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Summary 
 

In this novel study, the effects of newly in silico designed bromodomain 4 and sirtuin 

1 inhibitors on cellular growth and death was investigated in the neuroblastoma SH-

SY5Y and acute myeloid leukemia U937 cell lines. The investigated bromodomain 4 

compounds were found to be not as potent when compared to the sirtiun 1 inhibitor, 

W137. Therefore, the anti-proliferative effects and mechanistic action of W137 on the 

two human cancer cell lines were investigated. 

 

The regulation of cancer associated gene expression may be possible in SIRT1-

advantaged cancers such as in neuroblastoma and acute myeloid leukemia through 

the inhibition of SIRT1, which functions by deactivating or down-regulating anti-

cancer proteins through deacetylation. Crystal violet DNA staining was applied to 

study the effect of W137 on cell numbers of SH-SY5Y cells and inhibition of cell 

proliferation was achieved in a concentration dependent manner. An IC50(SIRT1) value 

of 20 µM for the SH-SY5Y cells and 25 µM for U937 cells was determined after 48 h 

exposure. The IC50(SIRT1) values obtained for the compound as tested on the two cell 

lines were comparable to other well-known SIRT 1 and 2 inhibitors and low enough 

to merit further experimentation. Qualitative studies on cell morphology employing 

fluorescent microscopy and triple dye staining indicated a decrease in cell density 

and loss of cellular membrane integrity. A slight increase in propidium iodide staining 

of DNA after 48 h exposure to the W137 compound suggested either necrosis and/or 

late stages of apoptosis.  

 

Employing flow cytometry and propidium iodide to study the progression of the cell 

cycle revealed increased cell numbers in the sub-G1 phase in SH-SY5Y and U937 

cells, suggesting cell death is induced by W137 after 24 and 48 h respectively. No 

significant cell cycle block in either the G1 or G2/M phase was observed, suggesting 

that the compound does not work by modulating the cycle in SH-SY5Y cells. The 

efficacy of W137 does not vary significantly after 24 h exposure compared to 48 h 

exposure for the SH-SY5Y cell line, while an increase in compound efficacy seems 

to be observed after an extended exposure period (48 h) for the U937 cell line.  
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Flow cytometry employing propidium iodide in conjunction with Annexin V was used 

to analyse cell death induced via apoptosis and/or necrosis and 24 h as well as 48 h 

exposure to the W137 compound revealed an increase in early and late apoptosis 

with a slight increase in necrosis, in SH-SY5Y cells. Analysis of the U937 cell line 

indicated a slight population shift towards early apoptosis after 24 h exposure and a 

slight shift towards late apoptosis and necrosis after 48 h. These findings confirm 

that cell death occurs via apoptosis in the SH-SY5Y as well as in the U937 cell line 

when exposed to W137. SH-SY5Y (Control: 22.32% vs exposed: 26.53%) and U937 

(Control: 24.52% vs exposed: 43.07%) cells exhibited increased mitochondrial 

membrane depolarization and therefore the intrinsic mitochondrial pathway is the 

likely means by which apoptosis is achieved. Therefore, apoptosis is the mechanism 

by which cell death is achieved in both cell lines, as confirmed by cell cycle studies, 

analyses of cell death and mitochondrial membrane permeability studies in both cell 

lines. Levels of hydrogen peroxide (H2O2) generated within W137-exposed cells after 

48 h was measured using DH2CF-DA and flow cytometry. After 48 h exposure, a 

statistically significant decrease in DCF-fluorescence SH-SY5Y cells (Control: 40 vs 

exposed: 13.4) but not U937 cells (Control: 251.4 vs exposed: 259.8) was observed, 

suggesting that increased ROS levels was not induced in response to W137 

exposure after 48 h. 

 

To study the effect of exposure to the W137 compound on the expression of the p53 

and C-MYC genes, both key factors in healthy and cancerous cells, the quantitative 

reverse transcriptase polymerase chain reaction (qRT-PCR) technique was 

employed. The SH-SY5Y cell line indicated a decrease in C-MYC levels upon 

Actinomycin D and W137 exposure after 24 h, while expression of the p53 gene was 

decreased after 24 h Actinomycin D exposure. Exposure to W137, however, 

increased p53 expression after 24 h as well as 48 h. p53 is crucial in programming 

cells for death and probably induces SH-SY5Y cells to enter apoptosis. Significant 

increase in C-MYC gene expression was observed in U937 cells after Actinomycin D 

exposure after 24 h and 48 h (p-value <0.05). Repression of SIRT1 therefore 

possibly resulted in the activation or increased expression of the pro-apoptotic gene 

p53, possibly enhancing cancer cell susceptibility to death and repair mechanisms. 

MYC oncoproteins, which are commonly up-regulated in human cancers of different 

organ origins, exert oncogenic effects by modulating gene and protein expression.  
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ELISA (Enzyme-linked Immunosorbent Assay) was employed to test for change in 

p53 protein K382 acetylation and activity following 48 h exposure to W137. The 

active, acetylated p53 protein is a crucial component in cell maintenance, damage 

detection and programmed cell death, and inhibition or down-regulation of p53 has 

been detected in many cancer types (1-3). Deacetylation of p53 by SIRT1 results in 

protein deactivation or down-regulation and therefore SIRT1 inhibition is expected to 

result in p53 being in the acetylated stage and active (4). Following 48 h exposure, 

analyses of the SH-SY5Y cells indicated a small but statistically significant increase 

in the expression of K382 acetylated p53 protein in Actinomycin D (1.17-fold) and 

W137 exposed cells (1.12-fold) (p-value <0.05).  

 

In conclusion, the novel dual SIRT1 and 2 inhibitor W137 therefore inhibited cell 

proliferation in both the U937 and SH-SY5Y cell lines in a dose-dependent manner 

through the inhibition of cell growth and the induction of cell death in vitro. The two 

cell lines exhibited different reactions to the compound in some experiments but 

similar reactions in others, motivating the importance of further study into the cell line 

specificity and mechanistic variation of W137. The confirmation of these results by 

that obtained from the fluorescent microscopy study leads to the conclusion that 

apoptosis is the most likely cause of cell death for these cell lines. The current study 

contributes to the unravelling of the in vitro molecular mechanisms associated with 

and influenced by SIRT1 and SRT2 providing a basis for further research on this 

multi-functional cellular component and its diverse role in disease regulation. The 

W137 compound could potentially be an effective component in a drug designed to 

treat more than one type of cancer. 

 

Keywords: Anti-cancer, acute myeloid leukemia (AML), neuroblastoma, sirtuin 1 

(SIRT1), U937, SH-SY5Y, flow cytometry, apoptosis, cell cycle, mitochondrial 

membrane potential (MMP), reactive oxygen species (ROS), gene expression, qRT-

PCR, protein acetylation, ELISA, p53, C-MYC.  
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Chapter 1: Literature Review 
 

 Cancer and cancer incidence 

Cancer is a group of specialized molecular heterogenic diseases characterized by 

malignant, ill-regulated proliferation of cells resulting in either a solid tumour mass or 

other abnormal cellular conditions (5-7). Cancer cells reproduce uncontrollably, 

bypassing normal cell regulatory controls and often metastasize to distant parts of 

the body. Cancer arises from a single normal cell or groups of cells which suffer 

genomic or epigenomic mutation that cannot be repaired by cell rehabilitation 

mechanisms or the cell does not die due to one or other regulatory dysfunction. 

When a mutation activates a proto-oncogene (such as C-MYC) (8) to become an 

oncogene or inhibits a tumour suppressor gene (such as p53) (1), cancer arises.  

Annually there are approximately 7.4 million cancer related deaths worldwide and 

the disease is classified among the leading causes of severe illness related morbidity 

and mortality (5). In first world countries, cancer has been shown to be the number 

one cause of death and the second major contributor in developing countries (9). In 

2011 alone, approximately 14 million new cases of cancer and 8.2 million cancer 

related deaths were reported worldwide (5-7). Over the next two decades, an 

increase of 70% in the number of new cases is expected due to high risk lifestyle 

choices, increased levels of air-, water-, and food carcinogens, increased occurrence 

of immune-compromising conditions such as human immunodeficiency virus (HIV) 

infection, rising stress levels in the general population and disease evolution (5, 6, 

9). Cancer can affect any organ and tissue type in almost any part of the body. The 

leading causes of cancer related death are cancers of the lung, liver, stomach, 

colorectal, breast, and oesophagus (5, 9). Current therapies for the treatment of 

cancer include chemotherapy, immunotherapy, chemoradiotherapy and surgery to 

excise the tumorigenic mass.  
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 Acute myeloid leukemia and neuroblastoma 

Acute myeloid leukemia (AML) is a genetically heterogeneous blood cancer affecting 

the haematopoietic myeloid progenitor cells (myeloblasts) resulting in the affected 

cells losing the ability to grow, proliferate and differentiate normally (10, 11). This 

results in accumulation of non-functional, un-matured myeloblasts with a high 

metabolic rate and abnormal functionality (10, 11). The disease is characterized by 

uncontrolled proliferation resulting in a high level of anomalous blood cells in the 

bone marrow and the blood, as well as accumulated in other organs in the body. 

This interferes with normal hematopoietic function (12, 13). Research indicates that 

disease incidence increases with age since the norm of 3,8 cases per 100 000 in 

patients under 64 years rises to 17,9 cases per 100 000 in patients older than 64 

years (14). As with all other cancers, risk factors such as exposure to carcinogenic 

chemicals (benzene from cigarette smoke etc.), ionizing radiation and cytotoxic 

chemotherapy aimed at treating tumours increases the chances of acquiring AML. Of 

all cancer patients treated with chemotherapy, 10-15% have subsequently been 

diagnosed with AML (10). This type of cancer is therefore often considered as being 

a secondary condition to other malignancies, as it occurs more commonly compared 

to other cancers and possibly due to commonly occurring risk factors. Prognosis is 

frequently poor despite treatment. 

Neuroblastoma is a brain tumour of neural crest origin that affects immature neurons 

and occurs in young children but rarely found in children older than 10 years (6, 15, 

16). It is the most common form of childhood cancer but is often only diagnosed after 

it has metastasized to other areas of the body where more apparent cancer 

symptoms are elicited. Neuroblastomas occur in thesympathetic nervous system and 

therefore form tumorous masses in any organ enervated by sympathetic nerve tracts 

(15). The adrenal glands are the source of approximately a third of all neuroblastoma 

cases while a quarter of all cases have their origins in the sympathetic nerve ganglia 

of the lower abdomen (6, 15, 16). The remaining cases originate in the spinal cord, 

neck or chest. Neuroblastoma is also a cancer associated with poor prognosis, often 

due to late discovery when the disease has reached advanced stages, with intensive 

metastasis and limited treatment options that are rarely more than marginally 

effective (6, 15, 16). 
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 The hallmarks of cancer 

The six biological capabilities that can be acquired during the multistep development 

of human tumours are referred to as the hallmarks, or characteristic features, of 

neoplastic disease (6, 17). For normal cells to become tumorigenic and ultimately 

metastatic, these hallmark capabilities need to be acquired in a progressive order (6, 

17). The six hallmarks include sustaining proliferative signalling, the evasion of 

growth suppressors, resisting cell death induction mechanisms, enabling indefinite 

replication, promoting angiogenesis and inducing tissue invasion and metastasis. 

