1 

(1.31±0.15- and 1.62±0.27 fold increase, respectively) and 8 Gy radiation (1.20±0.03- and 

1.78±0.29- (DMEM), 1.66±0.22- and 1.45±0.25 (RPMI) fold increase, respectively) 

significantly increased the phosphorylation of Akt and FoxO1/3a in MDA-MB-231 cells, 

whereas MDA-MB-231 cells exposed to ESE-16- (0.50±0.26 and 0.56±0.13, respectively) or 

LimPyr1 (0.91±0.02 and 0.76±0.12, respectively) 24 hours prior to radiation displayed a 

significant decrease in Akt and FoxO1/3a phosphorylation compared to DMSO (Figure 4.35). 

Pre-treated MDA-MB-231 cells displayed significantly lower phosphorylate Akt and 

FoxO1/3a protein levels compared to cells exposed to ESE-16 (0.35±0.27 and 0.31±0.08, 

respectively) or LimPyr1 (0.30±0.10 and 0.57±0.26, respectively) only (Table 4.16 & 4.17). 

Additionally, ESE-16 (0.42±0.22 and 0.42±0.14, respectively)- and LimPyr1 (0.37±0.11 and 

0.64±0.20, respectively) pre-treated MDA-MB-231 cells displayed a significant decreased in 

the phosphorylation of Akt and FoxO1/3a compared to cells exposed to 8 Gy radiation only 

(Figure 4.37).  

 

Phosphorylation of Akt was significantly increased in BT-20 cells exposed to ESE-16 

(1.50±0.24 fold increase) and 8 Gy radiation (2.01±0.55- (DMEM/F-12) and 1.20±0.12 (RPMI) 

fold increase) compared to DMSO (Table 4.16). FoxO1/3a phosphorylation was significantly 

higher in BT-20 cells exposed to ESE-16 (1.09±0.05 fold increase), LimPyr1 (1.57±0.08 fold 

increase) and 8 Gy radiation (1.75±0.06- (DMEM/F-12) and 1.32±0.06 (RPMI) fold increase), 

compared to DMSO (Table 4.17). In contrast, pre-treatment of BT-20 cells with ESE-16 

(0.85±0.03 and 0.70±0.11, respectively) or LimPyr1 (0.44±0.12 and 0.31±0.13, respectively) 
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significantly decrease the phosphorylation of Akt and FoxO1/3a compared to DMSO (Figure 

4.35). Additionally, ESE-16- and LimPyr1 pre-treated BT-20 cells displayed a significant 

decrease in Akt and FoxO1/3a phosphorylation compared to cells exposed to ESE-16 

(0.56±0.08 and 0.78±0.13, respectively) or LimPyr1 only (0.54±0.24 and 0.29±0.22, 

respectively). ESE-16 (0.50±0.06 and 0.44±0.10, respectively)- and LimPyr1 (0.80±0.03 and 

0.22±0.13, respectively) pre-treated BT-20 cells also displayed significantly lower levels of 

phosphorylated Akt and FoxO1/3a compared to cells exposed to 8 Gy radiation only (Figure 

4.38). 
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Figure 4.35: Western blots visualizing phosphorylated Akt and FoxO1/3a protein levels in 

MCF-7-, MDA-MB-231- and BT-20 cells exposed to various treatment conditions. Breast cancer 

cells were exposed to ESE-16, LimPyr1, 8 Gy radiation, ESE-16 24 hours prior to radiation and 

LimPyr1 24 hours prior to radiation. Phosphorylated Akt and FoxO1/3a proteins were quantified 

24 hours after radiation. 
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Table 4.16: Akt phosphorylation in MCF-7-, MDA-MB-231- and BT-20 cells exposed to 

various treatment conditions. Phosphorylated proteins were visualized with a ChemiDoc 

MP (Bio-rad, CA, USA) followed by analysis, using Image Lab Software Version 5.2.1 (Bio-rad, 

CA, USA). Data were analyzed using an ANOVA-single factor model and a two-tailed 

Student’s t-test.  The mean fold changes (FC) of three biological repeats are displayed in the 

table ± standard deviations (SD). Cells exposed to DMSO and the individual treatment 

conditions were used as baselines to calculate statistically significant differences (P-value 

<0.05). 

        DMSO Compound 8 Gy radiation Combination 

Compared to DMSO 

M
C

F-
7

 ESE-16 
FC± SD 1 1.65±0.25 1.59±0.35 0.61±0.12 

P-value - 0.02 0.04 0.01 

LimPyr1 
FC± SD 1 2.06±0.19 1.42±0.21 0.70±0.16 

P-value - 7.11E-04 0.02 0.03 

M
D

A
-M

B
-

2
3

1
 ESE-16 

FC ± SD 1 1.31±0.15 1.20±0.03 0.50±0.26 

P-value - 0.03 1.75E-04 0.03 

LimPyr1 

FC ± SD 1 3.20±1.13 1.66±0.22 0.91±0.02 

P-value - 0.03 0.01 2.48E-03 

B
T-

2
0 ESE-16 

FC ± SD 1 1.50±0.24 2.01±0.55 0.85±0.03 

P-value - 0.03 0.03 3.01E-03 

LimPyr1 
FC ± SD 1 0.94±0.19 1.20±0.12 0.44±0.12 

P-value - 0.63 4.94E-02 2.93E-03 
Compared to compound 

M
C

F-
7

 ESE-16 
FC ± SD 

 
1 

 
0.37±0.01 

P-value - 4.35E-06 

LimPyr1 
FC ± SD 

 
1 

 
0.35±0.11 

P-value - 4.67E-04 

M
D

A
-M

B
-

2
3

1
 ESE-16 

FC ± SD 
 

1 
 

0.35±0.27 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 

 
0.30±0.10 

P-value - 9.60E-04 

B
T-

2
0 ESE-16 

FC ± SD 
 

1 
 

0.56±0.08 

P-value - 8.40E-04 

LimPyr1 
FC ± SD 

 
1 

 
0.54±0.24 

P-value - 0.04 
Compared to 8 Gy radiation 

M
C

F-
7

 ESE-16 
FC ±S D 

  
1 0.45±0.06 

P-value - 6.80E-05 

LimPyr1 
FC ±S D 

  
1 0.51±0.18 

P-value - 0.01 

M
D

A
-M

B
-

2
3

1
 ESE-16 

FC ± SD 
  

1 0.42±0.22 

P-value - 0.01 

LimPyr1 
FC ± SD 

  
1 0.37±0.11 

P-value - 6.26E-04 

B
T-

2
0 ESE-16 

FC ± SD 
  

1 0.50±0.06 

P-value - 1.32E-04 

LimPyr1 
FC ± SD 

  
1 0.80±0.03 

P-value - 1.17E-03 
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Table 4.17: FoxO1/3a phosphorylation in MCF-7-, MDA-MB-231- and BT-20 cells exposed 

to various treatment conditions. A ChemiDoc MP (Bio-rad, CA, USA) was used to visualize 

the phosphorylated proteins. Bands were quantified using Image Lab Software Version 5.2.1 

(Bio-rad, CA, USA). The ANOVA-single factor model and a two-tailed Student’s t-test were 

used to analyze the data of three biological repeats.  The mean fold change (FC) and 

standard deviations (SD) are presented in the table. Statistically significant differences (P-

value <0.05) were calculated using cells exposed to DMSO and the individual treatment 

conditions as baselines. 

        DMSO Compound 8 Gy radiation Combination 

Compared to DMSO 

M
C

F-
7

 ESE-16 
FC± SD 1 1.27±0.09 1.44±0.12 0.54±0.08 

P-value - 0.01 0.01 5.74E-04 

LimPyr1 
FC± SD 1 2.52±0.66 1.93±0.49 0.41±0.17 

P-value - 0.02 0.04 0.01 

M
D

A
-M

B
-

2
3

1
 ESE-16 

FC ± SD 1 1.62±0.27 1.78±0.29 0.56±0.13 

P-value - 0.02 0.01 0.01 

LimPyr1 

FC ± SD 1 2.11±0.23 1.45±0.25 0.76±0.12 

P-value - 2.92E-03 0.04 0.03 

B
T-

2
0 ESE-16 

FC ± SD 1 1.09±0.05 1.75±0.06 0.70±0.11 

P-value - 0.03 2.48E-05 0.01 

LimPyr1 
FC ± SD 1 1.57±0.08 1.32±0.06 0.31±0.13 

P-value - 9.36E-04 2.50E-03 7.99E-04 
Compared to compound 

M
C

F-
7

 ESE-16 
FC ± SD 

 
1 

 
0.37±0.15 

P-value - 1.91E-03 

LimPyr1 
FC ± SD 

 
1 

 
0.25±0.11 

P-value - 3.43E-04 

M
D

A
-M

B
-

2
3

1
 ESE-16 

FC ± SD 
 

1 
 

0.31±0.08 

P-value - 4.33E-04 

LimPyr1 
FC ± SD 

 
1 

 
0.57±0.26 

P-value - 0.04 

B
T-

2
0 ESE-16 

FC ± SD 
 

1 
 

0.78±0.13 

P-value - 0.04 

LimPyr1 
FC ± SD 

 
1 

 
0.29±0.22 

P-value - 0.01 
Compared to 8 Gy radiation 

M
C

F-
7

 ESE-16 
FC ±S D 

  
1 0.41±0.03 

P-value - 3.65E-06 

LimPyr1 
FC ±S D 

  
1 0.38±0.14 

P-value - 1.63E-03 

M
D

A
-M

B
-

2
3

1
 ESE-16 

FC ± SD 
  

1 0.42±0.14 

P-value - 2.21E-03 

LimPyr1 
FC ± SD 

  
1 0.64±0.20 

P-value - 0.04 

B
T-

2
0 ESE-16 

FC ± SD 
  

1 0.44±0.10 

P-value - 5.29E-04 

LimPyr1 
FC ± SD 

  
1 0.22±0.13 

P-value - 4.70E-04 
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Figure 4.36: Graphical representation of Akt and FoxO1/3a phosphorylation in MCF-7 cells 

exposed to different treatment conditions. MCF-7 cells exposed to ESE-16 (A) and LimPyr1 (B) 

displayed a significant increase in Akt and FoxO1/3a phosphorylation, compared to DMSO. 

Similarly, exposure to 8 Gy radiation increased the phosphorylation of Akt and FoxO1/3a. Akt 

and FoxO1/3a phosphorylation was significantly decreased in MCF-7 cells exposed to ESE-16 or 

LimPyr1 24 hours prior to radiation compared to the vehicle control (A&B) and cells exposed to 

the compounds (Ci) or 8 Gy radiation only (Cii). The bar graph summarizes the mean fold 

changes of three biological repeats and standard deviations are represented by T-bars. 
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Statistically significant differences are indicated with * (P-value <0.05) when compared to DMSO 

(A-B), cells exposed to ESE-16 or LimPyr1 only (Ci) and cells exposed to 8 Gy radiation only (Cii).                                       

 

 

 

        
Figure 4.37: Graphical representation of Akt and FoxO1/3a phosphorylation in MDA-MB-231 

cells exposed to different treatment conditions. MDA-MB-231 cells displayed a significant 

increase in the phosphorylation of Akt and FoxO1/3a following exposure to ESE-16 (A) and 

LimPyr1 (B). Phosphorylation of Akt and FoxO1/3a was also significantly increased after 8 Gy 

radiation (A&B). ESE-16- and LimPyr1 pre-treated MDA-MB-231 cells displayed a significant 

decrease in Akt and FoxO1/3a phosphorylation compared to DMSO (A&B), cells exposed to ESE-
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16 or LimPyr1 only (Ci) and cells exposed to 8 Gy radiation only (Cii). The averaged fold changes 

of three biological repeats are displayed in the bar graph with standard deviations represented 

by T-bars. Statistically significant differences are indicated with * (P-value <0.05) when 

compared to DMSO (A-B), cells exposed to ESE-16 or LimPyr1 only (Ci) and cells exposed to 8 Gy 

radiation only (Cii). 

 

 

 

        
Figure 4.38: Graphical representation of Akt and FoxO1/3a phosphorylation in BT-20 cells 

exposed to different treatment conditions. The phosphorylation of Akt and FoxO1/3a was 

significantly increased in BT-20 cells exposed to ESE-16 (A) and 8 Gy radiation (A&B). Compared 
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to DMSO LimPyr1 exposed BT-20 cells displayed an increase in the phosphorylation of FoxO1/3a 

(B). However, BT-20 cells exposed to ESE-16 and LimPyr1 prior to radiation displayed a 

significant decrease in Akt and FoxO1/3a phosphorylation compared to DMSO (A&B) and cells 

exposed to the individual treatment conditions (C). Three biological repeats were completed for 

this experiment. Fold change was calculated against DMSO and cells exposed to the individual 

treatment conditions taken as one and the mean fold changes are represented in the bar graph. 

Standard deviations are represented by T-bars and statistically significant differences are 

indicated with * (P-value <0.05) when compared to DMSO (A-B), cells exposed to ESE-16 or 

LimPyr1 only (Ci) and cells exposed to 8 Gy radiation only (Cii). 

 

4.2.3.3.3 Cyclin B1 

 

Cell cycle analysis of pre-treated breast cancer cells illustrated a mitotic block. Exposure to 

radiation results in DNA damage and the activation of the ATM kinase. The ATM kinase 

regulates the cells biological response to the increased DNA damage by phosphorylating 

checkpoint kinase 1 and 2 (Chk 1/2) (487). These kinases inhibit the downstream effector 

cyclin B1 and delay the activation of cyclin B1/Cdk1, an essential step for G2/M progression 

(488). This phenomenon is referred to as radiation-induced mitotic delay (489). In order to 

evaluate radiation-induced mitotic delay in pre-treated breast cancer cells cyclin B1 protein 

levels were quantified 24 hours after irradiation via a western blot.  

 

MCF-7-, MDA-MB-231- and BT-20 cells exposed to ESE-16 (0.46±0.33, 0.33±0.14 and 

0.67±0.19) and LimPyr1 (0.64±0.17, 0.20±0.03 and 0.61±0.20), respectively, displayed 

significantly lower cyclin B1 levels compared to the vehicle taken as 1 (Figure 4.39). 

Exposure to 8 Gy radiation significantly lowered cyclin B1 levels in MCF-7- (0.61±0.10 

(DMEM) and 0.63±0.22 (RPMI)), MDA-MB-231- (0.37±0.21 (DMEM) and 0.52±0.18 (RPMI)) 

and BT-20 cells (0.45±0.16 (DMEM/F-12) and 0.50±0.10 (RPMI)) compared to DMSO (Table 

4.18). Pre-treatment of MCF-7-, MDA-MB-231- and BT-20 cells with ESE-16 24 hour prior to 

radiation significantly lowered the expression of cyclin B1 significantly compared to DMSO 

(0.28±0.23, 0.17±0.17 and 0.29±0.15, respectively), cells exposed to ESE-16 (0.34±0.06, 

0.19±0.10 and 0.44±0.21, respectively) and cells exposed to 8 Gy radiation only (0.43±0.30, 

0.37±0.23 and 0.61±0.14, respectively) taken as 1 (Table 4.18). Similarly, LimPyr1 pre-
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treated MCF-7-, MDA-MB-231- and BT-20 cells displayed significantly lower cyclin B1 levels 

compared to DMSO (0.50±0.12, 0.12±0.02 and 0.27±0.17, respectively), LimPyr1-exposed 

cells (0.70±0.13, 0.63±0.20 and 0.70±0.02, respectively) and cells exposed to 8 Gy radiation 

only (0.68±0.16, 0.26±0.15 and 0.40±0.15, respectively), taken as 1 (Figure 4.39). 
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Figure 4.39: Cyclin B1 quantification in MCF-7-, MDA-MB-231- and BT-20 cells exposed to 

various treatment conditions. Breast cancer cells exposed to ESE-16, LimPyr1 and 8 Gy radiation 

displayed significantly lower cyclin B1 levels compared to the DMSO vehicle control. The 

augmented effect of ESE-16 and LimPyr1 in combination with radiation is evident in the 

significantly decreased cyclin B1 levels in pre-treated cells compared to the vehicle control and 

cells exposed to the individual treatments. Bars graphs indicate the average of three biological 

repeats, with standard deviations represented by T-bars. Statistically significant differences are 
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indicated with * (P-value <0.05) when were compared to DMSO, cells exposed to the 

compounds only and cells exposed to 8 Gy radiation only. 

 

Table 4.18: Cyclin B1 quantification in MCF-7-, MDA-MB-231- and BT-20 cells exposed to 

various treatment conditions. Proteins were visualized on a ChemiDoc MP (Bio-rad, CA, 

USA) and quantified using Image Lab Software Version 5.2.1 (Bio-rad, CA, USA). Data were 

analyzed using the ANOVA-single factor model and a two-tailed Student’s t-test.  The fold 

changes (FC) and standard deviations (SD) of three biological repeats are displayed in the 

table. Statistically significant differences (P-value <0.05) were calculated using the vehicle 

control and cells exposed to the individual treatments as baselines.  

        DMSO Compound 8 Gy radiation Combination 

Compared to DMSO 

MCF-7 

ESE-16 
FC± SD 1 0.46±0.33 0.61±0.10 0.28±0.23 

P-value - 4.89E-02 2.37E-03 0.01 

LimPyr1 
FC± SD 1 0.64±0.17 0.63±0.22 0.50±0.12 

P-value - 0.02 4.56E-02 1.69E-03 

MDA-MB-231 

ESE-16 

FC ± SD 1 0.33±0.14 0.37±0.21 0.17±0.17 

P-value - 1.21E-03 0.01 1.02E-03 

LimPyr1 

FC ± SD 1 0.20±0.03 0.52±0.18 0.12±0.02 

P-value - 2.23E-06 0.01 1.76E-07 

BT-20 

ESE-16 
FC ± SD 1 0.67±0.19 0.45±0.16 0.29±0.15 

P-value - 0.04 3.93E-03 1.05E-03 

LimPyr1 
FC ± SD 1 0.61±0.20 0.50±0.10 0.27±0.17 

P-value - 0.03 2.85E-03 1.77E-03 
Compared to compound 

MCF-7 

ESE-16 
FC ± SD 

 
1 

 
0.34±0.06 

P-value - 2.94E-04 

LimPyr1 
FC ± SD 

 
1 

 
0.70±0.13 

P-value - 0.02 

MDA-MB-231 

ESE-16 
FC ± SD 

 
1 

 
0.19±0.10 

P-value - 5.24E-04 

LimPyr1 
FC ± SD 

 
1 

 
0.63±0.20 

P-value - 0.03 

BT-20 

ESE-16 
FC ± SD 

 
1 

 
0.44±0.21 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 

 
0.70±0.02 

P-value - 1.43E-04 
Compared to 8 Gy radiation 

MCF-7 

ESE-16 
FC ±S D 

 
1 0.43±0.30 

P-value - 0.03 

LimPyr1 
FC ±S D 

 
1 0.68±0.16 

P-value - 0.03 

MDA-MB-231 

ESE-16 
FC ± SD 

 
1 0.37±0.23 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 0.26±0.15 

P-value - 9.81E-04 

BT-20 

ESE-16 
FC ± SD 

 
1 0.61±0.14 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 0.40±0.15 

P-value - 2.31E-03 
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4.2.4 Morphological studies: Polarization-optical transmitted light 

differential interference contrast microscopy 
 

Morphological changes such as cellular fragmentation into membrane bound apoptotic 

bodies, cell shrinkage and -detachment are observed in cells undergoing apoptosis via light 

microscopy (467). To visualize the morphological response of MCF-7-, MDA-MB-231-, and 

BT-20 cells exposed to the various treatment conditions PlasDIC images were taken 4-, 24- 

and 48 hours after radiation. 

 

MCF-7-, MDA-MB-231- and BT-20 cells propagated in medium only served as negative 

controls. The negative controls displayed a health cell population with most cells present in 

interphase (Figure 4.40-4.42). Cell proliferation is evident in the increased cell density from 

4- to 48 hours. Breast cancer cells exposed to DMSO served as a vehicle control. Similar 

morphology was observed in MCF-7-, MDA-MB-231- and BT-20 cells exposed to the vehicle 

control when compared to the negative control. Vinblastine and actinomycin D served as 

positive controls for apoptosis. Decreased cell density with concomitant apoptotic body 

formation was observed in all three cell lines when exposed to the positive control.  

 

MCF-7-, MDA-MB-231- and BT-20 cells exposed to ESE-16 and LimPyr1, respectively, 

displayed some rounded cells with apoptotic body formation. Additionally, a decrease in cell 

density was observed over the 48 hour time frame when compared to the vehicle control. 

No morphological changes were observed in all three cell lines 4 hours after exposed to 8 Gy 

radiation (Figure 4.40-4.42). Cell rounding and apoptotic body formation were observed 24- 

and 48 hours after irradiation. MCF-7-, MDA-MB-231- and BT-20 cells pre-treated with ESE-

16 or LimPyr1 24 hours prior to 8 Gy radiation presented with rounded morphology at all 

three time points in the experiment. Apoptotic body formation was observed 24- and 48 

hours after irradiation accompanied by a decrease in cell density over the 48-hour time 

frame (Figure 4.40-4.42).   
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Figure 4.40: PlasDIC micrographs of MCF-7 cells exposed to various treatment conditions. 

MCF-7 cells were exposed to appropriate controls and various treatment conditions and images 

were taken over a 48-hour time frame after irradiation. Micrographs illustrated cells present in 

interphase (green arrows), rounded cells proposed to be in metaphase (yellow arrows), 

apoptotic bodies (blue arrows), cell protrusions indicating cellular distress (white arrows) and 

decreased cell density (pink arrows). 

 



 

 

 
169 

 

 
 

4 hours after radiation 24 hours after radiation 48 hours after radiation 
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Figure 4.41: PlasDIC micrographs of MDA-MB-231 cells exposed to various treatment 

conditions. MDA-MB-231 cells were exposed to various treatment conditions and images were 

taken 4-, 24- and 48 hours after irradiation. Images illustrated cells present in interphase (green 

arrows), rounded cells proposed to be in metaphase (yellow arrows), apoptotic bodies (blue 

arrows), cell protrusions indicating cellular distress (white arrows) and decreased cell density 

(pink arrows). 
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4 hours after radiation 24 hours after radiation 48 hours after radiation 

 ESE-16 LimPyr1 ESE-16 LimPyr1 ESE-16 LimPyr1 

M
ed

iu
m

 o
n

ly
 

   

D
M

SO
 

   

A
ct

in
o

m
yc

in
 D

 

   

C
o

m
p

o
u

n
d

 

   

8
 G

y 
ra

d
ia

ti
o

n
 

   

C
o

m
b

in
at

io
n

 

   

Figure 4.42: PlasDIC micrographs of BT-20 cells exposed various treatment conditions. BT-20 

cells were exposed to ESE-16, LimPyr1 and 8 Gy radiation. Additionally BT-20 cells were pre-

treated with ESE-16 or LimPyr1 24 hours prior to irradiation. Images were taken 4-, 24- and 48 

hours after radiation. Images illustrated cells present in interphase (green arrows), rounded cells 

proposed to be in metaphase (yellow arrows), apoptotic bodies (blue arrows), cell protrusions 

indicating cellular distress (white arrows) and decreased cell density (pink arrows). 
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4.2.5 Long term cellular proliferation quantified via a crystal violet stain 
 

Colony formation represents the long-term cell fate following treatment (468). The ability of 

breast cancer cells to survive, restore and proliferate following exposure to the various 

treatment modalities was quantified using a crystal violet stain 14 days after irradiation. 

Cells were exposed to ESE-16, LimPyr1, 4 Gy radiation and ESE-16 or LimPyr1 in combination 

with 4 Gy radiation. Due to cells being seeded at very low densities for this experiment the 

dose of radiation was decreased to 4 Gy and kept constant throughout this experiment.  

 

Breast cancer cells propagated in medium only served as a negative control and cells 

exposed to DMSO as a vehicle control. No significant differences were observed in cell 

proliferation when the negative control was compared to the vehicle control (Figure 4.43). 

The positive method control (vinblastine) significantly decreased the ability of the cells to 

proliferate post exposure. MCF-7- (0.77±0.05) and MDA-MB-231 cells (0.89±0.06) exposed 

to ESE-16, and BT-20 cells exposed to LimPyr1 (0.89±0.07) displayed a significant decrease is 

cell proliferation compared to DMSO taken as 1. MCF-7- (0.19±0.03 (DMEM), 0.29±0.03 

(RPMI)), MDA-MB-231- (0.33±0.02 (DMEM), 0.36±0.12 (RPMI)) and BT-20 cells (0.23±0.01 

(DMEM/F-12), 0.27±0.01 (RPMI)) exposed to 4 Gy radiation also displayed a significant 

decrease in long term cellular proliferation (Table 4.19). MCF-7-, MDA-MB-231- and BT-20 

cells exposed to ESE-16 24 hours prior to radiation displayed a significant decrease in cell 

growth compared to DMSO taken as 1 (0.14±0.01, 0.18±0.02, 0.17±0.01, respectively) 

(Figure 4.44). A similar decrease in cell proliferation was observed in MCF-7- (0.22±0.01), 

MDA-MB-231- (0.26±0.03) and BT-20 cells (0.19±0.02) pre-treated with LimPyr1 24 hours 

prior to radiation (Figure 4.44).  

 

In order to evaluate whether the combination treatment were more effective in decreasing 

cell survival the results obtained from cells exposed to the combination therapies were 

compared to the individual treatment conditions taken as 1. ESE-16 pre-treated MCF-7-, 

MDA-MB-231- and BT-20 cells displayed a significant decrease in long term cellular 
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proliferation compared to cells exposed to ESE-16 (0.19±0.01, 0.20±0.03, 0.18±0.03, 

respectively) or 4 Gy radiation (0.78±0.10, 0.55±0.10, 0.75±0.05, respectively) (Figure 4.44). 

Similarly, MCF-7-, MDA-MB-231- and BT-20 cells pre-treated with LimPyr1 displayed a 

significant decrease in cell survival compared to LimPyr1 (0.23±0.03, 0.27±0.02 and 

0.22±0.01, respectively) or 4 Gy radiation (0.76±0.11, .98±0.01 and 0.70±0.08, respectively) 

samples (Figure 4.44).  

Figure 4.43: Cellular proliferation 14 days after radiation in MCF-7-, MDA-MB-231- and BT-20 

cells exposed to various treatment conditions. Cellular proliferation was quantified in MCF-7-, 

MDA-MB-231- and BT20 cells exposed to ESE-16, LimPyr1 and 4 Gy radiation. Additionally, 

breast cancer cells were exposed to ESE-16 or LimPyr1 24 hours prior to 4 Gy radiation in order 

to evaluate whether an augmented effect can be obtained in the combination therapies. 
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Table 4.19: Cellular proliferation measure 14 days after radiation in MCF-7-, MDA-MB-231- 

and BT-20 cells following exposure to various treatment conditions. The crystal violet stain 

was solubilized and the optical density was measured at 570 nm. Cellular proliferation is 

expressed as fold change and was calculated relative to the vehicle control taken as 1. In the 

table below the averaged fold change (FC) and standard deviations (SD) of three biological 

repeats (n=3) are displayed. A two-tailed Student’s t-test was used to calculate statistically 

significant differences (P-value <0.05) using the vehicle control and individual treatments 

conditions as baselines.  

        Medium only DMSO Vinblastine Compound 4 Gy radiation Combination 

Compared to DMSO 

M
C

F-
7

 ESE-16 
FC± SD 1.01±0.02 1 0.08±0.01 0.77±0.05 0.19±0.03 0.14±0.01 

P-value 0.30 - 6.24E-10 1.12E-03 7.55E-07 7.93E-09 

LimPyr1 
FC± SD 1.03±0.04 1 0.04±0.01 0.97±0.09 0.29±0.03 0.22±0.01 

P-value 0.21 - 1.05E-09 0.56 3.60E-06 1.75E-08 

M
D

A
-

M
B

-2
3

1
 

ESE-16 
FC ± SD 1.03±0.09 1 0.09±3.58E-03 0.89±0.06 0.33±0.02 0.18±0.02 

P-value 0.64 - 1.56E-10 0.04 8.52E-07 2.79E-07 

LimPyr1 
FC ± SD 0.99±0.02 1 0.07±0.03 0.99±0.10 0.36±0.12 0.26±0.03 

P-value 0.48 - 6.52E-07 0.85 8.49E-04 1.82E-06 

B
T-

2
0 ESE-16 

FC ± SD 1.00±4.25E-03 1 0.04±0.01 1.00±0.09 0.23±0.01 0.17±0.01 

P-value 0.89 - 5.29E-10 0.99 9.13E-08 7.04E-08 

LimPyr1 
FC ± SD 1.01±0.01 1 0.07±0.01 0.89±0.07 0.27±0.01 0.19±0.02 

P-value 0.18 - 1.33E-08 4.81E-02 2.78E-09 6.10E-07 

Compared to compound 

M
C

F-
7

 ESE-16 
FC ± SD 

 
1 

 
0.19±0.01 

P-value - 5.63E-09 

LimPyr1 
FC ± SD 

 
1  0.23±0.03 

P-value -  2.40E-06 

M
D

A
-

M
B

-2
3

1
 

ESE-16 
FC ± SD 

 
1 

 
0.20±0.03 

P-value - 2.00E-06 

LimPyr1 
FC ± SD 

 
1  0.27±0.02 

P-value -  7.27E-07 

B
T-

2
0 ESE-16 

FC ± SD 
 

1 
 

0.18±0.03 

P-value - 6.94E-07 

LimPyr1 
FC ± SD 

 
1  0.22±0.01 

P-value -  2.61E-08 

Compared to 4 Gy radiation 

M
C

F-
7

 ESE-16 
FC ±S D 

 
1 0.78±0.10 

P-value - 1.93E-02 

LimPyr1 
FC ±S D 

 
1 0.76±0.11 

P-value - 1.76E-02 

M
D

A
-

M
B

-2
3

1
 

ESE-16 
FC ± SD 

 
1 0.55±0.10 

P-value - 1.25E-03 

LimPyr1 
FC ± SD 

 
1 0.98±0.01 

P-value - 0.03 

B
T-

2
0 ESE-16 

FC ± SD 
 

1 0.75±0.05 

P-value - 9.52E-04 

LimPyr1 
FC ± SD 

 
1 0.70±0.08 

P-value - 3.21E-03 
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Figure 4.44: Graphical representation of long term cellular proliferation 14 days after radiation 

in MCF-7-, MDA-MB-231- and BT-20 cells exposed to various treatment conditions. The vehicle 

control (DMSO) revealed no significant difference in cell proliferation compared to cells 

propagated in media only (A-B). This confirms that DMSO had no influence on proliferation. 

MCF-7- and MDA-MB-231 cells displayed a significant decrease in proliferation following 

exposure to ESE-16 (A), 4 Gy radiation and the combination treatment conditions (A-B). BT-20 
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cells exposed to LimPyr1 (B), 4 Gy radiation and the combination treatments displayed a 

significant decrease in cell proliferation 14 days after radiation (A-B). Pre-treated MCF-7-, MDA-

MB-231 and BT-20 cells revealed a significant decrease in proliferation compared to cells 

exposed to the compounds (Ci) or 4 Gy radiation (Cii) only. The bar graphs display the mean fold 

changes of three biological repeats and standard deviations are represented by T-bars. 

Statistically significant differences are indicated with * (P-value <0.05) when compared to DMSO 

(A-B), cells exposed to the compounds (Ci) or 4 Gy radiation only (Cii). 

 

4.2.6 DNA damage and repair 
 

4.2.6.1 Quantification of phosphorylated H2AX via flow cytometry 

 

Ionizing radiation and genotoxic drugs induce DNA double-strand breaks which can be 

repaired via nonhomologous end-joining (NHEJ) and/or homologous recombination 

(490,491). These DNA double-strand breaks are detected rapidly via the cellular DNA 

damage response network, involving PI3-like kinases ATM, ATR and DNA-PK (492). These 

proteins phosphorylate a downstream histone known as H2AX. Phosphorylation of the SQE 

motif of H2AX at serine 139 produces γH2AX foci along megabase chromatin domains 

neighboring the site of damage. γH2AX serves as a docking site for DNA repair proteins, thus 

promoting DNA repair via NHEJ (493). The levels of phosphorylation of H2AX in breast 

cancer cells pre-treated with microtubule inhibitors and then irradiated were compared to 

those in cells exposed to the compounds or radiation only, following quantification via flow 

cytometry 2 and 24 hours after irradiation. 

 

MCF-7-, MDA-MB-231- and BT-20 cells were propagated in growth medium only as negative 

controls. Data collected from the negative controls revealed no significant differences 

compared to data obtained from cells exposed to DMSO as vehicle controls. This confirmed 

that the vehicle does not induce DNA double-strand breaks in the breast cancer cell lines. As 

a positive control for DNA damage cells were exposed to etoposide for 2 hours prior to 

termination. Phosphorylation of H2AX was significantly increased in all samples exposed to 

the positive control (Table 4.20-4.22). 
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DNA double-strand breaks were significantly increased in MCF-7 cells 2 hours (3.87±1.72- 

(DMEM) and 1.42±0.19 fold increase (RPMI)) and 24 hours (5.96±1.86- (DMEM) and 

2.63±0.21 fold increase (RPMI)) after 8 Gy radiation, compared to DMSO (Figure 4.45). DNA 

repair was evident in the radiation exposed samples as the DNA damage detected at 24 

hours after radiation were significantly lower compared to the earlier time point (Figure 

4.46). MCF-7 cells exposed to ESE-16 24 hours prior to radiation displayed a significant 

increase in γH2AX 2 hours (4.51±1.36 fold increase) and 24 hours (1.83±0.22 fold increase) 

after radiation. Similar to the 8 Gy radiation sample ESE-16 pre-treated cells displayed 

significantly lower levels of γH2AX 24 hours after radiation compared to 2 hours after 

radiation (Figure 4.46). LimPyr1 pre-treatment resulted in elevated phosphorylated H2AX 

proteins 2 hours after radiation (4.39±0.45 fold increase) and was maintained until 24 hours 

after radiation (4.20±0.85 fold increase). Compared to cells exposed to ESE-16 or LimPyr1 

only, pre-treated ESE-16 and -LimPyr1 cells displayed a significant increase in γH2AX 2 hours 

(2.73±6.86E-04- and 1.81±0.12 fold increase, respectively) and 24 hours (1.77±0.46- and 

2.63±0.76 fold increase, respectively) after radiation (Table 4.20). DNA damage was not 

elevated in ESE-16 pre-treated MCF-7 cells 2 hours after radiation compared to cells 

exposed to 8 Gy radiation only. However, 24 hours after radiation H2AX phosphorylation 

was significantly increased in the ESE-16 pre-treated cells (1.29±0.06 fold increase) 

compared to cells exposed to radiation only. MCF-7 cells pre-treated with LimPyr1 displayed 

a significant decrease in γH2AX 2 hours after radiation (0.65±0.19) compared to the 

radiation only sample taken as 1 (Figure 4.46). These γH2AX levels remained constant 

resulting in γH2AX levels being increased in LimPyr1 pre-treated cells 24 hours after 

radiation (1.86±0.02 fold increase) compared to cells exposed to 8 Gy radiation only (Figure 

4.46). 

 

MDA-MB-231 cells exposed to LimPyr1 displayed a significantly increase in γH2AX 

(2.14±0.66 fold increase) at the 24 hour termination point compared to DMSO. Exposure to 

8 Gy radiation (2.04±0.15- (DMEM) and 16.85±5.38 fold increase (RPMI) (2 hours); 

1.51±0.02- (DMEM) and 2.38±0.53 fold increase (RPMI) (24 hours)), ESE-16 in combination 

with radiation (2.08±0.14- (2 hours) and 2.65±0.50 fold increase (24 hours)) and LimPyr1 in 
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combination with radiation (6.81±3.56- (2 hours) and 7.62±2.90 fold increase (24 hours)) 

resulted in elevated γH2AX levels 2 and 24 hours after radiation compared to the vehicle 

control (Figure 4.47). MDA-MB-231 cells exposed to 8 Gy radiation only presented with 

significantly lower γH2AX levels 24 hours after radiation compared to the earlier time-point, 

indicating DNA repair (Figure 4.48). The phosphorylation of H2AX was significantly increased 

in MDA-MB-231 cells exposed to ESE-16 or LimPyr1 24 hours prior to radiation 2 hours 

(2.01±0.20- and 1.90±0.30 fold increase, respectively) and 24 hours after radiation 

(2.91±0.68- and 3.51±0.45 fold increase, respectively) compared to cells exposed to the 

compounds only.  Compared to cells exposed to 8 Gy radiation only ESE-16- (2.12±0.42 fold 

increase) and LimPyr1 pre-treated (3.13±0.49 fold increase) MDA-MB-231 cells displayed a 

significant increase in H2AX phosphorylation 24 hours after radiation (Table 4.21). 

Interesting LimPyr1 pre-treated cells displayed a significant decrease in γH2AX 2 hours after 

radiation (0.46±0.10) compared to the radiation only sample taken as 1 (Figure 4.48). 