Instability of the genome, which generates the genetic diversity that allows the 

characteristics to be acquired, as well as chronic inflammation, which promotes 

several of the hallmark functions, lies at the essence of the fundamental hallmarks 

(18, 19). Researchers have also recently named two emerging cancer characteristics 

as being significant in promoting cancer development, namely the reprogramming of 

cell energy metabolism and evasion of the immune system (6, 17)(Figure 1.1.3.1).  

 

Figure 1.1.3.1: Schematic representation of the hallmarks of cancer. The prime characteristics 

cells need to acquire in order to cause disease include mechanisms of unhindered growth and spread 

to other tissues and organs, routes of cell maintenance evasion and deviation of cellular pathways to 

create increased energy supply for cells and blood supply for cancer tissue (18, 19).  

Solid tumours contain a complex repertoire of recruited, seemingly normal cells that 

are important in establishing the tumour microenvironment (20). Tumours are not 

insular masses of proliferating cancer cells but rather a complex of multiple distinct 
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cell types continually participating in heterotypic interactions with one another (21, 

22). The wide variety of tumour types that exist, all possess histopathological 

variation as well as genetic and epigenetic distinctions, complicating the 

understanding of the disease and the establishment of effective therapies (21, 22). 

The targeting of the  cancer pathogenesis mechanism as a treatment is thought to 

be one of the most noteworthy findings relating to human cancer research over the 

decades (6, 17). Cancer hallmarks as mechanistic targets are central to this 

treatment approach and that of future therapies. The increasing number of existing 

targeted therapeutics can be categorized according to the specific cancer hallmark 

or hallmarks that are targeted (21, 22). Treating cancer based on specific 

characteristics and measuring the efficacy of drugs based on the changes in these 

characteristics in response to treatment, serves as validation of that specific hallmark 

for that specific cancer. If a cancer hallmark is crucial to the biology of the tumour, 

then tumour growth and progression may be impaired by inhibiting of that specific 

hallmark (21, 22). 

Most hallmark-targeting cancer drugs developed thus far have been directed to 

target specific components of cellular pathways involved in enabling particular 

capabilities (6). Treatments specific to cancerous cells have been considered 

fundamental in cancer therapy as it presents inhibitory activity against the 

dysfunctional target while being less toxic towards healthy cells (23, 24). The 

molecular, metabolic, structural and functional differences between cancerous and 

non-cancerous cells contributes to normal cells being less susceptible to certain anti-

cancer drugs (23). As an example, cells that undergo normal cell division have been 

reported to be less sensitive to mitotic inhibitors compared to cancer cells where 

proliferation occurs much faster (23).  

Each of the core hallmarks is thought to be regulated by partially redundant and 

highly specialized, ultra-communicative signalling pathways (6, 17). Therefore, by 

targeting a single key pathway during therapy, a critical capability may not be 

completely eradicated. Some cancer cells may subsequently survive and their 

progeny eventually evolve towards the selective pressure imposed by the applied 

therapy and become resistant (25). Such adaptation, accomplished by epigenetic 
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reprogramming, mutation and remodelling of the stromal microenvironment, can re-

establish tumour growth and clinical relapse (6, 17). 

Cancer cells may also gain resistance to a drug by systematically reducing their 

dependence on the particular hallmark being targeted by the therapy, resulting in 

cells becoming more dependent on adjacent cells for support. Solid tumours obtain 

blood flow through the secretion of angiogenic factors (cytokines) that induce the 

formation of a network of vascular capillaries for the tumour mass, contributing to its 

self-efficiency (26, 27). In selected preclinical models where potent angiogenesis 

inhibitors succeed in suppressing this capability, tumours have been reported to 

adapt and shift from a dependence upon continued angiogenesis to increasing 

invasiveness and cancer metastasis (6, 28). Hypoxic cancer cells evidently gain 

access to pre-existing tissue vasculature to obtain oxygen by invasion of 

neighbouring cells, rendering anti-angiogenic drugs ineffective against these cells. 

This form of adaptive resistance strategy is apparent in the increased level of 

invasion and local metastasis that is seen when human glioblastomas are treated 

with angiogenesis inhibiting drugs (29). How this mechanism dominates in other 

human cancers is yet to be established. 

Analogous adaptive shift in dependence from one hallmark to another may also 

negatively influence the efficacy of analogous hallmark-targeting therapies (6). The 

deployment of apoptosis-inducing drugs, for example, may induce cancer cells to up-

regulate mitogenic signalling, resulting in compensation for the initial reaction 

triggered by treatments through an increased rate of mitosis and reproduction (30, 

31). Therefore, multiple biochemical pathways linked to each hallmark should be 

considered when developing drugs and designing treatment protocols. Multiple core 

and emerging hallmarks and enabling characteristics should be simultaneously 

targeted by means of mechanism-orientated combination therapeutics. New 

research and treatment strategies should be aimed at more effective and durable 

therapies for human cancer through the incorporation of knowledge regarding 

established hallmarks as well as additive capabilities (6). New anti-cancer drugs 

should be developed while continuously taking drug resistance, mechanistic 

bypassing strategies and undiscovered neoplastic characteristics into consideration. 

Future research may render it possible to therapeutically target the majority of 
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cancer cell supporting pathways simultaneously, therefore preventing the 

development of adaptive resistance and eventual disease relapse (6, 17). 
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 The cell cycle 

1.4.1 An overview of the stages and progression of the cell cycle and the 

mechanism of cancer  

The period between the formation of one cell as a product of cellular division to when 

that cell undergoes division to create the next generation, is known as the cell cycle 

(32, 33). During this process, the DNA of the cell and all other cellular components 

are duplicated in order to produce two identical daughter cells, which are also 

genetically identical to the parent cell. In eukaryotes, such as human beings, the cell 

cycle is divided into four phases, namely G1 (gap 1), S (synthesis), G2 (gap 2) and M 

(mitosis). Cells that had not entered the cell cycle are referred to as being in a 

quiescent or sedentary stage called the G0 phase. Mitosis is the stage when a 

somatic parent cell divides once to form two identical daughter cells through 

appropriate segregation and separation of chromosomes and other cellular 

components. The main purpose fulfilled by the cell cycle and mitosis is to enable the 

organism to grow, adapt to changing conditions and to replace damaged or old cells. 

Figure 1.1.4.1 illustrates an overview of the main phases of the cell cycle (blue) and 

the phase transition checkpoints (red): 
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Figure 1.1.4.1: The phases of the cell cycle (blue); G1 (gap1), S (DNA synthesis/replication), G2 

(gap 2) and M (mitosis).  G1 prepares the maturing cell for DNA synthesis which takes place during 

the S phase. The cell continues to grow and prepare for division through the G2 phase, cell 

components start to divide and chromatin condenses to form chromosomes that separate during 

mitosis (32). Cells withdraw from the cell cycle upon damage detection at the DNA checkpoints (red) 

and are either rectified by repair machinery or undergo programmed cell death (34). Tumour 

suppressors that are active at the G1/S and S/G2 checkpoints, respectively, as well as oncogenes that 

allow damaged cells to bypass the G1/S and G2/M checkpoints, respectively, are indicated.  

 

Cells in G0 (Gap 0 or quiescent) are non-dividing, metabolically active cells that are 

functional but in a resting, non-proliferating state (32). Cells re-enter the G1 phase 

from G0 if the appropriate growth factors are present and the cell cycle is initiated. 

Eukaryotic cell division is a highly regulated process and cells can also enter 

senescence, an irreversible state of arrest to prevent proliferation of harmful cells, 

from the G0 phase. Proteins and enzymes needed for DNA replication only 

accumulate when the cell is preparing to undergo division (35). When specific growth 

inhibitory signals are detected or there is an absence of appropriate mitogenic 

signalling, proliferation is paused and cells enter the G0 phase to be repaired or to 

enter programmed cell death (apoptosis). A highly conserved family of 

multifunctional enzymes, referred to as cyclin dependent kinases (CDKs), mediates 

cell cycle progression by means of binding to and modifying protein substrates (35). 

When CDKs bind to specific regulatory subunits referred to as a cyclins, active 

cyclin/CDK complexes are formed. The complexes are central in cell cycle regulation 
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and progression, with specific cyclin complexes controlling a specific stage of the 

transition from one phase to the next (35). The rate of cell division also depends on 

the location of the cells in the body, the tissue type, the age of the organism as well 

as whether the cells are normal or cancerous (34). 

 

In normal, healthy cells, CDK expression occurs throughout the cell cycle and each 

cyclin protein has a tightly regulated, limited time-frame of expression (Figure 

1.1.4.1). This highly synchronised expression and time of activity is mediated 

through cell cycle-dependent regulation on both the cyclin gene transcription level 

and protein degradation (Figure 1.1.4.1). For CDK activation to occur, binding to a 

specific cyclin protein at a specific stage needs to take place. The integrity of the 

resulting cyclin/CDK complex is tightly regulated by covalent modification by cyclin 

activating kinases and by dephosphorylation (mediated by members of the Cdc25 

family) events resulting in activation and inhibition of protein kinase activity only 

when required (Figure 1.1.4.1). The CDK activating kinase (CAK) is responsible for 

mediating activation by phophorylation of CDK1, CDK2, CDK4 and CDK6. The CAK 

protein complex consists of the 3 subunits, namely CDK7, cyclin H and MAT1 (35). 

Cyclin degradation by the ubiquitin proteasome system also plays a role in the 

progression of cells through the cell cycle. Two families of CDK inhibitors exist, 

namely the INK4 inhibitors (inhibits CDK4 and CDK6 activity during the G1 phase) 

and the Cip/Kip inhibitors (inhibit CDK activity during all phases of the cell cycle). 

Both families are influenced by various forms of cell stress and growth inhibitory 

pathways and can initiate cell cycle arrest in the G1 phase through CDK inhibition 

and prevention of their ability to phosphorylate pRb (Retinoblastoma protein) and 

other pRb-family proteins (Figure 1.1.4.1).  

 

Throughout eukaryotic cell cycle progression, signalling pathways monitor the 

successful completion of events in one phase of the cycle before proceeding into the 

next phase. These regulatory pathways and spaces of maintenance are commonly 

referred to as cell cycle checkpoints (36). Cell processes can be temporarily halted 

at cell cycle checkpoints to allow for repair of cellular damage or cycle arrest can be 

initiated due to unavailability of essential growth factors, hormones or nutrients. 

When cellular damage is beyond repair or cell stress is too intensive, checkpoint 

signalling halts progression and potentially hazardous cells are eliminated through 
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permanent cell cycle arrest and/or apoptosis (Figure 1.1.4.1). When cells pass the 

screening and transition through a checkpoint, the cell cycling continues irreversibly 

until the next checkpoint. Four main checkpoints exist, including the G1/S checkpoint, 

the S phase checkpoint, the G2/M checkpoint and the spindle checkpoint.  The cell 

cycle checkpoint pathways are operational during the entire cell cycle and may slow 

progression at any stage during the four phases if internal (within a cell itself) or 

external (signals, stress, hormones etc.) irregularities are detected.  

 

The most significant change in a cancerous cell compared to a normal cell is the loss 

of control of the cell cycle, resulting in uncontrolled proliferation progressively 

followed by the other hallmarks of cancer (32, 37). The G1/S checkpoint determines 

the integrity of the DNA and therefore, whether the cell continues to enter the S 

phase where DNA is duplicated (38). If damage is detected, the cell cycle is halted 

and repair mechanisms are initiated, if rescue is possible, or programmed cell death 

is induced. Cellular proliferation is regulated and maintained by tumour suppressor 

genes (Figure 1.2) that preserve cellular integrity through the checkpoints and can 

initiate a block in cell cycle progression when DNA damage is detected. Repair 

mechanisms are activated in order to fix the DNA damage and apoptosis may be 

initiated if the damage is beyond repair. Aberrations in tumour suppressor genes 

lead to desensitization of damage detection mechanisms and DNA abnormalities are 

subsequently carried through the cell cycle and inherited by the next generation (39). 

The retinoblastoma (Rb) gene, which encodes for retinoblastoma protein (pRb), is a 

tumour suppressor gene active during mitosis. The pRb protein plays a major role at 

the G1/S checkpoint and therefore in tumour inhibition by negatively regulating the 

cell cycle when damage is detected (40). The fundamental importance of tumour 

suppressor genes such as Rb is emphasized when mutations that inactivate Rb 

result in uncontrolled cell division and the formation of retinoblastoma, a rare 

malignancy of the retina for which young children are especially susceptible (34). 

The same major risks to cellular health are present with the inactivation or under-

expression of the cell cycle maintaining tumour suppressor gene p53 (34). 

 

Equally fundamental in the formation of cancerous cells, but through positive 

regulation rather than negative regulation, are oncogenes. Proto-oncogenes 

(managerial genes with the potential of becoming pro-cancerous) are re-classified as 
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oncogenes when they are de-regulated and then promote uncontrolled cell growth 

and division (34). These genes are normal components of cell genomes where they 

play important regulatory, metabolic and survival roles but can lead to the 

proliferation and essentially the immortality of cancer cells when they are up-

regulated and over-expressed. One such example is the C-MYC proto-oncogene 

which, in healthy cells, encodes for a multi-functional protein which acts as a 

transcription factor that directly binds to DNA and activates transcription, induces the 

addition of acetyl groups to lysine residues on chromatin to modify gene expression 

and regulates the cell‘s progress through the cell cycle (41, 42). Mutations often 

result in over-expression of the C-MYC or N-MYC proteins, de-regulation of cellular 

proliferation and tumour formation or cancer maintenance (43). The fundamental role 

of C-MYC in the survival of cancerous cells and its abnormal expression that is 

associated with many tumours has been a subject of intensive study (44, 45). 

 

Chromosomal DNA is tightly packed to form a stable structure coiling around histone 

proteins that maintain the shape and structure of the chromatin (46). This form of 

packaging serves as the primary control over DNA access to transcription factors 

and other components. The structure of chromatin and all the stages of its packaging 

are tightly regulated by several reversible epigenetic modifications that either 

promote or inhibit access to the DNA (47, 48). Acetylation occurs when the addition 

of an acetyl group to specific lysine residues on a histone reduces the positive net 

charge on the histone molecule and relaxes the tight coils of the chromatin. In most 

cases this makes DNA (and therefore the target genes) more accessible to 

transcription factors and many other binding proteins containing acetyl binding sites 

(49). Sirtuin 1 (SIRT1) functions as a NAD+ dependent protein modifying enzyme 

which plays critical roles in gene expression through chromosomal structure and 

gene accessibility through deacetylation of lysine as well as ADP-ribosylation or, in 

some instances, deacetylation (50). 

Cancer cells require increased levels of oxygen and nutrients from energy sources to 

maintain an increased metabolism (over-expression of genes and proteins, 

increased proliferation, etc.) (51). The Warburg effect describes the preferred 

method for cancer cells to acquire energy and is defined as the production of energy 

by cancer cells through glycolysis and lactic acid fermentation in the cytosol of the 
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cell, rather than through the mitochondria. In cancer cells, this process sometimes 

occurs even in the presence of oxygen, therefore metabolizing glucose to lactic acid 

at a high rate (51). Normally, glycolysis is followed by the oxidation of pyruvate in the 

mitochondria of the cell in the presence of oxygen (52). Cancer cells, however, have 

been found to harbour decreased numbers of mitochondria compared to normal cells 

(53). The mitochondria that are present have a high abundance of membrane bound 

hexokinase-2 (HK2) iso-enzymes, expressed predominantly in cancerous cells (53). 

HK2 is involved in regulating the glycolytic pathway through the conversion of 

glucose into pyruvate and then to lactic acid (by another cycle), rendering the 

enzyme essential for the bioenergetics and therefore, the survival of cancer cells 

(53). When HK2 binds to the voltage dependent anion channel (VDAC) in the 

mitochondrial membrane, the feedback inhibition of glucose-6-phosphate is 

bypassed and can enter the mitochondria to produce ATP (54). This constant and 

mechanistically combinational supply of ATP helps the cancer cells to maintain the 

high levels of energy needed to proliferate (54). Therefore, to therapeutically destroy 

cancer cells through their energy metabolism, both glycolysis as well as 

mitochondria must be targeted. Binding of HK2 to the VDAC also prevents the Bcl-2-

associated X protein (BAX) from being transported to the outer mitochondrial 

membrane (55). As BAX is a pro-apoptotic protein which works in conjunction with 

p53, the prevention of its translocation affects mitochondrial permeability negatively 

and desensitizes cells to programmed death signals (55).  

Reactive oxygen species (ROS) are chemically reactive molecules which contain 

oxygen and are natural products or by-products of cellular processes such as 

metabolic respiration (56, 57). These highly reactive molecules, such as peroxides, 

hydroxyl radicals, and singlet oxygen, positively and negatively impact the life of 

cells. ROS have important roles in redox signalling and homeostasis but also 

negatively impact the aging process and can be damaging to mitochondria and DNA 

structure. Mitochondria are important sources of ROS, such as superoxide and 

hydrogen peroxide (56, 57). The mitochondria are critical to energy production in 

cells as well as in the control of apoptosis as previously explained. Pro-apoptotic 

proteins (such as cytochrome c) are released into the cytosol upon increased 

mitochondrial permeability (depolarization) of the mitochondrial membrane, possibly 

resulting in death of a healthy cell. Excessive quantities of ROS can cause damage 
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to the mitochondrial membrane and therefore lead to changes in the mitochondrial 

membrane potential (36). When applied therapeutically, increased mitochondrial 

permeability allowing pro-apoptotic proteins to be released into the cytosol induces 

cell death in cancer cells (58, 59). This renders mitochondrial membrane 

permeability and ROS levels produced in a cell as a measure of the efficacy of 

treatment drugs against cancer cells.  

 

1.4.2 Cell transition from the G1 phase to the S phase 

During the G1 phase many signals coalesce to accelerate the processes leading to 

cellular development and preparation for division (36). Diverse metabolic, stress and 

environmental factors are interpreted during this period to control the machinery of 

the cell to direct entry into the S phase or to halt further progression. Once the G1 

phase is initiated, extracellular stimuli (such as hormones, growth factors, etc.) result 

in elevated levels of D-type cyclins (cyclins D1, D2, and D3) which binds to and 

activates CDK4 and CDK6. This in turn stimulates quiescent cells to actively re-enter 

the cell cycle or proliferating cells to continue undergoing changes needed to grow 

and reproduce (36). Following the increase in formation and subsequent activation of 

the cyclin D/CDK4/6 complexes, cyclin E levels increase. Binding of cyclin E units to 

CDK2 substrates results in Cyclin E/CDK2 complexes (60).  

 

The commitment to enter the S phase is made mid to late G1 phase at a stage 

referred to as the restriction point, or the G1/S checkpoint (61). Once the 

commitment is made to replicate DNA and divide cell material, the process is 

irreversible until the following G1 phase of the next cycle is reached (61). The 

retinoblastoma (Rb) family of cancer influencing genes are translated into proteins 

(pRb, p107, and p130) that serve as crucial molecular switches when bound to the 

elongation factor 2 (E2F) family of transcription factors (35, 62). The E2F family 

serve as transcription mediators of genes required in DNA synthesis, including the 

genes which are transcribed and translated to form cyclin E, A and B as well as the 

enzymes dihydrofolate reductase and thymidine kinase (63). Hypophosphorylated 

pRb represses E2F-dependent transcription of S phase genes while pRb 

phosphorylation results in E2F and pRb dissociation and halting of the inhibitory 
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effect of pRb on E2F. The cell is then allowed to enter the S phase (61). 

Phosphorylation of pRb is mediated by the cyclin D/CDK4/6 and cyclin E/CDK2 

complexes (62). pRb can also be regulated through acetylation mediated by histone 

acetylases such as p300/CBP which are under cell cycle control and prevent efficient 

pRb phosphorylation (62).  

 

During the S phase highly regulated DNA replication is initiated to produce an 

identical copy of the full genome of the cell, ensuring accurate inheritance of genetic 

information (64). The initiation of DNA replication during the S phase takes place at 

multiple highly conserved sites on the chromosomes which are referred to as the 

origins of replication (64). The origin recognition complex (ORC) marks the position 

of replication origins in the genome and serves as a point of assembly for a 

multiprotein, pre-replicative complex (pre-RC) at these origins. The pre-RC is 

assembled during the exit from mitosis of the precious cycle and is activated by the 

cyclin-dependent kinase family and the Cdc7-Dbf4 kinase family of proteins (65). 

Thereafter, the ORC protein complex at each origin changes to a post-replication 

state (post-RC) and DNA replication is activated while further activation events from 

the same origins are prevented for the rest of the cell cycle (64). The mini 

chromosome maintenance protein complex (66) binds to the chromatin during the 

final step of pre-RC formation and serves as crucial factors in limiting eukaryotic 

DNA replication to only one event per cell cycle (67). After ORC activation, DNA 

polymerases, human replication protein A (PRA) and proliferating cell nuclear 

antigen (PCNA) assemble at the origins and the transition to the DNA duplication 

phase of the cell cycle is irreversibly completed (67). As cells progress through the S 

phase, maintenance of pRb hyperphosphorylation is required for DNA replication to 

be successfully completed. A group of functionally related proteins called CDK 

inhibitors regulate the phosphorylation status of CDK proteins (67, 68). The cyclin 

E/CDK2 complexes regulate the transition from the G1 phase into the S phase 

(Figure 1.1.4.2) (68). Shortly after cyclin E stimulation, induction of cyclin A 

expression occurs and cyclin A then binds to CDK2 in the S phase and to CDK1 in 

the G2 and mitotic phases (68). Cyclin A is a crucial regulator during cell entry into 

the S phase and is also important in the G2 phase and mitosis. 
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Figure 1.1.4.2: The cell cycle transition from the G1 to the S phase.  During the G1 phase, CAK 

(CDK activating kinase) activates the newly formed cyclin D/CDK4/6 and cyclin E/CDK2 complexes 

through phosphorylation (68). The active complexes stimulate the sequential phosphorylation of the 

transcription factor pRb at different stages. The hypopolarized pRb/E2F complex serves to halt the 

progression of the cell into the S phase. Once hyperphosphorylation is achieved, pRb (in its 

hyperpolarized form), dissociates from the E2F transcription factor, which can then stimulate the 

activity of genes crucial to cell entry into the S phase. The INK4, Cip/Kip and other inhibitor families 

can halt cell cycle progression by inhibiting cyclin/CDK complexes and thereby lead to G1/S phase 

arrest (61). 