 

LimPyr1-exposure resulted in a significant increase in γH2AX in BT-20 cells at the 2 hours 

(1.53±0.20 fold increase) and 24 hour (1.49±0.29 fold increase) termination points, 

compared to DMSO. BT-20 cells exposed to 8 Gy radiation (3.44±0.65- and 1.23±0.07 fold 

increase (DMEM), 3.09±0.61- and 2.25±0.01 fold increase (RPMI)), the ESE-16/radiation 

combination treatment (2.35±0.24- and 1.21±0.11 fold increase) and the LimPyr1/radiation 

combination treatment (2.77±0.67- and 2.92±0.39 fold increase) displayed a significant 

increase in γH2AX 2 and 24 hours after radiation compared to the vehicle control (Figure 

4.49). DNA repair was evident in BT-20 cells exposed to 8 Gy radiation and the ESE-

16/radiation combination treatment as the phosphorylation of H2AX was significantly lower 

in the samples terminated 24 hours after radiation compared to the 2 hour quantification 

(Figure 4.50). BT-20 cells exposed to ESE-16 (3.11±0.68- and 1.24±0.03 fold increase) or 

LimPry1 (1.59±0.33- and 2.15±0.13 fold increase) 24 hours prior to radiation displayed a 

significant increase in γH2AX 2 and 24 hours after radiation, compared to cells exposed to 

the compounds only. Compared to cells exposed to 8 Gy radiation only (taken as 1) ESE-16- 

(0.70±0.12) and LimPyr1 (0.89±0.06) pre-treated BT-20 cells displayed a significant decrease 

in DNA double strand breaks 2 hours after radiation (Table 4.22). Quantification of H2AX 
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phosphorylation 24 hours after radiation revealed a significant increase in BT-20 cells pre-

treated with LimPyr1 (1.40±0.22 fold increase) compared to the radiation only sample, 

whereas ESE-16 pre-treated cells were similar to the cells exposed to  8 Gy radiation only 

(Figure 4.50). 
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Figure 4.45: Representative overlay histograms of γH2AX detection in MCF-7 cells. Histograms 

were obtained 2 and 24 hours after radiation by plotting cell count against γH2AX (FL4 Log). 
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Overlay histograms displayed a right shift 24 hours after irradiation in cells exposed to the 

combination treatment conditions, compared to the vehicle control and cells exposed to the 

individual treatment conditions. 

 

Table 4.20: Quantification of γH2AX in MCF-7 cells exposed to various treatment 

conditions. Data were generated 2 and 24 hours after irradiation with Kaluza Analysis 

version 1.5 (FL, USA). Data analysis was completed using the ANOVA-single factor model. 

The table displays the averaged fold changes (FC) of three biological repeats and the 

standard deviations (SD). A two-tailed Student’s t-test was used to calculate statistically 

significant differences (P-value <0.05) by using the vehicle control and cells exposed to the 

individual treatments as baselines. 

        Medium only DMSO Etoposide Compound 8 Gy radiation Combination 

Compared to DMSO 

2
 h

o
u

rs
 ESE-16 

FC± SD 0.82±0.64 1 11.31±1.38 1.44±0.49 3.87±1.72 4.51±1.36 

P-value 0.64 - 7.55E-04 0.18 0.04 0.01 

LimPyr1 
FC± SD 1.67±1.11 1 11.44±2.93 1.60±0.76 5.96±1.86 4.39±0.45 

P-value 0.35 - 3.49E-03 0.23 0.01 7.30E-04 

2
4

 h
o

u
rs

 

ESE-16 

FC ± SD 1.06±0.28 1 5.46±0.60 1.09±0.37 1.42±0.19 1.83±0.22 

P-value 0.72 - 2.15E-04 0.69 0.02 2.75E-03 

LimPyr1 

FC ± SD 1.06±0.22 1 10.12±0.11 1.60±0.82 2.63±0.21 4.20±0.85 

P-value 0.63 - 6.11E-07 0.26 1.91E-04 2.90E-03 

Compared to compound 

2
 h

o
u

rs
 ESE-16 

FC ± SD 
 

1 
 

2.73±6.86E-
04 

P-value - 2.00E-11 

LimPyr1 
FC ± SD 

 
1 

 
1.81±0.12 

P-value - 1.12E-03 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 

 
1.77±0.46 

P-value - 0.04 

LimPyr1 
FC ± SD 

 
1 

 
2.63±0.76 

P-value - 0.03 

Compared to 8 Gy radiation 

2
 h

o
u

rs
 ESE-16 

FC ±S D 
 

1 1.10±0.06 

P-value - 0.06 

LimPyr1 
FC ±S D 

 
1 0.65±0.19 

P-value - 0.04 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 1.29±0.06 

P-value - 8.40E-04 

LimPyr1 
FC ± SD 

 
1 1.86±0.02 

P-value - 5.32E-06 

 



 

 

 
180 

 

 

 

       
Figure 4.46: Graphical representation of γH2AX quantification in MCF-7 cells exposed to 

different treatment conditions. MCF-7 cells exposed to ESE-16 (A) and LimPyr1 (B) displayed no 

increase in γH2AX, whereas 8 Gy radiation exposure resulted in significantly higher γH2AX levels 

2 and 24 hours after irradiation (A&B). ESE-16- (A) and LimPyr1 (B) pre-treatment of MCF-7 cells 

resulted in elevated γH2AX levels 2 and 24 hours after irradiation compared to DMSO and cells 

exposed to the compounds only (Ci). Data obtained from cells exposed to 8 Gy radiation and the 

ESE-16/radiation combination therapy displayed a significant decrease in γH2AX 24 hours after 

irradiation compared to the 2 hour quantification, indicating DNA repair (A&B). ESE-16 pre-

treated cells displayed higher γH2AX levels 24 hours after irradiation compared to cells exposed 

to radiation only (Cii). DNA damage was significantly lower in LimPyr1 pre-treated cells 2 hours 

after irradiation compared to the radiation only sample (Cii). However, 24 hours after irradiation 

γH2AX was significantly higher in MCF-7 cells exposed to LimPyr1 24 hours prior to irradiation, 
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compared to cells exposed to 8 Gy radiation only (Cii). The bar graph summarizes the mean fold 

increases of three biological repeats and standard deviations are represented by T-bars. 

Statistically significant differences are indicated with * (P-value <0.05) when compared to DMSO 

(A-B), cells exposed to ESE-16 and LimPyr1 (Ci) or 8 Gy radiation only (Cii). 
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Figure 4.47: Representative overlay histograms of γH2AX detection in MDA-MB-231 cells. 

Histograms were obtained 2 and 24 hours after radiation by plotting data points obtained from 

γH2AX (FL4 Log) 
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flow cytometry of the cell count against γH2AX (FL4 Log). Overlay histograms displayed an 

increase in γH2AX 2 and 24 hours after irradiation via a clear right shift in cells exposed to the 

different treatment conditions, compared to the DMSO vehicle control. 

 

Table 4.21: Quantification of γH2AX in MDA-MB-231 cells exposed to various treatment 

conditions. Data were generated with Kaluza Analysis version 1.5 (FL, USA) (2 and 24 hours 

after irradiation) and analyzed using the ANOVA-single factor model. Three biological 

repeats were completed for each time-point. The table displays the averaged fold changes 

(FC) and the standard deviations (SD). Statistically significant differences (P-value <0.05) 

were calculated with a two-tailed Student’s t-test using the vehicle control and cells 

exposed to the individual treatments as baselines. 

        Medium only DMSO Etoposide Compound 
8 Gy 

radiation 
Combination 

Compared to DMSO 

2
 h

o
u

rs
 ESE-16 

FC± SD 0.85±0.31 1 1.42±0.14 1.04±0.03 2.04±0.15 2.08±0.14 

P-value 0.45 - 0.01 0.16 2.46E-04 1.76E-04 

LimPyr1 
FC± SD 0.90±0.07 1 6.60±1.89 1.73±0.56 16.85±5.38 6.81±3.56 

P-value 0.07 - 0.01 0.09 0.01 4.75E-02 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 1.00±0.31 1 1.58±0.16 0.92±0.12 1.51±0.02 2.65±0.50 

P-value 0.99 - 0.01 0.31 1.66E-05 4.78E-03 

LimPyr1 
FC ± SD 0.91±0.09 1 3.00±0.23 2.14±0.66 2.38±0.53 7.62±2.90 

P-value 0.17 - 5.10E-04 0.04 0.01 0.02 

 Compared to compound 

2
 h

o
u

rs
 ESE-16 

FC ± SD 
 

1 
 

2.01±0.20 

P-value - 8.73E-04 

LimPyr1 
FC ± SD 

 
1 

 
1.90±0.30 

P-value - 0.01 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 

 
2.91±0.68 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 

 
3.51±0.45 

P-value - 6.16E-04 

Compared to 8 Gy radiation 

2
 h

o
u

rs
 ESE-16 

FC ±S D 
 

1 1.02±0.04 

P-value - 0.45 

LimPyr1 
FC ±S D 

 
1 0.46±0.10 

P-value - 1.99E-03 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 2.12±0.42 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 3.13±0.49 

P-value - 1.68E-03 
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Figure 4.48: Graphical representation of γH2AX quantification in MDA-MB-231 cells exposed 

to different treatment conditions. MDA-MB-231 cells exposed to ESE-16 displayed no 

significant increase in γH2AX at the 2 and 24 hour termination points (A). Exposure to LimPyr1 

resulted in elevated γH2AX levels at the 24 hour termination point, compared to DMSO (B). DNA 

damage was significantly increased 2 and 24 hours after 8 Gy radiation (A&B). DNA repair was 

observed in cells exposed to 8 Gy radiation whereas the 24 hour quantification of γH2AX was 

significantly lower compared to the earlier time point. MDA-MB-231 cells exposed to ESE-16 or 

LimPyr1 24 hours prior to irradiation displayed a significant increase in γH2AX 2 and 24 hours 

after irradiation compared to the vehicle control (A&B) and cells exposed to compounds only 

(Ci). Phosphorylation of H2AX was significantly decreased in LimPyr1 pre-treated cells 2 hours 

after irradiation compared to cells exposed to radiation only (Cii). However, γH2AX was 

significantly higher in LimPyr1 pre-treated cells 24 hours after irradiation compared to levels in 
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radiation only sample (Cii). The mean fold increases of three biological repeats are summarized 

in the bar graph. Standard deviations are represented by T-bars and statistically significant 

differences are indicated with * (P-value <0.05) when compared to DMSO (A-B), cells exposed to 

ESE-16 and LimPyr1 (Ci) or 8 Gy radiation only (Cii). 
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Figure 4.49: Representative overlay histograms of γH2AX detection in BT-20 cells. Histograms 

were obtained 2 and 24 hours after irradiation exposure. Histograms were created by plotting 

γH2AX (FL4 Log) 
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cell count against γH2AX (FL4 Log). Overlay histograms displayed a right shift indicating 

increased double strand breaks in cells exposed to the different treatment conditions, compared 

to the DMSO vehicle control. 

 

Table 4.22: Quantification of γH2AX in BT-20 cells exposed to various treatment 

conditions. Kaluza Analysis version 1.5 (FL, USA) was used to generate statistical data 2 and 

24 hours after irradiation followed by analysis using the ANOVA-single factor model. The 

average fold change (FC) is displayed in the table ± the standard deviations (SD). A two-

tailed Student’s t-test was used to calculate statistically significant differences (P-value 

<0.05) using the vehicle control and cells exposed to the individual treatments as baselines. 

        Medium only DMSO Etoposide Compound 
8 Gy 

radiation 
Combination 

Compared to DMSO 

2
 h

o
u

rs
 ESE-16 

FC± SD 0.89±0.20 1 2.84±0.62 0.78±0.17 3.44±0.65 2.35±0.24 

P-value 0.38 - 0.01 0.09 2.93E-03 6.06E-04 

LimPyr1 
FC± SD 0.86±0.28 1 2.72±0.64 1.53±0.20 3.09±0.61 2.77±0.67 

P-value 0.42 - 0.01 0.01 4.01E-03 0.01 

2
4

 h
o

u
rs

 ESE-16 

FC ± SD 1.06±0.04 1 2.50±0.12 1.08±0.18 1.23±0.07 1.21±0.11 

P-value 0.07 - 2.69E-05 0.48 0.01 0.04 

LimPyr1 

FC ± SD 1.15±0.12 1 6.66±1.80 1.49±0.29 2.25±0.01 2.92±0.39 

P-value 0.10 - 0.01 0.04 4.45E-07 2.54E-03 

Compared to compound 

2
 h

o
u

rs
 ESE-16 

FC ± SD 
 

1 
 

3.11±0.68 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 

 
1.59±0.33 

P-value - 0.04 

2
4

 h
o

u
rs

 ESE-16 
FC ± SD 

 
1 

 
1.24±0.03 

P-value - 1.74E-04 

LimPyr1 
FC ± SD 

 
1 

 
2.15±0.13 

P-value - 4.45E-04 

Compared to 8 Gy radiation 

2
 h

o
u

rs
 ESE-16 

FC ±S D 
 

1 0.70±0.12 

P-value - 0.01 

LimPyr1 
FC ±S D 

 
1 0.89±0.06 

P-value - 0.03 

2
4

 h
o

u
rs

 ESE-16 
FC ± SD 

 
1 0.98±0.03 

P-value - 0.22 

LimPyr1 
FC ± SD 

 
1 1.40±0.22 

P-value - 0.03 
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Figure 4.50: Graphical representation of γH2AX quantification in BT-20 cells exposed to 

different treatment conditions. Phosphorylation of H2AX was significantly increased 2 and 24 

hours after irradiation in BT-20 cells exposed to LimPyr1 (B), 8 Gy radiation (A&B), the ESE-

16/radiation combination treatment (A) and the LimPyr1/radiation combination treatment (B), 

compared to DMSO. Additionally, ESE-16- and LimPyr1 pre-treated cells displayed a significant 

increase in γH2AX 2 and 24 hours after irradiation compared to cells exposed to the compound 

only (Ci). Pre-treatment of BT-20 cells with ESE-16 or LimPyr1 resulted in decreased γH2AX 

levels 2 hours after irradiation, but increased γH2AX levels 24 hours after irradiation, compared 

to cells exposed to 8 Gy radiation only (Cii). The bar graph summarizes the mean fold increases 

of three biological repeats. Standard deviations are represented by T-bars and statistically 

significant differences are indicated with * (P-value <0.05) when compared to DMSO (A-B), cells 

exposed to ESE-16 and LimPyr1 (Ci) or 8 Gy radiation only (Cii). 
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4.2.6.2 Micronuclei quantification 

 

An essential part of genetic toxicology is the study of DNA damage at the chromosome level. 

Micronuclei quantification is a preferred method for assessing chromosome damage (494). 

Failure of chromosome fragments or whole chromosomes to bind to the mitotic spindles 

prevent their inclusion into the nucleus post division, resulting in micronuclei formation 

(136). Unlike the quantification of γH2AX via flow cytometry, which evaluates DNA damage 

within a cell population, the cytokinesis-block micronucleus assay allows for the assessment 

of DNA damage within individual cells.  

 

Breast cancer cells exposed to DMSO served as a vehicle control for this experiment. 

Micronuclei was not significantly increased in breast cancer cells exposed to DMSO 

compared to cells propagated in medium only, indicating that the vehicle had no effect on 

chromosome damage (Table 4.23-4.25). 

 

Quantification of micronuclei revealed no significantly increase in DNA damage in MCF-7 

cells exposed to ESE-16 (24±5 and 22±5, respectively) or LimPyr1 (14±5 and 18±6, 

respectively) at the 2 and 24 hour termination points, compared to DMSO (22±13 and 17±6 

(DMEM), 13±7 and 11±7 (RPMI), respectively). Exposure to 8 Gy radiation significantly 

increased the number of micronuclei 2 hours (349±12 (DMEM) and 362±6 (RPMI)) and 24 

hours (317±6 (DMEM) and 296±8 (RPMI)) after radiation. The presence of micronuclei 

significantly decreased from 2 to 24 hours after radiation in MCF-7 cells exposed to 8 Gy 

radiation only (Figure 4.51). This may suggest that the damage DNA is being repaired. Pre-

treatment of MCF-7 cells with ESE-16 (361±19 and 328±4, respectively) or LimPyr1 (380±17 

and 385±10, respectively) resulted in a significant increase in micronuclei formation 2 and 

24 hours after radiation, compared to DMSO. Similar to cells exposed to 8 Gy radaition only, 

ESE-16 pre-treated MCF-7 cells displayed a significant decrease in micronuclei 24 hours after 

radiation compared to the earlier time-point. The number of micronuclei formed in LimPyr1 

pre-treated MCF-7 cells remained unchanged over the 24 hour time frame. The formation of 
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micronuclei was significantly higher 2 and 24 hours after radiation in ESE-16- and LimPyr1 

pre-treated cells compared to cells exposed to the compounds only (Table 4.23). DNA 

damage was equally induced as measured 2 hours after radiation in MCF-7 cells exposed to 

8 Gy radiation and cells exposed to ESE-16 or LimPyr1 prior to radiation. However, 

micronuclei quantification in pre-treated cells was significantly higher 24 hours after 

radiation compared to cells exposed to 8 Gy radiation only (Figure 4.51).  

 

MDA-MB-231 cells exposed to ESE-16 displayed no increase in micronuclei formation at the 

2 hours (29±8) or 24 hour (25±7) termination points compared to DMSO (30±4 and 25±4, 

respectively). LimPyr1-exposure did not increase micronuclei formation at the 2 hour 

termination point (21±15), however at the 24 hour termination point the presence of 

micronuclei was significantly increased (35±6) compared to the vehicle control (18±7 and 

17±9, respectively) (Table 4.24). DNA damage was significantly induced 2 hours (279±6 

(DMEM) and 370±23 (RPMI)) and 24 hours (255±6 (DMEM) and 301±15 (RPMI)) after 8 Gy 

radiation in MDA-MB-231 cells. Some repair of the damaged DNA was observed in the 

significant decrease of micronuclei presence 24 hours after radiation compared to the 

earlier termination point (Figure 4.52). MDA-MB-231 cells exposed to ESE-16 24 hours prior 

to radiation displayed a significant increase in micronuclei formation 2 hours (285±11) and 

24 hours (285±11) after radiation compared to DMSO and cells exposed to ESE-16 only. 

Similarly, LimPyr1 pre-treatment significantly increased micronuclei formation 2 hours 

(372±9) and 24 hours (392±19) after radiation compared to the vehicle control and cells 

exposed to LimPyr1 only. Quantification of micronuclei 2 hours after radiation revealed that 

DNA damage was equally induced in cells exposed to 8 Gy radiation only and cells exposed 

to the combination therapies. However, the presence of micronuclei was significantly 

increased 24 hours after radiation compared to cells exposed to 8 Gy radiation only (Figure 

4.52). 

 

Micronuclei formation was not significantly increased at the 2 hours (72±3) or 24 hour 

(77±23) termination point in BT-20 cells exposed to ESE-16, compared to the vehicle control 
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(69±27 and 58±18, respectively). BT-20 cells exposed to LimPyr1 displayed a significant 

increase in micronuclei expression at the 2 hours (95±21) and 24 hour (112±6) termination 

points compared to DMSO (49±17 and 64±16, respectively). A significant increase in the 

presence of micronuclei was observed in BT-20 cells exposed to 8 Gy radiation as quantified 

2 hours (344±7 (DMEM/F-12) and 342±4 (RPMI)) and 24 hours (271±10 (DMEM/F-12) and 

283±13 (RPMI)) after radiation (Table 4.25). Pre-treatment of BT-20 cells with ESE-16 

resulted in a significant increase in micronuclei formation 2 hours (365±30) and 24 hours 

(280±21) after radiation, compared to DMSO. Quantification of micronuclei illustrated a 

significant decrease in micronuclei presence in BT-20 cells exposed to 8 Gy radiation only 

and the ESE-16/radiation combination therapy 24 hours after radiation compared to those 

quantified 2 hours after radiation (Figure 4.53). This may indicate the activation of DNA 

repair mechanisms in these samples. ESE-16 pre-treated BT-20 cells displayed a significant 

increase in micronuclei formation 2 and 24 hours after radiation compared to cells exposed 

to ESE-16 only. However, micronuclei were not significantly increased at any time-point in 

ESE-16 pre-treated BT-20 cells compared to cells exposed to 8 Gy radiation only (Table 

4.25). Micronuclei quantification in BT-20 cells exposed to LimPyr1 24 hours prior to 

radiation revealed a significant increase 2 and 24 hours after radiation, compared to the 

vehicle control. The quantity of micronuclei observed 2 hours after radiation in LimPyr1 pre-

treated cells remained constant compared to the 24 hour quantification. Additionally, 

LimPyr1 pre-treated BT-20 cells displayed a significantly increase in micronuclei formation 2 

and 24 hours after radiation compared to cells exposed to LimPyr1 or 8 Gy radiation only 

(Figure 4.53). 

 

MCF-7-, MDA-MB-231- and BT-20 cells pre-treated with ESE-16 (Appendix B (Table B1)) or 

LimPyr1 (Appendix B (Table B2)) displayed increased micronuclei formation 24 hours after 

radiation compared to cells exposed to 8 Gy radiation only. Interesting to note is that the 

number of cells that displayed micronuclei was not increased in the pre-treated cells. It was 

in fact the number of micronuclei present within a single cell that was increased in the pre-

treated samples (Figure 4.54). Thus, the number of cells that obtained DNA damage was 

similar in cells exposed to the combination treatments and cells exposed to radiation only, 
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but pre-treated cells obtained more damage per cell compared to the cells exposed to 

radiation only.  

 

Table 4.23: Micronuclei quantification in MCF-7 cells 2 and 24 hours after radiation. 

Micronuclei were quantified 2 and 24 hours after irradiation via light microscopy. Three 

biological repeats were included for each time-point where 500 binucleated cells were 

quantified for each repeat. The ANOVA-single factor model and a two-tailed Student’s t-test 

were used to analyze the data and calculate statistically significant differences, respectively. 

The table summarizes the average number of micronuclei per 500 binucleated cells (M%) ± 

standard deviations (SD). Statistically significant differences (P-value <0.05) were calculated 

using the vehicle (DMSO) and cells exposed to the individual treatment condition as 

baselines. 

     Medium only DMSO Compound 8 Gy radiation 
Compound + 

radiation 

ES
E-

1
6

 2
 h

o
u

rs
 

M%±SD 20±3 22±13 24±5 349±12 361±19 

P-value when compared to: 

DMSO 0.83 - 0.75 5.63E-06 1.37E-05 

ESE-16  7.89E-06 

Radiation  0.43 

2
4

 h
o

u
rs

 M%±SD 14±6 17±6 22±5 317±6 328±4 

P-value when compared to: 

DMSO 0.60 - 0.28 3.11E-07 1.38E-07 

ESE-16  1.06E-07 

Radiation  0.04 

Li
m

P
yr

1
 2

 h
o

u
rs

 

M%±SD 13±5 13±7 14±5 362±6 380±17 

P-value when compared to: 

DMSO 0.95 - 0.81 3.57E-07 4.27E-06 

ESE-16  3.68E-06 

Radiation  0.16 

2
4

 h
o

u
rs

 M%±SD 15±2 11±7 18±6 296±8 385±10 

P-value when compared to: 

DMSO 0.41 - 0.26 1.28E-06 6.66E-07 

LimPyr1  6.30E-07 

Radiation  2.77E-04 
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Figure 4.51: Graphical representation of micronuclei quantification in MCF-7 cells exposed to 

various treatment conditions. MCF-7 cells exposed to ESE-16 (Ai) and LimPyr1 (Aii) displayed no 

significant increase in micronuclei formation compared to DMSO. Exposure to 8 Gy radiation 

resulted in a significant increase in micronuclei formation (Ai & Aii). A decrease in micronuclei 

was observed 24 hours after irradiation compared to the data obtained from the 2 hour 

quantification (Ai & Aii). This may indicate the activation of DNA repair mechanisms. Pre-
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treatment of MCF-7 cells with ESE-16 or LimPyr1 resulted in a significant increase in micronuclei 

2 and 24 hours after irradiation compared to DMSO (A&B) and cells exposed to the compounds 

only (Bi & Bii). Similar to the 8 Gy radiation only sample ESE-16 pre-treated MCF-7 cells also 

displayed a significant decrease in micronuclei formation over the 24 hour time frame (Ai). DNA 

damage was equally measured 2 hours after radiation in MCF-7 cells exposed to ESE-16 or 

LimPyr1 24 hours prior to irradiation compared to cells exposed to 8 Gy radiation only (Ci & Cii). 

However, 24 hours after radiation the presence of micronuclei was significantly increase in the 

combination treatments compared to the radiation only sample (Ci & Cii). The bar graph 

illustrates the average micronuclei quantified per 500 binucleated cells for three biological 

repeats with the standard deviations represented by T-bars. A P-value <0.05 was considered 

statistically significant and are indicated with an * when compared to DMSO (Ai & Aii), cells 

exposed to ESE-16 and LimPyr1 only (Bi & Bii) and cells exposed to 8 Gy radiation only (Ci & Cii). 

 

Table 4.24: Micronuclei quantification in MDA-MB-231 cells 2 and 24 hours after radiation. 

Micronuclei were manually quantified 2 and 24 hours after radiation in 500 binucleated cells 

per repeat. Three biological repeats were included in this experiment for samples 

terminated 2 and 24 hours after irradiation. The data were analyzed using an ANOVA-single 

factor model. Statistical significance (P-value <0.05) was calculated with a two-tailed 

Student’s t-test using cells exposed to DMSO or the individual treatment conditions as 

baselines. The average number of micronuclei per 500 binucleated cells (M%) and standard 

deviation (SD) of the repeat are displayed in the table below. 

     Medium only DMSO Compound 8 Gy radiation 
Compound + 

radiation 

ES
E-

1
6

 2
 h

o
u

rs
 

M%±SD 27±8 30±4 29±8 279±6 285±11 

P-value when compared to: 

DMSO 0.62 - 0.90 3.86E-07 2.85E-06 

ESE-16  4.92E-06 

Radiation  0.50 

2
4

 h
o

u
rs

 M%±SD 30±10 25±4 25±7 255±6 291±15 

P-value when compared to: 

DMSO 0.46 - 0.95 6.55E-07 7.30E-06 

ESE-16  9.53E-06 

Radiation  0.02 

Li
m

P
yr

1
 2

 h
o

u
rs

 

M%±SD 25±10 18±7 21±15 370±23 372±9 

P-value when compared to: 

DMSO 0.38 - 0.76 1.31E-05 5.77E-07 

ESE-16  3.67E-06 

Radiation  0.86 

2
4

 h
o

u
rs

 M%±SD 27±14 17±9 35±6 301±15 392±19 

P-value when compared to: 

DMSO 0.35 - 0.04 9.84E-06 6.54E-06 

LimPyr1  6.32E-06 

Radiation  2.85E-03 
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Figure 4.52: Graphical representation of micronuclei quantification in MDA-MB-231 cells 

exposed to various treatment conditions. MDA-MB-231 cells exposed to ESE-16 displayed no 

increase in micronuclei formation at the 2 or 24 hour termination points compared to DMSO 

(Ai). LimPyr1-exposure did not increase micronuclei formation at the 2-hour termination point, 

but micronuclei detection at the 24 hour termination point was significantly increased 

compared to DMSO (Aii). MDA-MB-231 cells exposed to 8 Gy radiation displayed a significant 
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increase in micronuclei formation 2 and 24 hours after irradiation. Cells exposed to 8 Gy 

radiation displayed a significant decrease in micronuclei presence 24 hours after irradiation 

compared to the 2 hours quantification, indicating the repair of the damaged DNA (Ai & Aii). 

ESE-16- and LimPyr1 pre-treatment resulted in significantly higher micronuclei numbers 2 and 

24 hours after irradiation compared to the vehicle control (Ai & Aii) and cells exposed to the 

compounds only (Bi & Bii). No significant differences were observed in pre-treated cells 2 hours 

after irradiation compared to cells exposed to 8 Gy radiation only, however 24 hours after 

irradiation micronuclei yield was significantly higher in the pre-treated cells (Ci & Cii). The 

averaged micronuclei per 500 binucleated cells of three biological repeats are displayed in the 

bar graph for each time-point. Standard deviations are represented by T-bars and statistically 

significant differences (P-value <0.05) are indicated by an asterisk (*) when compared to DMSO 

(Ai & Aii), cells exposed to ESE-16 and LimPyr1 only (Bi & Bii) and cells exposed to 8 Gy radiation 

only (Ci & Cii). 

 

Table 4.25: Micronuclei quantification in BT-20 cells 2 and 24 hours after radiation. The 

ANOVA-single factor model was used to analyze the data obtained from manual micronuclei 

quantification 2 and 24 hours after irradiation. Three biological repeats were included for 

each time-point. A total of 500 binucleated cells were examined for micronuclei per repeat. 

Using cells exposed to DMSO or the individual treatment conditions a two-tailed Student’s t-

test was employed to calculate statistically significant differences (P-value <0.05). The table 

summarizes the average number of micronuclei per 500 binucleated cells (M%) and 

standard deviations (SD). 

     Medium only DMSO Compound 8 Gy radiation 
Compound + 

radiation 

ES
E-

1
6

 2
 h

o
u

rs
 

M%±SD 65±9 69±27 72±3 344±7 365±30 

P-value when compared to: 

DMSO 0.82 - 0.88 8.54E-04 2.15E-04 

ESE-16  9.70E-04 

Radiation  0.42 

2
4

 h
o

u
rs

 M%±SD 70±12 58±18 77±23 271±10 280±21 

P-value when compared to: 

DMSO 0.40 - 0.44 4.47E-03 0.01 

ESE-16  0.01 

Radiation  0.65 

Li
m

P
yr

1
 2

 h
o

u
rs

 

M%±SD 55±13 49±17 95±21 342±4 413±27 

P-value when compared to: 

DMSO 0.68 - 0.04 1.73E-04 3.64E-05 

ESE-16  8.62E-05 

Radiation  0.04 

2
4

 h
o

u
rs

 M%±SD 63±23 64±16 112±6 283±13 372±25 

P-value when compared to: 

DMSO 0.94 - 0.01 5.50E-05 5.59E-05 

LimPyr1  5.88E-05 

Radiation  0.01 
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Figure 4.53: Graphical representation of micronuclei quantification in BT-20 cells exposed to 

various treatment conditions. BT-20 cells exposed to ESE-16 displayed no increase in 

micronuclei formation compared to DMSO (Ai), whereas LimPyr1-exposure resulted in an 

increase in micronuclei at the 2 and 24 hour termination points (Aii). Micronuclei formation was 

significantly increased in BT-20 cells exposed to 8 Gy radiation only, however DNA repair 

mechanisms were activated as illustrate by the decrease in micronuclei detection 24 hours after 
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radiation compared to that quantified at the earlier time-point (Ai & Aii). Pre-treatment of BT-20 

cells with ESE-16 or LimPyr1 resulted in a significant increase in micronuclei presence 2 and 24 

hours after irradiation compared to cells exposed to DMSO (Ai & Aii) or the compounds only (Bi 

& Bii). Similar to the radiation only sample ESE-16 pre-treated cells displayed significantly lower 

micronuclei numbers 24 hours after irradiation compared to the data obtained 2 hours after 

irradiation (Ai). Compared to cells exposed to 8 Gy radiation only ESE-16 pre-treated cells 

displayed no significant differences 2 or 24 hours after irradiation (Ci). LimPyr1 pre-treatment 

significantly increased micronuclei formation 2 and 24 hours after irradiation compared to cells 

exposed to radiation only (Cii). The average micronuclei quantified per 500 binucleated cells in 

three biological repeats are displayed on the bar graph with standard deviations indicated by T-

bars. A P-value <0.05 was considered statistically significant and are indicated with an * when 

compared to DMSO (Ai & Aii), cells exposed to ESE-16 and LimPyr1 (Bi & Bii) or 8 Gy radiation 

only (Ci & Cii). 

 

4.2.6.3 Quantification of the DNA repair response via Western blot analysis of 

Ku70 expression 

 

DNA double strand breaks are the most critical DNA damage which can lead to 

chromosomal truncations and translocations if improperly repaired (495). Additionally, if 

DNA double strand breaks remain unrepaired the cell is rendered apoptotic (496). DNA 

double strand breaks are repair rapidly via NHEJ, a process instigated by the binding of the 

Ku complex (Ku70/Ku80) to the site of damage (497). A sensitive method for quantifying 

DNA double strand breaks is the measuring of H2AX phosphorylation (γH2AX). Exposure of 

breast cancer cells to the microtubule regulating agents delay the phosphorylation of H2AX, 

2 hours after irradiation, compared to cells exposed to radiation only. However, micronuclei 

studies did confirm no significant differences in DNA damage induced by the combination 

treatments compared to 8 Gy radiation only samples, 2 hours after irradiation. As the 

binding of the Ku complex is signaled by γH2AX, the repair of the damage will thus 

theoretically be delayed in the combination therapy due to decreased H2AX 

phosphorylation. In order to confirm this hypothesis Ku70 protein quantification was done 2 

and 24 hours after irradiation in order to investigate early and late DNA repair via a standard 

western blot. 
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Figure 4.54: Distribution of micronuclei in MCF-7-, MDA-MB-231- and BT-20 cells exposed to 

various treatment condition. Micronuclei quantification followed 2 and 24 hours after 

irradiation. Increased micronuclei was observed in ESE-16- and LimPyr1 pre-treated cells 24 
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hours after irradiation compared to cells exposed to 8 Gy radiation only. The number of cells 

that obtained DNA damage was not increased in the pre-treated samples, however the DNA 

damage obtained by the pre-treated cells were more severe, as illustrated by increased 

micronuclei per cell. 

 

MCF-7 cells exposed to LimPyr1 (2.33±0.64 fold increase), 8 Gy radiation (2.05±0.51- 

(DMEM) and 2.83±0.22 (RPMI) fold increase), ESE-16 24 hours prior to radiation (1.13±0.07 

fold increase) and LimPyr1 24 hours prior to radiation (2.08±0.29 fold increase) displayed a 

significant increase in Ku70 at the 2 hour termination point compared to the vehicle control 

(Figure 4.55). MCF-7 cells pre-treated with LimPyr1 significantly increased Ku70 2 hour after 

radiation (1.32±0.19 fold increase) compared to cells exposed to the compound only. Ku70 

expression was significantly increased at the 24 hour termination point in MCF-7 cells 

exposed to 8 Gy radiation (1.60±0.27- (DMEM) and 1.74±0.19 (RPMI) fold increase), the ESE-

16/radiation combination treatment (2.26±0.78 fold increase) and the LimPyr1/radiation 

combination treatment (2.22±0.73fold increase), compared to DMSO (Table 4.26). 

Compared to cells exposed to the compound only ESE-16- (2.59±0.24fold increase) and 

LimPyr1 (1.78±0.45 fold increase) pre-treated MCF-7 cells displayed significantly higher 

Ku70 protein levels. Interesting, ESE-16- (0.58±0.16) and LimPry1 (0.68±0.16) pre-treated 

cells displayed a significant decrease in Ku70 expression 2 hours after radiation compared to 

cells exposed to 8 Gy radiation only taken as 1. In contrast, Ku70 expression was significantly 

increased in ESE-16- (1.23±0.08 fold increase) and LimPyr1 (1.73±0.19 fold increase) pre-

treated cells 24 hours after radiation compared to the radiation only exposed samples 

(Figure 4.56).  

 

Elevated Ku70 protein levels were observed at the 2 hour termination point in MDA-MB-231 

cells exposed to ESE-16 (1.65±0.24 fold increase), LimPyr1 (1.68±0.34 fold increase) and 8 

Gy radiation (1.95±0.13- (DMEM) and 1.98±0.04 (RPMI) fold increase), compared to DMSO. 

Additionally, ESE-16- (1.83±0.45 fold increase) and LimPyr1 (1.71±0.01 fold increase) pre-

treated MDA-MB-231 cells displayed significantly higher Ku70 protein levels 2 hours after 

radiation compared to the vehicle control (Figure 4.55). ESE-16 pre-treated MDA-MB-231 
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cells expressed significantly higher Ku70 levels (1.19±0.06 fold increase) 2 hours after 

radiation compared to cells exposed to the compound only. Ku70 protein levels were 

significantly decreased 2 hours after radiation in ESE-16- (0.74±0.11) and LimPyr1 

(0.86±0.02) pre-treated MDA-MB-231 cells compared to cells exposed to 8 Gy radiation only 

taken as 1. A significant increase in Ku70 expression was observed at the 24 hour 

termination point in LimPyr1 (1.20±0.07 fold increase) and 8 Gy radiation (1.57±0.17- 

(DMEM) and 1.32±0.12 (RPMI) fold increase) exposed MDA-MB-231 cells (Table 4.27). ESE-

16 pre-treated MDA-MB-231 cells displayed a significantly increase 24 hours after radiation 

in Ku70 compared to DMSO (1.53±0.29 fold increase), cells exposed to ESE-16 (1.22±4.77E-

04 fold increase) or 8 Gy radiation only (1.19±0.10 fold increase). Similarly, MDA-MB-231 

cells exposed to LimPyr1 24 hours prior to radiation displayed a significant increase in Ku70 

expression 24 hours after radiation compared to the vehicle control (1.60±0.28 fold 

increase) and cells exposed to LimPyr1 (1.20±0.11 fold increase) or 8 Gy radiation only 

(1.21±0.10 fold increase) (Figure 4.57). 

 

BT-20 cells exposed to LimPyr1 (1.20±0.11- and 1.35±0.21 fold increase), 8 Gy radiation 

(1.72±0.26- and 1.37±0.17 fold increase (DMEM/F-12), 1.99±0.48- and 1.69±0.37 fold 

increase (RPMI), ESE-16 in combination with radiation (1.32±0.08- and 1.53±0.22 fold 

increase) and LimPyr1 in combination with radiation (1.73±0.27- and 2.34±0.83 fold 

increase) displayed a significant increase in Ku70 protein levels at the 2 and 24 hours 

termination points, respectively, compared to DMSO (Figure 4.55). ESE-16- (1.48±0.28- and 

1.34±0.06 fold increase) and LimPyr1 (1.43±0.09- and 1.71±0.39 fold increase) pre-treated 

BT-20 cells displayed a significant increase in Ku70 2 and 24 hours after radiation compared 

to cells exposed to ESE-16 or LimPyr1 only (Table 4.28). Ku70 expression was significantly 

decreased 2 hours after radiation in BT-20 cells exposed to the ESE-16- (0.78±0.11) and 

LimPyr1 (0.88±0.07) combination therapies, compared to cells exposed to 8 Gy radiation 

only taken as 1. However, 24 hours after radiation Ku70 expression was significantly higher 

in ESE-16- (1.11±0.02 fold increase) and LimPyr1 (2.21±0.03 fold increase) pre-treated BT-20 

cells compared to the 8 Gy radiation only samples (Figure 4.58). 
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Figure 4.55: Western blots illustrating Ku70 protein expression in MCF-7-, MDA-MB-231- and 

BT-20 cells 2 and 24 hours after radiation. Breast cancer cells were exposed to ESE-16 or 

LimPyr1, 8 Gy radiation and ESE-16 or LimPyr1 24 hours prior to irradiation. Quantification of 

Ku70 followed 2 and 24 hours after irradiation. 
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Table 4.26: Ku70 expression in MCF-7 cells 2 and 24 hours after irradiation. Ku70 proteins 

were visualized with a ChemiDoc MP (Bio-rad, CA, USA) followed by analysis using Image 

Lab Software Version 5.2.1 (Bio-rad, CA, USA). Data were analyzed using an ANOVA-single 

factor model and a two-tailed Student’s t-test.  The mean fold changes (FC) of three 

biological repeats are displayed in the table ± standard deviations (SD). Cells exposed to 

DMSO and the individual treatment conditions were used as baselines to calculate 

statistically significant differences (P-value <0.05). 

        DMSO Compound 8 Gy radiation Combination 

Compared to DMSO 

2
 h

o
u

rs
 ESE-16 

FC± SD 1 0.88±0.42 2.05±0.51 1.13±0.07 

P-value - 0.64 0.02 0.03 

LimPyr1 
FC± SD 1 2.33±0.64 2.83±0.22 2.08±0.29 

P-value - 0.02 5.88E-04 0.01 

2
4

 h
o

u
rs

 ESE-16 

FC ± SD 1 1.11±0.21 1.60±0.27 2.26±0.78 

P-value - 0.42 0.02 4.88E-02 

LimPyr1 

FC ± SD 1 1.01±0.11 1.74±0.19 2.22±0.73 

P-value - 0.83 4.98E-03 0.04 

Compared to compound 

2
 h

o
u

rs
 ESE-16 

FC ± SD 
 

1 
 

1.13±0.30 

P-value - 0.47 

LimPyr1 
FC ± SD 

 
1 

 
1.32±0.19 

P-value - 4.92E-02 

2
4

 h
o

u
rs

 ESE-16 
FC ± SD 

 
1 

 
2.59±0.24 

P-value - 1.12E-03 

LimPyr1 
FC ± SD 

 
1 

 
1.78±0.45 

P-value - 0.04 

Compared to 8 Gy radiation 

2
 h

o
u

rs
 ESE-16 

FC ±S D 
  

1 0.58±0.16 

P-value - 0.01 

LimPyr1 
FC ±S D 

  
1 0.68±0.16 

P-value - 0.03 

2
4

 h
o

u
rs

 ESE-16 
FC ± SD 

  
1 1.23±0.08 

P-value - 0.01 

LimPyr1 
FC ± SD 

  
1 1.73±0.19 

P-value - 0.01 
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Figure 4.56: Graphical representation of Ku70 protein expression in MCF-7 cells 2 and 24 hours 

after irradiation. MCF-7 cells exposed to 8 Gy radiation (A&B), LimPyr1 (B), ESE-16 24 hours 

prior to radiation (A) and LimPyr1 24 hours prior to irradiation (B) displayed a significant 

increase in Ku70 at the 2 hour termination point. Exposure to 8 Gy radiation (A&B), the ESE-

16/radiation combination treatment (A) and the LimPyr1/radiation combination treatment (B) 

significantly increased Ku70 expression 24 hours after irradiation. ESE-16- and LimPyr1 pre-
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treated MCF-7 cells displayed a significant increase in Ku70 24 hours after irradiation compared 

to cell exposed to the compounds only (Ci). Additionally, LimPyr1 pre-treatment significantly 

increased Ku70 expression 2 hours after irradiation compared to cells exposed to LimPyr1 only. 

Ku70 expression was significantly decreased in ESE-16- and LimPyr1 pre-treated cells 2 hours 

after irradiation compared to cells exposed to 8 Gy radiation only. However, 24 hours after 

irradiation Ku70 was significantly increased in the pre-treated cells compared to the radiation 

only samples (Cii). The bar graph summarizes the mean fold changes of three biological repeats 

and standard deviations are represented by T-bars. Statistically significant differences are 

indicated with * (P-value <0.05) when compared to DMSO (A-B), cells exposed to ESE-16 or 

LimPyr1 only (Ci) and cells exposed to 8 Gy radiation only (Cii).    

 

Table 4.27: Ku70 expression in MDA-MB-231 cells 2 and 24 hours after irradiation. A 

ChemiDoc MP (Bio-rad, CA, USA) was used to visualize Ku70 proteins 2 and 24 hours after 

irradiation. Bands were quantified using Image Lab Software Version 5.2.1 (Bio-rad, CA, 

USA) and data were analyzed using an ANOVA-single factor model. A two-tailed Student’s t-

test was used to calculate statistical significance (P-value <0.05) using DMSO and cells 

exposed to the individual treatment conditions as baselines.  The mean fold change (FC) of 

three biological repeats is displayed in the table ± standard deviations (SD).  

        DMSO Compound 8 Gy radiation Combination 

Compared to DMSO 

2
 h

o
u

rs
 

ESE-16 
FC± SD 1 1.65±0.24 1.95±0.13 1.83±0.45 

P-value - 0.01 8.41E-04 0.03 

LimPyr1 
FC± SD 1 1.68±0.34 1.98±0.04 1.71±0.01 

P-value - 0.03 2.03E-05 1.54E-07 

2
4

 h
o

u
rs

 

ESE-16 

FC ± SD 1 0.95±0.10 1.57±0.17 1.53±0.29 

P-value - 0.46 0.01 0.04 

LimPyr1 

FC ± SD 1 1.20±0.07 1.32±0.12 1.60±0.28 

P-value - 0.01 0.01 0.02 
Compared to compound 

2
 h

o
u

rs
 

ESE-16 
FC ± SD 

 
1 

 
1.19±0.06 

P-value - 0.01 

LimPyr1 
FC ± SD 

 
1 

 
1.07±0.16 

P-value - 0.49 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 

 
1.22±4.77E-04 

P-value - 3.37E-09 

LimPyr1 
FC ± SD 

 
1 

 
1.20±0.11 

P-value - 0.04 
Compared to 8 Gy radiation 

2
 h

o
u

rs
 

ESE-16 
FC ±S D 

  
1 0.74±0.11 

P-value - 0.02 

LimPyr1 
FC ±S D 

  
1 0.86±0.02 

P-value - 9.31E-04 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

  
1 1.19±0.10 

P-value - 0.04 

LimPyr1 
FC ± SD 

  
1 1.21±0.10 

P-value - 0.03 
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Figure 4.57: Graphical representation of Ku70 protein expression in MDA-MB-231 cells 2 and 

24 hours after irradiation. MDA-MB-231 cells exposed to ESE-16 (A), LimPyr1 (B) and 8 Gy 

radiation (A&B) displayed significantly higher Ku70 protein levels at the 2 hour termination 

point. Additionally, Ku70 was significantly increased at the 24 hour termination point following 

exposure to LimPyr1 (B) and 8 Gy radiation (A&B). MDA-MB-231 cells pre-treated with ESE-16 

displayed elevated Ku70 protein levels 2 and 24 hours after irradiation compared to the vehicle 
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control (A) and cells exposed to ESE-16 only (Ci). LimPyr1 presentation resulted in elevated Ku70 

protein levels in MDA-MB-231 cells 2 hours after irradiation compared to DMSO (B), and 24 

hours after irradiation compared to DMSO (B) and cells exposed to LimPyr1 only (Cii). MDA-MB-

231 cells exposed to ESE-16 or LimPyr1 24 hours prior to irradiation displayed significantly lower 

Ku70 levels compared to cells exposed to 8 Gy radiation only (Cii). Ku70 protein levels was 

significantly higher in pre-treated cells 24 hours after irradiation compared to cells exposed to 

radiation only (Cii). The mean fold increases of three biological repeats are summarized in the 

bar graph. Standard deviations are represented by T-bars and statistically significant differences 

are indicated with * (P-value <0.05) when compared to DMSO (A-B), cells exposed to ESE-16 or 

LimPyr1 only (Ci) and cells exposed to 8 Gy radiation only (Cii). 

 

Table 4.28: Ku70 expression in BT-20 cells 2 and 24 hours after irradiation. Ku70 protein 

bands were obtained using a ChemiDoc MP (Bio-rad, CA, USA) followed by band 

quantification using Image Lab Software Version 5.2.1 (Bio-rad, CA, USA). The ANOVA-single 

factor model was used to analyze the data and statistical significance (P-value <0.05) were 

calculated using a two-tailed Student’s t-test. The mean fold changes (FC) of three biological 

repeats are displayed in the table ± standard deviations (SD). 

        DMSO Compound 8 Gy radiation Combination 

Compared to DMSO 

2
 h

o
u

rs
 

ESE-16 
FC± SD 1 1.06±0.29 1.72±0.26 1.32±0.08 

P-value - 0.73 0.01 2.27E-03 

LimPyr1 
FC± SD 1 1.20±0.11 1.99±0.48 1.73±0.27 

P-value - 0.03 0.02 0.01 

2
4

 h
o

u
rs

 

ESE-16 

FC ± SD 1 1.14±0.21 1.37±0.17 1.53±0.22 

P-value - 0.31 0.02 0.01 

LimPyr1 

FC ± SD 1 1.35±0.21 1.69±0.37 2.34±0.83 

P-value - 4.73E-02 0.04 4.87E-02 
Compared to compound 

2
 h

o
u

rs
 

ESE-16 
FC ± SD 

 
1 

 
1.48±0.28 

P-value - 4.66E-02 

LimPyr1 
FC ± SD 

 
1 

 
1.43±0.09 

P-value - 1.33E-03 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

 
1 

 
1.34±0.06 

P-value - 7.68E-04 

LimPyr1 
FC ± SD 

 
1 

 
1.71±0.39 

P-value - 0.04 
Compared to 8 Gy radiation 

2
 h

o
u

rs
 

ESE-16 
FC ±S D 

  
1 0.78±0.11 

P-value - 0.02 

LimPyr1 
FC ±S D 

  
1 0.88±0.07 

P-value - 0.04 

2
4

 h
o

u
rs

 

ESE-16 
FC ± SD 

  
1 1.11±0.02 

P-value - 6.54E-04 

LimPyr1 
FC ± SD 

  
1 2.21±0.03 

P-value - 6.76E-06 
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Figure 4.58: Graphical representation of Ku70 protein expression in BT-20 cells 2 and 24 hours 

after irradiation. BT-20 cells exposed to 8 Gy radiation (A&B), LimPyr1 (B), ESE-16 prior to 

irradiation (A) and LimPyr1 prior to irradiation (B) displayed elevated Ku70 protein levels 2 and 

24 hours after radiation. Additionally, ESE-16- and LimPyr1 pre-treated BT-20 cells displayed an 

increase in Ku70 2 and 24 hours after irradiation compared to cells exposed to the compounds 

only (Ci). Compared to cells exposed to 8 Gy radiation only BT-20 cells exposed to the 
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combination treatments displayed significantly lower Ku70 protein levels 2 hours after 

irradiation, but elevated Ku70 protein levels 24 hours after irradiation (Cii). The bar graph 

summarizes the mean fold increases of three biological repeats. Standard deviations are 

represented by T-bars and statistically significant differences are indicated with * (P-value 

<0.05) when compared to DMSO (A-B), cells exposed to ESE-16 or LimPyr1 only (Ci) and cells 

exposed to 8 Gy radiation only (Cii). 

 

4.3 Evaluation of the bystander effect induced by irradiated cells 
 

4.3.1 Reactive oxygen species production: Flow cytometric quantification 

of superoxide employing hydroethidine 

 

Superoxide formation was quantified by means of flow cytometry employing hydroethidine. 

Untreated BT-20 cells were measured for ROS generation 48 hours after exposure to 

conditioned media obtained from BT-20 cells exposed to appropriate controls and various 

treatment conditions. 

 

BT-20 cells propagated in conditioned media obtained from cells exposed to DMSO and 

rotenone served as vehicle- and positive controls, respectively. Cells propagated in 

DMEM/F-12 (for the investigation of ESE-16) or RPMI (for the investigation of LimPyr1) 

served as negative controls. No statistically significant differences were calculated between 

the negative- and vehicle controls. Superoxide quantification was significantly increased in 

the positive controls (Table 4.29). 

 

Conditioned media obtained from cells exposed to ESE-16 and LimPyr1 did not induce 

superoxide generation in untreated BT-20 cells (Figure 4.59). Superoxide quantification was 

significantly increased in untreated BT-20 cells following a 48 hour exposure to conditioned 

media obtained from cells exposed to 8 Gy radiation (1.21±0.12 (DMEM/F-12)- and 

1.16±0.11 (RPMI) fold increase). Media transferred from the ESE-16- and LimPyr1/radiation 

combination treatments significantly increased ROS production in untreated BT-20 cells 
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(1.39±0.09 - and 1.29±0.17 fold increase, respectively), compared to the vehicle control 

(Figure 4.60).  Additionally, cells exposed to the combination treatments’ conditioned media 

revealed a significant increase in superoxide production compare to cells propagated in ESE-

16 or LimPyr1 (1.33±0.04- and 1.29±0.15 fold increase, respectively)- and 8 Gy radiation 

(1.16±0.10- and 1.16±0.06 fold increase, respectively) conditioned media (Table 4.29). 

 Compound of interest: ESE-16 Compound of interest:  LimPyr1 

 

  

 

   

   

  
 

Figure 4.59: Representative overlay histograms of superoxide detection in untreated BT-20 

cells propagated in conditioned media obtained from cells exposed to appropriate controls 
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and different treatment conditions for 48 hours. Histograms were obtained by plotting the cell 

count against superoxide detection (FL3 Log). A right shift is observed in untreated BT-20 cells 

propagated in conditioned media obtained from cells exposed to different treatment conditions.    

 

Table 4.29: Superoxide detection in untreated breast cancer cells exposed to conditioned 

media obtained from treated cells for 48 hours. Data were generated and analyzed using 

Kaluza Analysis version 1.5 (FL, USA) and an ANOVA-single factor model. The averaged fold 

change (FC) and standard deviations (SD) of three biological repeats are displayed in the 

table. A two-tailed Student’s t-test was used to calculate statistically significant differences 

(P-value <0.05) using cells propagated in DMSO (vehicle control) conditioned media as a 

baseline. Additionally, P-values were also calculated for the combination treatment 

conditions when compared to individual treatments. 

        Medium 
only 

DMSO Rotenone Compound 
8 Gy 

radiation 
Compound 
+ radiation 

B
T-

2
0

 c
el

ls
 

Compared to DMSO 

ESE-16 
FC± SD 1.12±0.16 1 1.54±0.31 1.05±0.10 1.21±0.12 1.39±0.09 

P-value 0.28 - 0.04 0.46 0.04 1.45E-03 

LimPyr1 

FC ± SD 1.13±0.20 1 1.21±0.14 1.00±0.10 1.16±0.11 1.29±0.17 

P-value 0.24 - 0.03 0.99 0.02 1.35E-02 

Compared to compound 

ESE-16 
FC ± SD 

 
1 

 
1.33±0.04 

P-value - 1.92E-04 

LimPyr1 
FC ± SD 

 
1 

 
1.29±0.15 

P-value - 8.80E-03 

Compared to radiation 

ESE-16 
FC ±S D 

 
1 1.16±0.10 

P-value - 4.99E-02 

LimPyr1 
FC ± SD  1 1.16±0.06 

P-value  - 2.61E-03 
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Figure 4.60: Graphical representation of superoxide quantification in untreated BT-20 cells 

propagated in conditioned media obtained from cells exposed to various treatment conditions 

for 48 hours. Superoxide was not significantly increased in untreated BT-20 cells propagated in 

ESE-16- and LimPyr1 conditioned media. Conditioned media obtained from cells exposed to 8 Gy 

radiation revealed a significant increase in superoxide generation in untreated BT-20 cells when 

compared to the vehicle control. Untreated BT-20 cells propagated in conditioned media 

obtained from pre-treated BT-20 cells revealed a significant increase in superoxide when 

compared to cells propagated in conditioned media obtained from the vehicle control and 

individual treatment conditions. The mean fold increases of three biological repeats are 

represented in the bar graph. Standard deviations are represented by T-bars. Statistically 

significant differences are indicated with * (P-value <0.05) when compared to DMSO (A), cells 

exposed to ESE-16 or LimPyr1 only (B) and 8 Gy radiation only (C). 
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4.3.2 Mitochondrial transmembrane potential: Flow cytometric 

quantification of Mitocapture™ 

 

The mitochondrial transmembrane permeability was quantified in untreated BT-20 cells 

propagated in conditioned media obtained from cells exposed to various controls and 

treatment conditions for 48 hours using the Mitocapture™ flow cytometric fluorometric kit. 

 

BT-20 cells propagated in growth media served as negative controls. Conditioned media 

transferred from cells exposed to DMSO and vinblastine served as vehicle- and positive 

apoptotic controls, respectively. No statistically significant differences were calculated when 

the vehicle controls were compared to the negative controls. The positive apoptotic controls 

revealed a significant increase in mitochondrial transmembrane permeability (Table 4.30).  

 

Conditioned media obtained from cells exposed to ESE-16 and LimPyr1 revealed no 

significant increase in Mitocapture™ when exposed to untreated BT-20 cells (Figure 4.61). 

Untreated BT-20 cells displayed a significant increase in Mitocapture™ quantification when 

exposed to conditioned media transferred from cells exposed to 8 Gy radiation (1.37±0.21- 

(DMEM/F-12) and 1.26±0.16 (RPMI) fold increase), compared to the vehicle control (Figure 

4.62). BT-20 cells propagated in the media obtained from ESE-16- and LimPyr1 pre-treated 

cells revealed a significant increase in Mitocapture™ compared to the negative control 

(1.54±0.22- and 1.44±0.22 fold increase, respectively), cells exposed to ESE-16 or LimPyr1 

conditioned media (1.61±0.22- and 1.17±0.11 fold increase, respectively) and 8 Gy radiation 

conditioned media (1.08±4.44E-03- and 1.14±0.08 fold increase, respectively) (Table 4.30).  
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Compound of interest: ESE-16 Compound of interest:  LimPyr1 

 

  

 

   

   

  
 

Figure 4.61: Representative overlay histograms of Mitocapture™ detection in untreated BT-20 

cells exposed to conditioned media obtained from cells exposed to appropriate controls and 

different treatment conditions. Histograms were obtained by plotting the cell count against 

Mitocapture™ detection (FL1 Lin) using data points obtained by flow cytometry. Untreated BT-

20 cells displayed a right shift when exposed to conditioned media obtained from BT-20 cells 

exposed to different treatment conditions for 48 hours.    
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Table 4.30: Mitocapture™ detection in untreated breast cancer cells following a 48 hour 

exposure to conditioned media obtained from treated cells. Kaluza Analysis version 1.5 (FL, 

USA) was used to generate data following analysis using an ANOVA-single factor model. The 

averaged fold change (FC) and standard deviations (SD) of three biological repeats are 

displayed. A two-tailed Student’s t-test was used to calculate statistically significant 

differences (P-value <0.05) using cells propagated in conditioned media obtained from BT-

20 cells exposed to the vehicle control as a baseline. P-values were also calculated for the 

combination treatment condition when compared to individual treatments. 

        Medium 
only 

DMSO Vinblastine Compound 
8 Gy 

radiation 
Compound + 

radiation 

B
T-

2
0

 c
el

ls
 

Compared to DMSO 

ESE-16 
FC± SD 1.03±0.05 1 1.27±0.15 0.96±0.05 1.37±0.21 1.54±0.22 

P-value 0.32 - 0.03 0.20 0.04 1.25E-02 

LimPyr1 

FC ± SD 1.26±0.27 1 1.76±0.33 1.11±0.15 1.26±0.16 1.44±0.22 

P-value 0.10 - 3.81E-03 0.18 1.78E-02 6.34E-03 

Compared to compound 

ESE-16 
FC ± SD 

 
1 

 
1.61±0.22 

P-value - 8.87E-03 

LimPyr1 
FC ± SD 

 
1 

 
1.17±0.11 

P-value - 0.02 

Compared to radiation 

ESE-16 
FC ±S D 

 
1 

1.08±4.44E-
03 

P-value - 6.33E-05 

LimPyr1 
FC ± SD  1 1.14±0.08 

P-value  - 1.02E-02 
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Figure 4.62: Graphical representation of Mitocapture™ detection in untreated BT-20 cells 

following a 48 hour exposure to conditioned media obtained from cells exposed to various 

treatment modalities. BT-20 cells propagated in conditioned media obtained from cells exposed 

to ESE-16 and LimPyr1, respectively, revealed no significant increase in Mitocapture™ compared 

to the vehicle controls. Conditioned media obtained from cells exposed to 8 Gy radiation 

revealed a significant increase in mitochondria transmembrane permeability in untreated BT-20 

cells. Additionally, untreated BT-20 cells propagated in conditioned media obtained from pre-

treated BT-20 cells revealed a significant increase in Mitocapture™ quantification when 

compared to cells propagated in conditioned media obtained from vehicle controls, as well as 

the individual treatment conditions. The bar graph illustrates the mean fold increase of three 

biological repeats, with standard deviations represented by T-bars. Statistically significant 

differences are indicated with * (P-value <0.05) when compared to DMSO (A), cells exposed to 

ESE-16 or LimPyr1 only (B) and 8 Gy radiation only (C). 
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4.3.3 Long term cellular proliferation quantified by crystal violet staining. 

 

Long term cell proliferation was evaluated in BT-20 cells exposed to conditioned media 

transferred from cells exposed to ESE-16, LimPyr1, 8 Gy radiation or pre-treated with either 

ESE-16 or LimPyr1 24 hours prior to 8 Gy radiation.   

 

BT-20 cells exposed to conditioned medium obtained from cells exposed to DMSO and 

doxorubicin served as vehicle- and positive controls. Cell proliferation was significantly 

decreased in BT-20 cells propagated in doxorubicin conditioned media compared to the 

vehicle control (Figure 4.63). No statistically significant differences were observed between 

the vehicle control and cells propagated in medium only (Table 4.31). 

 

Cell proliferation remained uninterrupted in BT-20 cells propagated in ESE-16 conditioned 

media compared to the vehicle control (Figure 4.63). BT-20 cells exposed to LimPyr1 

(0.89±0.07) and 8 Gy radiation (0.37±0.02 (DMEM/F-12) and 0.27±0.01 (RPMI)) conditioned 

media revealed a significant decrease in cell proliferation (Table 4.31) compared to DMSO 

taken as 1. Conditioned media obtained from BT-20 cells expose to either ESE-16 or LimPyr1 

24 hours prior to radiation reduced cell proliferation significantly (0.34±0.02 and 0.19±0.02, 

respectively) in untreated BT-20 cells over a period of 14 days compared to DMSO taken as 

1 (Figure 4.64). Untreated BT-20 cells propagated in media obtained from ESE-16- or 

LimPyr1 pre-treated cells significantly decreased cell proliferation compared to cells 

propagated in conditioned media obtained from samples exposed to the compounds only 

(0.36±0.02 and 0.22±0.01, respectively) and 8 Gy radiation conditioned media (0.90±0.02 

and 0.70±0.08, respectively) taken as 1 (Table 4.31). 
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Figure 4.63: Cell proliferation in untreated BT-20 cells propagated in conditioned media for 14 

days obtained from cells exposed to various controls and treatment conditions. Conditioned 

media transferred from BT-20 cells exposed to LimPyr1, 8 Gy radiation and the combination 

therapies decreased cell proliferation via the bystander effect in untreated BT-20 cells.  
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Table 4.31: Cellular survival in untreated BT-20 cells exposed to conditioned media 

obtained from BT-20 cells exposed to various controls and treatment conditions. Data 

were generated by solubilizing the crystal violet dye and reading the absorbance at 570 nm. 

Cell survival was calculated relative to the vehicle control and expressed as fold change. The 

averaged fold change (FC) and standard deviation (SD) of three biological repeats (n=3) are 

displayed in the table. A two-tailed Student’s t-test was used to calculate statistically 

significant differences (P-value <0.05) using the vehicle control and individual treatments 

conditions as baselines.  

        Medium 
only 

DMSO Doxorubicin Compound 
8 Gy 

radiation 
Compound + 

radiation 

B
T-

2
0

 c
el

ls
 

Compared to DMSO 

ESE-16 
FC± SD 1.00±0.01 1 0.03±0.01 0.95±0.07 0.37±0.02 0.34±0.02 

P-value 0.78 - 3.28E-08 0.28 1.19E-06 5.26E-07 

LimPyr1 

FC ± SD 1.01±0.01 1 0.07±0.01 0.89±0.07 0.27±0.01 0.19±0.02 

P-value 0.18 - 1.33E-08 4.81E-02 2.78E-09 6.10E-07 

Compared to compound 

ESE-16 
FC ± SD 

 
1 

 
0.36±0.02 

P-value - 1.42E-06 

LimPyr1 
FC ± SD 

 
1 

 
0.22±0.01 

P-value - 2.61E-08 

Compared to radiation 

ESE-16 
FC ±S D 

 
1 0.90±0.02 

P-value - 1.51E-03 

LimPyr1 
FC ± SD  1 0.70±0.08 

P-value  - 3.21E-03 
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Figure 4.64: Graphical representation of cell survival in untreated BT-20 cells propagated for 

14 days in conditioned media obtained from treated cells. No significant difference was 

observed in untreated BT-20 cells propagated in ESE-16 conditioned media. Untreated BT-20 

cells propagated in conditioned media obtained from LimPyr1, 8 Gy radiation and cells pre-

treated with either ESE-16 or LimPyr1 24 hours prior to radiation revealed a significant decrease 

in cell proliferation. Conditioned media transferred from the combination therapies decreased 

cell proliferation significantly compared to cells propagated in conditioned media obtained from 

BT-20 cells exposed to the individual treatment conditions. Bars represent the mean fold 

changes of three biological repeats, with standard deviations represented by T-bars. Statistically 

significant differences are indicated with * (P-value <0.05) when compared to DMSO (A), cells 

exposed to ESE-16 or LimPyr1 only (B) or 8 Gy radiation only (C). 
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4.3.4 DNA damage and repair: Quantification of γH2AX and Ku70 proteins 

via a western blot 

 

The induction of DNA damage (γH2AX) and the recruitment of DNA repair proteins (Ku70) in 

untreated BT-20 cells propagated in conditioned media obtained from cells exposed to 

various treatment conditions were quantified 2 hours after transfer via a western blot. This 

experiment illustrated the intercellular communication between cells directly exposed to 

radiotherapy (donors) and non-exposed cells which are recipients of possible factors 

released from the donors. 

 

Untreated BT-20 cells propagated in DMSO conditioned media served as a vehicle control. 

Conditioned media transferred from BT-20 cells exposed to ESE-16 (1.21±0.11 fold increase) 

and LimPyr1 (4.05±0.55 fold increase) significantly increased the expression of γH2AX in 

untreated BT-20 cells, compared to DMSO. Ku70 expression remained unchanged in BT-20 

cells propagated in ESE-16 conditioned media, whereas the expression of Ku70 was 

significantly increased in cells propagated in LimPyr1 conditioned media (1.58±0.04 fold 

increase) (Figure 4.65). A statistically significant increase in γH2AX (2.08±0.63-(DMEM/F-12) 

and 4.18±0.55 fold increase (RPMI)) and Ku70 (1.21±0.03- (DMEM/F-12) and 1.89±0.41 fold 

increase (RPMI)) expression were observed in untreated BT-20 cells propagated in 

conditioned media obtained from samples exposed to 8 Gy radiation, compared to the 

vehicle control (Table 4.32).  Untreated B-20 cells propagated in conditioned media 

obtained from ESE-16- or LimPyr1 pre-treated cells revealed a statistically significant 

increase in γH2AX and Ku70 expression when compared to cells propagated in DMSO- 

(2.28±0.53- and 2.62±0.24 fold increase, 5.57±0.93- and 1.84±0.30 fold increase), ESE-16- 

(1.67±0.20- and 2.42±0.67 fold increase), LimPyr1- (1.37±0.08- and 1.49±0.11 fold increase) 

and 8 Gy radiation conditioned media (1.34±0.21- and 2.10±0.18  fold increase, 1.16±0.03- 

and 1.13±0.03 fold increase), respectively (Figure 4.66). 
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Figure 4.65: Western blots visualizing γH2AX and Ku70 protein expressions in untreated BT-20 

cells propagated in conditioned media obtained from cells exposed to various treatment 

conditions for 2 hours. Untreated BT-20 cells propagated in conditioned media obtained from 

cells exposed to ESE-16 (A) and LimPyr1 (B) 24 hours prior to irradiation increased the 

expression of DNA damage and repair proteins compared to the individual treatments. 

 

Table 4.32: Expression of DNA damage (γH2AX) and DNA repair (Ku70) proteins in untreated 

BT-20 via the bystander effect 2 hours post transfer. Proteins were visualized by ChemiDoc MP 

(Bio-rad, CA, USA) and analyzed using Image Lab Software Version 5.2.1 (Bio-rad, CA, USA). Data 

were analyzed using the ANOVA-single factor model and a two-tailed Student’s t-test.  The fold 

change (FC) and standard deviation (SD) of three biological repeats are displayed in the table. 

Statistically significant differences (P-value <0.05) were calculated using the vehicle control as a 

baseline. P-values were also calculated for the combination treatment conditions when 

compared to the individual treatments. 

        DMSO Compound 8 Gy radiation Compound + radiation 

C
o

m
p

o
u

n
d

 o
f 

in
te

re
st

: E
SE

-1
6

 

Compared to DMSO 

γH2AX 
FC± SD 1 1.21±0.11 2.08±0.63 2.28±0.53 

P-value - 0.04 4.70E-02 1.38E-02 

Ku70 
FC ± SD 1 1.00±0.12 1.21±0.03 2.62±0.24 

P-value - 0.95 9.42E-04 3.00E-04 

Compared to compound 

γH2AX 
FC ± SD 

 
1 

 
1.67±0.20 

P-value - 7.41E-03 

Ku70 
FC ± SD 

 
1 

 
2.42±0.67 

P-value - 0.02 

Compared to radiation 

γH2AX 
FC ±S D 

  
1 1.34±0.21 

P-value - 4.62E-02 

Ku70 
FC ± SD   1 2.10±0.18 

P-value   - 1.35E-03 

C
o

m
p

o
u

n
d

 o
f 

in
te

re
st

: L
im

P
yr

1
 

Compared to DMSO 

γH2AX 
FC± SD 1 4.05±0.55 4.18±0.55 5.57±0.93 

P-value - 6.40E-04 5.68E-04 1.03E-03 

Ku70 
FC ± SD 1 1.58±0.04 1.89±0.41 1.84±0.30 

P-value - 1.31E-04 1.98E-02 7.92E-03 

Compared to compound 

γH2AX 
FC ± SD 

 
1 

 
1.37±0.08 

P-value - 1.02E-03 

Ku70 
FC ± SD 

 
1 

 
1.49±0.11 

P-value - 3.94E-03 

Compared to radiation 

γH2AX 
FC ±S D 

  
1 1.16±0.03 

P-value - 2.17E-03 

Ku70 
FC ± SD   1 1.13±0.03 

P-value   - 2.39E-03 

A B 
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Figure 4.66: Graphical representation of γH2AX and Ku70 expression in untreated BT-20 cells 

exposed for 2 hours to conditioned media transferred from cells exposed to various treatment 

conditions. Untreated BT-20 cells propagated in conditioned media obtained from cells exposed 

to LimPyr1, 8 Gy radiation and the combination treatments displayed a significant increase in 

γH2AX and Ku70 expression. The conditioned media obtained from the combination treatment 

conditions significantly increased the expression of γH2AX and Ku70 in untreated BT-20 cells 

compared to the individual treatments. Bars indicate the average of three biological repeats, 

with standard deviations represented by T-bars. Statistically significant differences are indicated 

with * (P-value <0.05) when compared to DMSO, cells exposed to the compounds or radiation 

only. 
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4.4 Evaluation of radiation-induced resistance due to dose 

fractionation in irradiated cells  
 

4.4.1 Reactive oxygen species production: Flow cytometric quantification 

of superoxide employing hydroethidine 
 

Reactive oxygen species production was quantified in BT-20 cells exposed to microtubule 

regulating agents, single dose and fractionated radiotherapy. Exposure of cancer cells to low 

radiation doses over a period of time may lead to the development of radioresistance. The 

aim of this study was to identify a potential anti-cancer compound that will decrease the 

development of radiation resistance in triple negative breast cancer cells. 

 

Various controls were included in the study. BT-20 cells exposed to DMSO served as a 

vehicle control while rotenone exposure served as a positive control for ROS production. 

Compared to cells propagated in medium only the vehicle control displayed no significant 

increase in superoxide production. Rotenone significantly induced ROS production 24 hours 

after exposure compared to the vehicle control (Table 4.33). 

 

Superoxide production was significantly increased in BT-20 cells exposed to ESE-16 

(1.05±0.02 fold increase), a single radiation dose of 8 Gy (1.25±0.11 fold increase) and 

fractionated radiotherapy (2 Gy for 4 consecutive days) (1.20±0.15 fold increase) compared 

to DMSO (Figure 4.67). BT-20 cells exposed to ESE-16 prior to 8 Gy radiation displayed a 

significant increase (1.39±0.06 fold increase) in ROS production compared to the vehicle 

control. Additionally, cells exposed to the single dose combination therapy produced 

significantly more superoxide compared to cells exposed to ESE-16 (1.35±0.08 fold increase) 

and 8 Gy radiation (1.12±0.05 fold increase) only. Cells exposed to ESE-16 prior to 

fractionated radiotherapy revealed a significant increase in ROS generation compared to the 

vehicle control (1.29±0.10 fold increase), cells exposed to ESE-16 (1.25±0.13 fold increase) 

and cells exposed to fractionated radiotherapy (1.10±0.08 fold increase) (Figure 4.68). 
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Breast cancer cells exposed to fractionate radiotherapy as well as the combination 

fractionated therapy (ESE-16 prior to fractionated radiotherapy) produced significantly 

lower levels of superoxide compared to cells exposed to a single radiation dose (8 Gy) 

(0.93±0.05) and cells exposed to the single dose combination therapy (0.92±0.04), taken as 

1 (Table 4.33). This illustrated the inability of ESE-16 to prevent the development of 

radiation resistance in BT-20 cells. 

 

Compared to the vehicle control a significant fold increase in ROS production of 1.40±0.27, 

1.29±0.17, 1.19±0.06, 1.84±0.15 and 2.20±0.42 was observed in BT-20 cells exposed to 

LimPyr1, 8 Gy radiation (single dose), fractionated radiation doses, pre-treated BT-20 cells 

exposed to 8 Gy radiation and BT-20 cells pre-treated prior to fractionated radiotherapy 

(Table 4.33), respectively. Compared to LimPyr1 treatment alone the combination therapy 

was more successful in inducing ROS production following exposure to a single radiation 

dose (1.38±0.12 fold increase) or fractionated radiation doses (1.73±0.49 fold increase). By 

pre-treating BT-20 cells with LimPyr1 prior to single dose (1.38±0.12 fold increase)- or 

fractionated (1.73±0.49 fold increase) radiotherapy resulted in increased superoxide 

production compared to cells exposed to the unsensitized equivalents (Figure 4.68). A 

decrease in superoxide was observed in cells exposed to fractionated radiotherapy 

compared to the single dose samples (0.84±0.09) taken as 1. This indicated a decrease in 

apoptosis activation and possible development of radiation resistance. The latter was 

prevented with the addition of LimPyr1 as observed by the increased ROS production in BT-

20 cells exposed to LimPyr1 prior to fractionated radiotherapy compared to the single dose 

combination therapy samples (1.24±0.16 fold increase) (Figure 4.67). 
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Figure 4.67: Representative overlay histograms of superoxide detection measured by flow 

cytometry in BT-20 cells exposed to ESE-16 or LimPyr1, single dose and fractionated 
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radiotherapy. Histograms were obtained by plotting the cell count against the generated 

superoxide (FL3 Log) using data obtained from flow cytometry. BT-20 cells exposed to the 

various treatment condition display a right sift, indicating increased superoxide production. 

Decreased ROS quantification was observed in cells exposed to fractionated radiotherapy 

compared to cells exposed to single dose radiation, indicating the induction of radiation-induced 

resistance due to dose fractionation. BT-20 cells pre-treated with ESE-16 prior to fractionated 

radiotherapy did not succeed in preventing the induction of radiation-induced resistance, 

however the addition of LimPry1 prior to fractionate radiotherapy increased superoxide 

production compared to pre-treated cells exposed to a single radiation dose.  

 

Table 4.33: Superoxide detection by means of flow cytometry employing hydroethidine in BT-

20 cells exposed to single dose and fractionated radiotherapy. Data were analyzed using an 

ANOVA-single factor model from data points generated using Kaluza Analysis version 1.5 (FL, 

USA). The averaged fold change (FC) and standard deviations (SD) of three biological repeats are 

displayed. Using DMSO as baseline statistically significant differences (P-value <0.05) were 

calculated using a two-tailed Student’s t-test. Additionally, P-values were also calculated for 

cells exposed to the combination treatments (single- or fractionated radiation dose exposure) 

when compared to cells exposed to the individual treatment conditions. 
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Compared to DMSO 

ESE-16 
FC± SD 1.04±0.13 1 1.82±0.40 1.05±0.02 1.25±0.11 1.20±0.15 1.39±0.06 1.29±0.10 

P-value 0.55 - 6.09E-03 5.73E-03 3.65E-03 0.04 1.17E-05 1.23E-03 

LimPyr1 
FC ± SD 1.05±0.07 1 1.84±0.50 1.40±0.27 1.29±0.17 1.19±0.06 1.84±0.15 2.20±0.42 

P-value 0.21 - 1.80E-02 0.02 1.43E-02 1.04E-03 7.94E-05 2.07E-03 

Compared to compound 

ESE-16 
FC± SD 

  
1 

 
1.35±0.08 1.25±0.13 

P-value - 1.48E-04 8.22E-03 

LimPyr1 
FC± SD 

 
1 

 
1.20±0.06 1.38±0.21 

P-value - 6.91E-04 1.07E-02 

Compared to radiation 

ESE-16 

FC± SD 

  

1  1.12±0.05  

P-value - 4.80E-03 

FC± SD 
 

1 
 

1.10±0.08 

P-value - 4.74E-02 

LimPyr1 

FC± SD 

  

1  1.38±0.12  

P-value - 1.08E-03 

FC± SD 
 

1 
 

1.73±0.49 

P-value - 0.02 

Fractionated dose compared to single dose 

ESE-16 

FC± SD 

 

1 0.93±0.05 
  

P-value - 4.51E-02 

FC± SD 
  

1 0.92±0.04 

P-value - 9.50E-03 

LimPyr1 

FC± SD 
 

 

1 0.84±0.09   

P-value - 1.11E-02   

FC± SD 
    

1 1.24±0.16 

P-value - 0.02 
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Figure 4.68: Graphical representation of superoxide quantification in BT-20 cells exposed to 

single dose or fractionated radiotherapy. BT-20 cells exposed to microtubule regulating agents, 

radiotherapy (single dose and fractionated doses) and a combination therapy revealed a 

significant increase in superoxide quantification compared to the vehicle control. BT-20 cells 

exposed to the combination therapy (single dose or fractionated radiation exposure) were more 

sufficient in inducing superoxide production compared to the individual treatments. 