 

1.4.3 Cell transition from the G2 phase to Mitosis 

The process of cells passing the checkpoint from the G2 phase entering into mitosis 

is under strict control of the B type cyclins, which also associate with CDK1 (Figure 

1.1.4.3). After duplication of the genome in S-phase, cells transition through G2 and 

prepare for division during mitosis. As cells enter into G2 phase, the mitosis 
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promoting factor (MPF) complex forms through the combination of cyclin B and 

CDK1. The CDK1 protein is present throughout the cell division cycle, but is 

specifically activated by protein-protein interactions and reversible phosphorylation at 

the exact time points and stages when and where required (69).  

At the end of G2 phase, cyclin B/CDK1 complexes are activated by 

dephosphorylation and cells enter into mitosis (70). CDK1 activity is inhibited by 

kinase phosphorylation of two residues, Thr14 and Tyr15, through the action of Wee-

1 and Myt-1 kinases (70). Wee-1 and Myt-1 activity is upregulated by 

phosphorylation through checkpoint kinase 1 and 2 (Chk1, Chk2). The checkpoint 

kinases are proteins that function in DNA structure checkpoint signalling (Figure 

1.1.4.3). Activation of CDK1 occurs after the simultaneous phosphorylation of the 

Thr161 residue by cyclin activating kinase (CAK) and dephosphorylation of the Thr14 

and Tyr15 residues through the activity of dual-specificity phosphatases Cdc25C and 

Cdc25B (Figure 1.1.4.3). Cdc25C is phophorylated and activated Polo-like kinase 1 

(Plk-1) and active CDK1, creating a positive feedback loop between Cdc25C and 

CDK1 (Figure 1.1.4.3). The activity of Plk-1 is in turn regulated by DNA structure 

checkpoint signalling via the ATM (Ataxia Telangiectasia Mutated) and ATR (Rad3-

related) cell signalling complexes as well as by Chk1 and Chk2 (Figure 1.1.4.3) (70). 
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Figure 1.1.4.3: The cyclin B/CDK1 complex as a mediator of cell transition from the G2 phase 

into mitosis.  CDK1 activity and association with cyclin B is maintained through consecutive stages 

of phosphorylation and dephosphorylation (70). Mediators include Myt1, Wee1, CAK and Cdc25B and 

Cdc25C, also stimulated through phosphorylation induced activation and deactivation. Factors Wee1 

and Myt1, as well as Cdc25B and Cdc25C compete for the phosphorylation status of the same amino 

acid residues (S216, T130 etc.) (not shown). DNA damage and upstream integrity regulators of 

Wee1, Myt1 and Cdc25C, including Plk1 and Chk1/2 (not shown), determines the balance in 

phosphorylation status of the amino acid residues. CDK activation is crucial for phosphorylation, and 

therefore subsequent activation, of several proteins important in the cell division process including 

mediators of chromosome condensation and separation, APC/C complex activity and spindle 

machinery assembly (70). 

Following the transition into mitosis, the maturation promoting factor (MPF) complex 

plays a crucial role in all the stages required for division of the genetic material, 

organelles and the cell itself to form the next generation (71). Activated cyclin 

B/CDK1 complexes can phosphorylate numerous substrates required for cell division 

including condensins and various histones resulting in chromosome condensation, 

various Golgi matrix components resulting in Golgi fragmentation and various 
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proteins involved in spindle dynamics and chromosome movements including 

kinesins and stathmin (70-73). Furthermore, the cyclin B/CDK1 complex contributes 

to regulate the anaphase-promoting complex/cyclosome (APC/C), the core 

component of the ubiquitin-dependent proteolytic machinery which controls the 

timely degradation of critical mitotic regulators (such as inhibitors of anaphase onset 

securins and cyclins) at specified times (72).The APC/C is a multiprotein complex 

consisting of at least 11 core subunits and two cofactors namely Cadherin 1 (Cdh1) 

and cdc20 (72). MPF function is finely regulated by location and the presence of 

stimulants. The complex accumulates in the cytoplasm when in association with 

microtubules and centrosomes until late prophase when translocation to nucleus 

takes place as required for nuclear envelope breakdown (71).  

During mitosis, also referred to as the M phase, the cell goes through five stages to 

ensure that each daughter cell will have a complete and identical set of 

chromosomes (32). The five main stages of mitosis are prophase, pro-metaphase, 

metaphase, anaphase and telophase, each encompassing a series of events 

required for the impeccable dividing of replicated genetic material and the other 

components of the cell (70). The MPF complex plays a crucial role during mitosis, 

serving as an orchestrator of chromosome condensation (during prophase), nuclear 

envelope breakdown (pro-metaphase) and also controls spindle dynamics and 

centrosome separation (meta-anaphase transition) (71). During the closing stages of 

mitosis, sister chromatid separation (anaphase), spindle disassembly, and 

cytokinesis (telophase) is mediated by APC/C. Phosphorylation of APC/C subunits 

regulates both the function and the assembly of the mature complex. The result of 

one successfully completed somatic cell division cycle is two genetically identical 

cells completely capable of entering the cell cycle once they have exited mitosis (70).  
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 Cell death 

1.5.1 Apoptosis 

Cells naturally undergo death during organism growth and development, when cells 

are damaged beyond repair, when cells are senescent or when dying is part of the 

role played by the cell as in the immune system and blood clotting (74-76). Apoptosis 

is when cellular death is induced as a result of the activation of intracellular chemical 

programming with the purpose of resulting in cell death. This controlled process 

occurs without cells undergoing lysis and therefore avoiding damage toward 

neighbouring tissue. Apoptosis serves as a natural barrier to cancer development 

(74-76) and is triggered in response to various physiological stress conditions 

experienced by cells during the process of tumorigenesis or as a result of anti-cancer 

therapy. Many tumours that successfully progress to high stages of malignancy and 

drug resistance have been found to do so even in the presence of apoptosis 

inducing stress (74, 75). 

The apoptotic machinery of human cells consists of both upstream regulators and 

downstream effector components (74, 75). The components are divided into two 

major regulatory circuits, one which receives and death-inducing signals from 

outside the cell (the extrinsic apoptotic program) and another which senses and 

integrates a variety of signals originating from inside the cell itself (the intrinsic 

program, thought to be more widely implicated as a tumorigenesis barrier). Each 

circuit results in the activation of specific proteases (caspases 8 and 9, respectively) 

that are latent under normal circumstances, but which initiates a cascade of effector 

caspases responsible for the execution phase of apoptosis through proteolysis. At 

this stage, the cell is disassembled through an orderly stepwise procedure and then 

consumed by its neighbours and by phagocytic cells deigned to remove apoptotic 

remnants (6).  

When apoptosis is triggered, signals are conveyed between the regulator and the 

effector proteins involved in the process. Balance is thought to be maintained 

through mediation of pro- and anti-apoptotic members of the Bcl-2 family of 

regulatory proteins (74, 75). Bcl-2 and its relatives Bcl-xL, Bcl-w, Mcl-1, and A1 are 

apoptosis inhibitors and mainly function through suppressing BAX and BAK, two pro-
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apoptotic trigger proteins linked to the mitochondria. Physical interactions occur 

through BH3 motifs (protein-protein interaction domains) shared between BAK/BAX 

and Bcl-2-like proteins (74, 77). When BAK, imbedded in the outer mitochondrial 

membrane, is not inhibited, BAX is recruited and the integrity of the outer 

mitochondrial membrane is disrupted. Pro-apoptotic signalling proteins are 

subsequently released. Upon release from the mitochondria, pro-apoptotic signalling 

protein cytochrome c activates a cascade of proteolytic caspases, inducing the 

multiple cellular changes associated with the programmed cellular death.  

Several major abnormality sensors important in tumour development have been 

found to be sensitive to cellular conditions and to trigger apoptosis, one of which is 

the tumour suppressor gene 53 (p53) (74, 75, 78). The p53 protein, acting as a 

transcription factor, induces apoptosis through up-regulating the expression of the 

NOXA and PUMA BH3-only pro-apoptotic proteins. This is initiated in response to 

substantial levels of DNA double strand breaks and other irreparable chromosomal 

abnormalities. Hyperactive signalling by certain oncoproteins, such as C-MYC, also 

leads to apoptosis unless counterbalanced by anti-apoptotic factors or if the p53 

gene is mutated or the pathway is dysfunctional (74, 75, 78). Insufficient signalling, 

abnormal expression or the dysfunction of survival proteins (such as survivin and β-

catenin) could also result in apoptosis even in the absence of over-expressed pro-

apoptotic factors (4). 

Apoptosis is tightly controlled in normal, healthy cells (Figure 1.1.5.1). However, 

certain neurodegenerative disorders as well as neoplastic cells possess complex 

strategies to limit or circumvent apoptosis. Most often tumour cells escape apoptosis 

through limiting, decreasing or loss of p53 tumour suppressor function, which is a 

critical component of the apoptosis-inducing circuitry. Tumours may evade apoptosis 

by increasing the expression of anti-apoptotic regulators, such as the Bcl-2 family, 

heightened survival signals, such as IGF1/2 or through the down-regulation of the 

pro-apoptotic factors BAX, BAK and PUMA. (1). The numerous apoptosis-avoiding 

mechanisms employed by cancer cells are an indication of the complexity and 

diversity of apoptosis-inducing signals that need to be evaded by cancer cell 

populations during the pathway to malignancy (1). 
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Figure 1.1.5.1: The cell maintenance pathway of non-cancerous cells when affected by damage 

or stress resulting in cell cycle arrest and reparation of the damage on molecular level or cell 

death.  HiF1-α and p53 stimulation occurs upon cellular damage, the NOXA pathway is stimulated to 

lead to the release of reactive oxygen species into the cytoplasm resulting in apoptotic cell death or 

BAX/BAK is stimulated to enter the mitochondria and stimulate cytochrome c dissociates from the 

inter-mitochondrial membrane, exiting the mitochondria and entering the cytoplasm as part of the 

electron transport chain, leading to cell death (74, 77). When the C-MYC oncoprotein, transcription 

stimulated by m-TOR and induced by ATK, is over-expressed, the repression of p53 can be produced 

through MDM2 inhibition, which is a crucial component of p53 stimulation. This is the case in many 

cancers, resulting in over-expression of C-MYC and under-expression of complete repression of p53. 

Cell survival is optimized through the resistance to cell death- and repair mechanisms. The cell can 

then reproduce optimally for cancer growth and eventual metastasis (74, 75, 78). 
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Linkages at the molecular level between cell death, cell survival and the cell cycle 

have been researched intensively in recent years (74, 77). The formation of a 

tumour, consisting of various cancerous cell types is a dynamic process that is 

driven by complex interactions between oncogene activation, tumour suppressor 

inactivation and responses to cellular stress. The selection whether to undergo cell 

cycle arrest and/or repair, to initiate apoptosis, necrosis, autophagy or mitotic 

catastrophe in response to anticancer agents is critical in the successful application 

of treatment. The molecular mechanisms by which anticancer drugs induce 

apoptosis, when this is indeed the mechanism of action of the drugs used by the 

patient, are mediated by mitochondrial dysfunction, which is regulated by the 

balance of pro-apoptotic and anti-apoptotic proteins in the Bcl-2 family. When there 

is DNA damage within cancer cells, the activation of pro-apoptotic proteins such as 

BAX and BAK is induced in a p53 dependant manner (79). Translocation of the 

proteins from the cytosol into mitochondria takes place, while other proteins and 

molecules are translocated back to the cytosol causing mitochondrial membrane 

depolarization and subsequent cell death (74, 77).  