Fractionated radiotherapy produced less superoxide compared to the samples exposed to the 
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single dose of 8 Gy. This indicated the induction of radiation resistance, resulting in a decreased 

apoptotic signal. The addition of LimPyr1 prior to fractionated radiotherapy prevented the 

induction of radiation-induced resistance, however pre-treatment with ESE-16 failed to produce 

similar results.  The bar graph illustrates the average fold change of three biological repeats. 

Standard deviations are represented by T-bars. Statistically significant differences are indicated 

with * (P-value <0.05) when compared to DMSO (A), cells exposed to ESE-16 or LimPyr1 only (B) 

or radiation only (C). Statistically significant differences were also calculated for cells exposed to 

the fractionated combination therapy compared to pre-treated cells exposed to a single 

radiation dose (D). 

 

4.4.2 Mitochondrial transmembrane potential: Flow cytometric 

quantification of MitoCapture™ 

 

Changes in the mitochondrial transmembrane potential were quantified in BT-20 cells 

exposed to fractionated radiotherapy. The aim of this experiment was to evaluate whether 

exposure to fractionated radiotherapy will result in the development of radioresistance by 

decreasing the induction of apoptosis, and whether the addition of the compounds will 

prevent the latter.  

 

BT-20 cells were propagated in medium as a negative control or exposed to DMSO as a 

vehicle control. No significant difference in the mitochondrial transmembrane potential was 

quantified when the negative control was compared to the vehicle control. As a positive 

apoptotic control cells were exposed to vinblastine for 24 hours. A statistically significant 

increase in the permeability of the mitochondrial transmembrane was displayed in cells 

exposed to the positive control (Table 4.34). 

 

BT-20 cells exposed to ESE-16 for 72 hours revealed a significant increase in MitoCapture™ 

when compared to the vehicle control (1.12±0.08 fold increase) (Figure 4.69). MitoCapture™ 

was significantly increased in cells exposed to 8 Gy radiation (one dose) (1.38±0.13 fold 

increase), fractionated radiotherapy (total exposure of 8 Gy over a period of 4 days) 

(1.31±0.14 fold increase), cells pre-treated with ESE-16 prior to 8 Gy radiation (single dose) 
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(1.63±0.18 fold increase) and cells exposed to ESE-16 prior to fractionated radiotherapy 

(1.39±0.22 fold increase). Compared to cells exposed to ESE-16 only pre-treated BT-20 cells 

displayed a significant 1.51±0.25- and 1.27±0.17 fold increase in MitoCapture™ following 

exposure to a single radiation dose and fractionated radiotherapy, respectively (Figure 

4.70). Compared to cells exposed to a single dose of 8 Gy radiation pre-treated cells 

displayed a significant increase in the permeability of the mitochondrial transmembrane 

(1.18±0.11 fold increase). BT-20 cells exposed to ESE-16 prior to fractionated radiotherapy 

also displayed increased MitoCapture™ quantification (1.09±0.04 fold increase) compared 

to cells exposed to fractionate radiotherapy (Table 4.34). The development of 

radioresistance was observed when cells exposed to fractionated radiotherapy displayed as 

significant decrease in MitoCapture™ detection (0.94±0.02) compared to cells exposed to a 

single radiation dose taken as 1. The latter was not prevented with the addition of ESE-16, 

as a decrease in MitoCapture™ (0.85±0.11) was also observed in cells exposed to the 

fractionated combination therapy when compared to the single dose combination therapy 

taken as 1 (Figure 4.70).  

 

A statistically significant fold increase of 1.64±0.26, 1.47±0.17 and 1.16±0.01 in 

MitoCapture™ quantification was observed in BT-20 cells exposed to LimPyr1, a single dose 

of 8 Gy radiation and fractionated radiation doses, compared to the vehicle control (Table 

4.34). BT-20 cells exposed to LimPyr1 prior to single dose radiotherapy revealed a significant 

increase in the permeability of the mitochondrial transmembrane when compared to the 

vehicle control (2.06±0.44 fold increase), cells exposed to LimPyr1 (1.25±0.13 fold increase) 

and BT-20 cells exposed to 8 Gy radiation (single dose) (1.19±0.09 fold increase). 

Additionally, BT-20 cells exposed to the fractionated combination therapy also displayed a 

significant fold increase of 2.60±0.75, 1.57±0.22 and 2.04±0.35 in MitoCapture™ when 

compared to the vehicle control, cells exposed to LimPyr1 or fractionated radiotherapy, 

respectively (Figure 4.70). BT-20 cells exposed to fractionated radiotherapy revealed a 

significant decrease in MitoCapture™ detection compared to cells exposed to the single 

radiation dose (Figure 4.69). This indicated that radiation-induced resistance was initiated in 

cells exposed to the fractionated radiotherapy, decreasing the induction of apoptosis. This 
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development of radiation resistance was prevented with the addition of LimPyr1, where 

cells exposed to LimPyr1 prior to fractionated radiotherapy displayed a significant  

1.25±0.13 fold increase in MitoCapture™ detention compared too cells exposed LimPyr1 

prior to a single radiation dose of 8 Gy (Table 4.34). 

 

Table 4.34: MitoCapture™ quantification in breast cancer cells exposed to single dose and 

fractionated radiotherapy. Data points were generated using Kaluza Analysis version 1.5 (FL, 

USA) followed by analysis using an ANOVA-single factor model. The averaged fold change (FC) 

and standard deviations (SD) of three biological repeats are displayed. A two-tailed Student’s t-

test was used to calculate statistically significant differences (P-value <0.05) using cells exposed 

to DMSO as a baseline. P-values were also calculated for cells exposed to the combination 

treatment condition (single- or fractionated radiation dose exposure) when compared to cells 

exposed to the individual treatment conditions. 
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Compared to DMSO 

ESE-16 
FC± SD 0.94±0.09 1 2.27±0.70 1.12±0.08 1.38±0.13 1.31±0.14 1.63±0.18 1.39±0.22 

P-value 0.22 - 1.29E-02 0.02 1.30E-03 4.55E-03 4.25E-04 1.26E-02 

LimPyr1 
FC ± SD 1.17±0.17 1 2.63±0.69 1.64±0.26 1.47±0.17 1.16±0.01 2.06±0.44 2.60±0.75 

P-value 0.16 - 0.02 1.23E-02 1.26E-02 3.03E-05 1.41E-02 0.02 

Compared to compound 

ESE-16 
FC± SD 

  
1 

 
1.51±0.25 1.27±0.17 

P-value - 6.40E-03 1.92E-02 

LimPyr1 
FC± SD 

 
1 

 
1.25±0.13 1.57±0.22 

P-value - 0.03 1.17E-02 

Compared to radiation 

ESE-16 

FC± SD 

  

1  1.18±0.11  

P-value - 1.77E-02 

FC± SD 
 

1 
 

1.09±0.04 

P-value - 4.74E-03 

LimPyr1 

FC± SD 

  

1  1.19±0.09  

P-value - 0.02 

FC± SD 
 

1 
 

2.04±0.35 

P-value - 6.62E-03 

Fractionated dose compared to single dose 

ESE-16 

FC± SD 

 

1 0.94±0.02 
  

P-value - 3.58E-04 

FC± SD 
  

1 0.85±0.11 

P-value - 0.04 

LimPyr1 

FC± SD 
 

 

1 0.74±0.11   

P-value - 1.46E-02   

FC± SD 
    

1 1.25±0.13 

P-value - 0.03 
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Figure 4.69: Representative overlay histograms of MitoCapture™ in BT-20 cells exposed to 

microtubule regulating agents, single dose and fractionated radiotherapy. Histograms were 
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obtained by plotting the cell count against MitoCapture™ quantification (FL1 Lin). A right shift is 

observed in MitoCapture™ in BT-20 cells exposed to single dose or fractionated radiotherapy. 

Development of radioresistance is illustrated in the left shift of histograms obtained from cells 

exposed to fractionated radiotherapy compared to cells exposed to a single dose of 8 Gy 

radiation. The addition of ESE-16 prior to radiation did not prevent the latter, however the 

addition of LimPyr1 prior to fractionated radiotherapy display a right shift (increase in 

MitoCapture™) compared to the single dose combination therapy.  

 

  

 
Figure 4.70: Graphical representation of MitoCapture™ quantification in BT-20 cells exposed 

to microtubule regulating agents, single dose or fractionated radiotherapy. BT-20 cells 
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exposed to ESE-16 and LimPyr1, respectively, revealed a significant increase in MitoCapture™. 

Single dose and fractionated radiotherapy also increased the permeability of the mitochondrial 

transmembrane, as did the combination therapies. MitoCapture™ was significantly increased in 

BT-20 cells exposed to the combination treatment conditions compared to the individual 

treatments. The permeability of the mitochondrial transmembrane was significantly decreased 

in cells exposed to fractionated radiotherapy compared to cells exposed to the single dose of 8 

Gy radiation. This indicated the induction of radiation resistance due to dose fractionation, 

resulting in a decreased apoptotic signal. The latter was prevented with the addition of LimPyr1 

prior to radiation, however ESE-16 refrain from preventing the development of radiation 

resistance. The bar graph illustrates the mean fold increase of three biological repeats, with 

standard deviations represented by T-bars. Statistically significant differences are indicated with 

* (P-value <0.05) when compared to DMSO (A), cells exposed to ESE-16 or LimPyr1 only (B) or 8 

Gy radiation only (C), as well as cells exposed to the compounds prior to fractionated 

radiotherapy compared to cells exposed to the compounds prior to single radiation dose 

delivery (D). 
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5. Discussion 

 

“If I have seen further than others, it is by standing upon the shoulders of giants.” 

- Sir Isaac Newton- 

 

“While there are several chronic diseases more destructive to life than cancer, none is more 

feared”- Charles Mayo 

 

Breast cancer is one of the most frequently diagnosed cancer types among women 

worldwide (498). Treatment regimens for breast cancer usually include chemotherapy and 

radiation therapy (7). However, with the alarming increase of breast cancer diagnosis each 

year a more cost and clinically effective method for treating these patients is imperative. 

Additionally, the development of chemo- and radiation resistance among South African and 

French patients remains problematic in both countries. Among the breast cancers, triple 

receptor-negative breast cancers, which do not express hormonal receptors, are aggressive 

and are resistant to treatments (499). Ideally, a pharmaceutical agent which selectively 

sensitizes cancer cells to radiation would allow administration of lower doses of each 

treatment modality, yielding synergistic anti-cancer benefits and lower metastasis 

occurrence, in addition to decreasing the side-effect profiles and recovery time of patients. 

This in vitro study aimed to identify and evaluate the potential of novel compounds to 

radiosensitize breast cancer cells with various receptor statuses.  

 

Biological material is composed of atoms joined by bonds to form molecules. Exposure of 

biological material to ionizing radiation results in displacement of these atoms, breaking the 

bonds joining the electrons (500). This process induces damage to various parts of the cell, 



 

 

 
234 

 

but it is the damage to the cellular DNA that is very important (500). Upon damage the 

enzyme responsible for DNA replication, DNA polymerase, becomes inactive. Consequently 

the DNA replication fork is stalled, preventing DNA replication (501). The cell has various 

DNA repair mechanisms. However, when the damage obtained by ionizing radiation is too 

severe the repair mechanisms are rendered ineffective (502). This causes the replication 

fork to collapse. In order to prevent this damaged DNA being passed on to the next 

generation of cells, programmed cell death is induced (503). 

 

Radiation therapy is an effective treatment modality for cancer. Radiation can be used as a 

single agent or in combination with chemotherapy or surgery. Radiation may be prescribed 

for patients prior to surgery in order to decrease the tumor size (502). Radiation therapy can 

also be administered after the surgical procedure. This post-surgical radiation regime aims 

to eliminate any malignant cells which were not removed during surgery (502). 

Theoretically, radiation is a very effective treatment option for cancer, however there are 

some challenges in a clinical setting. The main challenge of radiotherapy is to maximize the 

radiation dose delivered to the malignant cells while the dose received by the normal cells is 

kept to a minimum (504). As cancer cells are surrounded by normal cells, best practices on 

dose- and method delivery of the radiotherapy remains a research question in order to 

minimize these side-effects. DNA damage is obtained by the malignant cells as well as the 

surrounding non-cancerous cells during radiotherapy. Rapidly dividing cells, such as cancer 

cells, are more susceptible to the effects of radiation due to their decreased capability to 

repair the damaged DNA (501,505). Normal cells can, to a certain extent, repair the damage 

to regain normal function after radiotherapy, keeping radiotherapy a viable treatment 

option (505). 

 

Different types of radiation are used in the treatment of cancer. The extent of the damage 

obtained by the genome is not the same with equivalent physical doses delivered by 

different radiation types (506). The relative biological effectiveness is a scaling factor used in 

the radiation biology field in order to account for these differences (506). The relative 
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biological effectiveness is defined as “the ratio of the doses required by two radiations to 

cause the same level of effect” and depends on the radiation dose, fractionation rate, linear 

energy transfer and biological endpoint which is influenced by the cell’s sensitivity to 

radiation (507,508). The therapeutic effect of radiation therapy largely depends on the 

induction of double strand breaks and the subsequent induction of cell death (509). The 

ATM-p53-Bax-cytochrome c cascade pathway is activated in radiation-exposed cells 

resulting in mitotic catastrophe and apoptotic cell death (163,510,511). Furthermore, cells 

may enter a state of terminal proliferation arrest. These cells are said to be in senescence 

and will be rendered apoptotic if the DNA damage is too severe to be repaired (512). 

 

Radiosensitization is the process through which the lethal effect of radiation is increased by 

physical, chemical or pharmacological interventions (513). The aim of radiosensitizers is to 

increase the sensitivity of tumor cells to radiation. However, radiosensitization is only 

beneficial in a clinical setting if a differential effect between malignant- and non-malignant 

cells can be demonstrated.  

 

Numerous approaches have been investigated to increase the efficacy of radiation therapy. 

Increased sensitivity has been achieved by halogenated pyrimidine treatment prior to 

radiation. This approach utilizes halogenated pyrimidines such as 5-bromodeoxyuridine to 

increase the DNA damage induced by radiation (513,514). This is achieved by exploiting the 

mechanism of action of these compounds which weakens the DNA molecule, thus making 

the genome more vulnerable to radiation damage (515). Another approach to radiosensitize 

cells by targeting the cellular DNA is to inhibit the repair mechanisms involved in DNA 

damage repair. Platinum chemotherapeutics, such as cisplastin, have the ability to crosslink 

purine bases in the DNA strands. This interferes with the efficiency of DNA repair 

mechanisms, thereby contributing to increased DNA damage (513,514).  
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Radiosensitization can also be achieved by using biological response modifiers such as 

interferons and tyrosine kinase inhibitors (513,516). As these modifiers regulate various 

biological and biochemical processes such as the cell cycle, metabolism, stress response, the 

cytokine network, DNA repair, and programmed cell death, their mechanism of action may 

be exploited to increase cellular radiosensitivity. Overexpression of epidermal growth factor 

receptor (EGFR) has been linked to radiation resistance. Thus, inhibition of the receptor as 

well as its associated ligand, epidermal growth factor (EGF), significantly increases the 

sensitivity of cells to radiation (513,516). Alternatively, cytokines can be used to alter 

cellular radiosensitivity. The aforementioned signaling molecules are responsible for a 

number of cell fate decisions following radiation damage such as DNA repair activation, 

cellular proliferation and differentiation, as well as cell death. The mechanism of action of 

these different signaling molecules can be exploited to increase radiosensitivity (513,516). 

Additionally, bioreducible cytokines such as mitomycin C and tirapazaine are activated to 

form cytokines and are toxic to hypoxic cells (513,514). Since hypoxia confers 

radioresistance the aforementioned molecules are used to eliminate the hypoxic cells and 

increase the radiosensitivity of the tumors. Furthermore, reoxygenation can be employed to 

increase oxygen levels within the tumor micromilieu, counteracting hypoxia and in turn 

radiosensitize the tumor cells (513,514).  

 

The biological mechanisms involving the enzyme COX-2 has been extensively studied as a 

potential mechanism for radiosensitization (513). Studies have highlighted the involvement 

of COX-2 in cell proliferation in breast-, prostrate-, colorectal- and hematological 

malignancies (517-519). These findings prompted the investigation of COX-2 inhibitors as 

potential radiosensitizing agents. Human cervical carcinoma cells (HeLa) as well as human 

prostate carcinoma (PC3) displayed an increase of radiosensitivity following siRNA silencing 

of COX-2 (520). The current study was based on published data characterizing taxanes and 

other microtubule targeting agents as radiosensitizing agents (513,514). By inducing a 

metaphase block taxanes, such as paclitaxel, expose the cellular DNA to the damaging 

effects of ionizing radiation. This resulted in the G2/M phase being labeled as ‘the most 

radiosensitive phase of the cell cycle’. Due to the fact that rapidly dividing malignant cells 
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are susceptible to the effects of microtubule targeting agents, they may provide a potential 

mechanism to promote radiosensitization within the clinical setting (414). 

 

Cancer treatment relies on a multidisciplinary treatment approach for an optimal outcome. 

Although surgery and radiotherapy remain the treatments of choice for the local control of 

cancer, treatment and prevention of metastatic cancers requires systemic therapy. 

Moreover, systemic therapy can be administered in combination with the aforementioned 

treatment modalities as part of a primary treatment regime with curative intent. There are 

many classes of systemic drugs available for the treatment of cancer. However, for the past 

three decades research has been shifted to the development and implementation of 

systemic drugs with improved dose-responses (521). As a result several new approaches 

have been investigated and resulted in new therapeutic agents. A group of drugs that affect 

the cellular microtubule cytoskeleton by associating with α- or β tubulin dimers (522,523) 

has been integrated into the treatment of ovarian-, breast-, lung-, lymphoid derived- and 

head- and neck cancers (524,525). These microtubule targeting agents can either be 

classified as microtubule stabilizing agents (such as taxanes and epothiliones) or 

microtubule destabilizing agents (such as colchicine and vinblastine) (283,526,527). Once 

cells enter metaphase in the presence of a microtubule targeting agent the SAC becomes 

activated, halting the transition to anaphase (73,528).  This is due to the inability of 

chromosomes to properly attach to the spindle microtubules. Thus, as long as the 

microtubules are defunct the SAC activity will be elevated, resulting in a prolonged 

metaphase block and the subsequent induction of apoptosis (526). 

 

2-ME is a microtubule targeting agent naturally synthesized by the body via estrogen 

methylation facilitated by COMT activity (529). This microtubule targeting agent exerts its 

effect by inducing an extended metaphase block by binding to the colchicine binding sites 

on tubulin with an inhibitor constant (Ki)-value of 22 ± 2 µM (270,273). This leads to the 

cytotoxic induction of programmed cell death type 1, a mechanism which is retained in PgP-

overexpressing multiple drug resistant cell lines (286,290,530). The anti-proliferative effect 
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of 2-ME has been established in vitro in prostate- (276,277), lung- (302-304), cervical- (275), 

breast- (278-280), ovarian- (274,301) and esophageal cancers (300). A study conducted by 

Kuo et al. highlighted another important property of 2-ME (531). Apoptosis was induced in 

urothelial carcinoma cells in vitro 24 hours after exposure to 2 µM 2-ME. However, cell 

death was not induced in non-tumorigenic transformed urothelial cells under the same 

conditions. These results suggested that the anti-proliferative effect of 2-ME is targeted at 

rapidly dividing malignant cells, while slow dividing or quiescent cells are less affected 

(274,531). Furthermore, the anti-mitotic activity of 2-ME is not dependent on the estrogen 

receptor status of cells (532). Mechanistic studies confirmed that the induction of apoptosis 

in human acute leukaemia Jurkat T cells exposed to 2-ME at a concentration of 1 µM for 24 

hours was initiated by microtubule disruption and occurred in an estrogen-independent 

manner (532). Additionally, results obtained in vivo confirmed the in vitro results. Estrogen 

receptor negative breast- (308) and lung cancer (309) mouse models displayed a significant 

reduction in tumor growth after 2-ME treatment, in addition to displaying a favorable side-

effect profile. These findings postulated that 2-ME could clinically be used for the treatment 

of triple receptor-negative breast cancers and clinical trials commenced. 2-ME, registered as 

Panzem® (533), has undergone numerous clinical trials as a chemotherapeutic agent and 

displayed positive results during a phase II clinical trial on hormone-refractory prostate 

cancer, with minimal hepatic toxicity (292). These results were achieved in spite of 2-ME’s 

low bioavailability. Due to 17β-hydroxy-steriod dehydrogenase-mediated metabolism 2-ME 

is rapidly broken down in the body, limiting its anti-cancer effect (292). This stumbling block 

led to the design and development of several 2-ME analogues, which aimed to increase the 

bioavailability of the parent compound, while retaining or enhancing its cytotoxicity.  

 

The pharmacokinetic limitations associated with 2-ME encouraged the design of a range of 

novel 2-ME analogues in our laboratory. During the in silico design of these analogues 

Stander et al. mainly focused on improving the cytotoxicity and bioavailability of the parent 

compound, in addition to localizing the analogues to the acidic tumor microenvironments 

(312). Increased cytotoxicity was achieved by C2’ and C3’ modifications, whereas D ring 

modifications ensured decreased 17β‐hydroxysteroid dehydrogenase metabolism. 

Additionally, erythrocyte CAII binding was achieved by steroid sulphamoylation which aimed 
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to further increase the half-life and bioavailability of these analogues by bypassing the first 

liver metabolism.  These analogues were also designed to preferentially bind to CAIX. CAIX is 

overexpressed in the tumor micromilieu, thus the design aimed to localize these analogues 

to tumor cells (312,534). Data published by Leese et al. indicated that an ethyl substitution 

at the position C2 of estrogen yielded the highest binding to tubulin at the colchicine-

binding sites (272). By incorporating the latter into the design of our novel in silico-designed 

analogues Stander et al. synthesized ESE-15-one and ESE-16 based on the successful docking 

of these ligands into the colchicine-binding sites between the α- and β tubulin dimers (312). 

In the current study this computer simulated mechanism of action was translated into an 

experimental evaluation by exposing ESE-16 to purified tubulin in competition with [3H] 

colchicine. In the presence of ESE-16 [3H] colchicine-tubulin binding was significantly 

decreased which confirms the ability of ESE-16 to bind to tubulin utilizing the colchicine 

binding sites. As the chemical structure of ESE-16 and ESE-15-one only differ at the C’17 and 

C’16 positions of the D-ring (312), it is theorized that the aforementioned mechanism of 

action is also employed by ESE-15-one. These novel compounds have polar moieties which 

would potentially increase their solubility in more acceptable excipients than what is 

possible for their hydrophobic parent compound, 2-ME (535).  

 

These two non-commercially available analogues were assessed for their cytotoxicity and 

radiosensitization potential in breast cancer cell lines in the current study. 

Spectrophotometric quantification of MTT revealed nanomolar GI50 concentrations for both 

compounds in estrogen receptor positive (MCF-7)-, estrogen receptor negative (MDA-MB-

231)- and triple receptor-negative (BT-20) breast cancer cell lines. Thus, nanomolar GI50 

values were obtained irrespective of the receptor status of the cell lines. This indicated that 

the analogues retained the characteristic of 2-ME of exerting its anti-proliferative effect 

independently of hormone receptor status (289,293,312,536).  The GI50 values obtained 

from this study revealed a cytotoxicity that is increased tenfold when compared to the GI50 

values obtained from various cell lines exposed to the parent compound (537). These 

findings concurred with data published by our laboratory which reported effective 

cytotoxicity of these two compounds in additional cell lines including the non‐keratinising 
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squamous epithelial esophageal cancer cells (SNO), cervical adenocarcinoma cells (HeLa), 

uterine sarcoma cells (MES‐SA) and lung epithelial cancer cells (A549) (289,312). The 

multiple drug-resistant uterine sarcoma cell line, MES‐SA/DX5, has also demonstrated 

cytotoxicity when treated with ESE-15-one and ESE-16, suggesting that these compound do 

not act as substrates of the PgP pumps and may be able to overcome drug resistance 

associated with PgP overexpression (289,538). The dose-response curves generated during a 

cytotoxicity screening test of 17 of the in silico-designed analogues displayed significantly 

lower GI50 values for the sulpahmoylated compounds compared to the non-sulphamoylated 

intermediates. This demonstrated that the addition of the sulpahmoylated group to the 

parent compound confers the observed increased cytotoxicity (289). 

 

LIM kinases are emerging targets for the treatment of cancer due to their involvement in 

the regulation of the cellular cytoskeleton. LIM kinases coordinate actin dynamics by 

interacting with ADF/cofilin (539). In its active unphosphorylated state, cofilin hydrolyses F-

actin filaments and sequesters G-actin monomers from the polymerizing end, promoting 

actin depolymerization. Upon phosphorylation, cofilin dissociates from actin and 

polymerization of filamental actin commences (539). LIM kinase is activated upon 

phosphorylation by downstream Rho GTPases such as ROCK, Pak1 and 4, whereas SSH-IL 

and bone morphogenetic protein receptor II (BMPRII) inhibit LIM kinase activity. 

Additionally, LIM kinase is associated with microtubule destabilization which promotes actin 

stress fiber formation and enhances cell contractility (540). Furthermore, co-localization of 

phosphorylated LIM kinases and gamma-tubulin was observed in the centrosomes of human 

breast- and prostate cancer cells during the early stages of mitosis, suggesting their 

involvement in mitotic spindle assembly (541).   

 

Metastatic cancer cells spread from the primary tumor to distant parts of the body, mostly 

after local invasion. Cell motility involves the protrusion of the leading edge of the cell 

membrane, forward propelment of the cell body and the retraction of the cell rear. This 

process is largely controlled by actin polymerization at the leading cell edge, promoting 

membrane protrusion (542,543). Thus, the actin binding protein cofilin is essential for 

cellular movement and is under the cyclic control of LIM kinase. This led to the hypothesis 



 

 

 
241 

 

that LIM kinase is involved in the motility of cells by regulating the actin treadmilling 

process. Upon investigation of this hypothesis it was found that locally invasive breast- and 

prostate cancer cells, as well as metastatic breast-, skin-, prostate- and colon tumors 

express elevated levels of LIM kinase (544). Furthermore, it was noted that cells expressing 

elevated LIM kinase levels also displayed increased serine protease urokinase type 

plasminogen activator (uPA) and its receptor (uPAR). This led to the conclusion that LIM 

kinase increases the secretion of uPA, which is responsible for the degradation of the 

extracellular matrix, and in turn enhances cell motility and tumor invasion (544).  

 

The aforementioned characteristics of LIM kinase made it a potential target for the 

treatment of cancer and led to the design of several LIM kinase inhibitors. Inhibition of LIM 

kinase can be achieved via gene knockdown techniques or by biochemical means (545,546). 

Inhibition of LIM kinase resulted in a significant decrease in breast- and lung cancer cell 

division, invasion and migration. Furthermore, inhibition of LIM kinase resulted in altered 

actin dynamics and disruption of the microtubule network which decreased tumor 

proliferation (547-550). 

 

The research team lead by Prof. L Lafanechère in Grenoble, France, employed a cell-based 

assay to screen a diverse chemical library in an attempt to identify chemicals that interact 

with microtubule regulators (548). This cell-based assay recognized the polymerization state 

of microtubules in the presence of these chemicals and led to the discovery of a microtubule 

modifier called LimPyr1. Furthermore, it was discovered that LimPyr1 was a LIM kinase 1/2 

inhibitor. By inhibiting the phosphorylation of cofilin LimPyr1 inhibited the dynamic activity 

of actin microfilaments (548). A comprehensive study was conducted by Prudent et al. 

which identified alterations in microtubule dynamics in the presence of LimPyr1. Data 

generated from the study revealed that LimPyr1 induced a stable microtubule network with 

mostly detyrosinated tubulin (548). Additionally, microtubules treated with LimPyr1 were 

resistant to the depolymerizing effect of nocodazole.  

 

The microtubule stabilizing properties of LimPyr1 was shared by other LIM kinase inhibitors 

that were both structurally similar and different to LimPyr1 (548). This suggests that the 



 

 

 
242 

 

stabilizing effect produced by the LIM kinase inhibitors is the result of direct LIM kinase 

inhibition and not due to off-target effects. Furthermore, the ability of LimPyr1 to stabilize 

the microtubules occured independent of its effect on the actin cytoskeleton (548). This 

observation was made in HeLa cells exposed to the actin microfilament depolymerizing 

agent cytochalasin prior to the addition of LimPyr1. Addition of LimPyr1 still resulted in the 

stabilization of the microtubule network in these cytochalasin treated HeLa cells as 

measured by the formation of detyrosinated microtubules. LimPyr1 retained its cytotoxicity 

and anti-proliferative activity in paclitaxel resistant cell lines, and displayed anti-cancer 

activity in vivo with limited side-effects (547,548). Clinical application of LimPyr1 is limited 

due to its four ring scaffold structure. This structure renders the inhibitor poorly soluble and 

limits further pharmacological development in its current structure (318). 

 

Invasive breast cancer cells often express higher levels of endogenous LIMK1 (219,551). 

Western blot analysis of the invasive breast cancer cell lines TS/A-pGL3 and MDA-MB-231-

ZNF217rvLuc2 revealed an endogenous LIMK1 level that was at least 50% higher when 

compared to non-invasive cells such as the MCF-7 cells (219,552). As LimPyr1 is a LIM kinase 

inhibitor, these cells were used for the evaluation of the toxcicity of LimPyr1. Utilizing the 

MTT cytotoxicity assay toxicity profiles were generated after a 48 hour exposure to a 

LimPyr1 dose-response curve (0-25 µM). The proliferation of these invasive breast cancer 

cells were decreased to around 90% with GI50 values calculated at 1.4 µM for TS/A-pGL3- 

and 7 µM for MDA-MB-231-ZNF217rvLuc2 cells (547). The cytotoxic effect of LimPyr1 was 

confirmed in the currently study. Spectrophotometric quantification of MTT revealed higher 

GI50 concentrations for LimPyr1 when exposed to BT-20 cells (16.38±0.55 µM), MCF-7 cells 

(19.50±1.41 µM) and MDA-MB-231 cells (19.50±0.71 µM) for 48 hours. 

 

Other on-going phenotypic studies conducted by the IAB research team aim to identify 

compounds that sensitize cells to non-lethal doses of paclitaxel. Paclitaxel is one of the most 

well-known naturally sourced anti-cancer drugs and is frequently prescribed for the 

treatment of breast- and ovarian cancer (553). By targeting cellular microtubules, paclitaxel 

prevents the transition between the G2 phase and the mitotic phase, subsequently 

preventing cellular division (554). This results in a prolonged mitotic block and the cell is 
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rendered apoptotic. This form of cell death is desirable as it does not activate an immune 

response (74). However, paclitaxel treatment is associated with various side effects such as 

neutropenia and peripheral neuropathies (555). Additionally, the development of drug 

resistance is a major limitation in paclitaxel treatment (556). Paclitaxel and other 

pharmaceutical agents have been studied and employed in combined cancer treatment 

regimes. This aimed to increase the cancer cell’s sensitivity to paclitaxel, allowing lower 

dose administration in order to decrease the side-effects and the development of drug 

resistance, whilst retaining the anti-cancer effect of paclitaxel. 

 

Using a cell based assay the IAB research team combined 8000 molecules with sub-lethal 

doses of paclitaxel. Based on these cytotoxicity studies, the compound T4 was selected for 

further analysis as it showed the most potential to sensitize cells to paclitaxel (unpublished 

data). The ability of T4 to increase paclitaxel sensitivity was also observed in yeast, 

indicating that its target is conserved among species (unpublished data). In the quest for 

identifying the target of T4, it was established during a preliminary in vitro study that T4 

exerts its effect by binding to the coldhidine binding sites on tubulin, resulting in abnormal 

mitotic spindle formation. The abnormal mitotic spindle formation may also be due to the 

activation of the SAC, as T4 treatment did result in the accumulation of multinucleated cells 

(unpublished data). The cytotoxicity of T4 in the absence of paclitaxel was quantified in the 

current study where a GI50 value of 36.00±1.10 µM was obtained in BT-20 cells following a 

48 hour exposure. 

 

5.1 Drug properties and cytotoxicity 
 

By binding to the colchicine binding sites on tubulin 2-ME induces a mitotic arrest by 

supressing microtubule dynamics or preventing tubulin polymerization (270). The 

mechanism through which 2-ME induces mitotic arrest depends on the concentration of the 

anti-mitotic drug (557). 2-ME was evaluated for its effect on microtubule depolymerization 

and dynamic instability at various concentrations. Assembly of purified tubulin was stalled in 
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the presence of 2-ME (5-100 µM) in a dose-dependent manner. However, the substitution 

of purified tubulin with microtubule-associated protein-containing microtubules required a 

significantly higher concentration of 2-ME (only 13% of the polymer mass was decreased 

with 500 µM) to depolymerize the microtubules (557). Microtubule dynamic instability was 

observed in an in vitro tubulin assay (assembled to a steady state prior to 2-ME exposure) 

following exposure to a low dose 2-ME (4 µM) where a decrease of 17% and 27% was 

detected in the mean growth rate and dynamicity, respectively. These results correlated 

with the data obtained from MCF-7 exposed 2-ME cells and led to the conclusion that 2-ME 

induces a mitotic arrest by supressing microtubule dynamics at low doses, whereas the 

mitotic arrest seen at higher doses is a result of microtubule depolymerization (557).  

 

The ability of ESE-16 to bind to the colchicine binding sites on tubulin was confirmed during 

the in vitro colchicine binding assay in the present study. An ESE-16-induced metaphase 

block was visualized in autofluorescent HeLa Kyoto cells. The time-lapsed video microscopy 

revealed a marked delay in metaphase progression in HeLa Kyoto cells exposed to ESE-16 

compared to the vehicle control. ESE-16-treated HeLa Kyoto cells spend an average of 

367.85±19.89 minutes in metaphase compared to the 26.3±2.4 minutes of DMSO-exposed 

cells. These results confirmed a significant G2/M phase block induced by the sulpahmoylated 

2-ME analogues. Radiosensitization has been demonstrated in cells blocked in the G2/M 

phase (414,417). Tubulin assembly assays confirmed the inhibition of tubulin polymerization 

of ESE-16 at low concentrations (5 µM), however a higher concentration of ESE-15-one (25 

µM) was required to achieve the same effect (558). Still, the ability of these compounds to 

disrupt the stability of assembled purified tubulin has not been investigated to date.  

 

Several modifications were made to the 2-ME molecule during the design of our novel 

analogues which aimed to increase the cytotoxicity of the parent compound. The 

importance of the sulpha-group added to the C3’ position was highlighted in a compound 

screening test utilizing various cancer cell lines (558). Cytotoxicity studies indicated that the 

non-sulphamoylated analogues displayed a significantly higher GI50 value compared to those 
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with the added moiety. However, conformational changes to the D-ring at positions C16’ 

and C17’ did not influence the cytotoxicity of the compounds significantly (558). By using 

the IncuCyte® system in conjunction with the DNA binding agent, IncuCyte® Cytotox Green, 

the cytotoxic effect of the two potential radiosensitizing agents, ESE-15-one and ESE-16, was 

measured in HeLa cells over a 72 hour time frame. The real-time imaging showed an early 

increase in rounded cells following exposure to the two compounds. The rounding of the 

cells may suggest a mitotic block induced by the microtubule abrogative effect of the 

compounds. The prolonged mitotic block prevented the proliferation of the HeLa cells and 

resulted in higher green fluorescence levels, indicating cell death. This real time imaging 

indicated a time-dependent increase in cell death, confirming that the cytotoxicity of the 

parent compound, 2-ME, was retained during the design of the novel sulphamoylated 

analogues.  

 

Treatment of metastatic breast cancer remains suboptimal. Thus, a potential 

radiosensitizing agent that prevents the migration of tumor cells would be beneficial to any 

cancer treatment regime. The ability of cancer cells to migrate and invade local and distant 

tissues distant from the primary tumor is facilitated by chemotactic migration (477). 

Chemotactic migration is guided by protruding cellular membranes which form 

pseudopodia. These pseudopodia attach to the extracellular matrix in order to initiate the 

forward propelment of the cell (477). Additionally, cell migration also contributes to the 

formation of new blood vessels, a process known as angiogenesis (438). Thus, by preventing 

cell migration a potential anti-cancer agent should, in theory, not only prevent cancer 

metastasis but can also inhibit the vascularization of newly formed tumors. Cell migration 

necessitates the rearrangement of the cellular actin skeleton (439).  Previously reported 

data from our laboratory visualized the ability of ESE-15-one and ESE-16 to alter the actin 

morphology of HeLa- and MDA-MB-231 cells using fluorescent microscopy (559). 

Furthermore, the ability of HeLa- and MDA-MB-231 cells to migrate was significantly 

decreased in the presence of ESE-15-one and ESE-16 during a scratch assay (559).   
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By using a slightly different technique the ability of ESE-15-one and ESE-16 to decrease the 

migration of HeLa cells at different concentrations were assessed in this study. Scratch 

assays were performed on confluent HeLa cells. Scratch assays provide vital information 

with regards to cell migration, cell-cell adhesion and ECM remodelling (560). Cells were 

exposed to 0.2 and 0.4 µM of ESE-15-one and ESE-16, respectively, whereafter wound 

closure was measured by the IncuCyte® system every 2 hours. The experiment was 

conducted in a time-frame less than the doubling time of the cells. A delay in wound closure 

was already observed for both compounds after 8 hours exposure to the higher 

concentration. An increased number of rounded cells were observed for the duration of the 

experiment. However, cells that have undergone apoptosis cannot migrate. Therefore it is 

important to evaluate the effect of cellular migration using lower concetrations. These 

lower doses may affect cellular migration without inducing apoptotic cell death. The mitotic 

block was also observed to a lesser extend at the lower doses. However, only ESE-15-one 

was able to delay wound closure at the 10 hour time point at the lower dose. These results 

suggest that ESE-16 has less of an effect on the polymerization of tubulin at lower 

concentrations and its anti-mitotic properties may also result from the alteration of 

microtubule dynamics, a characteristic observed in the parent compound (557). 

 

Pharmaceutical agents, such as 2-ME, that bind to the colchicine binding sites on tubulin 

cause microtubule abrogation which subsequently induce a G2/M phase block as a result of 

the SAC being activated (270). This can be visualized using fluorescent microscopy. 

Incubation of 2-ME treated cells with a fluorescently-labeled antibody allows the 

visualization of microtubule alterations induced by the microtubule targeting agent.  

Oocytes treated with 2-ME (5-7.5 µM for 20 hours) revealed perturbations in spindle 

formation (561). Additionally, 20 µM of 2-ME significantly disrupted the cellular microtubule 

structure of HK-1 nasopharyngeal carcinoma cells after 48 hours (562). Subsequently a 

mitotic block was induced and the nucleus duplicated in the absence of mitosis due to the 

up-regulation of MAPK. Florescent microscopy was also used to visualize the microtubule 

effect induced by paclitaxel in endothelial cells. At concentrations ranging from 1-10 nM, 

paclitaxel stabilized the microtubule network. However, such stabilization was not observed 

in cells exposed to lower concentrations (0.1-100 pM) (563). 
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Confocal microscopy employing anti-alpha-tubulin antibodies conjugated with an Alexa-488 

fluorescent probe was used to visualize the effect of the two novel 2-ME analogues ESE-15-

one and ESE-16 on the cytoskeletal microtubule architecture of MDA-MB-231 cells. ESE-15-

one- and ESE-16-treated MDA-MB-231 cells displayed abnormal mitotic spindle formation 

24 hours after exposure (312). Similar results were observed in ESE-16-treated HeLa cells. 

Disintegration of the tubulin structure was observed in HeLa cells exposed to 0.5 µM of ESE-

16 for 24 hours (564). These results confirmed that the 2-ME analogues are anti-mitotic and 

the spindle disrupting ability of the parent compound was retained.  

 

LimPyr1 was discovered during the screening of a chemical library focused on the 

identification of chemicals that interfered with microtubule dynamics (548). As LimPyr1 is a 

LIM kinase inhibitor it was unexpected that this compound altered the microtubule 

network, as LIM kinase is a known actin regulator. However, this microtubule-actin filament 

co-dependency phenomenon was described by Vasiliev about 45 years ago (565). Vasiliev 

observed that the polarized actin-dependent protrusions located at the leading edge of 

translocating fibroblasts are maintained by microtubules (565). This led to subsequent 

studies attempting to identify possible mechanisms through which the three cytoskeletal 

substructures (actin, microtubules and intermediate filaments) engage in extensive cross 

communication that is particularly important to coordinate core biological processes such as 

regulating cell polarity and shape during cell migration, as well as polarizing cells for division 

by promoting a symmetry break. It is hypothesized that the cytoskeletal crosstalk between 

the actin skeleton, more specifically F-actin, and the microtubule network occurs mainly 

through direct structure-based contact mediated by microtubule-actin cross linkers or via 

signaling pathways such as the activation/inactivation of RhoA/ Ras-related C3 botulinum 

toxin substrate 1 (Rac1) (566).  

 

In an attempt to locate the cellular target of LimPyr1 the research team in Grenoble 

assessed the effect of LimPry1 on the cellular cytoskeleton of HeLa cells. It was found that 

LimPyr1 supresses microtubule dynamic instability. This however was achieved without 

targeting tubulin directly (548). During an in vitro tubulin assembly assay, LimPyr1 did not 
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induce tubulin assembly on pure tubulin or in the presence of associated microtubule 

proteins (548). Further analysis did confirm the stabilization effect of LimPyr1 on the 

microtubule network.  A total of 82.9% of cells exposed to LimPyr1 for 2 hours presented 

with abnormal mitotic spindles with disorganized asters, a significant increase compared to 

the abnormal spindle formation observed in 12.8% of DMSO-treated cells (548). 

Furthermore, they evaluated the effect of LimPyr1 on microtubule dynamic instability 

parameters. Green fluorescent protein (GFP) microtubule-associated protein RP/EB family 

member 3 (EB3)-transfected cells exposed to LimPyr1 for 2 hours were assessed via 

fluorescent time-lapse microscopy. Data revealed an increase in the distance-based 

catastrophe frequency in a dose dependent manner (548). This illustrated the ability of 

LimPyr1 to suppress microtubule dynamic instability and subsequently decreased the 

growth rate of microtubules.   

 

As previously mentioned, the actin and microtubule networks are interconnected. The 

effect of LimPyr1 was assessed on the actin cytoskeleton. Using fluorescein-phalloidin, the 

F-actin of HeLa cells exposed to LimPyr1 for 2 hours were stained. Fluorescent micrographs 

demonstrated that LimPyr1 significantly affected the organization of the actin 

microfilaments, while time-lapsed video migration assays confirmed the inhibition of 

MCF10A migration following LimPyr1 exposure at low concentrations (10 µM) (548). Similar 

to the effect observed during the in vitro tubulin assembly assay, it was noted during an 

actin-pyrene polymerization assay that LimPyr1 does not directly affect the assembly of 

actin monomers, confirming that the alterations observed in the actin organization of 

LimPyr1-treated cells were not due to the direct interaction between LimPyr1 and actin, but 

rather through the inhibition of LIM kinase (548).  

 

It has been established that the novel 2-ME analogues cause alternations in the microtubule 

network of various cells lines in vitro. With the continued increase in publications illustrating 

the cross-talk between the actin skeleton and microtubule network, the effect of the novel 

2-ME analogues on the actin cytoskeleton was recently investigated by our laboratory. 

Examination of F-actin-phalloidin labeled MDA-MB-231 cells exposed to ESE-15-one and 

ESE-16 for 2 hours revealed an increased number of thickened stress fibres (559). 
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Additionally, the stress fibres observed at the leading edges of DMSO-exposed cells (cell 

polarity) were not observed in cells exposed to the sulphamoylated analogues. After a 24-

hour-treatment with the respective compounds, HeLa cells demonstrated no stress fibre 

formation but did present with a peripheral actin network (559). This peripheral actin 

network may be the subsequent result of the metaphase block induced by these novel 

compounds.  

 

To investigate the effect of ESE-15-one, ESE-16, LimPyr1 and T4 on the actin and 

microtubule cytoskeletons simultaneously, a dual fluorescent stain was used in the current 

study. MCF-7-, MDA-MB-231- and BT-20 cells were exposed to the various compounds (GI50 

concentrations) for 24 hours. MCF-7- and MDA-MB-231 cells exposed to ESE-16 displayed a 

depolymerized microtubule network most likely due to the binding of the colchicine binding 

sites on tubulin. This was accompanied by increased stress fibre formation. Similar actin 

morphology was observed in dihydromotuporamine C treated MDA-MB-231 cells (567). 

Dihydromotuporamine C is known for its anti-invasive activity and in addition to the induced 

stable stress fibres in the MDA-MB-231 cells, treatment resulted in the prolonged activation 

of RhoA-ROCK signaling molecules. This subsequently led to the formation of enlarged focal 

adhesions located on the periphery of the cell (567). Similar actin stress filaments were 

observed at the leading edges of the DMSO-treated cells in the current study. This migration 

polarity was disrupted in the treated MCF-7- and MDA-MB-231 breast cancer cells indicating 

that ESE-16 could potentially prevent cell migration by stabilizing and accumulating F-actin. 

The triple receptor-negative breast cancer cell line, BT-20, displayed depolymerized 

microtubules following exposure to ESE-15-one and ESE-16, similar to those observed in the 

MCF-7- and MDA-MB-231 cells.  However, BT-20 cells displayed peripheral radial 

arrangements of actin filaments following exposure to ESE-15-one and ESE-16. This radial 

arrangement of the actin network is indicative of the rounding of the ridged actomyosin 

cortex (568). The latter promotes cell rounding via de-adhesion of the cell from the 

extracellular matrix in order to progress and complete cell division. Furthermore, actin 

stress fibre formation was not evident in BT-20 treated cells and cell polarity was disrupted 

in the same manner as observed in the MCF-7- and MDA-MB-231 cells.  
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No published data illustrating the effects of T4 on the cellular cytoskeleton are available. In 

the current study BT-20 cells exposed to T4 for 24 hours revealed a slight increase in the 

stabilization of the microtubule network accompanied by a few actin stress fibres. 

Unpublished preliminary data collected by the IAB research team demonstrated a delay in 

chromosome alignment in T4 treated HeLa Kyoto cells resulting in the induction of a 

metaphase block. Additionally, T4 demonstrated the ability to block cells in pro-metaphase 

at higher concentrations. The target for T4 is currently under investigation by the IAB 

research team.  

 

Similar to previously published data, micrographs in the current study illustrated the 

depolymerizing effect of LimPyr1 on the actin skeleton of all three cell lines. The latter is 

achieved by LIM kinase inhibition by LimPyr1 activity. The inhibition of cofilin 

phosphorylation subsequently inhibits the dynamic activity of actin microfilament, resulting 

in depolymerization (559). Additionally, LimPyr1-exposure diminished cell migration polarity 

while stabilizing the microtubule network. Although it has been documented that the 

microtubule stabilizing effect of LimPyr1 occurs independently of its effect on the actin 

network, the mechanism through which LimPyr1 induces the microtubule stabilization 

remains unclear (548). Polymerization of microtubules is facilitated by p25 and can be 

inhibited upon p25 phosphorylation by LIMK1 (569). Therefore, it is hypothesized that 

LimPyr1 could potentially induce dephosphorylation of p25, resulting in stabilization of 

microtubules (548).   

 

The design behind this study necessitated the determination of the lowest compound- and 

radiation doses that significantly induced apoptotic cell death. In order to determine these 

experimental parameters a range of does-reponse curve experiments were conducted. The 

GI50 concentrations of ESE-15-one, ESE-16, T4 and LimPyr1 were obtained via 

spectrophotometric quantification of MTT and provided a starting point for a more refined 

compound dose-response curve (GI50, ¾ GI50, ½ GI50, ¼ GI50 and ⅙ GI50). BT-20 cells were 

exposed to ESE-15-one, ESE-16, T4 and LimPyr1 dose curves. BT-20 cells were selected for 

the evaluation of the toxicity of all four microtubule regulating agents as these cells are the 

most resistant to anti-cancer agents. MCF-7- and MDA-MB-231 cells were exposed to ESE-16 



 

 

 
251 

 

and LimPyr1 dose curves.  Cells were exposed to the compounds for 48 hours as this was 

the total exposure-time during the radiosensitization experiments. The samples were 

analysed for the induction of apoptosis by means of flow cytometry employing Annexin V. 

Additionally, the effect on the cell cycle was also assessed via flow cytometry, where the 

apoptotic sub-G1 peak was quantified using propidium iodide staining. Together, these 

techniques enabled the identification of the lowest compound doses that significantly 

induced apoptosis in the various breast cancer cells lines.  Apoptosis was significantly 

induced in BT-20 cells following exposure to 0.06 µM ESE-15-one, 0.112 µM ESE-16, 18 µM 

T4 and 1.638 µM LimPyr1 for 48 hour. In the MCF-7- and MDA-MB-231 cells apoptotic cells 

were signficantly increase by ESE-16 at the concentrations of 0.157 µM and 0.137 µM, 

respectively. The LIM kinase inhibitor, LimPyr1 significantly decreased MCF-7 and MDA-MB-

231 cell viability at 2.437 µM.  

 

By employing the same experimental setup, the lowest radiation dose that significantly 

increased apoptosis in MCF-7-, MDA-MB-231- and BT-20 cells was determine following 

exposure to a radiation dose-response curve. Apoptosis was signficantly increased after 8 

Gy radiation exposure in MCF-7- and MDA-MB-231 cells, whereas 6 Gy radiation 

significantly increased BT-20 cell death. Although the BT-20 cell line displayed an increase in 

apoptosis after 6 Gy radiation, it was decided that 8 Gy would be used for all subsequent 

radiation exposure, in order to keep the radiation delivery protocol constant for all cell lines.  

 

5.2 Regulation of the cell cycle 
 

The radiosensitivity of cancer cells may vary in accordance to the phase of the cell cycle. 

Cells are most radiosensitive in the G2/M phase and less sensitive in the G1 phase, while the 

latter part of the S phase is considered the least radiosensitive (570). This understanding has 

led to the realization that chemotherapeutic agents, such as 2-ME, that induce a mitotic 

block may sensitize cells to radiation and produce a greater therapeutic effect (414). This 

hypothesis was tested in a study conducted by Casarez et al. where prostate cancer cells 
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were pre-treated with 2-ME in an attempt to increase their radiosensitivity (418). The study 

was conducted based on previously published data that demonstrated the efficacy of 2-ME 

as a single agent against human prostate cancer cells (571), as well as its ability to 

radiosensitize non-small lung cancer models (572,573). A significant decrease in MAPK 

phosphorylation had been observed in noncancerous cells exposed to 2-ME (574,575). 

Furthermore, the selective inhibition of the MAPK pathway significantly increased the 

sensitivity of cells to radiation (576-578). These results prompted Casarez et al. to evaluate 

the effect of 2-ME on MAPK phosphorylation in human prostate cancer cells (418). Exposure 

of PC3 prostate cancer cells to 1.5 µM 2-ME (the dose that increased the sensitivity of the 

cells to radiation) for 18 hours resulted in dose-dependent decrease in MAPK 

phosphorylation in vitro. Furthermore, the team was unable to increase the radiosensitivity 

of cells which expressed constitutively active MEK (upstream effector of MAPK) with 2-ME 

pre-exposure. A decrease in MAPK phosphorylation was accompanied by a decrease in 

cellular survival (as asses by clonogenic studies) in PC3 cells pre-treated with 2-ME (418). 

 

The radiosensitizing ability of 2-ME was further investigated in vivo (418). Subcutaneous 

prostate cancer (PC3) mice xerograph models were treated with 2-ME only (75 mg/kg), 

radiation only (10 Gy fractionated over 5 consecutive days) or a combination treatment 

where 2-ME was administered 4 hours prior to radiation. Tumor growth was not 

significantly effected by 2-ME treatment alone, whereas a slight decrease in tumor growth 

was observed in the radiation-only specimens (418). Mice treated with 2-ME prior to 

radiation exposure displayed a superadditive effect (P-value < 0.0001) resulting in a 

significant decrease in tumor growth in these mouse models (418). These promising results 

prompted further in vivo investigation utilizing orthotropic prostate murine models which 

are more physiologically appropriate compared to the subcutaneous models.  Log-phase PC-

3M-luc-C6 cells were surgically injected into the dorsolateral lobes of prostate glands of 

nude mice. Tumor growth was monitored for 2 weeks whereafter treatment commenced 

(418). Bioluminescence imaging revealed a delay in the orthotropic tumor growth in mice 

treated with the combination therapy.  The combination therapy protocol entailed oral 

administration of 2-ME 4 hours prior to radiaton treatment. Compared to the untreated 

control group, no significant change in tumor growth was observed in mice treated with 
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only 2-ME, whereas radiation treatment alone did result in a significant decrease in tumor 

growth. However, an f-test did confirm a superadditive effect on tumor size reduction after 

treatment with the combination treatment when compared to the individual treatment 

conditions. The authors therefore concluded that 2-ME does radiosensitize prostate cancer 

cells in vitro and in vivo via the decrease in MAPK phosphorylation (418). 

 

The effects of ESE-16, LimPyr1 and their combination with radiation were investigated in 

this in vitro study by quantifying cyclin B1 expression using Western blot analysis, as well as 

determining the subsequent effects on the cell cycle progression via flow cytometry. CDK 

and cyclins are highly conserved proteins and form complexes in order to regulate cell cycle 

progression in eukaryotes. Cyclin B1 is the regulatory subunit for CDK1 (catalytic subunit) 

which regulates the transition from the G2 phase to the M phase (579).  Various human 

tumors such as head and neck-, gastric-, cervical-, colorectal- and breast carcinomas display 

significantly higher levels of cyclin B1 which contributes to the aggressive proliferation of 

these neoplastic tissues (580-586). Furthermore, head and neck squamous cell carcinomas 

that express high levels of cyclin B1 have been shown to be resistant to radiotherapy (584), 

whereas breast carcinomas which overexpress nuclear cyclin B1 levels are resistant to 

adjuvant therapy (587). Overexpression of cyclin B1 is also linked to aneuploidy and an 

increased proliferation rate in human mammary carcinomas (588). The latter may be 

attributed to the ability of cyclin B1 overexpressed cells to override the DNA damage 

checkpoint located in the G2 phase . Thus, deregulation of cyclin B1 contributes to 

neoplastic transformation in addition to promoting tumor cell proliferation (589). Therefore, 

down regulation of cyclin B1 will reduce the effect of CDK1/cyclin B1 and potentially 

decrease the proliferation of human cancer cells (590,591).  

 

Eukaryotic cells exposed to radiation demonstrated a pause in the G2 phase. The mechanism 

responsible for this delay has been identified as a decrease in cyclin B1 expression most 

likely under p53 control, and is known as the radiation induced mitotic delay (592). DNA 

damage activates ATM kinase which phosphorylates CDK1/2. This prevents the activation 

and nuclear import of cyclin B1/CDK1 from the cytoplasm, inducing a metaphase block 

(593). HeLa cells exposed to radiation displayed a dose-dependent decrease in cyclin B1 
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expression, which alongside the activation of the DNA damage checkpoint was responsible 

for the G2 delay (594). Similar results were obtained in the current study. MCF-7-, MDA-MB-

231- and BT-20 cells exposed to 8 Gy radiation displayed a significant decrease in cyclin B1 

protein expression 24 hours after radiation. This was accompanied by a significant increase 

in cells present in the G2/M phase as assessed by flow cytometry. MCF-7-, MDA-MB-231 and 

BT-20 cells exposed to low doses of ESE-16 and LimPyr1 also displayed a significant decrease 

in cyclin B1 expression. Although the effect of LimPyr1 on the expression of cyclin B1 has not 

been previously investigated Prudent et al. did report a G2/M cell cycle arrest in LimPyr1 

treated HeLa cells (353). Similarly a 48 hour exposure to LimPyr1 significantly delayed the 

progression from the G2 phase to mitosis in the three breast cancer cell lines in this study. 

ESE-16 increases the expression of cyclin B1 in HeLa cells following a 24 hour exposure to 

0.5 μM of ESE-16 (595). This was followed by a significant delay in the transition from the G2 

phase to the M phase. These results did not correlate with the decreased cyclin B1 

expression observed in the current study. A study conducted by Newman et al. 

demonstrated an initial increase in cyclin B1 expression in MCF-7 cells exposed to 500 nM of 

2-ME (596). The elevated cyclin B1 expression prevented the progression of the cell cycle by 

inducing a mitotic block. These levels deteriorated in the MCF-7 cells after 48 hours of 

exposure resulting in the induction of apoptosis (596). These finding suggest that the 

sulphamoylated analogue ESE-16 may initially increase the expression of cyclin B1 which 

deteriorates after a prolonged exposure. As published previously, the G2/M phase block 

observed in ESE-16 treated HeLa cells was accompanied by elevated cyclin B1 levels 24 

hours after exposure (595). In the current study the cells were exposed to ESE-16 for 48 

hours and presented with decreased cyclin B levels. No mitotic block was observed in MCF7-

, MDA-MB-231- or BT-20 cells exposed to ESE-16 for 48 hours, however the induction of cell 

death was illustrated by an increase in cells present in the sub-G1 apoptotic phase.  

 

Cell cycle analysis of MCF-7-, MDA-MB-231, and BT-20 cells exposed to the ESE-16 and 

LimPyr1/radiation combination treatments displayed a significant increase in the G2/M 

phase with a concurrent decrease in the G1 phase. The apoptotic sub-G1 peak was also 

significantly increased in the combination treatment samples and correlated with the 

apoptotic hallmarks observed in the PlasDIC micrographs. Compared to cells exposed to the 
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compounds only, ESE-16 and LimPyr1 pre-treated MCF-7-, MDA-MB-231- and BT-20 cells 

displayed a significant increase in the G2/M phase. Furthermore, breast cancer cells 

presensitized with LimPyr1 displayed an increased number of cells in the G2/M phase 

compared to cells exposed to radiation only. The BT-20- and MDA-MB-231 cell lines 

displayed no significant differences in the cell cycle of cells presensitized with ESE-16 

compared to the radiation control. However, a significant increase in the sub-G1 apoptotic 

phase was observed in the ESE-16 pre-treated MCF-7 breast cancer cell line when compared 

to cells exposed to radiation only. Induction of a G2/M block is followed by p53-mediated 

apoptotic cell death in cells exposed to ionizing radiation (597). This mechanism however 

may vary according to cell type as seen in the above mentioned results.  

 

5.3 Cellular survival and apoptotic cell death 
 

The FoxO family of transcription factors is an important class of tumor suppressor proteins 

expressed in a variety of cancers. The FoxO subfamily of forkhead transcription factors, 

FoxO1 and FoxO3a, are downstream targets of the serine/threonine Akt (598). Under the 

regulation of the Akt kinase, these FoxO transcription factors are positive regulators of cell 

proliferation and survival (599). Furthermore, emerging evidence suggests that genes 

involved in various cellular processes including cell death, metabolism, cell cycle 

progression, oxidative stress protection and neoplastic transformation are associated with 

FoxO protein activity (599). In their unphosphorylated state, FoxOs inhibit cellular growth 

and replication while promoting apoptotic cell death (600). The latter is achieved by 

increasing the expression of cyclin-dependent kinase inhibitors (CDKIs), facilitating the 

induction of the extrinsic apoptotic pathway by increasing the expression of death receptor 

ligands such as TRAIL and Fas, and inducing mitochondrial apoptosis by increasing the 

expression of mitochondria-targeting proteins such as the pro-apoptotic members of the 

Bcl-2 family (599,601,602). Phosphorylation of FoxOs on highly conserved serine and 

threonine residues are facilitated by the Akt kinase. Upon phosphorylation the association 

between FoxOs and DNA is hindered and the cytoplasmic translocation of FoxO is facilitated 

by the chaperone protein 14-3-3σ (603). Nuclear exportation and cytoplasmic retention of 
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phosphorylated FoxOs inhibit the FoxO-dependent transcription of genes, such as p27Kip1 

and Bcl-2-like protein 11 (Bim), which are involved in apoptosis and cell cycle arrest (604).  

 

FoxO1/3a-induced apoptosis was investigated in MCF-7-, MDA-MB-231- and BT-20 cells 

following exposure to the various treatment conditions in the current study. Western blot 

analysis revealed a significant increase in phosphorylated Akt and FoxO1/3a in MCF-7-, 

MDA-MB-231- and BT-20 cells exposed to 8 Gy radiation only. The cytoplasmic sequestering 

of FoxO3a in non-melanoma skin cancer (NMSC) following ultraviolet B (UVB) irradiation 

was found to be mTORC2-dependent (605). The negative regulation of Foxo3a is mediated 

by Akt, which is downstream of mTORC2.  Furthermore, this negative regulation of FoxO3a 

contributed to cell survival after radiation exposure. By inhibiting mTORC2 activity the 

authors demonstrated an increase in radiation-induced apoptosis due to the nuclear 

localization of FoxO3a (605). The role of the Akt pathway following radiation exposure was 

also investigated in a study utilizing glioblastoma cell lines (606). A single radiation dose of 6 

Gy significantly increased the phosphorylation of Akt in U87MG, MO59J, and LN18 cells. 

Moreover, it was demonstrated that the phosphorylation of Akt in U87MG cells was 

significantly decreased when cells were cultured in serum-free medium compared to those 

grown in medium supplemented with 10% serum. The latter suggested that radiation-

induced Akt phosphorylation was dependent upon the presence of a serum factor and was 

inhibited upon the addition of the EGFR inhibitor, AG1478 (606). These results confirmed 

that the activation of Akt in U87MG cells is dependent on the activation of the EGFR, and 

thus the team was able to increase the radiosensitivity of highly radioresistant U87MG cells 

by inhibiting the activation of the PI3k, EGFR and Akt signaling pathways (606). 

 

Three main radiation resistance mechanisms, including intrinsic radiosensitivity, tumor cell 

proliferation and hypoxia, are associated with the activation of the PI3K/Akt pathway (607). 

Firstly, the intrinsic radiosensitivity of a tumor cell is altered by the activation and 

translocation of Akt from the cytoplasm to the nucleus after irradiation (608). Additionally, 

the MRE11-ATM pathway can activate the human homologue, Akt1, in the nucleus upon 

radiation-induced DNA damage (609).  In the nucleus Akt1 forms a functional complex with 

DNA repair proteins namely DNA-dependent protein kinase catalytic subunits (DNA-PKcs), 



 

 

 
257 

 

and promotes the autophoshorylation of DNA-PKcs, stimulates DNA-PKcs kinase activity and 

increases the accumulation of DNA-PKcs at the DNA double strand breaks (610,611). The 

recruitment and activation of these DNA repair proteins facilitated by Akt1 ensure efficient 

repair of the double strand breaks induced by the radiation and consequently confers 

radioresistance to the cells (612). 

 

Secondly, the PI3K/Akt pathway can confer radioresistance due to its involvement in tumor 

cell proliferation. Long-term exposure to fractionated radiotherapy activates the Akt 

pathway (613). Akt is responsible for the inactivation of synthase kinase-3β (GSK3β) (614). 

GSK3β is responsible for the degradation of cyclin D1 at the G1/S transition point of the 

cell cycle. Due to its inactivation by Akt, GSK3β no longer facilitates the nuclear export 

and cytoplasmic degradation of the cyclin D1, resulting in the overexpression of cyclin D1 

(614). Since lower cyclin D1 levels are required for sufficient DNA synthesis the 

overexpressed cyclin D1 level induces DNA damage (613). Subsequently, DNA-PK is 

activated which in turn inactivates GSK3β and activates Akt (613), creating a positive 

feedback loop of cyclin D1 overexpression (613,615,616). The cyclin D-dependent DNA 

damage activates the DNA damage checkpoint and HR, allowing the cells exposed to 

fractionated radiation to repair the damaged DNA (617).  

 

Thirdly, the PI3K/Akt pathway confers radiation resistance to cells via its involvement in 

tumor hypoxia. Hypoxic conditions promote the transcription and expression of HIF-1α, a 

process regulated by the PI3K/Akt pathway (618). HIF-1α is a central transcription 

mediator that plays a crucial role in the cellular response to hypoxia. In addition to being 

significantly increased under hypoxic conditions, HIF-1α is responsible for the 

transcription of a cluster of about 60 genes, including enzymes of glucose metabolism 

and VEGF, which is highly expressed in cancer cells (619,620). VEGF exerts its effect on 

endothelial cells via VEGF receptors. Binding of the receptor activates a tyrosine kinase 

pathway which results in the activation of angiogenesis. In addition to stimulat ing 

angiogenesis and vasculogenesis, VEGF increases the permeability of the vasculature, 

enhances tumor growth and promotes tumor metastasis (618,619).  Additionally, genes 

involved in cell proliferation and survival have been linked to the activation of HIF-1α, 
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which results in increased tumor aggressiveness, cancer recurrence and resistance to 

treatment (621).  

 

Similar to the results obtained from cells exposed to 8 Gy radiation Western blot analysis 

revealed a significant increase in phosphorylated Akt in MCF-7-, MDA-MB-231- and BT-20 

cells exposed to ESE-16 only. LimPyr1 exposure resulted in elevated levels of 

phosphorylated Akt in MCF-7- and MDA-MB-231 cells, but had no effect on the BT-20 cell 

line. Furthermore, Western blot analysis confirmed the subsequent increase in 

phosphorylated FoxO1/3a in all three breast cancer cell lines exposed to ESE-16 and 

LimPyr1. Results published in an article which focused on the nongenomic action of 2-ME at 

physiological levels were similar to those observed in the ESE-16 exposed samples (622).  

When exposed to a low dose of 2-ME (50 nmol/L) for 5 minutes, ER-positive MCF-7- and T-

47D breast cancer cells displayed a 2.5-fold increase in Akt phosphorylation. Furthermore 

exposure of MCF-7- and T-47D cells to low doses of 2-ME (10 to 500 nmol/L) resulted in 

increased proliferation of these cells, suggesting that the survival pathway was activated via 

Akt phosphorylation (622). Results published by Chen et al. revealed similar results in 

HUVEC cells (623). A dose-dependent increase in Akt phosphorylation was observed in 

HUVEC cells exposed to low doses of 2-ME ranging from 10−7 M to 10−5 M for 20 minute. The 

increase in Akt phosphorylation was accompanied by an increase in endothelial nitric oxide 

synthase (eNOS) phosphorylation at Ser1177 with a concurrent increase in nitric oxide (NO) 

release from HUVEC cells. NO can promote tumor cell survival and angiogenesis at 

moderate concentrations (623).  

 

Although Akt phosphorylation was increased at low doses of 2-ME, 2-ME-induced cell death 

is associated with the down regulation of the cytoprotective Akt pathway (624). A study 

conducted by Gao et al. on human leukemia cells (Jurkat- and U937 cells) investigated the 

effect of high doses of 2-ME (2 and 4 µM) on the induction of apoptosis (624). Data revealed 

a dose-dependent increase in the release of mitochondrial proteins such as cytochrome c 

and apoptosis inducing factor (AIF). In addition, ROS generation was significantly increased 

in Jurkat- and U937 cells exposed to these concentrations of 2-ME and was accompanied by 

the dephosphorylation of Akt (624).  Furthermore, the lethal effect of 2-ME was potentiated 
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after the PI3K pathway was inhibited by the PI3K inhibitor, LY294002 (624). The addition of 

the SOD mimetic, tetrabutylammonium phosphate, and catalase, a H2O2 scavenger, 

prevented the induction of 2-ME-mediated apoptosis while preventing the 

dephosphorylation of Akt (624). These results demonstrated a mechanism of action 

employed by 2-ME in human leukemia cells where 2-ME induces oxidative injury as a 

primary event. This is followed by the inactivation of the survival pathway (Akt 

dephosphorylation) leading to mitochondrial injury and apoptotic cell death. Additionally, 

the authors concluded that the Akt pathway plays a crucial role in the lethality of 2-ME by 

mediating the cellular response to 2-ME induced oxidative stress (624). 

 

The serine/threonine-protein kinase PAK 1 is involved in the intracellular signaling pathways 

involved in cell proliferation, survival and migration (625). Cell proliferation is mediated via 

PAK activation of the Ras/Raf/Mek/ERK pathway, whereas cell survival is mediated via PAK 

signaling to the Bad/Bcl-2 pathway (626). Additionally, a concurrent activation of the Akt 

pathway is facilitated by PAK 1. Furthermore, LIM kinase can be phosphorylated by PAK 1 

and PAK 4 at its 508 threonine residue (627). This stimulates LIM kinase activity resulting in 

the phosphorylation of cofilin. In its phosphorylated state cofilin prevents actin 

depolymerization, thus by phosphorylating LIM kinase, PAK regulates actin filament 

turnover and assembly.  Data obtained from this in vitro study indicated that 

phosphorylated Akt is increased in MCF-7- and MDA-MB-231 cells following exposure to a 

low dose of the LIM kinase inhibitor, LimPyr1. This may suggest that the inhibition of LIM 

kinase enhances the phosphorylation of Akt facilitated by their mutual upstream regulator 

PAK, which activates the cell survival pathway and inhibits apoptosis via FoxO 

phosphorylation. Furthermore, LIMK maintains the ERK signaling pathway during the G1 

phase of the cells cycle. As the ERK pathway is another target for the PAK 1 kinase, the PAK 

1-mediated phosphorylation of Akt may be increased in the cancer cells upon LIM kinase 

inhibition in an attempt to evade the effect of the inhibitor and maintain cell survival. 

However, the precise mechanics of this molecular crosstalk needs to be further investigated.  

The BT-20 cell line did not illustrate an increase in Akt phosphorylation 24 hours after 

radiation. However, the phosphorylation levels of FoxO1/3a was significantly increased. This 

may be due to the Akt phosphorylation levels being decreased to background levels after a 
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24-hour-exposure to LimPyr1, or that the phosphorylation of FoxO1/3a is facilitated by 

other kinases. SGK has been reported to increase FoxO phosphorylation at the same sites as 

Akt, resulting in decreased FoxO-DNA binding and FoxO being translocated to the cytoplasm 

(628).   

 

In addition to its inhibitory effect on FoxO, Akt inhibits the induction of apoptosis by 

decreasing the expression of Bax, a pro-apoptotic protein, while it enhances the expression 

of anti-apoptotic proteins such as Bcl-2 (629).  Interestingly, in spite of the increased Akt 

phosphorylation levels observed in the current study MCF-7-, MDA-MB-231- and BT-20 cells 

exposed to 8 Gy radiation (as a single agent) displayed a significant increase in Bax 

expression. Similarly, previously published data revealed a dose-dependent increase in Bax 

expression in MCF-7 cells exposed to 1.5-4.5 Gy radiation (630). Furthermore, the 

expression of the anti-apoptotic protein Bcl-2 was significantly decreased by 22% and 17% in 

MCF-7 cells 48 hours after 3 and 4.5 Gy irradiation, respectively (630). ESE-16 exposure 

significantly increased Bax expression in MCF-7- and MDA-MB-231 cells, while LimPyr1 

exposure resulted in elevated Bax levels in MCF-7- and BT-20 cells. The expression of Bax 

has not previously been quantified in ESE-16- or LimPyr1-exposed cells in vitro, however 

previous experiments indicated that the ratio of pro-apoptotic Bax and anti-apoptotic Bcl-2 

plays an important role in the induction of apoptosis in HeLa and esophageal carcinoma cells 

following exposure to 1 µM of 2-ME (631). As published by Day et al. microtubule damage 

induced by various microtubule disrupting agents, such as paclitaxel, 2-ME and 2-

MEbisMATE,  resulted in Bcl-2 deactivation in A2780 human ovarian cancer cells, which 

suggests that the microtubule damaging agents are similar in the activation of the intrinsic 

apoptotic pathway (632).  Exposure of MDA-MB-231 cells to LimPyr1 and BT-20 cells to ESE-

16 did not increase the expression of Bax at these low doses, therefore future studies are 

recommended to identify changes in the expression and phosphorylation of Bax and Bcl-2, 

as the Bax/Bcl-2 ratio is more important in determining the induction of apoptosis than 

either protein alone. The activation may be time- and dose-dependent. 

 

The levels of intracellular ROS can be increased by hyperactive Akt via the stimulation of 

oxidative metabolism (due to raised metabolic activity) in the mitochondria. Furthermore 



 

 

 
261 

 

phosphorylated Akt elevates ROS levels by repressing the transcription of antioxidant genes 

via FoxO phosphorylation and cytoplasmic sequestering (633). A study conducted on the 

effect of malonate on SH-SY5Y neuroblastoma cells and primary cerebellar granule neurons 

illustrated a link between elevated ROS levels and the activation of Bax (634). Upon 

activation, Bax translocates to the mitochondria and oligomerizes to form channels in the 

mitochondrial membrane or regulates the activity of pre-exciting channels. The latter results 

in a decrease in the outer mitochondrial membrane potential resulting in the release of 

cytochrome c from the mitochondria into the cytosol, and initiating the intrinsic apoptotic 

pathway. Cytosolic cytochrome c activates a caspase cascade by complexing with Apaf-1 and 

caspase 9 to form the apoptosome. The latter leads to the activation of the executioner 

caspases, such as caspase 3, resulting in the induction of cell death. The induction of the 

intrinsic apoptotic pathway via ROS-mediated mitochondrial injury was observed in SK-N-SH 

and SH-SY5Y neuroblastoma cells exposed to 2-ME (634). 2-ME treated SK-N-SH and SH-

SY5Y cells displayed elevated ROS levels with a concurrent decrease in the mitochondrial 

transmembrane potential. The compromised mitochondrial membrane resulted in the 

activation of the initiator caspase 9 which in turn activated the executioner caspase 3 in SK-

N-SH cells, resulting in the induction of apoptosis (634).  

 

The effect of LimPyr1 on the microtubule dynamics, cellular motility and in vivo tumor 

morphology and proliferation has been studied extensively. Mice with MDA-MB-231 

Dendra2 tumors displayed a less ‘packed’ cellular morphology when treated with 10 mg/kg 

LimPyr1 for 8 days compared to the vehicle-treated mice (547). To quantify these 

morphological changes the team measured the area of fluorescent-labeled cells and 

concluded that there was a statistically significantly decreased in the mice treated with 

LimPyr1 (547). These results correlated with those obtained from Ki67 staining which 

indicated a decrease in cellular proliferation in the subcutaneous MDA-MB-231 xenografts 

treated with LimPyr1, with an increase in apoptotic cells (detected using terminal 

deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling (TUNEL) staining) 

(547). These results did confirm the anti-tumor effect of LimPyr1, however the precise 

mechanism of apoptotic induction via LimPyr1 remains unclear.  
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ROS contributes to the radiosensitivity of cells (635). The latter was observed in a study 

conducted on PC3- and DU145 prostate cancer cell lines (636). Although maximum levels of 

ROS production were measured 15 minutes after 4- and 8 Gy radiation, the radiosensitive 

PC3 cells displayed a significant increase in cytosolic ROS compared to the more 

radioresistant DU145 cell line (636). Next, the team evaluated the involvement of 

intracellular antioxidants such as glutathione (GSH) in the cellular reaction to radiation, as 

this antioxidant counteracts the effects of ROS, contributing to cellular homeostasis. The 

GSH levels as well as the levels of glutathione disulphide (GSSG) were measured in radiation-

exposed cells. GSSG is a disulphide derived from two GSH molecules. By establishing the 

GSH:GSSG ratio the team could identify the oxidative state of both cell types following 

radiation exposure (636). The radioresistant DU145 cell line presented with a higher 

GSH:GSSG ratio compared to the PC3 cell line. The PC3 cell line displayed low basal levels of 

GSH which were rapidly depleted after radiation exposure, whereas the DU145 cells were 

able to recover rapidly from the oxidative stress due to higher antioxidant level (636). The 

team attributed the sensitivity of the PC3 cells to the accumulation of ROS and depletion of 

GSH. 