When a pro-apoptotic protein is under-expressed or dysfunctional or an anti-

apoptotic protein (pro-survival) is over-expressed, apoptotic resistance occurs as 

seen in tumorigenic cells of many cancer types (80). Non-apoptotic cell death in cells 

lacking apoptotic machinery is mainly attributed to autophagy and in some cases 

oncosis (a three-stage cell death process sometimes initiated upon cellular injury). 

The mechanism of action of many chemotherapeutic agents is the induction of 

autophagic cell death and it has been reported that treatment with commonly 

prescribed anticancer drugs such as paclitaxel and vinblastine induced both 

autophagic cell death and apoptotic cell death. Oncotic cell death can also be 

induced directly through receptor-mediated pathways which result in the release of 

ROS followed by mitochondrial damage, therefore causing metabolic catastrophe 

through cell swelling and ultimately cell death through oncosis (80).  

Oncosis can also be induced when autophagy is insufficient and cells are under 

metabolic stress, resulting in insufficient energy production through catabolism and 

loss of function of organelles that are degraded and used as an energy resource (81, 

82). Cancer cells often have a defect in a specific cell death pathway but can die 

through any other mechanisms and pathways that are still functional. However, the 
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nature of the defective cell death mechanism ultimately affects the specific treatment 

that is applicable to the specific cancer as well as the clinical outcome of treatment. 

Many questions still remain unanswered concerning the interactions between 

apoptotic and non-apoptotic cell death pathways and whether they overlap to any 

degree. It is as of yet still unclear if such responses occur successively or 

simultaneously and whether one mechanism can compensate for another that is 

inactivated by a tumorigenic mutation. If these cell death pathways overlap 

significantly and are modified during cancer progression, then anticancer therapies 

that are designed to restore function to a key program will restore all programs 

simultaneously and therefore improve the efficacy of the treatment (81, 82). 

However, if these cell death mechanisms are independent, identifying and targeting 

the single pathway that most efficiently inactivates the cancer cells in question, and 

therefore will have the greatest influence on the disease, might be the most effective 

approach. 

 

1.5.2 Autophagy  

Autophagy mediates both tumour cell survival and death, and, like apoptosis, 

normally operates at basal levels when not induced and is an important physiological 

mechanism inside cells (83, 84). When cells are under certain states of stress, 

mostly severe nutrient deficiency, autophagy is hyperactivated (83, 84). The 

activation of this mechanism results in cells breaking down cellular organelles such 

as ribosomes and mitochondria to supplement the cells nutrition. The molecules 

resulting from the catabolism are then used for biosynthesis and cell metabolism. 

Intracellular vesicles referred to as autophagosomes envelope intracellular 

organelles and then fuse with lysosomes to enzymatically degrade the components. 

This results in small metabolites with low molecular weights that support survival in 

cells that are under stress and need to survive in nutrient-limited environments, as 

often experienced by cancer cells (83, 84). 

Autophagy machinery has both regulatory and effector components, like apoptosis, 

including proteins that organize autophagosome formation and mediators of delivery 

to lysosomes (83, 84). It has also been proposed that the regulatory circuits of 

autophagy, apoptosis, and cellular homeostasis interact at certain stages. The 
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signalling pathway involving the PI3-kinase, AKT and mTOR kinases, for example, is 

stimulated by survival signals that block apoptosis as well as similarly inhibiting 

autophagy (85). Also, when survival signals are insufficient to suppress death 

inducing signals, the PI3K signalling pathway is down-regulated (86). This results in 

autophagy and/or apoptosis possibly being induced through interacting regulatory 

circuits possessing entirely different purposes in maintaining cellular balance (83, 87, 

88). 

 

1.5.3 Necrosis 

Differently from apoptosis, where cells contract and reduce to a silent corpse that is 

consumed by neighbouring cells, necrotic cells undergo system breakdown, become 

bloated and explode (89). The cell contents are subsequently released into the 

surrounding tissue microenvironment. Necrotic cell death has been shown to be 

under genetic control in some instances and is not a random, undirected process 

(82, 90, 91). Pro-inflammatory signals are released into the surrounding 

microenvironment, which does not occur during apoptosis and autophagy. This 

results in the recruitment of immune inflammatory cells that evaluate the extent of 

the tissue damage rendered and remove the necrotic debris from the site (90, 92, 

93). In the case of cancer tissue, however, repetitive lines of evidence have 

portrayed immune inflammatory cells as active tumour promoting entities; given that 

such cells are capable of cancer cell proliferation, mediating angiogenesis as well as 

tissue invasiveness. Necrotic cells can also release bioactive regulatory factors (IL-

1α, etc.) which can directly stimulate neighbouring viable cells to proliferate, 

potentially facilitating cancer progression (92, 94). While first seemingly beneficial in 

counterbalancing cancer-associated hyperproliferation, necrotic cell death may 

indeed prove advantageous to cancerous cells. The toleration of a certain degree of 

necrotic cell death may be advantageous to incipient neoplasias and potentially 

invasive and metastatic tumours. The recruitment of tumour-promoting inflammatory 

cells supplying growth-stimulating factors to the surviving cells within the tumour 

mass is highly advantageous. Necrosis is therefore termed as having pro-

inflammatory and tumour-promoting potential rather than anti-proliferation affects as 

initially suspected (92). 
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 Current treatments for AML and neuroblastoma 

The most often prescribed therapeutic drugs for the treatment of various cancer 

types, including leukemia and neuroblastoma, are anti-mitotic agents such as 

paclitaxel, docetaxel and vincristine that function by disrupting microtubule structures 

of tumorigenic cells which undergo a higher rate cell division and are therefore more 

susceptible to mitotic inhibition (6, 15, 16).  

Cancer specific therapy for treating AML includes repeated cycles of high-dose 

cytarabine, a widely prescribed chemotherapeutic drug which acts through DNA 

damage, and hematopoietic stem-cell transplantation which reduces the risk of 

relapse. Stem-cell transplantation is a high risk form of therapy with 15 to 25% 

treatment-related mortality (95). The highly negative statistics mentioned above 

enforce the need to research and develop therapies that decrease this risk, which is 

continually being investigated by scientists. Targeted therapies that are intensely 

specific to cancerous cells are needed to reduce the number of AML cases, 

especially those acquired through chemotherapy, as well as to increase the 

effectiveness of treatment (6, 15, 16). Also, new combinational therapies targeting 

various cancer survival mechanisms simultaneously as well as gene therapy 

targeting oncogenes and their connected pathways and effector proteins are proving 

to be promising methods of inhibition (95-97). 

Neuroblastoma is currently treated with cytotoxic chemotherapy, retinoids, 

immunotherapy, surgery and combination therapies, the most commonly prescribed 

chemotherapeutic drugs being anti-mitotic chemicals such as vincristine, cisplatin 

and doxorubicin (3, 95-97). Side effects of chemotherapy include severe nausea, 

fatigue, increased chances of infection and easy bleeding or bruising (95-97). 

Research is therefore ongoing to find anti-cancer agents that are less harmful to 

other bodily systems while maintaining a maximum level of efficacy against cancer 

cells. High-risk neuroblastoma (stage IV patients, older than 1 year at diagnosis, and 

stage III patients, with N-MYC amplification and/or unfavourable histopathology) is 

treated with multi-agent chemoradiotherapy and purged autologous bone marrow 

transplantation to improve the treatment outcome. The lethality of high-risk 

neuroblastoma is still above 50%, mainly due to progressive disease that is resistant 

to further therapy and often associated with acquired loss of p53 expression and 
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function. Neuroblastoma relapse, as well as others cancers, often occurs in hypoxic 

tissues where chemotherapy and radiotherapy activity has been reported to be 

lower. Therefore, new anti-cancer agents aimed at treating neuroblastoma need to 

maintain cytotoxicity toward cancer cells while in reduced-oxygen environments and 

be p53-independent for use in the treatment as neuroblastoma is possibly p53 

sensitive (95-97). 

 

 Targeting Sirtuins: AML and neuroblastoma  

The sirtuin family (SIRT1-7) is a group of NAD+ dependent protein-modifying 

enzymes with genetically conserved cores and diverse functions in the cellular 

nucleus and mitochondria (50). Sirtuins play critical roles in cellular stress response, 

gene expression, DNA damage repair and cell survival through deacetylation of 

lysine as well as ADP-ribosylation and deacylation (98, 99). The diverse roles of 

these enzymes in maintaining genome integrity, regulating cell metabolism, 

proliferation and avoiding apoptosis classify them as complex tumour promoting as 

well as tumour suppressing entities, and as promising targets for cancer therapeutics 

(98, 99). Sirtuins are thought to act as cancer suppressors in normal cells and 

cancer promoters in tumorigenic cells in most cases (98, 99).  

The particularly bifurcated roles of sirtuin 1 (SIRT1), a class lll histone and non-

histone deacetylase primarily located in the nucleus, seems to be dependent on cell- 

and tumour type as well as the nature of the maintenance genes in the genome 

(Figure 1.1.7.1). SIRT1, the most thoroughly studied member of the sirtuin family, 

shares the greatest homology with yeast SIR2, a protein crucial to the replicative life 

span, cellular metabolism and epigenetic regulation of yeast cells and higher 

eukaryotes (4). 
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Figure 1.1.7.1: A model for the bifurcated roles of SIRT1 in cancer through genome 

maintenance. SIRT1 promotes genome maintenance in both normal and cancer cells under 

genotoxic stress and DNA damage. Activation of DNA repair with high fidelity in normal cells improves 

genome stability and suppresses tumour formation (98, 99). Activation of DNA repair with low fidelity 

in cancer cells prevents catastrophic genomic events and renders cancer cell survival, but allows 

cancer cells to accumulate non-fatal lesions and more mutations to evolve towards high grade 

malignancy and drug resistance under chemotherapy. The fidelity of a DNA polymerase is the result 

of accurate replication of a desired template (4). 

 

SIRT1 targets both histones and non-histone proteins for lysine deacetylation, 

therefore functioning in transcription regulation and the molecular activities of 

proteins and playing crucial roles in cellular metabolism, survival, development and 

differentiation and the stress response (100-102). Through lysine acetylation, SIRT1 

regulates cellular activities by influencing chromatin structure (such as the promotion 

of heterochromatin formation) and the expression of genes on the transcription level 

(such as NFkB transcription inhibition and insulin secretion) as well as enzymatic 

activity within the cell. The functionality of SIRT1 is therefore intimately involved in 

the epigenetic health and regulation of the cell (4).  