 

As mentioned above, increased ROS production can be activated by phosphorylated Akt 

(633). Furthermore, ROS mediated activation of Akt increases the induction of apoptosis 

(637). Thus, by increasing ROS, Akt could initiate the activation and translocation of Bax to 

the mitochondria, contributing to the induction of the intracellular apoptotic pathway. An 

increase in Akt phosphorylation (survival pathway) as well as an increase in Bax expression 

(apoptotic pathway) was observed in MCF-7-, MDA-MB-231- and BT-20 cells exposed to the 

individual treatment conditions. We therefore measured the production of ROS in these 

cells in order to identify the mechanism through which Bax was activated, and whether this 

led to the induction of mitochondrial apoptosis.  

 

Flow cytometric analysis revealed a significant increase in ROS in ESE-16 treated MCF-7-, 

MDA-MB-231- and BT-20 cells at various time frames. The ROS production in ESE-16 treated 

MCF-7 and MDA-MB-231 cells returned to basal levels at 24 and 48 hours respectively, 

whereas the ROS production in BT-20 cells was elevated up to 48 hours. These results 
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correlated with previously published data where ESE-16 significanly increased superoxide 

levels in MDA-MB-231- and MCF-7 cells (38). The study indicated elevated superoxide levels 

6 and 18 hours in response to higher ESE-16 doses in the MDA-MB-231- and MCF-7 cell 

lines, respectively. Furthermore, ESE-16 exposure resulted in depolymerization of the 

mitochondrial membrane in MDA-MB-231- and MCF-7 cells in addition to activating caspase 

3 and -7 (38). Similar results were obtained in the current study. MDA-MB-231 cells exposed 

to low doses of ESE-16 displayed an increase in Mitocapture™, illustrating a decrease in the 

mitochondrial transmembrane potential. This could be attributed to the increased Bax 

expression and was followed by the activation of caspase 3. Quantification of cleaved 

caspase 3 was significantly increased in MDA-MB-231 cells exposed to low ESE-16 doses. 

Apoptotic cell death was quantified by flow cytometry employing annexin V. ESE-16 exposed 

MDA-MB-231 cells displayed a significant increase in annexin V-stained apoptotic cells as 

well as an increase in the sub-G1 apoptotic phase. The ROS production of MCF-7 cells was 

only elevated at the earliest time point, however the expression of Bax was still significantly 

increased. The latter did not result in increased mitochondrial transmembrane permeability 

as Mitocapture™ detection did not reveal an increase in the fluorescent signal. Furthermore, 

no increase in annexin V staining was observed in MCF-7 cells exposed to low doses of ESE-

16, but a small increase in the sub-G1 phase was observed. ESE-16 induced the intrinsic 

apoptotic pathway in the BT-20 cells by significantly increasing the expression of ROS and 

decreasing the mitochondrial transmembrane potential. Temporal and cell-specific 

differences must be taken into account when examining these data. 

 

The induction of the intrinsic apoptotic pathway was confirmed in LimPyr1-treated MCF-7-, 

MDA-MB-231- and BT-20 cells. Low doses of LimPyr1 significantly increased ROS in all three 

cell lines over the 48 hour time frame. The permeability of the mitochondrial 

transmembrane was significantly increased in MCF-7-, MDA-MB-231- and BT-20 cells 

exposed to LimPyr1. The activation of cleaved caspase 3 was quantified in MDA-MB-231- 

and BT-20 cells exposed to LimPyr1 and displayed a significant increase compared to the 

negative controls. Apoptotic cell death was significantly increased in all three cell lines, 

confirming the induction of mitochondria-mediated apoptosis.  
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MCF-7- and BT-20 cells exposed to 8 Gy radiation displayed similar effects. An increase in 

ROS was observed at all three experimental time points resulting in the increase expression 

of Bax. Bax expression increased the mitochondrial transmembrane permeability (as 

measured by Mitocapture™) resulting in the activation of initiator caspases which resulted 

in elevated levels and activation of caspase 3 (BT-20 cells). Annexin V quantification 

revealed a significant increase in apoptotic cells 24 hours after irradiation in MCF-7- and BT-

20 cells exposed to 8 Gy radiation. MDA-MB-231 cells exposed to 8 Gy radiation displayed 

similar but delayed effects after radiation exposure. ROS production was only significantly 

increased in MDA-MB-231 cells 24 hours after irradiation. Although Bax expression and 

mitochondrial permeability were increased in this cell line, the cell cycle analysis revealed 

no significant increase in the sub-G1 phase. However, the G2/M phase was significantly 

elevated. Annexin V quantification did reveal an increase in the number of apoptotic cells, 

which may indicate that MDA-MB-231 cells exposed to 8 Gy radiation induced a prolonged 

mitotic block which resulted in the induction of cell death at a later time point compared to 

the other two cell lines.  

 

The data above demonstrated that low doses ESE-16, LimPyr1 and 8 Gy radiation activated 

the Akt and FoxO pathway, while simultaneously inducing mitochondrial apoptosis. As 

apoptotic cell death was observed in the cells exposed to the individual treatment 

conditions, the assumption can be made that the apoptotic signaling was more pronounced 

but could have been delayed by the activation of the survival pathway. As increased levels 

of phosphorylated Akt and ROS are linked to autophagic cell death (638,639), it is possible 

that autophagy was induced in cells exposed to the individual treatment conditions. 

Experiments evaluating the time-dependent induction of autophagy alongside the activation 

of Akt would provide insight into the mechanisms involved in the delayed apoptosis 

observed in cells exposed to the individual treatment conditions. 

 

Activation of the survival pathway was not observed in MCF-7-, MDA-MB-231- and BT-20 

cells exposed to ESE-16 and LimPyr1 24 hours prior to irradiation. The phosphorylation of 

Akt and FoxO was significantly decreased in ESE-16 and LimPyr1 presensitized MCF-7-, MDA-

MB-231- and BT-20 cells compared to cells exposed to the vehicle control and cells exposed 
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to the individual conditions. Thus, the survival pathway was inhibited in pre-treated cells 

which resulted in the induction of the intrinsic apoptotic pathway at an earlier time point 

compared to cells exposed to the compounds or radiation only. By preventing the 

phosphorylation of Akt, FoxO can promote the induction of apoptosis and Bax activity was 

not inhibited. Therefore, Bax was rapidly activated by the increased ROS observed in the 

combination treatments. This was seen in Bax levels being significantly increased in pre-

treated cells compared to the individual treatment conditions. Subsequently the 

permeabilization of the mitochondria occurred more rapidly in pre-treated cells, as 

measured by the increase in Mitocapture™. This ultimately increased the activation of the 

caspase cascade as seen in elevated cleaved caspase 3 levels which resulted in a significant 

increase in apoptosis (annexin V quantification) in the combination-treated cells compared 

to the individual treatment conditions. Results obtained from annexin V quantification were 

visualized using PlasDIC where an increased number of apoptotic bodies were observed in 

breast cancer cells exposed to the combination treatment conditions. Thus, by preventing 

the activation of the survival pathway ESE-16 and LimPyr1 pre-treatment induced cell death 

more rapidly compared to the individual treatment conditions. 

 

By staining cell populations with crystal violet 14 days after exposure to the individual 

treatment conditions, a significant decrease in long term cellular proliferation was observed. 

This illustrated that the ability of cells to survive, restore and proliferate was not regained 

after exposure to LimPyr1, ESE-16 and 4 Gy radiation. These results correlate with 

previously published data illustrating a significant decrease in colony formation in human 

colon carcinoma cells (HCT116 and SW613-B3 cells) when exposed to 2-ME for 24 hours 

(267). The authors did note that the long-term proliferation of the SW613-B3 was less 

affected by 2-ME exposure when compared to HCT116 cells and attributed it to the intrinsic 

resistance displayed by SW613-B3 cells when exposed to a panel of drugs (267). A study 

conducted by Cazarez et al. demonstrated increased radiosensitvity in human prostate 

carcinoma cells (PC3 cells) following pre-treatment with 2-ME (418). Furthermore, a study 

conducted in our laboratory evaluated the effect of another 2-ME analogue, ESE-15-ol, and 

radiation on colony survival in a human lung adenocarcinoma epithelial cell line (A549) and 

an estrogen receptor-positive tumorigenic human epithelial breast cancer cell line (MCF-7) 
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(640). A549- and MCF-7 cells exposed to low doses ESE-15-ol or 6 Gy radiation revealed a 

significant decrease in colony formation 10 days after irradiation (640). This suggested that 

the ability of 2-ME to decrease colony survival was retained in the novel analogues. 

Although the effect of LimPyr1 has not been evaluated previously it has been published that 

LimPyr1 has a significant effect on cellular proliferation (547). These findings correlate with 

those observed in the current study, suggesting that cell death was induced in ESE-16 and 

LimPyr1 exposed MCF-7-, MDA-MB-231- and BT-20 cells despite the cellular survival 

pathway being activated.  

 

MCF-7-, MDA-MB-231- and BT-20 cells exposed to ESE-16 and LimPyr1 24 hours prior to 

radiation revelead a significant decrease in long term cellular proliferation compared to cells 

exposed to the compounds or 4 Gy radiation only. These finding correlate with the 

augmented apoptotic signaling, in addition to the decreased expression of survival proteins, 

observed in pre-treated cells. 

 

5.4 DNA damage and repair 
 

DNA double strand breaks are the most harmful DNA lesions obtained by a cell exposed to 

radiation (641). These DNA double strand breaks can be repaired via NHEJ and HR (642). 

DNA double strand breaks are repaired much slower via HR, thus the majority of the double 

strand breaks are repaired via rapid NHEJ. Furthermore, NHEJ can repair DNA damage 

throughout the cell cycle, whereas HR is only active in the S and G2/M phases (642). Damage 

to the cellular genome is rapidly detected by various DNA damage proteins such as ATM, 

ATR and DNA-PK (643). The nuclear foci of H2AX are located along the megabase chromatin 

domains which neighbour the sites of damage. H2AX is rapidly phosphorylated (known as 

γH2AX in its phosphorylated state) by the aforementioned proteins, and accumulates at the 

site of damage and serves as a docking site for DNA repair proteins in order to facilitate 

NHEJ (644). γH2AX foci can be detected by immunofluorescence and are used as a marker of 

DNA damage since increased levels of foci have been reported to correlate with the degree 



 

 

 
267 

 

of genotoxic insult (644). Once the damaged DNA has been identified, recruitment of DNA 

repair proteins such as the Ku complex (Ku70/Ku80) is initiated. The Ku complex keeps both 

ends of the damaged DNA in close proximity, allowing the direct re-joining of the DNA 

strand by NHEJ. Once the repair of the damaged DNA is complete the Ku complex 

dissociates from the DNA end and cell cycle progression commences (644). 

 

Genetic toxicity is also studied at a chromosomal level by quantifying micronuclei (645). 

Damaged chromosomes fail to bind correctly to the mitotic spindles during cellular division. 

This results in the exclusion of either chromatid fragments or whole chromosomes from the 

newly formed daughter-cell nuclei. These are then enclosed in nuclear membranes to form 

micronuclei. Micronuclei exhibit a similar morphology to the main nucleus, apart from being 

smaller in size (645).  

 

The extent of DNA damage incurred within the cells in the current study was assessed via 

flow cytometric quantification of γH2AX foci and micronuclei formation. Furthermore, 

activation of the DNA repair mechanisms was quantified via Ku70 expression using a 

Western blot. DNA damage and repair experiments were conducted 2 and 24 hours after 

irradiation to assess whether the combination treatment increased cell death signaling via 

the increased occurrence of DNA damage, or whether the effect was due to an ineffective 

damage repair mechanism. MCF-7-, MDA-MB-231- and BT-20 cells exposed to the ESE-16 

drug control displayed no significant increase in γH2AX or micronuclei formation over the 24 

hour time frame. Additionally, the MCF-7- and BT-20 cells revealed no increase in Ku70, 

indicating that ESE-16 in itself did not induce DNA damage at low doses. MDA-MB-231 cells 

displayed a significant increase in Ku70 at the 2 hour termination point, which decreased to 

basal level after 24 hours. The exact reason for this increase remains to be fully elucidated, 

as this increase did not coincide with an increase of γH2AX or micronuclei. 
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MCF-7-, MDA-MB-231- and BT-20 cells pre-treated with ESE-16 24 hours prior to irradiation 

displayed a significant increase in γH2AX and micronuclei at 2 and 24 hours after irradiation. 

Furthermore, the expression of Ku70 was significantly increased in all three cell lines, 

illustrating the activation of DNA repair mechanisms. These DNA repair mechanisms seem to 

be successful in their execution in MCF-7- and BT-20 cells as was evident by the decreased 

γH2AX and micronuclei quantification at 24 hours when compared to the earlier time point. 

This, however, was not observed in ESE-16 pre-treated MDA-MB-231 cells, suggesting that 

the damage obtained by the MDA-MB-231 cells due to the ESE-16/radiation combination 

therapy was ineffectively repaired. γH2AX and micronuclei formation were significantly 

increased in MCF-7-, MDA-MB-231- and BT-20 cells exposed to ESE-16 prior to irradiation 

compared to the compound only-treated samples. Since DNA damage was not induced in 

cells exposed to ESE-16 only, it is hypothesized that the damage observed in the ESE-

16/radiation combination treatment stems from the radiation. Nevertheless the DNA repair 

mechanisms were rapidly activated in MDA-MB-231 and BT-20 cells as illustrated by the 

increased Ku70 expression 2 and 24 hours after irradiation. ESE-16 pre-treated MCF-7 cells 

displayed an elevation in the Ku70 protein levels only 24 hours after irradiation, suggesting 

that the activation of the repair mechanism was slightly delayed in this cell line. 

 

The LimPyr1 exposure caused an increase in DNA damage which appeared to be cell line 

specific. MCF-7 cells exposed to the LimPyr1 drug control displayed no significant increase in 

DNA damage, whereas LimPyr1 treated MDA-MB-231 cells displayed a significant increase in 

γH2AX and micronuclei at the 24 hour termination point. The BT-20 cell line appeared to be 

the most sensitive to the nuclear damaged induced by LimPyr1, as observed at both the 2 

and 24 hour termination points. The expression of Ku70 was increased in MDA-MB-231- and 

BT-20 cells indicating that the DNA damage response was activated and DNA repair proteins 

were recruited to the site of damage. MCF-7-, MDA-MB-231 and BT-20 cells pre-treated 

with LimPyr1 24 hours prior to 8 Gy radiation displayed a significant increase in DNA 

damage as quantified by γH2AX and micronuclei formation 2 and 24 hours after irradiation 

compared to the vehicle controls. Furthermore, the DNA damage observed in these LimPyr1 

pre-treated cells was significantly increased compared to cells exposed to LimPyr1 only. As 
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MCF-7 cells did not sustain DNA damage due to exposure to the compound, the damage 

obtained in the LimPyr1/radiation combination therapy is thus proposed to be due to the 

radiation exposure. However, MDA-MB-231 and BT-20 cells did display increased γH2AX and 

micronuclei formation in LimPyr1-only treated samples, thus potentially potentiating the 

damaging effects of the radiation in these cell lines. Compared to the vehicle control, the 

LimPyr1/radiation treatment significantly increased the expression of Ku70 in all three cell 

lines 2 and 24 hours after irradiation. The expression of Ku70 was also significantly increased 

2 and 24 hours after irradiation in LimPyr1 pre-treated MCF-7- and BT-20 cell lines when 

compared to cells exposed to the compound only. The MDA-MB-231 cells displayed 

elevated Ku70 levels 24 hours after irradiation when compared to the compound only.  

 

Essentially, H2AX phosphorylation appeared to be decreased at 2 hours, but increased 

during the following 24 hours in the combination-treated cells when they were compared to 

the 8 Gy radiation only-exposed cells. Counterintuitively, micronuclei studies show that the 

amount of damage induced is equal at 2 hours after irradiation. Thus, the hypothesis was 

formed that the combination therapy decreased the phosphorylation of H2AX, which in turn 

decreased the recruitment of Ku70. Initial postulates included an ineffective shuttling of the 

DNA repair proteins from the cytoplasm to the nucleolus due to the abrogation of the 

microtubule and actin dynamics. Following irradiation, EGFRs are translocated to the cell 

nucleus from the cytoplasm (646). Nuclear EGFRs are localized to uncoiled chromatin, 

allowing DNA repair proteins to rapidly access the site of damage (646). The transport of 

EGFR form the cytoplasm to the cell nucleus is associated with the Ku complex (Ku70/Ku80). 

Furthermore, EGFR cytoplasm-nuclear transport is assisted by protein phosphatase 1, which 

is significantly increased in the nucleus following irradiation. EGFR regulates the activity of 

DNA-PK by forming a complex with the DNA repair protein kinase (646). Once activated 

DNA-PK associates with the Ku complex. The Ku complexes are responsible for kinase 

activation by binding DNA-PK to the broken DNA ends, assisting in the repair of the 

damaged DNA via NHEJ (647,648). Previously published data illustrated an increase in the 

sensitivity of A549 cells to radiation by inhibiting the translocation of EGFR into the nucleus 
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(646). This prevented the activation of DNA-PK, resulting in a decrease in DNA repair, 

subsequently radiosensitizing A539 cells. 

 

The importance of translocating the mismatch repair proteins, malate dehydrogenase 

(MDH)2 and 6 into the nucleus following exposure to alkylating agents was highlighted by 

Christmann et al. (649). Mismatches in the DNA base sequences may be induced by base 

instability or acquired during replication (650). These mismatches are repaired via a process 

called DNA mismatch repair, which can also process chemical-induced DNA damaged (649). 

MDH2 plays various roles in the repair of DNA mismatches depending on its binding partner. 

MDH2 can form a complex with MDH3 in the nucleus to form the mutator S (MutS)β repair 

complex (651,652). A complex of MDH2 and 6 is known as MutSα (653). MutSα initiates 

repair in an ATP-dependent manner by binding to base-base mismatches (654,655), 

whereas MutSβ repairs long mutant loops by binding to longer inserted or deleted 

mismatches (649). Various cell lines displayed an increase in nuclear MDH2 and 6 levels 

following exposure to agents that induce O6-methylguanine (O6-MeG) lesions in the DNA 

(649). Following exposure to alkylating agents, O6-MeG lesions initiated the translocation of 

MutSα into the nucleus. In the nucleus MutSα binds to the mismatches and complexed with 

MutLα, which consist of MutL mismatch repair proteins (MutL homolog 1 (MLH1)) and 

mismatch repair endonuclease (PMS1 homolog 2 (PMS2)) (656). However, in cells 

expressing a DNA repair protein known as O6-MeG-DNA methyltransferase (MGMT), no 

translocation of MutSα was observed. Translocation of MutSα was restored in these cells by 

inhibiting MGMT (649). The results from this study highlighted the importance of nuclear 

translocation of MSH2 and 6 in base damage repair, a mechanism initiated by O6-MeG 

lesions. Moreover, the mutagenic and carcinogenic response to endogenous methylating 

species formation or methylating drug exposure may be altered due to defects in the 

nuclear transport of mismatch proteins (649). By altering the microtubule and actin 

dynamics ESE-16 and LimPyr1 may affect the cytoplasmic-nuclear trafficking of these 

molecules. This may result in the induction of cell death due to the damaged DNA not being 

repaired.  
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Nuclear repair mechanisms may also be inhibited by ESE-16 and LimPyr1 at a transcriptional 

or posttranscriptional level. The PI3K-Akt-mTOR pathway plays an important role in cell 

migration and adhesion, metastasis, cell survival and proliferation, and radioresistance (657-

660). A study conducted by Chang et al. investigated the effect of DNA repair mechanisms 

following the inhibition of the Pl3K-Akt-mTOR pathway in radioresistant prostate cancer 

cells (661). Three radioresistant cell lines (PC-3RR, DU145RR and LNCaPRR) associated with 

autophagy, inhibition of apoptosis, G0/G1 and S phase cell cycle arrest and DNA repair 

proteins involved in NHEJ and HR were developed by the research team (661). By exposing 

these radioresistant cell lines to single-agent PI3K-Akt-mTOR inhibitors such as BMK120 

(PI3K inhibitor) and Rapamycin (mTOR inhibitor) or dual inhibitors (BEZ235 and PI103) the 

research team was able to increase the sensitivity of the cells to radiation. Similar results 

were reported for normal prostate cancer cell lines (DU145, PC-3 and LNCaP) exposed to 

PI3K-Akt-mTOR pathway inhibitors (661). Moreover, the human prostate epithelial cell line, 

RWPE-1 was less sensitive to the effects of single or dual PI3K-Akt-mTOR inhibitors, 

suggesting that these inhibitors target cancer cells, while leaving normal cells less affected 

(661). The combination of the dual inhibitors (BE2235 and PI103) with radiation resulted in a 

decrease in colony formation in the resistant cell lines compared to the results obtained 

from cells treated with a combination of the individual inhibitors prior to irradiation. The 

decreased colony formation was accompanied by the decrease in the nuclear protein 

associated with proliferation, Ki67 (661). This led to a significant increase in apoptotic cell 

death. Due to the fact that the dual PI3K-mTOR inhibitors have a broader effect on 

genotypes with pro-apoptotic effects compared to the individual inhibitors, an increase in 

apoptotic cell death was observed is cells treated with the dual inhibitors prior to radiation 

(662,663).  

 

Results obtained from the aforementioned in vitro study revealed an increase in apoptotic 

cell death, whereas pro-survival mechanisms associated with autophagy were inhibited in 

radioresistant prostate cancer cells treated with PI3K and mTOR dual inhibitors prior to 6 Gy 

radiation (661). PI3K-mTOR inhibition significantly increased radiation induced DNA damage, 

while the NHEJ and HR pathways were diminished under these experimental conditions. 

Furthermore, the study conducted by Chang et al. illustrated the mechanisms involved in 
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the increased radiosensitivity of radioresistant prostate cancer cells treated with dual PI3K-

mTOR inhibitors (661). Results revealed that increased radiosensitivity lies in the 

redistribution of the cell cycle to the radiosensitive G2/M phase, while the G0/G1 and S cell 

cycle arrest associated with these radioresistant prostate cancer cells were abolished (661). 

 

A study conducted on acute pancreatitis demonstrated a link between cell death and 

oxidative DNA damage (664). It has been hypothesized that a decrease in the Ku complex 

may result due to oxidative stress. The lack of these DNA repair proteins at the DNA 

damaged site was linked to an increase in p53 and Bax expression, and decreased Bcl-2 

expression. This resulted in the activation of the intrinsic apoptotic pathway (664). A 

combination of the aforementioned mechanisms may be employed by ESE-16 and LimPyr1 

to decrease DNA repair, rendering breast cancer cells more radiosensitive. However, further 

experiments are needed to identify the precise mechanisms involved in the sensitization 

abilities of these anti-mitotics. 

 

Although potentially contributing to the initial observations, the ineffective cytoplasmic-

nuclear shuttling of the DNA repair proteins may not be the exclusive answer to the 

observation. Signaling molecules released by cells exposed to the combination treatment 

may be fundamental to the decrease in long-term survival, as demonstrated in clonongenic 

studies in which cells were treated with conditioned medium. A significant decreased in long 

term cellular proliferation, together with an increase in the mitochondrial transmembrane 

permeability and γH2AX and Ku70 expression were observed in cells propgated in the 

conditioned media obtained from the combination therapy, compared to cells propogated 

in conditioned media obtained from cells exposed to the individual treatment conditions. 

Due to the results demonstrating the bystander effect, signaling molecules which may 

extravasate or be part of an intercellular crosstalk are proposed to play a significant role in 

the long-term survival of the cells exposed to both treatment modalities. Future 

investigations will aim to identify this signaling pathway and the molecules involved more 

specifically. Differences in results from pre-exposure to the microtubule disrupting agent 

and the LIM kinase inhibitor which depolymerizes actin also highlights the possibility of 

alternative mechanistic and signaling pathways. 
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5.5 Radiation-induced resistance due to dose fractionation and radiation-induced 

bystander effect 

 

As part of a pilot study, ESE-16 and LimPyr1 were assessed for their ability to prevent the 

development of radiation resistance in a triple receptor-negative breast cancer cell line (BT-

20). Furthermore, the radiation-induced bystander effect was assessed in BT-20 cells 

propogated in conditioned media obtained from cells exposed to ESE-16 and LimPyr1 24 

hours prior to irradiation. 

 

Exposure of cells to repetitive smaller doses of ionizing radiation may decrease the cellular 

response upon subsequent exposure, increasing radiation resistance (665). The cellular 

mechanisms responsible for the development of radiation resistance are not fully know, 

however several possible mechanisms have been published in the literature. Radiation 

resistance may arise from abnormal DNA damage responses, epigenetic modifications in 

cancer subpopulations (such as cancer stem cells), deregulation of signaling pathways and 

oncogenic miRNA overproduction (666). The PI3K/Akt and MAPK/nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) regulate various cellular signaling pathways such 

as DNA repair and apoptosis which can be deregulated in radioresistant cells. Additionally, 

miRNAs are involved in the regulation of signaling pathways induced by radiation and can 

modulate key components in the above mentioned pathways, further decreasing the 

sensitivity of cancer cells to radiation (666).  

 

In the current study BT-20 cells were exposed to 8 Gy radiation as a single dose, or 

fractionated over 4 days (2 Gy per day). Apoptotic signaling was measured via superoxide 

production as well as changes in the mitochondrial transmembrane potential using flow 

cytometry. BT-20 cells exposed to fractionated radiation displayed a significant decrease in 

apoptotic signaling when compared to cells exposed to a single dose of 8 Gy. This indicated 

the induction of radiation resistance due to dose fractionation, resulting in a decreased 

apoptotic signal. Similar results were obtained in the differentiated counterparts of human 

neural progenitor stem cells and normal human fibroblasts (667). Enhanced mitochondrial 

activity was observed in differentiated cells exposed to long term fractionated radiotherapy 
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(0.01 and 0.05 Gy/fraction for 31 days). These cells displayed an increase in the 

mitochondrial transmembrane potential in addition to elevated mitochondrial complex IV 

activity (667). This enhanced mitochondrial activity replenished the energy demands 

stemming from chronic DNA damage.  Furthermore, a reduction of glutathione (an 

antioxidant) was observed in differentiated cells exposed to the long term fractionated 

radiotherapy due to the continuous activation of mitochondrial oxidative phosphorylation. 

This resulted in increased oxidative stress along with genomic instability (667). In contrast, 

the mitochondrial activity of human neural progenitor stem cells were not affected by long 

term fractionated radiotherapy. These cells were resistant to the radiation therapy due to 

their ability to efficiently repair the damaged DNA (667).  

 

The decreased apoptotic signaling (possible development of radiation resistance) observed 

in BT-20 cells exposed to fractionated radiotherapy was prevented with the addition of 

LimPyr1 prior to irradiation. ESE-16, however, did not prevent this response. The 

mechanism through which LimPyr1 potentially prevents the development of radiation 

resistance requires additional experiments to identify the signaling pathway involved. It has 

been published that cancer stem cells display increased activation of the DNA damage 

checkpoint, conferring resistance to radiation (668), whereas telomere shortening enhances 

radiosensitivity (669). Therefore, the involvement of telomere damage and cancer stem cells 

should be investigate as part of the effect of not developing radiation resistance. 

 

The radiation-induced bystander effect is the phenomenon which illustrates the relationship 

between non-irradiated cells and cells exposed to radiation (670). Non-irradiated cells may 

exhibit effects such as changes in processes of translation, apoptotic cell death, changes in 

cell proliferation and gene expression due to signals received from irradiated cells (671).  

 

The cellular response to the bystander signal is cell line specific (672). A study conducted by 

Gómez-Millán et al. used apoptosis and colony survival assays to demonstrate the sensitivity 

of umbilical-cord stromal stem cells and melanoma skin cancer cells to radiation-induced 
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bystander signaling (673). Results demonstrated that umbilical-cord stromal stem cells were 

not sensitive to radiation-conditioned medium, whereas melanoma skin cancer cells 

displayed increased apoptotic signaling and decreased colony survival (673). Literature 

suggests that non-neoplastic cells are resistant to radiation-induced bystander signaling. By 

assessing DNA damage and apoptotic cell death in human bone marrow mesenchymal stem 

cells and embryonic stem cells exposed to a range of radiation (0.2 to 10 Gy), Sokolov et al. 

demonstrated no evidence of radiation-induced bystander effects when compared to their 

non-irradiated counterparts (674). This provides a possible mechanism for using human 

stem cells for regenerative therapy and could assist in the repopulation of normal cells and 

tissues following radiation-induced damage. The radiation-induced bystander effect was 

also observed in cancer stem-like cells of the human HT1080 fibrosarcoma cell line which 

displayed a decrease in colony survival in addition to increased DNA damage (675). These 

effects were not observed in the normal primary fibroblasts, which were resistant to 

bystander signaling following low and high LET irradiation (676). 

 

The response generated due to bystander signaling may also depend on the genetic status 

of the cells. The gene responsible for cell survival after irradiation, known as tumor protein 

p53 (TP53), is often mutated in cancer cells (677). Colorectal carcinoma cells (HCT116) with 

wild type TP53 and cells with knockout TP53 genes were exposed to a range of X-ray 

radiation. Both cells lines, wild-type and knockout, displayed a decrease in cell viability with 

increased radiation doses (0 to 8 Gy) (677). However, the mode of cell death differed. Cells 

with knocked out genes displayed an increase in apoptotic cell death, whereas wild type 

cells were more susceptible to radiation-induced senescence associated with the NFκB 

pathway (677). 

 

In the current study, the radiation-induced bystander effect was evaluated by transferring 

conditioned media obtained from cells exposed to radiation and the combination therapies 

to non-exposed cells. Results illustrated a significant increase in mitochondrial 

transmembrane permeability and superoxide formation in BT-20 cells propagated in 
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conditioned media obtained from cells exposed to the ESE-16 and LimPyr1/radiation 

combination therapies compared to the individual treatment conditions. Furthermore, long 

term cellular survival was significantly decreased in cells propagated in medium from the 

combination treatment conditions, compared to cells exposed to the compounds or 

radiation only. These results suggest that the combination therapies produced a greater 

apoptotic signal and released soluble factors which are transferred to non-exposed cells, 

inducing apoptosis via the radiation-induced bystander effect. These molecules may include 

ROS, cytokines and lipid peroxide products (678). However, further analysis of the radiation-

induced bystander effect induced by ESE-16 and LimPyr1/radiation combination therapies 

are needed to identify the molecules involved in this process. 
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6. Conclusion 

 

“I may not have gone where I intended to go,  

but I think I have ended up where I needed to be.” 

-Douglas Adams- 

 

Pre-treatment of MCF-7-, MDA-MB-231- and BT-20 cells with ESE-16 and LimPyr1 24 hours 

prior to 8 Gy radiation resulted in more cell death compared to the individual treatments 

alone. This effect was highlighted in the long-term proliferation studies, with alternations in 

signaling evident at 2 and 24 hours post irradiation. ESE-16 and LimPyr1 pre-treatment of 

breast cancer cells inhibited the activation of the survival pathway by decreasing the 

phosphorylation of Akt. In its unphosphorylated state, Akt is unable to phosphorylate 

FoxO1/3a and is thus unable to inhibit the induction of apoptosis via the FoxO1/3a pathway 

(679). The activation and translocation of Bax to the mitochondria is permitted upon Akt 

phosphorylation (680). Apoptotic induction was further enhanced in the combination 

treatments by an increased ROS production, which may initiate the oligomerization of 

Bax/Bak via tBid (681). The latter inserts megapores into the mitochondrial membrane, 

reducing the mitochondrial transmembrane potential (681). Subsequently cytochrome c is 

released from the mitochondria into the cytoplasm where it complexes with Apaf-1 in order 

to form the procaspase-9-activating apoptosome. The latter activates the initiator caspase 9 

which initiates a caspase cascade culminating in the activation of the executer caspase 3 

(680).  

 

Radiation-induced DNA double strand breaks result in the activation of the DNA damage 

response (682). The latter results in the phosphorylation of H2AX which accumulates at the 

site of damage and recruits DNA repair proteins such as Ku70/Ku80 (682). The anti-mitotic 

effect of LimPyr1 and ESE-16 may theoretically have rendered the chromosomes more 

exposed to radiation damage (increased micronuclei), although the differences between the 
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combination effect and radiation alone at the 24 hour time point was not marked. However, 

by altering the cytoskeleton dynamics, phosphorylation of H2AX may be delayed resulting in 

decreased Ku70 binding to DNA breaks. This potential delay in DNA repair may possibly 

account for the increase in apoptosis (683).  

 

Interestingly, γH2AX and Ku70 expression were also increased indirectly as seen in 

experiments examining the radiation-induced bystander effect. This illustrates the 

production of extracellular molecule(s) which are potentially present in conditioned medium 

without the direct effects of the treatment, and alludes to an additional mechanism other 

than the direct effect on cytoskeletal dynamics. Elevated ROS production with a 

concomitant decrease in the mitochondrial transmembrane potential was demonstrated in 

these cells, which ultimately led to a decrease in long term cellular survival as assessed via 

long term proliferation studies. Furthermore, LimPyr1, but not ESE-16, was able to prevent 

the development of radiation resistance in BT-20 cells.  

 

Thus, the working hypothesis was formed that MCF-7-, MDA-MB-231-, and BT-20 cells 

exposed to the ESE-16 and LimPyr1/radiation combination therapy exhibit significantly 

increased apoptotic cell death compared to the individual treatment conditions (Figure 6.1). 

The mechanisms involved prevent the activation of the survival pathway, increase the 

induction of the intrinsic apoptotic pathway and delay the repair of radiation-induced DNA 

damage. The precise mechanisms by which ESE-16 and LymPyr1 increased the sensitivity of 

breast cancer cells to radiation, and the identification of the molecules transferred from 

treated cells to non-exposed cells, as well as those that prevent radioresistance need to be 

further studied. Future molecular and mechanistic studies over increased time points post-

exposure should aim to elucidate the molecular mechanisms responsible for ESE-16 and 

LimPyr1 radiosensitization, as well as aim to validate the safety and efficacy of this 

combination treatment in vivo.  
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Figure 6.1: Summary of proposed signaling pathways induced by ESE-16 and LimPyr1 to 

increase the sensitivity of breast cancer cells to radiation. Pre-treatment of MCF-7-, MDA-

MB-231- and BT-20 cells resulted in the inhibition of Akt phosphorylation. A decrease in Akt 

phosphorylation decreased the phosphorylation of FoxO1/03, resulting in the induction of 

apoptosis. This, in addition to an increased ROS production may permit the activation and 

translocation of Bax to the mitochondrial. The latter initiates the insertion of pores into the 

mitochondrial membrane resulting in the release of cytochrome c. The resultant caspase 

cascade increased apoptotic cell death, and is executed by caspase 3. The combination 

treatment conditions induced more DNA damage 24 hours after irradiation in BT-20 cells 

compared to the individual treatment conditions, however the recruitment of DNA repair 

mechanisms may be delayed. A resultant prolonged mitotic block may contribute in 

rendering the cells more susceptible to apoptotic induction. Unknown extracellular 

messengers also appear to have a transferrable effect on non-exposed cells, decreasing 

their long-term survival. Image created using Microsoft Power Point 2010.  
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9. Additional file 1 

9.1 Radiation dose response curve: Flow cytometric quantification 

of apoptosis induction 
 

The study design necessitated the determination of the lowest radiation dose that 

significantly induced apoptosis. In order to do so, MCF-7-, MDA-MB-231- and BT-20 cells 

were exposed to a radiation dose-response curve (0 Gy, 2 Gy, 4 Gy, 6 Gy, 8 Gy and 10 Gy). 

The selected radiation dose was used in all subsequent radiosensitization experiments. 

 

MCF-7-, MDA-MB-231- and BT-20 cells propagated in medium only served as a negative 

control. The cell population consisted of 92.03±1.88%, 91.88±1.48% and 89.97±2.62% viable 

MCF-7-, MDA-MB-231- and BT-20 cells, respectively (Figure 1A). Cells undergoing apoptosis 

were quantified at 5.50±1.62% (MCF-7 cells), 5.85±1.08% (MDA-MB-231 cells) and 

8.67±3.01% (BT-20 cells). No vehicle control was needed in this experiment as the cells were 

not exposed to the compounds. MCF-7- and MDA-MB-231 cells exposed to vinblastine, and 

BT-20 cells exposed to actinomycin D served as positive apoptotic controls. Cell viability was 

significantly decreased with a concurrent increase in apoptotic cells in all positive method 

control samples (Table 1A). MCF-7 cells exposed to the radiation dose-response curve 

revealed no significant difference in apoptosis induction (Figure 1A & 1B). Cell viability was 

significantly decreased after 6 Gy radiation in BT-20 cells (84.20±1.64%), with a concurrent 

increase in apoptosis (14.42±0.82%). MDA-MB-231- and BT-20 cells exposed to 8 Gy 

radiation revealed a significant decrease in cell viability (86.42±1.34% and 82.34±1.51%, 

respectively) and increased apoptosis (9.24±1.70% and 14.84±2.05%, respectively) (Table 

1A). Cell viability was significantly decreased after 10 Gy radiation in MDA-MB-231- and BT-

20 cells (83.85±3.43% and 80.91±0.47%, respectively), whereas apoptotic cells were 

significantly increased (11.10±2.65% and 16.92±0.55%, respectively). Additionally, MDA-MB-

231 cells exposed to 10 Gy radiation revealed a significant increase in necrosis (5.06±1.44%) 

compared to the vehicle control (2.28±0.42%) (Figure 1B). 
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Figure 1A: Representative flow cytometric dot plots of annexin V-FITC of breast cancer cells 

exposed to a radiation dose range. Apoptotic cells were stained with annexin V-FITC (FL1 Log) 

and were plotted against propidium iodide (FL3 Log) that measured cells in late apoptosis and 

necrosis. MCF-7-, MDA-MB-231- and BT-20 cells were propagated in medium only (negative 

control), exposed to vinblastine (MCF-7- and MDA-MB-231 cells) or actinomycin D (BT-20 cells) 

as positive controls for apoptosis and exposed to a radiation dose-response curve: 2 Gy, 4 Gy, 6 

Propidium iodide (FL3 Log) 
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Gy , 8 Gy and 10 Gy. The bottom left corner: viable cells; top left and right quadrants: apoptotic 

cells; bottom right quadrant: necrotic cells. 