SIRT1 deacetylates the genome guardian p53 at its C-terminal Lys382 residue, 

alleviating its transactivation activity and thereby inhibiting its tumour suppressor 

functions. Cell cycle arrest upon damage detection, senescence and the ability of the 
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cell to stimulate the initiation of apoptosis is therefore suppressed (4). Enhanced 

acetylation at specific lysine residues is an indispensable event for p53 activation 

and is crucial for subsequent recruitment of p53 to promoter regions of target genes 

to result in rescue gene activation in response to cellular stress signals. Up-regulated 

SIRT1 (as detected in a variety of cancers such as leukemia and skin melanomas 

and carcinomas) negatively regulates p53 translation to the nucleus where it 

functions as a transcription factor and thereby antagonizing the cell rescue action of 

p53 (103). SIRT1, however, is also regulated by p53 in a positive feedback loop 

through the inhibition of SIRT1 expression when p53 binds to the promoter region (4, 

104). Also, p53 stimulates the expression of miR-34a, a highly conserved micro-RNA 

family functional in tumour suppression, which represses SIRT1, thereby preventing 

p53 lysine deacetylation by SIRT1, rendering the p53 protein active. It is therefore 

concluded that the p53-SIRT1 loop is highly implicated in cancer development (103).  

SIRT1 also plays a role in inflammation attenuation through the regulation of NFkB, a 

protein complex crucial to transcriptional control, cytokine regulation and cell survival 

(4). When the RelA/p65 subunit of the complex is deacetylated at Lys 310 by SIRT1, 

transcription activity is repressed and cells are sensitized to TNF-α-induced 

apoptosis (4, 104). When cells are under hypoxic stress, SIRT1 binds to and 

deacetylates HiF1-α leading to inhibition of the protein and its control over glycolysis. 

SIRT1 therefore negatively regulates the growth and angiogenesis of fibrosarcoma 

tumours in vivo. HiF-2α, closely related to HiF-1α structurally but with different 

transcriptional targets, is also deacetylated by SIRT1. Oppositely, during hypoxia, 

HiF-2α signalling is activated through deacetylation, resulting in the corresponding 

hypoxic stress response. During a deficiency in oxygen a decrease in NAD 

molecules occurs and the activity and expression of SIRT1 gradually decreases. 

This might trigger the crossover between HiF-1α and HiF-2α thereby coordinating 

hypoxic stress response and metabolism during hypoxia, ensuring that cells respond 

accordingly to hypoxic conditions while still maintaining survival as far as possible 

(4).  

The SIRT1 protein can also promote cellular survival and proliferation by forming a 

positive feedback loop with the oncoprotein C-MYC, as seen in many cancers (44, 

45, 105). Transcription of SIRT1 is directly activated by the C-MYC oncogenes, while 

C-MYC activity is actively enhanced when the protein is deacetylated. A positive 
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feedback loop has therefore been reported to form through the deacetylation of C-

MYC and the enhancement of its protein stability by SIRT1, resulting in SIRT1 

mainly being classified as a pro-cancer enzyme, among other diverse functions (44, 

45, 105). Apoptosis and senescence is inhibited and cell survival enhanced through 

this SIRT1-C-MYC axis.  

Amplification of N-MYC is reported to be correlated to advanced as well as 

angiogenic neuroblastoma (106, 107). SIRT1 positively regulates C-MYC gene and 

protein expression via deacetylation of chromatin and subsequent activation of gene 

expression (44). It remains unclear whether C-MYC is also up-regulated in 

neuroblastoma and if this cancer would therefore be sensitive to inhibitory treatment 

targeted at the C-MYC protein. In neuroblastoma, N-MYC oncogenesis is promoted 

by SIRT1 through a positive feedback loop with MKP3 and ERK. The dual specificity 

mitogen-activated protein kinase phosphatase MKP3 down-regulates mitogenic 

signalling through dephosphorylation of ERK (extracellular signal-regulated). 

However, unlike C-MYC, N-MYC is not a deacetylase substrate of SIRT1 but a 

transcriptional repressor complex is formed by N-MYC and SIRT1 at the gene 

promoter of MKP3. This leads to repression of expression and ERK protein 

phosphorylation as well as N-MYC phosphorylation and stabilization (3, 4). This 

mechanism thereby serves as an example of tumour promoting transcription factors 

regulated by SIRT1. 

During active leukemogenesis, C-MYC forms a heterodimer with Max (MYC-

associated factor X) to transactivate downstream target genes essential for cancer 

cell differentiation and disease progression (108, 109). Cancerous cells are also 

characterized by altered epigenetic landscapes which influence gene expression, 

and often exploit the chromatin regulatory machinery to control specified oncogenic 

gene expression. As leukemia is C-MYC sensitive, SIRT1 is once more classified as 

a motivated target for anti-cancer therapeutics. 

Studies have indicated that SIRT1 inhibition or knockout leads to p53 

hyperacetylation and subsequent senescence-like cellular growth arrest and 

apoptosis, often by inhibition of the survival mechanisms of oncogenes such as C-

MYC, in selected cancers. The p53 molecule (on DNA, mRNA and protein level) is 

therefore rendered as an invaluable cancer treatment target (84). Numerous studies 
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have unearthed complex tumour promoting and inhibitory functions of the human 

sirtuins under a variety of conditions. The commonly obtained result of SIRT1 

inhibitors stabilizing p53 protein levels in selected tumour types classifies sirtuin 

inhibitors as pro-apoptotic and anti-cancerous entities (4, 104).  

 

 Targeting bromodomains: AML and neuroblastoma 

Bromodomains (BRDs) are conserved structural modules found in proteins 

associated with gene expression and function. The function is to recognize post-

transcriptional lysine acetylation on histones and other proteins as required in 

various mechanisms of action (110). Acetylation occurs when the addition of an 

acetyl group to specific lysine residues reduce the positive net charge on the histone 

(or non-histone) molecule and thereby lessens the tension in the coils of the 

chromatin. This open structure results in improved access to DNA and, therefore, 

increased accessibility of target genes (49). The binding of BRD-containing proteins 

to acetyl-lysine and its subsequent alterations is an important mechanism in the 

transcription of a multitude of genes as well as chromosomal regulation (by opening 

chromatin structure) (86, 111). The inhibition of this molecular binding mechanism 

could allow the regulation of specific gene expression and subsequent maintenance 

of diseases such as cancer and inflammation, rendering BRDs as valid targets for a 

variety of treatment outcomes.  

One specific gene target of BRD binding and activation is the nuclear, 

multifunctional, proto-oncogene C-MYC which is essential to cell cycle regulation 

and fundamental in many cancer types (41). MYC (C-MYC and N-MYC family of 

mostly anti-apoptotic oncogenes) expression is tightly correlated with cell-cycle 

progression in normal tissues and unchecked MYC expression is among the most 

prominent hallmarks of the hyper-proliferation associated with most forms of cancer 

(41). MYC contributes to the genesis and maintenance (biomass accumulation, 

enhanced cellular bioenergetics etc.) of various cancers including mammary 

carcinomas, Burkitt lymphoma and leukemia (41). MYC expression is highly 

regulated and many transcriptional regulatory motifs within the proximal promoter 

region contribute to its expression. The roles of C-MYC in tumour maintenance result 

in cell addiction to the protein as well as to nutrients, resulting in reduced 
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proliferation and in some cases apoptosis upon MYC knockdown (41, 66). Additional 

mutagenic alterations combined with MYC de-regulation (through gene amplification, 

loss of regulation or chromosomal translocation) are required to enable 

tumorigenesis. However, contrasts have also been reported in the expression of the 

C-MYC gene in cells programmed to die or in cells resistant to death during, 

especially in disease regulation (45, 66). Findings have suggested that cells 

constitutively expressing C-MYC are more resistant to cell death induced by certain 

chemotherapeutic drugs that work by blocking cell division, such as seen in many 

cancer types (41). Other studies have suggested a causal connection between the 

expression of the C-MYC gene and ensuing cell death through apoptosis, especially 

in cells that are prevented from entering cellular division or after the withdrawal of 

growth factors (112-114). A recent study by Gibson et al. (1995) has examined the 

frequency of cell death in several Chinese hamster ovary cell lines that contain 20 to 

30 copies of the human C-MYC gene and that express high levels of human C-MYC 

mRNA and protein. It was found that constitutive C-MYC expression in cells 

incubated at highly specific conditions correlated with increased cell death due to 

apoptosis. The discussion of the findings concluded that the over-expression of C-

MYC protein can promote cell death under some but not all conditions of stress that 

block cell division. It was also concluded that C-MYC may, in some cases, 

accelerate but not necessarily initiate apoptosis (112). Research has also shown that 

the over-expression of C-MYC may sensitize cells to apoptosis through a wide 

variety of coordinated stimuli (113). The event leading to the decision of apoptosis 

initiation as well as the mechanism of the apoptotic response is regulated, when 

stimulated by C-MYC, is highly dependent on the type and physiological status of the 

cell. Multiple cooperating molecular pathways of cell survival and apoptosis 

determine whether a cell lives or dies. Understanding how C-MYC interfaces with 

these pathways to influence the survival of cells is crucial in understanding disease 

(113, 115). The study of tumour initiation and progression and the elucidation of 

novel treatment regimens aimed at new treatment targets is crucial in treating the 

highly complex and evolving malignancy that is cancer. 

MYC protein expression is finely monitored in normal cells. The over-expression of 

C-MYC results in the apoptosis inducer p53 and other maintenance molecules 

activating the negative feedback mechanism to normalize C-MYC levels (113, 114, 
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116). However, mutations in these checkpoints and molecules or in their pathways 

often occur in cancer cells, rendering C-MYC potentially tumorigenic. Mutations in 

the p53 gene have been found in more than half of all documented human tumour 

types (113, 114, 116).  

BRD proteins play a role in the activation of C-MYC and bromodomain inhibitors 

could therefore result in in vivo tumour inhibition and even apoptosis. The 

transcriptional regulator bromodomain 4 (BRD4) (117) was recently found to play a 

crucial role in C-MYC transcription through promoter interactions and by targeting 

transcriptional elongation complexes (41). BRD4 binds to acetylated histones on 

BCP (BRD-containing proteins) through the BRD and facilitates chromatin-

dependent signalling and the transcription at target loci (118). By inhibiting the 

interaction between BRD4 and acetylated histones of the activation proteins, the 

levels of C-MYC proteins and their effectors will be reduced by negative control of 

the transcription of the C-MYC gene itself (119).  

BRD4 acetyl-lysine binding is also required for activation of the apoptosis regulator 

Bcl-2, which suppresses apoptosis in cell systems such as factor-dependent 

lymphohematopoietic and neural pathways as well as cell death regulation by 

maintenance of mitochondrial membrane permeability (116). Bcl-2 also inhibits 

caspase activity by prevention of cytochrome c release from the mitochondria and/or 

by binding to apoptosis-activating factor 1 (APAF-1). Therefore, chemical inhibition of 

the BRD4 binding domain in cancer cells inhibits both the expression of C-MYC and 

Bcl-2 and its subsequent roles in in vivo tumorigenesis in selected cancers (116).  

Another promising opportunity for a BRD to be targeted for inhibition in cancer 

therapeutics is in the regulation of the cell cycle regulator CDK9 (cyclin dependent 

kinase 9) by BRD4 (120). CDK9 is associated with the positive transcription 

elongation factor P-TEFb, recruited by BRD4 to the transcriptional target site through 

the recognition of acetylated lysine residues. The P-TEFb complex as a potential 

target for therapy would prove especially relevant in the treatment of leukemia where 

up-regulation of the associated genes have previously been reported (120). 