 

Table 1A: Annexin V-FITC analysis of MCF-7-, MDA-MB-231- and BT-20 breast cancer cells 

following exposure to a radiation dose range. Kaluza Analysis software version 1.5 (FL, USA) 

was used to generate the statistical data. The ANOVA-single factor model was used to 

analyze the data and statistical significance was calculated using a two-tailed Student’s t-

test. The averaged percentage (M%) and standard deviations (SD) of three biological repeats 

are displayed for viable-, apoptotic- and necrotic cells. Statistically significant differences (P-

value <0.05) were calculated using cells propagated in medium only as a baseline. 

 Medium 
only 

Positive 
control 

2 Gy 4 Gy 6 Gy 8 Gy 10 Gy 

M
C

F-
7

  

Viable 
M%±SD 92.03±1.88 82.23±1.75 89.87±1.85 90.49±4.14 91.3±0.91 90.11±1.76 89.47±2.45 

P-value - 1.00E-02 0.23 0.59 0.58 0.27 0.22 

Apoptosis 
M%±SD 5.50±1.62 11.18±1.46 7.59±1.56 6.02±2.50 5.77±1.78 6.10±0.77 6.65±1.50 

P-value - 0.03 0.18 0.78 0.86 0.59 0.42 

Necrosis 
M%±SD 2.47±0.30 6.60±3.21 2.54±0.35 3.49±1.66 2.93±0.96 3.79±1.00 3.88±1.01 

P-value - 0.09 0.80 0.35 0.47 0.09 0.08 

M
D

A
-M

B
-2

3
1

  Viable 
M%±SD 91.88±1.48 81.42±4.6 89.49±2.46 88.68±3.51 88.99±2.47 86.42±1.34 83.85±3.43 

P-value - 0.02 0.22 0.22 0.16 9.09E-03 0.02 

Apoptosis 
M%±SD 5.85±1.08 15.08±4.63 7.11±1.56 8.31±2.91 7.47±1.79 9.24±1.70 11.10±2.65 

P-value - 0.03 0.31 0.24 0.25 0.04 0.03 

Necrosis 
M%±SD 2.28±0.42 3.50±0.93 3.4±0.90 3.02±1.60 3.55±0.92 4.34±1.81 5.06±1.44 

P-value - 0.11 0.12 0.48 0.10 0.13 0.03 

B
T-

2
0

  

Viable 
M%±SD 89.97±2.62 17.16±3.10 86.67±2.21 88.99±2.50 84.20±1.64 82.34±1.51 80.91±0.47 

P-value - 6.39E-06 0.17 0.71 0.03 1.20E-02 1.93E-02 

Apoptosis 
M%±SD 8.67±3.01 81.37±3.48 11.81±2.20 9.51±1.75 14.42±0.82 14.84±2.05 16.92±0.55 

P-value - 1.07E-05 0.22 0.75 0.03 0.04 0.04 

Necrosis 
M%±SD 1.36±0.49 1.47±0.81 1.52±0.67 1.50±0.75 1.38±0.83 2.82±2.00 2.17±1.03 

P-value - 0.85 0.76 0.82 0.98 0.29 0.31 
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Figure 1B: Graphical representation of annexin V-FITC analysis of MCF-7-, MDA-MB-231- and 

BT-20 breast cancer cells exposed to a radiation dose range. MCF-7 cells displayed no 
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significant increase in apoptosis upon radiation exposure (A). The lowest radiation dose that 

significantly induced apoptosis was calculate at 8 Gy for MDA-MB-231 cells (B) and 6 Gy for BT-

20 cells (C). The averages of three biological repeats are displayed on the bar graphs with the 

standard deviations represented by T-bars. Statistically significant differences are indicated with 

* (P-value <0.05). 

 

Results obtained from the quantification of annexin V-FITC revealed the lowest radiation 

doses to increase apoptosis to be 6 Gy in BT-20 cells and 8 Gy in MDA-MB-231 cells. MCF-7 

cells revealed no significant increase in annexin V-FITC staining following radiation exposure 

at the measured time point. These results were used in conjunction with results obtained 

from cell cycle analysis in order to determine the radiation dose that were used in all 

subsequent experiments. 

 

9.2 Radiation dose response curve: Flow cytometric analysis of cell 

cycle progression 
 

MCF-7-, MDA-MB-231- and BT-20 cells were stained with propidium iodide following 

exposure to a radiation dose-response curve (0 Gy, 2 Gy, 4 Gy, 6 Gy, 8 Gy and 10 Gy). The 

results obtained from this experiment indicated the effect of the different radiation doses 

on the cell cycle distribution. Additionally, the induction of cell death (cells present in the 

sub-G1 phase) was used to select a radiation dose that was used for all subsequent 

experiments. 

 

MCF-7-, MDA-MB-231- and BT-20 cells propagated in growth medium served as negative 

controls. A total of 54.26±2.89%, 45.48±4.06% and 64.26±2.44% MCF-7-, MDA-MB-231- and 

BT-20 cells, respectively, were present in the G1 phase (Figure 1C). Negative controls 

revealed 29.73±5.04%, 39.53±7.34% and 24.23±1.63% of cells in the G2/M phase, and 

12.69±2.84%, 10.95±2.78% and 9.87±3.69% of MCF-7-, MDA-MB-231- and BT-20 cells 

present in the S phase. Only 3.46±1.19%, 4.05±1.67% and 1.72±0.91% of MCF-7-, MDA-MB-

231- and BT-20 cells were present in the sub-G1 phase (Figure 1D).  
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MCF-7- and MDA-MB-231 cells exposed to vinblastine served as a positive control for 

apoptosis. The positive control for the BT-20 cell line comprised of cells exposed to 

actinomycin D. All positive controls revealed a statistically significant increase in the 

percentage of cells present in the sub-G1 phase, with a concurrent decrease in the G1 phase 

(Table 1B). MCF-7- and BT-20 cells exposed to 2 Gy radiation revealed no significant 

differences in the cell cycle distribution, however MDA-MB-231 cells revealed a significant 

decrease in the G1 phase (35.99±3.38%), compared to the negative control (Figure 1D). 

MDA-MB-231- and BT-20 cells exposed to 4 Gy radiation revealed a statistically significant 

decrease in the G1 phase (28.42±6.27% and 57.50±3.01%, respectively). Additionally, BT-20 

cells present in the G2/M phase were significantly increased (33.26±1.79%) following 4 Gy 

radiation.  

 

MCF-7 cells displayed a significant decrease in the G1 phase following 6 Gy (37.70±8.25%)-, 8 

Gy (31.11±9.86%)- and 10 Gy (15.43±8.50%) radiation. Additionally, MCF-7 cells present in 

the sub-G1 phase were significantly increased when exposed to 8 Gy (10.93±5.18%) and 10 

Gy (8.19±1.43%). Exposure of MCF-7 cells to 8 Gy (7.35±1.40%)- and 10 Gy (5.45±0.88%) 

radiation significantly decreased cells present in the S phase, with a concurrent increase in 

cells present in the G2/M phase (50.74±13.95% and 71.03±10.08%, respectively) (Table 1B). 

MDA-MB-231 cells displayed a significant decrease in the G1 phase following exposure to 6 

Gy (20.96±1.01%)-, 8 Gy (15.80±3.19%)- and 10 Gy (13.25±1.41%) radiation (Figure 1D). This 

was accompanied by a significant increase in cells present in the G2/M phase (62.14±0.88%, 

69.74±6.99% and 72.17±1.67%, respectively). BT-20 cells revealed a significant decrease in 

the G1 phase when exposed to 6 Gy (41.50±11.97%), 8 Gy (37.01±1.35%) and 10 Gy 

(24.83±5.75%). A statistically significant increase in the G2/M- and sub-G1 phases were 

observed in BT-20 cells exposed to 6 Gy (45.71±11.12% and 5.32±1.17%, respectively), 8 Gy 

(54.34±8.09% and 6.67±2.26%) and 10 Gy (62.11±6.53% and 6.70±2.52%) (Figure 1C).  
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Figure 1C: Histograms representing the cell cycle distributions of MCF-7-, MDA-MB-231- and 

BT-20 cells exposed to a radiation dose-response curve. The number of cells was plotted against 

propidium iodide (FL3 Lin). Cells propagated in medium only served as a negative control, while 

vinblastine (MCF-7- and MDA-MB-231 cells) or actinomycin D (BT-20 cells) exposed cells 

Propidium iodide (FL3 Lin) 
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provided positive method controls for apoptosis. MCF-7-, MDA-MB-231- and BT-20 cells were 

exposed to a radiation dose-response curve (2 gray (Gy), 4 Gy, 6 Gy , 8 Gy, 10 Gy) in order to 

identify the lowest dose that significantly increase apoptosis. 

 

Table 1B: Cell cycle analysis of three breast cancer cell lines after exposure to a radiation 

dose-response curve. Data were generated using Kaluza Analysis software version 1.5 (FL, 

USA). Data were analyzed using ANOVA-single factor model and a two-tailed Student’s t-

test. The averaged percentage (M%) and standard deviations (SD) of three biological repeats 

are displayed for cells present in the different phases of the cell cycle. Using cells 

propagated in medium only as a baseline, statistical significance (P-value <0.05) was 

calculated. 

        Medium 
only 

Positive 
control 

2 Gy 4 Gy 6 Gy 8 Gy 10 Gy 

M
C

F-
7

 

Su
b

-G
1 M%±SD 3.46±1.19 40.36±11.31 5.03±2.57 4.79±0.77 10.13±6.92 10.93±5.18 8.19±1.43 

P-value - 1.77E-03 0.31 0.15 0.11 0.03 4.92E-03 

G
1 

M%±SD 54.26±2.89 4.51±1.70 49.35±10.73 38.33±15.71 37.70±8.25 31.11±9.86 15.43±8.50 

P-value - 2.66E-05 0.41 0.10 1.24E-02 5.97E-03 3.26E-04 

S 

M%±SD 12.69±2.84 5.08±0.57 11.92±4.19 10.35±0.38 8.14±1.46 7.35±1.40 5.45±0.88 

P-value - 0.02 0.77 0.23 0.05 0.03 8.64E-03 

G
2
/M

 M%±SD 29.73±5.04 50.13±12.44 33.81±13.11 46.66±14.72 44.11±12.52 50.74±13.95 71.03±10.08 

P-value - 0.04 0.58 0.08 0.09 0.04 7.87E-04 

M
D

A
-M

B
-2

3
1

 

Su
b

-G
1 M%±SD 4.05±1.67 20.31±0.67 5.59±1.23 6.19±1.12 6.32±2.85 6.25±2.68 7.09±2.65 

P-value - 1.09E-03 0.27 0.14 0.30 0.29 0.17 

G
1 

M%±SD 45.48±4.06 3.99±0.08 35.99±3.38 28.42±6.27 20.96±1.01 15.80±3.19 13.25±1.41 

P-value - 8.40E-04 0.04 1.68E-02 5.31E-04 5.72E-04 2.03E-04 

S 

M%±SD 10.95±2.78 9.09±3.16 14.94±1.08 11.18±0.80 10.57±1.26 8.27±1.17 7.49±1.31 

P-value - 0.53 0.08 0.90 0.84 0.20 0.12 

G
2/

M
 M%±SD 39.53±7.34 66.66±3.75 43.52±3.48 54.22±6.30 62.14±0.88 69.74±6.99 72.17±1.67 

P-value - 1.86E-02 0.44 0.06 6.10E-03 6.69E-03 1.68E-03 

B
T-

2
0 

Su
b

-G
1 M%±SD 1.72±0.91 21.57±7.87 4.47±2.86 2.36±1.50 5.32±1.17 6.67±2.26 6.70±2.52 

P-value - 1.22E-02 0.19 0.56 1.37E-02 0.04 0.03 

G
1 

M%±SD 64.26±2.44 33.21±3.69 61.44±2.24 57.50±3.01 41.50±11.97 37.01±1.35 24.83±5.75 

P-value - 2.64E-04 0.21 0.04 0.03 8.00E-04 3.98E-04 

S 

M%±SD 9.87±3.69 17.99±4.52 7.32±2.11 6.85±0.86 7.52±1.13 10.71±7.46 6.35±1.29 

P-value - 0.07 0.36 0.24 0.35 0.87 0.19 

G
2/

M
 M%±SD 24.23±1.63 27.29±8.40 26.89±4.16 33.26±1.79 45.71±11.12 54.34±8.09 62.11±6.53 

P-value - 0.57 0.36 2.95E-03 0.03 3.21E-03 6.20E-04 
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Figure 1D: Graphical representation of the cell cycle analysis of MCF-7-, MDA-MB-231- and BT-

20 cells exposed to a radiation dose range. MDA-MB-231 cells displayed no significant increase 

in the sub-G1 phase of the cell cycle upon exposure to the radiation dose-response curve. The 
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lowest radiation dose that significantly increased the sub-G1 phase in MCF-7 cells was 8 Gy and 6 

Gy in the BT-20 cell line.  Bars indicate the mean of three biological repeats, with standard 

deviations represented by T-bars. Statistical significant differences are indicated with * (P-value 

<0.05). 

 

The cell cycle analysis revealed that the lowest radiation dose that increased the sub-G1 

phase was 6 Gy for the BT-20 cell line and 8 Gy for the MCF-7 cell line. This suggests that the 

BT-20 cell line is more sensitive to radiation compared to the MCF-7- and MDA-MB-231 cell 

line. No statistically significant increase in sub-G1 phase was observed in the MDA-MB-231 

cells upon exposure to the radiation dose-response curve. However, annexin V-FITC results 

did indicate that apoptosis were significantly increased in the MDA-MB-231 cells after 8 Gy 

radiation. This may suggest that apoptosis is induced in MDA-MB-231 cells present in the 

G2/M phase (metaphase block) after 8 Gy radiation. Thus, in order to keep the radiation 

dose delivery protocol constant 8 Gy was selected to be used in all the cell lines for the 

subsequent radiosensitization experiments.  
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10. Additional file 2  

10.1 Compound dose response curve: Flow cytometric quantification 

of apoptosis induction 
 

Breast cancer cells were exposed to the lowest compound dose that significantly increased 

apoptosis in an attempt to sensitize the cells to radiation. These doses were determined by 

exposing the cells to a compound dose-response curve (Table 2A) (using the GI50 

concentration as a starting point (Table 4.3)) followed by quantification of apoptosis 48 

hours after exposure via flow cytometry employing annexin V. 

 

Table 2A: Compound dose-response curve concentrations exposed to BT-20-, MCF-7- and 

MDA-MB-231 cells. The concentration range of each compound to which the breast cancer 

cells were exposed to displayed in µM. 

 

BT-20 cells MCF-7 cells MDA-MB-231 cells 
ESE-15-one ESE-16 T4 LimPyr1 ESE-16 LimPyr1 ESE-16 LimPyr1 

µM 

Concentration 1 0.08 0.223 36 4.096 0.313 4.875 0.274 4.875 

Concentration 2 0.06 0.167 27 2.73 0.235 3.25 0.206 3.25 

Concentration 3 0.04 0.112 18 2.048 0.157 2.437 0.137 2.437 

Concentration 4 0.02 0.056 9 1.638 0.078 1.95 0.069 1.95 

Concentration 5 0.013 0.037 6 1.365 0.052 1.62 0.046 1.62 

 

Breast cancer cells were exposed to DMSO as a vehicle control and actinomycin D (BT-20 

cells) or vinblastine (MCF-7- and MDA-MB-231 cells) as positive controls for apoptosis. No 

statistically significant differences were observed in cell viability or apoptosis when DMSO 

samples were compared to cells propagated in medium only. Cells exposed to the positive 

apoptotic controls displayed a decrease in cell viability in addition to an increase in 

apoptotic cells (Table 2B & 2C). 

 

BT-20 cell viability was significantly decreased (84.04±2.37% and 85.31±1.76%) with an 

increase in apoptotic cells (13.70±2.19% and 13.11±2.39%) when exposed to 0.08 µM and 
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0.06 µM ESE-15-one, compared to the vehicle control (91.06±1.83% and 7.69±2.36%, 

respectively) (Figure 2A). Following a 48 hour exposure to 0.223 µM, 0.167 µM and 0.112 

µM ESE-16 BT-20 cells displayed a significant decrease in cell viability (76.33±3.16%, 

87.74±0.72% and 86.22±3.89%, respectively) in addition to increased apoptosis 

(22.49±3.58%, 10.74±1.59% and 11.76±3.12%, respectively), compared to DMSO 

(93.45±1.77% and 5.46±1.25%). Compared to the vehicle control (91.22±1.35% and 

6.92±2.21%, respectively) the compound T4 significantly decreased BT-20 cell viability to 

75.58±4.94% at 36 µM due to an increase in apoptosis (21.65±3.19%). BT-20 cells exposed 

to the Lim kinase inhibitor, LimPyr1, displayed a significant decrease in cell viability with a 

concurrent increase in apoptosis at concentrations of 4.096 µM (85.27±2.11% and 

13.40±1.97%), 2.73 µM (86.38±3.22% and 12.53±2.86%), 2.048 µM (83.15±2.05% and 

15.55±2.39%) and 1.638 µM (84.27±0.79% and 14.82±1.14%), compared to the vehicle 

control (92.00±1.53% and 6.95±1.43%) (Table 2B).   

 

This experiment indicated that 0.06 µM ESE-15-one, 0.167 µM ESE-16, 36 µM T4 and 1.638 

µM LimPyr1 were the lowest concentrations to significantly increase apoptosis in BT-20 cells 

(Figure 2B). These results were compared to the cell cycle analysis of BT-20 cells exposed to 

the same dose-response curve before determining the pre-treatment concentrations.  

 

The four candidate microtubule regulating agents were tested for their radiosensitizing 

abilities in BT-20 cells. BT-20 cells were exposed to the lowest compound doses that 

significantly increased apoptosis for 24 hours prior to radiation. Cells were analyzed 24 

hours after radiation for apoptotic induction and cell cycle disturbances via flow cytometry 

employing annexin V and propidium iodide, respectively. After the completion of these 

studies ESE-16 and LimPyr1 showed the most potential to sensitize cells to radiation in this 

experimental setup. Thus, for the remainder of the study only these two compounds were 

included in the experiments.  
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Figure 2A: Apoptotic cell death in BT-20 cells exposed to compound dose-response curves as 

illustrated by flow cytometric dot plots of annexin V-FITC. Apoptotic cells were labeled with 

annexin V-FITC (FL1 Log) and were plotted against cells stained with propidium iodide (FL3 Log). 

BT-20 cells were propagated in growth media only (negative control), exposed to DMSO as a 

 



 

 

 
367 

 

vehicle control or actinomycin D as a positive apoptotic control. Additionally, BT-20 cells were 

exposed to ESE-15-one, ESE-16, T4 and LimPyr1 dose-response curves (Table 2A). The bottom 

left corner: viable cells; top left and right quadrants: apoptotic cells; bottom right quadrant: 

necrotic cells. 

 

Table 2B: Annexin V-FITC quantification in BT-20 cells exposed to compound dose-

response curves. Kaluza Analysis software version 1.5 (FL, USA) were used to obtained the 

data, which were analyzed using the ANOVA-single factor model. Statistical significance was 

calculated using a two-tailed Student’s t-test. The averaged percentage of three biological 

repeats (M%) and standard deviations (SD) are displayed for viable-, apoptotic- and necrotic 

BT-20 cells. Cells exposed to DMSO served as a baseline when statistically significant 

differences (P-value <0.05) were calculated. 

 

 Drug concentrations 

Medium 
only 

DMSO 
Actinomycin 

D 
0.08 μM 0.06 μM 0.04 μM 0.02 μM 0.013 μM 

ES
E-

1
5-

o
n

e 

Viable 
M%±SD 90.34±2.31 91.06±1.83 34.87±7.50 84.04±2.37 85.31±1.76 88.11±0.64 91.92±2.42 91.87±2.13 

P-value 0.69 - 2.28E-04 1.54E-02 1.72E-02 0.06 0.65 0.64 

Apoptosis 
M%±SD 8.21±2.97 7.69±2.36 63.88±8.01 13.70±2.19 13.11±2.39 9.65±2.32 6.98±2.79 7.00±2.53 

P-value 0.83 - 3.10E-04 0.03 4.90E-02 0.36 0.75 0.75 

Necrosis 
M%±SD 1.45±0.65 1.24±0.64 1.25±0.51 2.27±1.61 1.58±0.69 2.24±1.69 1.10±0.57 1.14±0.55 

P-value 0.71 - 0.99 0.36 0.57 0.39 0.79 0.84 

 0.223 μM 0.167 μM 0.112 μM 0.056 μM 0.037 μM 

ES
E-

1
6 

Viable 
M%±SD 91.69±2.90 93.45±1.77 32.01±10.04 76.33±3.16 87.74±0.72 86.22±3.89 91.35±2.71 91.48±2.13 

P-value 0.40 - 1.53E-04 1.21E-03 6.59E-03 0.03 0.30 0.25 

Apoptosis 
M%±SD 7.03±2.96 5.46±1.25 66.89±10.60 22.49±3.58 10.74±1.59 11.76±3.12 7.26±3.11 7.35±2.64 

P-value 0.44 - 1.93E-04 1.48E-03 1.06E-02 0.02 0.40 0.31 

Necrosis 
M%±SD 1.29±0.76 1.09±0.64 1.10±0.68 1.19±0.47 1.52±1.05 2.02±1.49 1.39±1.04 1.17±0.71 

P-value 0.74 - 0.99 0.85 0.58 0.37 0.68 0.89 

 36 μM 27 μM 18 μM 9 μM 6 μM 

T4
 

Viable 
M%±SD 90.03±0.56 91.22±1.35 25.36±3.46 75.58±4.94 88.56±4.84 92.76±1.55 92.88±2.19 93.35±2.31 

P-value 0.23 - 6.67E-06 6.14E-03 0.41 0.26 0.33 0.24 

Apoptosis 
M%±SD 8.10±1.02 6.92±2.21 71.26±4.06 21.65±3.19 9.51±5.22 5.83±2.19 5.60±2.74 5.14±2.73 

P-value 0.45 - 1.75E-05 2.76E-03 0.47 0.58 0.55 0.43 

Necrosis 
M%±SD 1.88±1.16 1.87±0.93 3.37±4.17 2.78±1.80 1.94±0.42 1.41±0.72 1.53±0.55 1.50±0.85 

P-value 0.99 - 0.57 0.48 0.91 0.54 0.62 0.64 

 4.096 μM 2.73 μM 2.048 μM 1.638 μM 1.365 μM 

Li
m

P
yr

1 

Viable 
M%±SD 92.26±1.73 92.00±1.53 30.05±11.56 85.27±2.11 86.38±3.22 83.15±2.05 84.27±0.79 88.00±1.36 

P-value 0.82 - 1.35E-07 4.50E-03 0.03 4.99E-03 7.61E-03 0.09 

Apoptosis 
M%±SD 6.95±1.43 7.28±1.49 68.78±11.65 13.40±1.97 12.53±2.86 15.55±2.39 14.82±1.14 10.93±1.11 

P-value 0.76 - 1.55E-07 4.62E-03 0.02 1.09E-02 1.45E-02 0.12 

Necrosis 
M%±SD 0.79±0.30 0.73±0.29 1.17±0.76 1.33±0.59 1.09±0.42 1.30±0.35 0.92±0.35 1.08±0.25 

P-value 0.77 - 0.21 0.12 0.16 0.17 0.82 0.44 
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Figure 2B: Graphical representation of annexin V-FITC quantification in BT-20 cells exposed to 

compound dose-response curves. BT-20 cells were exposed to ESE-15-one (A), ESE-16 (B), T4 (C) 
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and LimPyr1 (D) dose-response curves. The lowest concentrations that significantly increased 

apoptosis were measured to be 0.06 µM ESE-15-one, 0.167 µM ESE-16, 36 µM T4 and 1.638 µM 

LimPyr1. Three biological repeats were completed for each dose-response curve. The averages 

of viable-, apoptotic and necrotic cells are displayed on the bar graphs and the standard 

deviations are indicated by T-bars. A P-value <0.05 was considered statistically significant and is 

indicated with an *. 

 

MCF-7- and MDA-MB-231 cells were exposed to ESE-16- and LimPyr1 dose-response curves 

in order to identify the lowest concentration that significantly increase apoptosis. Annexin 

V-FITC analysis revealed a significant increase in apoptotic cells when MCF-7 cells were 

exposed to 0.313 µM (54.24±2.52%) and 0.235 µM (25.25±2.00%) ESE-16, compared to 

DMSO (4.66±3.18%). MDA-MB-231 cell viability was significantly decreased with a 

concurrent increase in apoptosis following a 48 hour exposure to ESE-16 at concentrations 

of 0.274 µM (26.11±7.22% viable cells and 72.84±6.52% apoptotic cells), 0.206 µM 

(28.97±5.32% viable cells and 69.75±5.88% apoptotic cells) and 0.137 µM (85.05±1.25% 

viable cells and 14.35±0.85% apoptotic cells), compared to the vehicle control (92.35±1.68% 

viable cells and 7.05±1.50% apoptotic cells) (Figure 2C). MCF-7- and MDA-MB-231 cells 

displayed a significant decrease in cell viability (81.69±3.42%, 85.54±1.65% and 88.76±3.21% 

(MCF-7), 60.91±11.68%, 85.21±2.69% and 84.20±0.66% (MDA-MB-231)) with increased 

apoptotic cells (17.45±5.14%, 9.90±5.04% and 10.21±2.33% (MCF-7), 38.86±11.97%, 

14.29±2.88% and 13.50±2.32% (MDA-MB-231)) when exposed to 4.875 µM, 3.25 µM and 

2.439 µM LimPyr1, respectively (Table 2C).  

 

The lowest ESE-16 doses that significant increased apoptotic cell death were determined to 

be 0.235 µM and 0.137 µM in MCF-7- and MDA-MB-231 cells, respectively. LimPyr1 

significantly increased apoptosis at 2.437 µM in both cell lines following a 48 hour exposure 

time (Figure 2D). These results were taken into consideration (with results obtained from 

cell cycle analysis) when the doses that were used to pre-treat the cells prior to radiation 

were selected. 
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Figure 2C: Apoptotic cell death in MCF-7- and MDA-MB-231 cells exposed to compound dose-

response curves as illustrated by flow cytometric dot plots of annexin V-FITC. Dot plots were 

obtained by plotting apoptotic cells (annexin V-FITC (FL1 Log)) against necrotic cells (propidium 
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iodide (FL3 Log)). MCF-7- and MDA-MB-231 cells were propagated in growth media only 

(negative control), exposed to DMSO as a vehicle control or vinblastine as positive apoptotic 

controls. MCF-7- and MDA-MB-231 cells were exposed to an ESE-16 and a LimPyr1 compound 

dose-response curve (Table 2A) to determine the lowest dose of each compound that 

significantly induced apoptosis. The bottom left corner: viable cells; top left and right quadrants: 

apoptotic cells; bottom right quadrant: necrotic cells. 

 

Table 2C: Annexin V-FITC quantification in MCF-7- and MDA-MB-231 cells exposed to 

compound dose-response curves. Data were acquired and analyzed using Kaluza Analysis 

software version 1.5 (FL, USA) and an ANOVA-single factor model. Statistical significance 

was calculated using a two-tailed Student’s t-test. The averaged percentage of three 

biological repeats (M%) and standard deviations (SD) are displayed for viable-, apoptotic- 

and necrotic cells. Statistically significant differences (P-value <0.05) were calculated using 

cells exposed to DMSO as a baseline. 

 

 Drug concentrations 

Medium 
only 

DMSO Vinblastine 0.313 μM 0.235 μM 0.157 μM 0.078 μM 0.052 μM 

M
C

F-
7 

ES
E-

1
6 

Viable 
M%±SD 93.99±2.56 94.84±3.50 52.20±5.13 43.94±1.90 73.73±1.03 92.10±3.23 93.83±2.15 94.24±1.80 

P-value 0.75 - 1.47E-03 3.59E-04 4.18E-03 0.44 0.69 0.80 

Apoptosis 
M%±SD 5.50±2.34 4.66±3.18 46.06±5.06 54.24±2.52 25.25±2.00 7.55±3.13 5.75±1.67 5.42±1.48 

P-value 0.73 - 1.38E-03 3.60E-04 4.18E-03 0.39 0.63 0.73 

Necrosis 
M%±SD 0.51±0.31 0.50±0.33 1.75±0.06 1.82±0.64 1.02±0.97 0.36±0.10 0.41±0.49 0.34±0.32 

P-value 0.97 - 0.02 0.05 0.43 0.63 0.81 0.59 

 4.875 μM 3.25 μM 2.437 μM 1.95 μM 1.625 μM 

Li
m

P
yr

1 

Viable 
M%±SD 95.79±1.54 95.79±0.64 73.43±9.47 81.69±3.42 85.54±1.65 88.76±3.21 92.69±4.67 94.40±2.56 

P-value 0.99 - 1.41E-03 2.17E-03 5.98E-04 0.02 0.29 0.35 

Apoptosis 
M%±SD 3.48±1.22 3.22±0.66 22.30±11.11 17.45±5.14 9.90±5.04 10.21±2.33 6.17±3.65 5.23±2.72 

P-value 0.69 - 0.01 0.03 5.85E-04 0.01 0.19 0.20 

Necrosis 
M%±SD 0.73±0.44 0.99±0.72 4.26±1.66 0.28±0.36 4.55±4.86 1.03±0.93 1.15±1.18 0.38±0.19 

P-value 0.52 - 0.01 0.22 0.24 0.86 0.98 0.21 

 0.274 μM 0.206 μM 0.137 μM 0.069 μM 0.046μM 

M
D

A
-M

B
-2

3
1 

ES
E-

1
6 

Viable 
M%±SD 92.53±3.40 92.35±1.68 47.03±10.59 26.11±7.22 28.97±5.32 85.05±1.25 90.87±2.23 91.32±0.69 

P-value 0.94 - 1.85E-03 1.02E-04 2.49E-04 0.01 0.41 0.38 

Apoptosis 
M%±SD 6.61±3.22 7.05±1.50 49.38±11.54 72.84±6.52 69.75±5.88 14.35±0.85 8.77±2.07 8.18±0.49 

P-value 0.84 - 3.25E-03 6.95E-05 3.17E-04 0.01 0.31 0.28 

Necrosis 
M%±SD 0.86±0.54 0.60±0.32 2.10±0.74 1.06±0.97 1.29±0.56 0.61±0.40 0.35±0.18 0.49±0.22 

P-value 0.51 - 4.59E-02 0.47 0.17 0.97 0.32 0.65 

 4.875 μM 3.25 μM 2.437 μM 1.95 μM 1.625 μM 

Li
m

P
yr

1 

Viable 
M%±SD 96.51±0.73 95.67±2.74 71.15±9.37 60.91±11.68 85.21±2.69 84.20±0.66 91.40±5.05 94.55±0.48 

P-value 0.53 - 5.00E-04 0.01 2.10E-03 0.02 0.38 0.89 

Apoptosis 
M%±SD 3.05±0.67 3.96±2.63 24.30±9.59 38.86±11.97 14.29±2.88 13.50±2.32 8.22±5.23 5.05±0.72 

P-value 0.48 - 1.81E-03 0.01 2.96E-03 4.70E-02 0.38 0.86 

Necrosis 
M%±SD 0.45±0.21 0.38±0.31 4.55±2.24 0.23±0.36 0.50±0.45 2.31±2.98 0.38±0.18 0.39±0.37 

P-value 0.68 - 3.28E-03 0.84 0.30 0.33 0.73 0.82 
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Figure 2D: Graphical representation of annexin V-FITC quantification in MCF-7- and MDA-MB-

231 cells exposed to compound dose-response curves. MCF-7- and MDA-MB-231 cells were 
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exposed to an ESE-16 (A & C) and a LimPyr1 (B & D) dose-response curve. The lowest 

concentrations that significantly increased apoptosis were 0.235 µM ESE-16 and 2.437 µM 

LimPyr1 in the MCF-7 cell line, and 0.137 µM ESE-16 and 2.437 µM LimPyr1 in the MDA-MB-231 

cell line. Three biological repeats were completed for each dose-response curve. The averages 

of viable-, apoptotic and necrotic cells are displayed on the bar graphs and the standard 

deviations indicated by T-bars. P-values <0.05 was considered statistically significant and 

indicated with an asterisk (*). 

 

10.2 Compound dose response curve: Flow cytometric analysis of cell 

cycle progression 
 

The ability of breast cancer cells to progress through the cell cycle following exposure to 

ESE-15-one-, ESE-16-, T4- or LimPyr1 dose-response curves (Table 2A) were examined to 

determine the lowest dose of the compounds that affect cell proliferation.  These doses 

were used to pre-treat the cells prior to radiation in order to determine whether an 

augmented effect could be obtained in the combination therapy. Cell cycle analysis was 

performed 48 hours after exposure via flow cytometry employing propidium iodide.  

 

Breast cancer cells were exposed to DMSO as a vehicle control and showed no significant 

difference in cell cycle distribution compared to cells propagated in growth medium only 

(Table 2D & 2E). As positive method controls BT-20 cells were exposed to actinomycin D, 

while MCF-7- and MDA-MB-231 cells were exposed to vinblastine. The positive apoptotic 

controls displayed a significant increase in sub-G1 apoptotic cells with a decrease in the G1 

population (Figure 2E & 2G).  

 

BT-20 cells exposed to 0.08 µM (33.67±8.73% G1 phase and 20.93±8.70% sub-G1 phase, 

respectively) and 0.06 µM (39.16±0.56% G1 phase and 18.81±7.62% sub-G1 phase, 

respectively) ESE-15-one displayed a significant decrease in the G1 phase with a concurrent 

increase in the sub-G1 apoptotic phase, compared to DMSO (49.84±3.47% G1 phase and 

6.19±1.56% sub-G1 phase, respectively). Compared to the vehicle control (6.77±1.47% and 
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53.23±2.63%, respectively) a 48 hour exposure to ESE-16 at concentrations of 0.223 µM, 

0.167 µM and 0.112 µM significantly increased the sub-G1 phase (44.55±2.07%, 

26.38±8.16% and 18.90±3.54, respectively) while decreasing the G1 population 

(21.25±1.65%, 37.60±3.09% and 42.56±4.19%, respectively) (Figure 2E). The compound T4 

significantly decreased the G1- (40.53±6.07%), S- (7.40±0.60%) and G2/M phases 

(16.11±1.37%) of BT-20 cells at 36 µM, compared to DMSO (56.15±2.32%, 12.35±1.07% and 

25.03±2.52%, respectively). Additionally, the sub-G1 phase was significantly increased in BT-

20 cells exposed to 36 µM T4 for 48 hours (36.09±7.03%), compared to the vehicle control 

(6.62±4.39%). At concentrations of 27 µM and 18 µM T4 significantly increased the 

apoptotic sub-G1 phase (32.23±1.01% and 17.98±5.44%, respectively) while decreasing the 

G1 phase (33.15±3.39% and 50.85±2.07%, respectively), in addition to decreasing the S 

phase at 27 µM (9.16±0.40%) (Table 2D). BT-20 cells exposed to 4.096 µM, 2.73 µM, 2.048 

µM and 1.638 µM LimPyr1 displayed a significant decrease in the G1 phase (26.22±1.86%, 

36.05±4.44%, 44.34±4.68% and 45.34±5.95%, respectively), while the sub-G1- (15.00±3.99%, 

13.67±2.95%, 7.21±1.63% and 7.68±1.49%, respectively) and G2/M phases (48.35±2.74%, 

39.15±9.14%, 39.65±4.79% and 36.37±4.08%, respectively) were significantly increased, 

compared to the vehicle control (62.95±4.37%, 5.54±2.35% and 24.02±3.17%, respectively) 

(Figure 2F).  

 

These results suggested that the lowest dose of ESE-15-one and LimPyr1 that significantly 

increased the sub-G1 apoptotic phase was 0.06 µM and 1.638 µM, respectively. This 

correlated with the results obtained from annexin V quantification and was used to pre-

treat BT-20 cells 24 hours prior to radiation in the radiosensitization studies. Annexin V 

studies revealed a significant increase in apoptotic BT-20 cells when exposed to T4 at 36 

µM, however the sub-G1 phase was significantly increased at 18 µM. Similarly, the lowest 

dose that significantly increased annexin V staining in ESE-16-exposed BT-20 cells was 0.167 

µM, but the sub-G1 phase was significantly increased at 0.112 µM. These results suggested 

that there was a delay in the externalization of phosphatidylserine at the lower compound 

doses. As cells are permeabilized during the cell cycle protocol one may potentially observe 

DNA fragmentation at earlier stages which is represented in the increased sub-G1 peak. This 
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is indicative of apoptosis (684), thus 0.112 µM ESE-16 and 18 µM T4 were used to pre-treat 

BT-20 cells. 

 

The four compounds were tested for their ability to sensitized BT-20 cells to radiation. BT-20 

cells were exposed to the lowest doses of all four compounds, respectively, 24 hours prior 

to radiation. Cell cycle analysis and annexin V studies revealed that ESE-16 and LimPyr1 hold 

the most promise to sensitize cells to radiation in this experimental set-up. These two 

compounds were thus selected to complete the study.  

 

Cell cycle analyses were also performed on MCF-7- and MDA-MB-231 cells exposed to ESE-

16- and LimPyr1 dose-response curves. MCF-7 cells displayed a significant increase in the 

sub-G1- (34.81±9.96%) and G2/M phases (47.23±11.49%), while the G1 phase (14.32±4.61%) 

was significantly decreased following a 48 hour exposure to 0.313 µM ESE-16, compared to 

DMSO (0.33±0.10%, 65.28±9.39% and 25.79±4.73%, respectively). Additionally, ESE-16-

exposure increased the sub-G1 population of MCF-7 cells at concentrations of 0.235 µM 

(11.81±6.92%) and 0.157 µM (1.05±0.32%) (Figure 2G). A significant increase in the sub-G1 

phase with a concurrent decrease in the G1 phase was observed in MDA-MB-231 cells 

exposed to 0.274 µM (34.22±6.75% and 3.60±1.17%, respectively), 0.206 µM (31.18±5.35% 

and 8.41±2.23%, respectively) and 0.137 µM (7.83±0.08% and 49.33±4.15%, respectively) 

ESE-16, compared to the vehicle control (0.62±0.32% and 65.57±4.75%, respectively). MDA-

MB-231 cells also displayed a significant decrease in the S phase (2.08±0.30% and 

2.64±1.03%) and an increase in the G2/M population (53.05±5.88% and 49.41±4.16%) 

following ESE-16-exposure at 0.274 µM and 0.206 µM, respectively, compared to DMSO 

(5.62±0.93% and 25.11±3.99%, respectively) (Table 2E).  
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Figure 2E: Histograms representing the cell cycle distributions of BT-20 cells exposed to 

compound dose-response curves. Histograms were obtained by plotting the number of cells 

Propidium iodide (FL3 Lin) 
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against propidium iodide (FL3 Lin). BT-20 cells were propagated in growth media only (negative 

control), exposed to DMSO as vehicle controls or actinomycin D as positive apoptotic controls. 

BT-20 cells were exposed to ESE-15-one, ESE-16, T4 and LimPyr1 dose-response curves (Table 

2A) to determine the lowest dose of each compound that significantly increase the sub-G1 

phase. 

 

The Lim kinase inhibitor, LimPyr1, significantly increased the sub-G1 phase of MCF-7- 

(3.28±0.64%, 2.95±0.50% and 3.67±1.35%, respectively) and MDA-MB-231 cells 

(3.45±0.55%, 2.00±0.11% and 3.00±0.90%, respectively) exposed to 4.875 µM, 3.25 µM and 

2.437 µM, compared to the 1.59±0.49% and 1.30±0.36% observed in the MCF-7- and MDA-

MB-231 vehicle controls. The percentage cells in the G2/M phase was significantly increased 

in MCF-7- and MDA-MB-231 cells when exposed to LimPyr1 at concentrations of 4.875 µM 

(80.90±2.17% MCF-7 cells and 66.63±5.65% MDA-MB-231 cells), 3.25 µM (76.61±1.90% 

MCF-7 cells and 69.62±4.67% MDA-MB-231 cells) and 2.437 µM (48.47±3.45% MCF-7 cells 

and 60.49±2.60% MDA-MB-231 cells) when compared to the MCF-7- (32.43±5.23%) and 

MDA-MB-231 DMSO samples (32.85±7.74%). The G1 phase of MCF-7- (8.92±3.44%, 

11.84±1.44% and 43.12±3.52%, respectively) and MDA-MB-231 cells (8.17±3.07%, 

7.02±3.42% and 35.61±5.48%, respectively) were significantly decreased in samples exposed 

to 4.875 µM, 3.25 µM and 2.437 µM LimPyr1,respectively, compared to the MCF-7- 

(56.57±4.87%) and MDA-MB-231 DMSO controls (49.99±7.12%). MCF-7 cells exposed to 

4.875 µM LimPyr1 displayed a significant decrease in cells present in the S phase 

(6.93±2.05%) compared to the 9.43±5.87% observed in the vehicle control (Figure 2H).  

 

The lowest dose LimPyr1 that significantly increased the amount of cells present in the sub-

G1 apoptotic phase of MCF-7- and MDA-MB-231 cells was 2.437 µM. This was confirmed 

with annexin V experiments and was used to pre-treat cells prior to radiation for the 

remainder of the investigations. Additionally, cell cycle analysis and annexin V studies 

revealed 0.137 µM ESE-16 to be the lowest dose to significantly increase apoptotic cell 

death in MDA-MB-231 cells, thus this dose was used to pre-treat MDA-MB-231 cells prior to 

radiation in further experiments.  Cell cycle analysis of ESE-16-exposed MCF-7 cells 
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displayed a significant increase in the sub-G1 phase following exposure to 0.157 µM, 

however apoptosis was only significant at 0.235 µM when quantified by annexin V. This may 

suggest increased DNA fragmentation at the lower concentration, which can be observed in 

cell cycle analysis via increased sub-G1 peaks. DNA fragmentation is a hallmark of apoptotic 

cell death (684), thus 0.157 µM ESE-16 was used to pre-treat MCF-7 cells 24 hour prior to 

radiation in sensitization investigations. 

 

Table 2D: Flow cytometric analysis of BT-20 cells exposed to compound dose-response 

curves. Data were acquired using Kaluza Analysis software version 1.5 (FL, USA) and 

analyzed using an ANOVA-single factor model. Statistical significance was calculated using a 

two-tailed Student’s t-test. The averaged percentage of three biological repeats (M%) and 

their standard deviations (SD) are displayed for each phase of the cell cycle. Statistically 

significant differences (P-value <0.05) were calculated using the DMSO sample as a baseline. 

 

 Drug concentrations 

Medium 
only 

DMSO 
Actinomycin 

D 
0.08 μM 0.06 μM 0.04 μM 0.02 μM 0.013 μM 

ES
E-

1
5-

o
n

e 

Sub-G1 
M%±SD 9.00±3.37 6.19±1.56 32.62±3.63 20.93±8.70 18.81±7.62 13.78±5.62 9.71±2.26 7.02±1.07 

P-value 0.26 - 3.17E-04 0.04 4.83E-02 0.09 0.09 0.49 

G1 
M%±SD 47.62±6.68 49.84±3.47 39.69±4.41 33.67±8.73 39.16±0.56 43.58±5.24 44.98±4.60 44.49±7.17 

P-value 0.64 - 0.04 0.04 0.01 0.16 0.22 0.31 

S 
M%±SD 10.73±1.14 10.21±1.48 9.50±1.93 9.72±0.21 12.62±4.07 8.89±0.74 10.34±1.09 12.23±1.44 

P-value 0.66 - 0.64 0.60 0.39 0.24 0.91 0.16 

G2/M 
M%±SD 32.80±6.99 33.85±4.86 18.39±3.42 35.83±8.64 29.68±10.88 33.88±7.41 35.13±5.77 36.42±8.44 

P-value 0.84 - 0.01 0.75 0.58 1.00 0.78 0.67 

 0.223 μM 0.167 μM 0.112 μM 0.056 μM 0.037 μM 

ES
E-

1
6 

Sub-G1 
M%±SD 9.85±3.54 6.77±1.47 34.22±2.61 44.55±2.07 26.38±8.16 18.90±3.54 15.60±5.86 12.82±3.64 

P-value 0.24 - 9.22E-05 1.51E-04 0.01 0.01 0.06 0.06 

G1 
M%±SD 50.90±5.48 53.23±2.63 39.30±3.98 21.25±1.65 37.60±3.09 42.56±4.19 48.03±7.11 48.12±4.04 

P-value 0.54 - 0.01 5.81E-05 2.61E-03 0.04 0.30 0.14 

S 
M%±SD 9.86±0.67 9.55±1.51 7.86±0.63 7.81±0.87 7.81±1.45 8.32±1.46 8.89±0.42 9.68±0.94 

P-value 0.76 - 0.15 0.23 0.22 0.37 0.51 0.90 

G2/M 
M%±SD 29.36±4.81 30.41±4.13 18.57±4.03 24.91±2.31 28.17±6.18 27.00±3.93 27.39±3.67 29.32±5.75 

P-value 0.79 - 0.02 0.20 0.63 0.36 0.40 0.80 

 36 μM 27 μM 18 μM 9 μM 6 μM 

T4
 

Sub-G1 
M%±SD 3.52±2.08 6.62±4.39 38.80±3.62 36.09±7.03 32.23±1.01 17.98±5.44 11.93±4.28 5.85±2.13 

P-value 0.43 - 6.08E-04 3.52E-03 4.50E-03 4.80E-02 0.21 0.80 

G1 
M%±SD 57.58±3.52 56.15±2.32 37.74±1.91 40.53±6.07 33.15±3.39 50.85±2.07 48.75±7.84 58.20±2.65 

P-value 0.59 - 4.45E-04 0.01 2.66E-03 0.04 0.19 0.37 

S 
M%±SD 11.68±1.79 12.35±1.07 10.86±1.47 7.40±0.60 9.16±0.40 11.25±1.15 13.26±1.51 13.26±0.89 

P-value 0.61 - 0.23 2.18E-03 0.03 0.29 0.44 0.32 

G2/M 
M%±SD 22.89±2.88 25.03±2.52 12.98±1.33 16.11±1.37 25.55±1.99 20.09±2.98 26.19±7.96 22.92±3.44 

P-value 0.39 - 1.84E-03 0.01 0.83 0.09 0.82 0.44 

 4.096 μM 2.73 μM 2.048 μM 1.638 μM 1.365 μM 

Li
m

P
yr

1 

Sub-G1 
M%±SD 7.22±2.29 5.54±2.35 26.72±1.59 15.00±3.99 13.67±2.95 7.21±1.63 7.68±1.49 5.25±1.59 

P-value 0.85  4.85E-04 4.52E-02 4.54E-02 4.76E-02 0.02 0.41 

G1 
M%±SD 62.44±2.71 62.95±4.37 48.93±2.55 26.22±1.86 36.05±4.44 44.34±4.68 45.34±5.95 54.03±6.36 

P-value 0.77  0.02 5.51E-04 3.27E-03 4.76E-03 0.01 0.11 

S 
M%±SD 7.50±1.55 7.59±0.61 7.70±0.78 10.32±2.12 11.04±5.61 9.06±4.69 11.11±4.01 7.67±1.31 

P-value 0.94  0.68 0.09 0.33 0.66 0.23 0.92 

G2/M 
M%±SD 22.89±2.76 24.02±3.17 16.82±0.37 48.35±2.74 39.15±9.14 39.65±4.79 36.37±4.08 32.16±5.43 

P-value 0.75  0.04 3.82E-04 0.04 0.01 0.02 0.14 
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Figure 2F: Graphical representation of the cell cycle analysis of BT-20 cells exposed to 

compound dose-response curves. The lowest dose that significantly increased the sub-G1 phase 

in BT-20 cells was 0.06 µM for ESE-15-one (A), 0.112 µM for ESE-16 (B), 18 µM for T4 (C) and 

1.638 µM for LimPyr1 (D).  Bars indicate the mean of three biological repeats, with standard 

deviations represented by T-bars. Statistical significant differences are indicated with * (P-value 

<0.05). 
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Figure 2G: Histograms representing the cell cycle distributions of MCF-7- and MDA-MB-231 

cells exposed to compound dose-response curves. Cell numbers were plotted against 

propidium iodide (FL3 Lin). MCF-7- and MDA-MB-231 cells propagated in medium only served as 

Propidium iodide (FL3 Lin) 
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negative controls and cells exposed to DMSO as vehicle controls. Vinblastine exposure provided 

a positive method control. The lowest dose of each compound that significantly increased the 

sub-G1 phase of MCF-7- and MDA-MB-231 cells were identified following exposure to an ESE-16 

and a LimPyr1 dose-response curve (Table 2A). 

 

Table 2E: Flow cytometric analysis of MCF-7- and MDA-MB-231 cells exposed to 

compound dose-response curves. Kaluza Analysis software version 1.5 (FL, USA) was used 

to acquire the data followed by analysis using an ANOVA-single factor model. A two-tailed 

Student’s t-test was used to calculate statistical significance. The averaged percentage of 

three biological repeats (M%) and their standard deviations (SD) are displayed for each 

phase of the cell cycle. Statistically significant differences (P-value <0.05) were calculated 

using the DMSO samples as baselines. 

 

 Drug concentrations 

Medium 
only 

DMSO Vinblastine 0.313 μM 0.235 μM 0.157 μM 0.078 μM 0.052 μM 

M
C

F-
7 

ES
E-

1
6 

Sub-G1 
M%±SD 0.44±0.12 0.33±0.10 23.17±4.18 34.81±9.96 11.81±6.92 1.05±0.32 0.62±0.18 0.45±0.01 

P-value 0.26 - 6.93E-04 3.90E-03 4.54E-02 0.02 0.07 0.23 

G1 
M%±SD 66.25±9.57 65.28±9.39 9.43±4.08 14.32±4.61 52.97±13.71 65.47±10.22 66.54±10.05 71.07±6.92 

P-value 0.91 - 7.00E-04 1.08E-03 0.27 0.98 0.88 0.44 

S 
M%±SD 8.86±4.67 8.59±4.69 4.72±0.92 3.61±0.59 4.70±0.42 8.07±4.23 7.47±3.93 6.14±1.25 

P-value 0.95 - 0.23 0.14 0.23 0.89 0.77 0.43 

G2/M 
M%±SD 24.44±5.12 25.79±4.73 62.65±5.36 47.23±11.49 30.46±6.66 25.35±7.02 25.33±6.41 21.25±4.44 

P-value 0.75 - 8.67E-04 0.04 0.38 0.93 0.93 0.29 

 4.875 μM 3.25 μM 2.437 μM 1.95 μM 1.625 μM 

Li
m

P
yr

1 

Sub-G1 
M%±SD 1.81±0.44 1.59±0.49 36.28±6.37 3.28±0.64 2.95±0.50 3.67±1.35 2.23±1.05 1.80±0.51 

P-value 0.55 - 7.38E-04 0.03 0.03 0.04 0.18 0.16 

G1 
M%±SD 56.68±1.13 56.57±4.87 6.71±0.70 8.92±3.44 11.84±1.44 43.12±3.52 49.46±0.69 60.09±4.35 

P-value 0.15 - 1.26E-05 7.23E-05 4.01E-04 0.01 0.06 0.92 

S 
M%±SD 14.58±3.66 9.43±5.87 5.92±0.71 6.93±2.05 9.61±1.35 4.70±1.74 6.72±0.93 4.92±1.36 

P-value 0.92 - 0.02 4.54E-02 0.12 0.95 0.07 0.79 

G2/M 
M%±SD 25.55±1.65 32.43±5.23 51.13±7.54 80.90±2.17 76.61±1.90 48.47±3.45 41.67±2.11 33.16±3.97 

P-value 0.26 - 0.02 1.90E-04 2.33E-03 0.01 0.11 0.72 

 0.274 μM 0.206 μM 0.137 μM 0.069 μM 0.046μM 

M
D

A
-M

B
-2

3
1 

ES
E-

1
6 

Sub-G1 
M%±SD 0.48±0.42 0.62±0.32 20.82±5.52 34.22±6.75 31.18±5.35 7.83±0.08 0.83±0.67 0.87±0.92 

P-value 0.68 - 3.20E-03 2.53E-03 1.70E-03 8.55E-05 0.65 0.67 

G1 
M%±SD 66.82±8.96 65.57±4.75 11.38±2.35 3.60±1.17 8.41±2.23 49.33±4.15 67.81±7.31 65.46±9.00 

P-value 0.84 - 5.98E-05 4.26E-04 6.06E-04 0.03 0.68 0.99 

S 
M%±SD 5.63±2.33 5.62±0.93 5.74±0.50 2.08±0.30 2.64±1.03 4.21±1.27 5.01±1.50 5.31±1.48 

P-value 0.99 - 0.86 0.02 0.04 0.24 0.58 0.77 

G2/M 
M%±SD 23.86±6.49 25.11±3.99 50.10±5.54 53.05±5.88 49.41±4.16 35.47±3.44 23.56±6.33 24.56±7.18 

P-value 0.79 - 3.16E-03 0.01 0.01 0.06 0.74 0.91 

 4.875 μM 3.25 μM 2.437 μM 1.95 μM 1.625 μM 

Li
m

P
yr

1 

Sub-G1 
M%±SD 1.15±0.35 1.30±0.36 26.99±4.35 3.45±0.55 2.00±0.11 3.00±0.90 2.94±0.82 2.54±0.71 

P-value 0.57 - 5.20E-04 3.14E-03 0.02 4.56E-02 0.07 0.10 

G1 
M%±SD 41.87±1.64 49.99±7.12 5.90±0.54 8.17±3.07 7.02±3.42 35.61±5.48 39.95±5.43 37.31±7.33 

P-value 0.10 - 5.32E-05 1.81E-04 1.37E-03 0.02 0.09 0.07 

S 
M%±SD 9.31±3.12 6.76±3.29 4.67±0.73 8.91±1.04 6.32±3.70 6.04±3.19 6.50±0.83 6.66±0.64 

P-value 0.30 - 4.76E-02 0.97 0.40 0.55 0.37 0.33 

G2/M 
M%±SD 27.04±2.77 32.85±7.74 48.37±5.03 66.63±5.65 69.62±4.67 60.49±2.60 50.62±5.45 53.52±7.25 

P-value 0.26 - 1.69E-03 2.56E-04 4.48E-04 0.01 0.07 0.06 
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Figure 2H: Graphical representation of the cell cycle analysis of MCF-7- and MDA-MB-231 cells 

exposed to compound dose-response curves. The lowest doses that significantly increased the 

sub-G1 phase in MCF-7 cells were calculated to be 0.157 µM for ESE-16 (A) and 2.437 µM for 

LimPyr1 (B). Apoptosis was significantly increased in MDA-MB-231 cells after exposure to 0.137 
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µM ESE-16 (C) and 2.437 µM LimPyr1 (D).  The average of three biological repeats is displayed in 

the bar graphs with standard deviations represented by T-bars. Statistical significant differences 

are indicated with * (P-value <0.05). 
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11. Appendix A: Data analysis of Incucyte® experiments 

 

Table A1: IncuCyte® Cytotox Green fluorescence in HeLa cells exposed to ESE-15-one and 
ESE-16, indicating cell death. The average of green fluorescence measured per mm2 (mean) 
and standard error of the mean (SE) of two biological repeats are displayed in the table 
below. HeLa cells exposed to DMSO served as a baseline for the calculation of statistical 
significance (P-value <0.05). 

Time (Hours)  DMSO ESE-15-one ESE-16  

0 
Mean±SE 2.29±0.31 2.80±0.34 2.03±0.32 

P-value - 0.36 0.65 

4 
Mean±SE 2.68±0.40 3.73±0.48 3.07±0.33 

P-value - 0.18 0.54 

6 
Mean±SE 2.70±0.39 4.02±0.46 3.46±0.33 

P-value - 0.07 0.25 

8 
Mean±SE 2.68±0.40 4.13±0.49 3.51±0.30 

P-value - 4.51E-02 0.15 

10 
Mean±SE 2.98±0.44 4.43±0.46 3.88±0.29 

P-value - 0.04 0.16 

12 
Mean±SE 3.20±0.42 4.90±0.48 4.59±0.35 

P-value - 0.02 0.04 

14 
Mean±SE 3.75±0.46 5.89±0.52 5.49±0.40 

P-value - 0.01 0.02 

16 
Mean±SE 3.97±0.45 6.18±0.49 6.53±0.51 

P-value - 8.95E-03 2.21E-03 

18 
Mean±SE 4.44±0.43 7.28±0.59 7.35±0.57 

P-value - 2.79E-03 1.28E-03 

20 
Mean±SE 4.47±0.42 8.78±0.55 8.41±0.59 

P-value - 2.24E-05 3.42E-05 

22 
Mean±SE 4.96±0.44 10.22±0.67 10.46±0.66 

P-value - 4.97E-05 4.56E-07 

24 
Mean±SE 5.60±0.49 12.93±0.83 13.72±0.87 

P-value - 2.28E-06 1.91E-08 

26 
Mean±SE 6.37±0.58 15.91±1.07 16.75±0.88 

P-value - 4.22E-06 1.29E-08 

28 
Mean±SE 6.87±0.73 19.11±1.24 20.32±1.06 

P-value - 1.52E-06 4.74E-09 

30 
Mean±SE 7.23±0.76 22.20±1.35 23.61±1.13 

P-value - 7.20E-07 4.68E-10 

32 
Mean±SE 7.89±0.85 26.74±1.59 28.11±1.26 

P-value - 7.71E-07 1.17E-09 

34 
Mean±SE 8.27±0.76 33.14±1.71 33.98±1.67 

P-value - 3.36E-08 9.88E-10 

36 
Mean±SE 9.02±1.04 39.94±1.78 41.26±1.92 

P-value - 2.77E-09 1.02E-09 

38 Mean±SE 9.60±1.10 46.69±2.12 48.26±2.28 
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P-value - 5.07E-09 8.33E-10 

40 
Mean±SE 10.12±1.08 55.32±2.38 56.60±2.63 

P-value - 1.88E-09 3.37E-10 

42 
Mean±SE 11.39±1.25 64.69±2.60 66.24±3.28 

P-value - 2.77E-10 5.82E-10 

44 
Mean±SE 12.22±1.23 73.39±2.63 75.09±3.71 

P-value - 9.77E-11 4.49E-10 

46 
Mean±SE 13.43±1.36 86.40±3.14 89.21±5.34 

P-value - 3.77E-11 2.65E-09 

48 
Mean±SE 13.85±1.26 94.46±3.48 97.77±5.11 

P-value - 3.55E-11 7.09E-10 

50 
Mean±SE 14.40±1.34 103.55±3.48 105.78±5.28 

P-value - 7.66E-12 1.96E-10 

52 
Mean±SE 15.33±1.50 123.05±4.61 125.22±7.56 

P-value - 5.41E-12 1.77E-10 

56 
Mean±SE 17.16±1.69 139.78±5.14 138.57±8.91 

P-value - 2.32E-12 5.21E-10 

58 
Mean±SE 17.71±1.51 145.67±5.31 145.58±8.57 

P-value - 1.18E-12 3.62E-11 

60 
Mean±SE 18.40±1.58 151.05±5.71 152.77±9.80 

P-value - 2.62E-12 1.29E-10 

62 
Mean±SE 20.00±1.83 156.75±5.80 157.52±9.80 

P-value - 1.04E-12 8.59E-11 

64 
Mean±SE 21.40±1.91 161.20±5.62 161.27±10.23 

P-value - 5.55E-13 9.13E-11 

66 
Mean±SE 22.73±2.01 165.35±5.69 163.94±10.05 

P-value - 8.19E-13 7.69E-11 

68 
Mean±SE 23.03±2.03 169.83±6.22 169.32±10.21 

P-value - 1.66E-12 2.82E-11 

70 
Mean±SE 24.68±2.31 172.04±6.33 173.01±10.00 

P-value - 2.92E-12 2.28E-11 

72 
Mean±SE 24.33±2.17 173.43±6.38 176.10±10.37 

P-value - 3.51E-12 1.81E-11 
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Table A2: Wound healing in HeLa cells exposed to ESE-15-one and ESE-16, indicating cell 
migration. The mean wound width (µm) and standard error of the mean (SE) of two 
biological repeats are displayed in the table below. Statistical significance (P-value <0.05) 
was calculated using HeLa cells exposed to DMSO as a baseline. 

Time 
(Hours) 

 DMSO 
ESE-15-one 

(0.4 µM) 
ESE-15-one 

(0.2 µM) 
ESE-16 

(0.4 µM) 
ESE-16 

(0.2 µM) 

0 
Mean±SE 678.58±5.21 705.55±14.04 698.04±13.94 680.10±8.06 676.63±15.38 

P-value - 0.13 0.27 0.89 0.92 

2 
Mean±SE 654.15±5.11 689.66±20.53 668.77±13.29 648.93±7.39 632.39±18.91 

P-value - 0.17 0.38 0.60 0.35 

4 
Mean±SE 637.76±8.90 665.45±15.42 649.39±13.41 628.70±7.44 606.98±19.37 

P-value - 0.18 0.52 0.44 0.22 

6 
Mean±SE 608.94±4.83 654.78±20.28 631.32±13.16 608.91±7.16 581.66±18.48 

P-value - 0.08 0.18 1.00 0.24 

8 
Mean±SE 580.92±5.44 643.90±18.32 621.85±13.06 594.26±6.73 547.44±22.62 

P-value - 0.01 2.11E-02 0.16 0.23 

10 
Mean±SE 557.78±6.21 659.56±29.57 615.27±12.59 581.64±7.66 534.31±18.69 

P-value - 0.01 2.01E-03 0.04 0.32 

12 
Mean±SE 535.54±6.82 650.68±27.23 617.73±13.75 579.13±8.56 510.73±18.32 

P-value - 2.62E-03 1.79E-04 1.61E-03 0.28 

14 
Mean±SE 503.42±7.49 666.99±29.94 634.70±13.47 587.81±12.00 473.10±20.16 

P-value - 2.84E-04 6.48E-07 4.45E-05 0.24 

16 
Mean±SE 473.74±9.60 741.75±39.97 652.84±13.51 594.75±10.74 449.16±19.17 

P-value - 3.24E-05 1.54E-08 3.44E-07 0.32 

18 
Mean±SE 440.06±11.56 817.00±47.99 687.76±14.35 605.03±12.25 425.59±19.44 

P-value - 4.96E-06 4.42E-10 3.52E-08 0.57 

20 
Mean±SE 415.79±11.33 937.22±63.12 732.42±19.79 634.72±18.48 394.82±21.01 

P-value - 2.42E-06 5.19E-10 5.30E-08 0.44 

22 
Mean±SE 387.88±12.07 1095.86±73.94 807.52±32.78 669.51±30.24 362.48±19.17 

P-value - 3.37E-07 7.82E-09 7.58E-07 0.32 

  

 

 

 

 

 

 

 

 

 



 

 

 
387 

 

12. Appendix B: Distribution of micronuclei in breast  
cancer cells exposed to various treatment conditions 

 

Table B1: Micronuclei quantification in breast cancer cells pre-treated with ESE-16. MCF-7- 

and MDA-MB-231 cells propagated in DMEM, and BT-20 cells propagated in DMEM/F-12 

were exposed to ESE-16, 8 Gy radiation and ESE-16 in combination with radiation. 

Micronuclei quantification followed 2 and 24 hours after radiation. 

 
Number of 
micronuclei 

MCF-7 MDA-MB-231 BT-20 

2h 24h 2h 24h 2h 24h 

C
e

lls
 p

re
s
e

n
te

d
 w

it
h

 m
ic

ro
n
u

c
le

i 

M
e

d
iu

m
 o

n
ly

 0 481 486 474 471 442 434 

1 18 13 25 27 52 62 

2 1 1 1 1 5 4 

3 0 0 0 0 1 0 

4 0 0 0 0 0 0 

5 0 0 0 0 0 0 

>5 0 0 0 0 0 0 

D
M

S
O

 

0 481 484 471 477 452 456 

1 16 15 29 22 43 40 

2 3 1 1 2 6 3 

3 0 0 0 0 0 0 

4 0 0 0 0 0 0 

5 0 0 0 0 0 0 

>5 0 0 0 0 0 0 

E
S

E
-1

6
 

0 478 482 471 476 444 425 

1 19 14 28 23 53 66 

2 3 4 1 1 3 7 

3 0 0 0 0 0 1 

4 0 0 0 0 0 0 

5 0 0 0 0 0 0 

>5 0 0 0 0 0 0 

8
 G

y
 r

a
d
ia

ti
o

n
 0 219 220 299 303 273 280 

1 226 244 145 146 162 176 

2 45 35 34 45 49 39 

3 8 1 21 6 12 6 

4 2 0 1 0 3 1 

5 0 0 0 0 1 0 

>5 0 0 0 0 0 0 

E
S

E
-1

6
 +

 

ra
d
ia

ti
o
n

 

0 286 249 298 293 254 259 

1 102 188 144 137 160 164 

2 86 50 34 54 62 54 

3 18 11 24 15 16 17 

4 7 2 0 0 7 5 

5 1 0 0 0 1 1 

>5 0 0 0 0 0 1 
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Table B2: Micronuclei quantification in breast cancer cells pre-treated with LimPyr1. MCF-

7-, MDA-MB-231- and BT-20 cells propagated in RPMI growth medium were exposed to 

LimPyr1, 8 Gy radiation and LimPyr1 24 hours prior to radiation. Micronuclei quantification 

followed 2 and 24 hours after radiation. 

 
Number of 
micronuclei 

MCF-7 MDA-MB-231 BT-20 

2h 24h 2h 24h 2h 24h 

C
e

lls
 p

re
s
e

n
te

d
 w

it
h

 m
ic

ro
n
u

c
le

i 

M
e

d
iu

m
 o

n
ly

 0 488 487 477 477 449 443 

1 11 12 21 19 47 52 

2 1 1 2 4 4 5 

3 0 0 0 0 0 0 

4 0 0 0 0 0 0 

5 0 0 0 0 0 0 

>5 0 0 0 0 0 0 

D
M

S
O

 

0 489 491 483 485 454 450 

1 10 7 16 14 42 47 

2 2 2 1 1 4 2 

3 0 0 0 0 0 1 

4 0 0 0 0 0 0 

5 0 0 0 0 0 0 

>5 0 0 0 0 0 0 

L
im

P
y
r1

 

0 488 485 481 467 426 426 

1 10 14 17 31 57 46 

2 2 1 2 2 12 19 

3 0 1 0 0 4 9 

4 0 0 0 0 0 0 

5 0 0 0 0 0 0 

>5 0 0 0 0 0 0 

8
 G

y
 r

a
d
ia

ti
o

n
 0 222 264 255 300 259 276 

1 206 185 154 118 174 167 

2 63 42 59 62 59 54 

3 7 8 30 20 9 3 

4 2 0 2 0 0 0 

5 0 0 0 0 0 0 

>5 0 0 0 0 0 0 

L
im

P
y
r1

 +
 

ra
d
ia

ti
o
n
 

0 257 272 269 267 256 264 

1 137 107 132 115 127 126 

2 82 87 58 77 82 81 

3 18 32 38 40 19 25 

4 6 2 3 1 14 4 

5 0 0 0 0 2 0 

>5 0 0 0 0 0 0 
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13. Video’s 

 

Video 4.1, 4.2 and 4.3 are available at: http://tiny.cc/vdye4y 

 

14. Ethics approval 

 

http://tiny.cc/vdye4y
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15. Declaration 
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“Everything in this book may be wrong.” 

- Richard Bach- 
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RESUME 
Les agents ciblant les microtubules sont des médicaments anticancéreux efficaces. Leur utilisation dans le cadre d’un traitement 
combiné avec des rayonnements ionisants est également une stratégie prometteuse. Cependant, l’apparition de résistances aux 
produits chimiques et aux radiations nécessite de rechercher d'autres types de traitements. Nos laboratoires ont récemment 
décrit plusieurs médicaments qui ciblent directement ou indirectement les microtubules. Plus particulièrement, d'une part  un 
analogue du 2-méthoxyestradiol, un poison de fuseau se liant à des microtubules et provoquant la formation de fuseaux 
mitotiques anormaux: le 2-éthyl-3-O-sulphamoyle-estra-1,3,5 (10) 16-tétraène (ESE-16). D'autre part, le 9-benzoyloxy-5,11-
diméthyl-2H, 6H-pyrido [4,3-b] carbazol-1-one (LimPyr1), un nouvel inhibiteur des LIM kinases induisant indirectement la 
stabilisation des microtubules. Il a été démontré récemment que LimPyr1 est actif sur les modèles de cancer du sein résistants au 
taxol. En tant que médicaments ciblant les microtubules, les deux agents, ESE-16 et LimPyr1, induisent des défauts mitotiques. 
Nous émettons donc l’hypothèse qu’ils pourraient sensibiliser les cellules aux radiations. Le but de ce projet de thèse était de 
vérifier cette hypothèse et, plus précisément, de déterminer si de faibles doses de ESE-16 et de LimPyr1 pourraient augmenter 
l'apoptose et retarder la réparation nucléaire induite par le rayonnement dans les cellules du cancer du sein in vitro. 
Différentes lignées cellulaires cancéreuses, les cellules MCF-7, MDA-MB-231 et BT-20, ont été exposées à ESE-16 et à LimPyr1 
pendant 24 heures avant un rayonnement de 8 Gy. Les effets de ces combinaisons thérapeutiques ont été comparés à ceux 
obtenus à partir de cellules exposées aux composés seuls ou aux seules radiations. L'activation des voies de survie et des voies 
apoptotiques intrinsèques a été étudiée. Les résultats ont révélé une augmentation de la signalisation de la survie et de la mort 
dans les cellules exposées aux traitements individuels. Les traitements combinés ont diminué la survie des cellules alors que la 
signalisation apoptotique augmentait, entraînant une apoptose accrue. En outre, les traitements combinés ont augmenté de 
manière significative la présence de micronoyaux dans les cellules BT-20, indiquant une augmentation des dommages à l'ADN. Les 
cellules MCF-7 et MDA-MB-231 présentent une formation de micronoyaux similaire lorsqu'elles sont exposées à la combinaison de 
traitements ou au rayonnement uniquement. La phosphorylation de H2AX (γH2AX) (normalement augmentée lors de dommages à 
l'ADN) et l'expression de Ku70 (nécessaire pour la réparation de l'ADN) étaient diminuées dans les cellules de cancer du sein 
prétraitées 2 heures après l'irradiation par rapport aux cellules exposées à l'irradiation uniquement. L'expression de H2AX et Ku70 
est cependant significativement accrue 24 heures après irradiation des cellules prétraitées par rapport aux cellules exposées aux 
traitements individuels. Des expériences portant sur la réponse adaptative ont révélé que LimPyr1 diminuait le développement de 
la résistance aux radiations en augmentant la perméabilité transmembranaire mitochondriale et en générant des ROS, un 
mécanisme qui n'est pas observé dans cellules traitées par ESE-16. Nous avons également observé une communication 
intercellulaire entre les cellules exposées au rayonnement et les cellules non exposées via l'effet induit par le rayonnement. 
En conclusion, le blocage mitotique partiel induit par ESE-16 et LimPyr1 rend les chromosomes plus exposés aux dommages dus 
aux radiations, comme l'indique l'augmentation de la présence de micronoyaux. De plus, les deux composés diminuent la 
signalisation et le trafic des protéines de protection et de dommages à l'ADN. En outre, LimPyr1 empêche le développement de 
résistances aux radiations dans les cellules exposées aux radiations. 
MOTS CLES : Cancer, Radiosensibilisation, Dynamique des microtubules, Apoptose, Lésions de l'ADN 
Summary 
Microtubule targeting agents are effective anti-cancer drugs. Their use as part of a combined treatment modality with ionising 
radiation is also a promising strategy. However, the emergence of chemical and radiation resistance requires searching for 
alternative treatments. Our laboratories have recently described several drugs that directly or indirectly target the cellular 
microtubules. 2-Ethyl-3-O-sulphamoyl-estra-1,3,5(10)16-tetraene (ESE-16), an analogue of 2-methoxyestradiol, is a microtubule 
targeting agent that binds to microtubules causing the formation of abnormal mitotic spindles. 9-Benzoyloxy-5,11-dimethyl-
2H,6H-pyrido[4,3-b]carbazol-1-one (LimPyr1) is a novel inhibitor of LIM kinases that indirectly induces microtubule stabilization. As 
microtubule-targeting drugs, both agents, ESE-16 and LimPyr1, induce mitotic defects. We thus hypothesized that they could 
sensitize cells to radiation as the G2/M phase is the most radiosensitive phase of the cell cycle. The aim of this PhD project was to 
test that hypothesis and, more specifically, to investigate whether low-doses of ESE-16 and LimPyr1 could increase apoptosis and 
delay nuclear repair induced by radiation in breast cancer cells in vitro. 
Breast cancer cell lines namely MCF-7-, MDA-MB-231- and BT-20 cells, were exposed to ESE-16 and LimPyr1 for 24-hours prior to 
8 Gy radiation. The effects of these combination therapies were compared to those obtained from cells exposed to the 
compounds alone or only to radiation. The activation of the survival and intrinsic apoptotic pathways were investigated. Results 
revealed an increase in survival and death signaling in cells exposed to the individual treatments. The combination treatments 
decreased cell survival while apoptotic signaling was increased, resulting in increased cell death. Furthermore, the combination 
treatments significantly increased the presence of micronuclei in BT-20 cells, indicating an increase in deoxyribonucleic acid (DNA) 
damage. MCF-7- and MDA-MB-231 cells displayed similar micronuclei formation when exposed to the combination treatments or 
radiation only. Phosphorylation of H2AX (γH2AX) (normally increased upon DNA damage) and Ku70 expression (required for DNA 
repair) were decreased in pre-treated breast cancer cells 2 hours after irradiation compared to cells exposed to radiation only. The 
expression of γH2AX and Ku70, however, was significantly increased 24 hours after irradiation in the pre-treated cells relative to 
the cells exposed to the individual treatments. Investigation into the radiation-induced resistance by dose fractionation revealed 
that LimPyr1 decreased radiation resistance development by increasing the permeability of the mitochondrial transmembrane 
(flow cytometry measuring Mitocapture™). An increase in the generation of reactive oxygen species (ROS) (flow cytometry 
employing hydroethidine) was not observed in ESE-16 pre-treated cells exposed to fractionated radiotherapy. We also observed 
pro-apoptotic signaling between cells exposed to radiation and non-exposed cells via the radiation-induced bystander effect.  
In conclusion, the anti-mitotic effect of ESE-16 and LimPyr1 renders the chromosomes more exposed to radiation damage as 
assessed by the increased occurrence of micronuclei. Moreover, both compounds decreased the signaling and trafficking of DNA 
damage and repair proteins. Additionally, LimPyr1 prevented the development of radiation resistance in cells exposed to 
fractionated radiation doses. 
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