Acute myeloid leukaemia (AML) is regularly associated with aberrant chromatin 

states, and as such, the protein BRD4 has been identified as being critical to disease 

maintenance (2). The effects of BRD4 suppression have been partially attributed to 
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its role in sustaining C-MYC expression to promote cancer cell self-renewal and 

progression. BRD4 is therefore a promising therapeutic target in AML and potentially 

other cancers as C-MYC is classified as being a ubiquitous cancer contributing factor 

(2). Amplification of N-MYC is reported to be correlated to advanced and angiogenic 

neuroblastoma (3, 121). BRD4 positively regulates C-MYC expression via 

deacetylation of chromatin and subsequent activation of gene expression (2, 41). It 

remains unclear whether C-MYC is also up-regulated in neuroblastoma and if this 

cancer would therefore be sensitive to inhibitory treatment targeted to this protein. 

 

 Newly designed BRD4 and sirtuin inhibitors 

The SIRT1 inhibitory compound W137 and the BRD4 inhibitory compounds tested in 

this project, CC2 and CC6, are novel compounds designed by Dr BA Stander in 

collaboration with Professor AD Cromarty. This study is the first to investigate the 

efficacy of these compounds the U937 and the SH-SY5Y cell lines. 

The inhibitory effects of the SIRT1 inhibitor W137 as well as the BRD4 inhibitors 

CC2 and CC6 were assessed to determine the IC50 values on both the U937 and the 

SH-SY5Y cell lines. Further testing throughout this research project was conducted 

only on the selected compound with the lowest IC50 values for both cell lines (W137). 

The findings will be used to motivate further in vivo efficacy studies that are to follow 

based on the conclusions drawn from the data acquired. The results may also 

indicate that the compounds are cell line specific and therein provide direction for 

specified future research. 

 

  Relevance and aim of the study 

The first aim of the study is to determine the anti-proliferative effects of the SIRT1 

and BRD4 inhibitors W137, CC2 and CC6 on the human acute myeloid leukemia 

(U937) and the neuroblastoma (SH-SY5Y) transformed cell lines. The second aim of 

this study is to provide an understanding of the cell death-inducing properties, 

mechanism of action and other in vitro effects of these selected in silico designed 

inhibitor compounds. Through the inhibition of BRD4, which features in many 
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mechanisms by recognizing acetylated lysine that increases gene accessibility 

and/or the inhibition of SIRT1 which functions by deacetylation, resulting in anti-

cancer protein deactivation or down-regulation of cancer associated gene expression 

may be possible. If the activity of the C-MYC oncogene and the tumour suppressor 

gene p53 can be regulated by the administration of a SIRT1 and/or BRD4 inhibitory 

drug, cancer cell survival and cell death evasion, mutation and metastases could 

potentially be treated. C-MYC, which is often observed to be over-expressed in a 

variety of cancers, is crucial for survival and p53, which is often down-regulated or 

inhibited in cancer cells, is crucial for cell death in many cancers. The acquired loss 

of p53 expression and protein function, as often observed in a wide range of human 

cancers, renders SIRT1 and BRD4, which each plays a mechanistic role in p53 

activity or has a part in p53 functional pathways as a possible cancer treatment 

target.  

This research entails an in vitro mechanistic study of the SIRT1 and BRD4 inhibitory 

compounds. The 50% inhibitory concentration (IC50) was determined for each 

compound on the two test cell lines respectively. This was not a comparative study 

but to determine whether either of the test compounds were effective against the two 

cancer cell lines. A qualitative study analysing the morphology of the adhesive SH-

SY5Y cells by means of triple staining and fluorescent microscopy as well as light 

microscopy through haematoxylin and eosin staining provided insight into 

morphological changes undergone by test compound exposed cells compared to 

Actinomycin D exposed positive control samples and untreated negative control 

samples. Loss of membrane integrity and cells undergoing apoptosis would indicate 

cell death by necrosis or apoptosis respectively. To elucidate the dominant 

mechanism, the influence of the test compounds on the cell cycle was tested 

because re-activation or up-regulation of p53 (through C-MYC down-regulation, 

and/or other mechanisms) may lead to a cell cycle blockade at one or more of the 

cycle checkpoints. Staining with DNA binding propidium iodide indicated at which cell 

cycle stage(s) the cell division is halted. The apoptosis stimulating effect of the test 

compounds was determined by Annexin V and propidium iodide staining, indicating 

whether the cells are undergoing an early or late stage of apoptosis or if the cells are 

dying through necrosis. An increase in apoptosis due to p53 up-regulation and/or C-

MYC down-regulation in response to test compound exposure would render SIRT1 
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and/or BRD4 as valuable treatment targets and the compound(s) tested as potential 

future anti-cancer drugs. The loss of mitochondrial membrane potential (studies 

through 3,3'-dihexyloxacarbocyanine Iodide (DiOC6(3) fluorescence) as well as 

reactive oxygen species formation by cells under stress (using 2',7' –

dichlorodihydrofluorescin diacetate (DCHF-DA), which only fluoresces upon 

oxidation by H2O2) was measured as potential parameters resulting in cell death and 

serves to determine the mechanism by which an inhibitor initiates cell proliferation 

inhibition or death.  

Furthermore, the expression of the C-MYC and p53 genes, which are fundamental to 

cancer inhibition (by p53 up-regulated and/or C-MYC down-regulated) and survival 

(often but not always by C-MYC up-regulation and p53 down-regulation), was 

determined using qRT-PCR to quantify the transcribed mRNA in exposed and 

control cells. ELISA analysis was used to analyse the amount of translated p53 

protein produced by test compound exposed cells compared to non-exposed and 

control cells to determine whether more p53 is indeed produced and C-MYC 

suppressed in treated cells. The p53 protein is active when acetylated. By inhibiting 

the deacetylation enzyme SIRT1 and/or the acetylation recognition motif BRD4, this 

study hoped to find increased expression of p53 and to identify a promising 

candidate compound for future anti-cancer treatment. This study also set out to 

determine cell line specificity of the tested compound(s), in order to establish 

whether the human cancer cell lines tested will possibly be treatable by drugs 

created from the studied compounds. 
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Chapter 2: Materials and Methods 
 

All experiments were conducted in the Department of Physiology of the University of 

Pretoria with the exception of flow cytometry analysis which was conducted at the 

department of Pharmacology of the University of Pretoria. The ethics approval 

number is 244/2017. 

 Cell lines 

Cancer cell lines are well characterised commercially available model cells that keep 

dividing and growing indefinitely when maintained under specific laboratory 

conditions. The cells can then be used in cell culture to study cancer biology and to 

test the efficacy of potential cancer therapies as well as the diverse and adverse 

effects of established chemotherapeutic drugs (7). The availability of an expanded 

variety of such experimental models is crucial for studying cancer pathology, 

uncovering the genetic and epigenetic alterations and their effects as well as for 

testing specificity for cancerous cells (122). Cell lines are used to assess the effects 

of certain genetic manipulations that would otherwise be complicated by ethical and 

practicality issues (123). When compared to other models, cell lines in research are 

easy to characterize on a molecular basis (assuming no code alterations such as 

mutations during repetitive culturing had taken place) as well as to uncover critical 

genes in complex pathway studies and aid research into the cancer related 

methylation reactions (123). When testing the efficacy of new drugs or in the 

discovery of novel putative drug targets, cancer cell line profiling has largely become 

the model of choice over the past decade (7, 124, 125).  

The effects of the W137 compound were investigated in the following cell 

lines: 

a) SH-SY5Y: This is a thrice cloned sub-line of the neuroblastoma SK-N-SH cell line 

which was established in 1970 from a metastatic bone tumour. The patient was 

female and four years of age. The cells are partially suspended and partially 

adherent under standard cell culturing conditions and grow as clusters of 

neuroblastic cells with multiple short neurites at 37 °C. The cells aggregate and form 
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floating clumps upon trypsinization. Figure 1.11.1 is from the ATCC website 

information and purchase page (ATCC).  

 

Figure 1.11.1: Photomicrograph representation of the SH-SY5Y cell line as illustrated by the 

ATCC (ATCC® CRL-2266™)   

(http://www.lgcstandards-atcc.org/products/all/CRL-2266.aspx?geo_country=za) 

 

b) U937: Derived by Sundstrom and Nilsson from malignant cells obtained from a 

pleural effusion of human myeloid lymphocytes. The patient was male and 37 years 

of age. The cells are rounded and non-adherent when incubated under standard cell 

culturing conditions and grow at 37 °C. Figure 1.11.2 is from the ATCC website 

information and purchase page (ATCC): 
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Figure 1.11.2: Photomicrograph representation of the U937 cell line in culture as illustrated by 

the ATCC (ATCC® CRL-1593.2™)   

(http://www.lgcstandards-atcc.org/products/all/CRL-1593.2.aspx?geo_country=za).  
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 General laboratory procedures 

1.12.1 Materials 

Dulbecco‘s Modified Eagle Medium (DMEM), Trypsin-EDTA and crystal violet were 

purchased from Sigma Chemical Co. (St. Louis, United States of America). Heat-

inactivated foetal calf serum (FCS), sterile cell culture flasks and plates were 

obtained through Sterilab Services (Kempton Park, Johannesburg, South Africa). 

Penicillin, streptomycin and fungizone were purchased from Highveld Biological Pty 

(Ltd) (Sandringham, SA). All other chemicals were of analytical grade and were 

purchased from Sigma Chemical Co. (St. Louis, United States of America), Southern 

Cross Biotechnology Pty (Ltd) (Cape Town, SA), Amersham Biosciences Pty (Ltd) 

(Pittsburgh, PA, USA) and Agilent Technologies Pty (Ltd) (Palo Alto, CA, USA). 

1.12.2 General cell culture procedures 

Aseptic techniques were applied throughout, with all work being carried out in a 

laminar flow cabinet from Labotec (Midrand, South Africa), all solutions were filtered-

sterilized (0.22 µm pore size) and all glassware and non-sterile equipment sterilized 

by autoclaving (20 min, 120 °C, 15 psi). The effects of the in silico designed 

inhibitors were investigated on a neuroblastoma cell line (SH-SY5Y) (American 

Tissue Culture Collection (ATCC), Maryland, USA)) and on an acute myeloid 

leukemia (AML) cell line (U937) (American Tissue Culture Collection (ATCC), 

Maryland, USA)). The SH-SY5Y cells were supplemented with 10% foetal bovine 

serum in DMEM-F12 medium (50% Dulbecco‘s Modified Eagle Medium (DMEM) and 

50% Ham‘s F12 medium) and 1% antibiotics (100 U/mL penicillin G, 100 µg/mL 

streptomycin and 250 µg/L fungizone). The U937 cells were supplemented with 10% 

foetal bovine serum in Iscove's Modified Dulbecco's Medium (IMDM) and 1% 

antibiotics (100 U/mL penicillin G, 100 µg/mL streptomycin and 250 µg/L fungizone). 

Cell were grown and maintained in 25 cm2 tissue culture flasks in the humidified 

atmosphere of a water-jacketed incubator Forma Scientific (Ohio, United States of 

America), set at 37 °C, 5% CO2. Cells were seeded into 24 well plates not exceeding 

50 000 cells per well, in 96-well plates not exceeding 5000 cells per well and 25 cm2 

(25 mL) flasks not exceeding 1 000 000 cells per flask. Cell counting and viability 
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testing was performed using the MUSE Cell Analyser by Merck (Merck, Dramstadt, 

Germany). 

Phosphate buffered saline (0.1M, PBS) was prepared by diluting a ten times 

concentrated solution consisting of 80 g/L NaCl, 2 g/L KCl, 2 g/L KH2PO4 and 11.5 

g/L Na2HPO4 (all purchased from Merck (Munich, Germany)) to a 1 times 

concentrated solution. The diluted PBS solution was autoclaved (20 min, 120 °C, 15 

psi) before use. Hydroxymethylaminomethane (Tris) buffered saline (TBS) was 

prepared by diluting a ten times concentrated solution (pH = 7.4) consisting of 61 g/L 

Tris (purchased from Sigma Chemical Co. St. Louis, USA) and 90 g/L NaCl, 

(purchased from Merck (Darmstadt, Germany) to a 1 times concentrated solution. 

The pH was adjusted to 7.4 with 1 N HCl. 

The growth medium of the cells was replaced at one to three day intervals, 

depending on the proficiency of cell growth.  In the case of the attached SH-SY5Y 

cell line, cells were trypsinized when confluent by removing the growth medium, 

washing with cold, sterile PBS and then with cold, sterile trypsin/versene for 20 sec 

or as long as it takes for cells to detach and appear rounded. The trypsin solution 

was removed and the tissue culture flask was gently tapped against a hard surface 

to aid in cell detachment. The detached cells were re-suspended in fresh, warmed 

medium and either divided into subcultures, used in experiments or frozen away in 

cryotubes in a -80 °C freezer. The freeze medium consists of 10% growth media, 

10% DMSO and 80% FCS. Compound W137 was synthesized by WuXi AppTec 

(Shanghai, China) (>95% pure as per HPLC) and a stock solution of 50 mM was 

prepared. The final concentration of DMSO on the cells was not greater than 0.1% 

(v/v). 

1.12.3 General experimental procedures 

For experiments using the SH-SY5Y cell line, cells were incubated for 24 h to allow 

for attachment after which medium was removed and the cells were exposed to the 

compound in a range of concentrations, namely 6.25 μM, 12.5 μM, 25 μM, 50 μM 

and 100 μM. Cells were harvested by trypsinisation as described above and were 

counted by making use of the MUSE Cell Analyser (Merck, Darmstadt, Germany), or 

by using a haemocytometer whereby a volume of 20 µl of the suspended cells where 

mixed with 80 µl PBS and 100 µl Trypan blue to give a concentration of cells with 10 
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times dilution factor. Dead cells take up the dye and are consequently stained blue, 

which is then left uncounted. For experiments using the U937 cell line, cells were 

free floating and directly counted using the MUSE Cell Analyser (Merck, Darmstadt, 

Germany). 

When using the haemocytometer and Trypan blue to determine the number of viable 

cells per mL, the following formula is applicable: 

Cells/mL = Average count of viable cells in the corner squares x dilution factor x 104  

 

 Computer-Aided Drug Design  

This component (Section 2.3) of the work reported in this study was completed by 

Dr. B A Stander (Department of Physiology) and is included here for the sake of 

clarity and completeness in the context of the rest of the dissertation. 

1.13.1  Software and computer system 

The following software packages were used on an Ubuntu 14.04 LTS computer 

system with an Intel Core i7-5820K CPU with a GeForce GTX 980 GPU (Table 

1.13.1):  

Table 1.13.1: Software packages used for in sito drug design. 

Software Purpose 

Chimera (126), Visualization and figure generation 

Chemsketch (127)  2D molecule preparation and SMILES 

generation 

Open Babel 2.3.2 (128)  Converting SMILES strings to 3D 

structures. 

Balloon, (129, 130) Enumeration of ligands 

Autodock Vina (131), rDOCK (132) and Autodock (133) Docking 

GROMACS 4.6.5 (134)  Molecular dynamics simulations 

AMBER99sb force field (135)  Protein, water and ion forcefield 

parameters 

The Stockholm lipids forcefield (136)  Lipid forcefield parameters 

CUDA 7.0 (137)  GPU accelerarion of molecular dynamics 
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simulations 

ACPYPE (138) using antechamber from the AMBER 

14 suite (139) and  

Ligand forcefield parameters. 

g_mmpbsa (140).  MMPBSA free energy calculations 

 

1.13.2 Docking Methodology 

An ensemble docking study was carried out using the following receptors: X-ray 

structures of sirtuin 3 including 4jsr, 4jt8 and 4jt9. Homology models of these 

proteins for sirtuin 1 and sirtuin 2 were generated using the SWISS-MODEL (141). In 

Autodock Vina the exhaustiveness was set to 15 with the rest of the parameters set 

on default (142). For Autodock, the Lamarckian genetic algorithm for conformational 

searching was used in Autodock with the ga_pop_size and ga_num_evals 

parameters set to 250 and 2500000 respectively. A minimum of 30 runs were carried 

out for each potential ligand. For rDOCK a cavity of radius 15Å centered on the 

structure of the ligand from 4jsr (1NQ) was used to define the docking volume. Each 

compound was subjected to 50 docking runs and the poses were sorted according to 

its docking score.  

 

 Ligand-binding assay: Sirtuin 1, 2 and 3 

A biochemical assay against human SIRT1, 2 and 3 were performed by Reaction 

Biology Corp. (RBC) (Malvern, PA, USA; http://www.reactionbiology.com). Full-

length human SIRT1 and 2 and catalytically active human SIRT3 were expressed 

in Escherichia coli and purified. A fluorogenic peptide from p53 residues 379-382 

(Ac-RHK-K(Ac) for SIRT1–3 was used as a substrate to perform the assay. The 

assay generally consists of a two-step reaction. First a deacetylated substrate was 

produced which is then cleaved to release the fluorogenic 7-amino-4-

methylcoumarin (AMC) used to label the substrate. Suramin (SIRT1 and 2 inhibitor) 

and nicotinamide (SIRT3 inhibitor) were used as positive controls. To determine the 

IC50(SIRT1) values, the fluorescence produced by serial dilution of the compounds was 

analysed. The percentages of enzyme activity (relative to DMSO controls) are 

calculated. The IC50(SIRT1) values were calculated from the resulting sigmoidal dose–

response curves using Dr Fit. 

http://www.reactionbiology.com/
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 Cell growth studies 

1.15.1 SH-SY5Y cell line: Crystal violet assay and spectrophotometry 

a) Materials 

Glutaraldehyde, crystal violet and Triton X-100 were purchased from Merck 

(Darmstadt, Germany). 

b) Methods 

Quantification of fixated monolayer cells were determined using crystal violet as a 

DNA stain and spectrophotometry analysis. Staining cell nuclei of fixed cells with 

crystal violet allows for rapid, accurate and reproducible quantification of cell number 

in cultures grown in 96-well plates (143, 144). Absorbance of the dye measured at 

570 nm corresponds to cell numbers. According to Berry et al. (1996) crystal violet 

staining of samples containing an abnormally high proportion (>30%) of stationary 

binucleated cells yields apparently higher cell concentrations than trypan blue or 

Coulter counter methods (145).  

For crystal violet assays, exponentially growing SH-SY5Y cells were seeded in 96-

well tissue culture plates at a cell density of 5000 cells per well. Cells were incubated 

at 37 °C for 24 h to allow for attachment. After 24 h attachment the medium was 

discarded and the cells were exposed to a range of concentrations namely 6.25 μM, 

12.5 μM, 25 μM, 50 μM and 100 μM of W137 compound, and incubated for a further 

48 h, before the crystal violet assay was performed.  

After 48 h the medium was discarded and 100 µl of 1% glutaraldehyde (in PBS) was 

added to each well and incubated at room temperature for 15 min. The 

glutaraldehyde solution was discarded and 100 µl 0.1% crystal violet (in PBS) was 

added and left at room temperature for 30 min. The crystal violet solution was 

discarded and the microtiter plates were immersed under running tap water for 10 

min and left overnight to dry. A volume of 200 µl 0.2% Triton X-100 was added to 

solubilize the cells and incubated at room temperature for 30 min. A volume of 100 µl 

of this solution was transferred to a clean microtiter plate and the absorbance was 

read at 570 nm with an EpochTM microplate spectrophotometer from Bio-Tek 

Instruments Inc. (Vermont, USA). 
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Cell counting was done using the MUSE Cell Analyser (Merck, Darmstadt, Germany) 

for accurate and reproducible quantification of cell numbers and viability 

measurements (146). Dose-dependent studies were conducted to determine the 

growth inhibitory effect of the compounds on the SH-SY5Y cell line. Time-dependent 

studies were carried out after 24 and 48 h in order to observe the progression of cell 

growth over time in response to exposure to the compounds. Excel and Graphpad 

Prism 5.0 (GraphPad Software, Inc., CA, USA) was used to analyse raw data. The 

IC50(SIRT1) value was be calculated as follows: 

     
                                         

                                                    
        

The obtained growth inhibitory constant of 50% (SIRT1-IC50) was used henceforth as 

a concentration constant for the compounds throughout this study. The compound 

that generated the lowest SIRT1-IC50 value for both cell lines, namely the SIRT1 

inhibitor W137, was selected for further analysis throughout this project. 

1.15.2 U937 cell line: Cell counting using flow cytometry 

a) Materials 

Cell Count and Viability Solution is a product of the MUSE Cell Analyser from Merck, 

Germany. Ethanol was also purchased from Merck, Germany. 

b) Methods 

Cell quantification was done using the MUSE Cell Analyser (Merck, Darmstadt, 

Germany) for accurate and reproducible quantification of cell numbers and viability 

measurements. The MUSE Cell Analyser system applies the principles of propidium 

iodide cell penetration, clearly distinguishing between live and dead cells (viability 

percentages and live cell counting). The same procedure as described in this section 

was planned for human peripheral blood lymphocytes (HPBL) but the low viability 

was detected upon repeated testing and had therefore been excluded from the 

project henceforth.  

An amount of 5 000 U937 AML cells per well were seeded into 96-well plates and 

incubated at 37 °C for 15 min to allow cells to adjust in suspension. Wells were then 

designated to different concentrations of the inhibitor compounds, namely 6.25 μM, 
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12.5 μM, 25 μM, 50 μM and 100 μM (three biological and three technical repeats) 

and incubated at 37 °C for 24 h and 48 h respectively. A baseline row of wells were 

also seeded as a control for the starting amount of cells, each well containing a total 

volume of 100 µl. Dimethyl sulfoxide (DMSO) not exceeding 0.02% concentration 

was used as a vehicle control. A percentage of DMSO to total volume concentration 

higher than 0.02% becomes cytotoxic. 

After the exposure time had elapsed, the live cell count and percentage viability was 

measured. A volume of 100 μL of MuseTM Count and Viability kit solution were added 

to each well, mixed by pipetting then transferred to 1.5 mL Eppendorf tubes. 

Measurements were taken in duplicate on the MUSE Cell Analyser from Merck 

(Darmstadt, Germany) and analysed to directly calculate the SIRT-IC50. The MuseTM 

Count and Viability kit solution works through propidium iodide action to distinguish 

dead and live cells with no additional dye added. Each well was counted individually 

and values of total cell count (live and dead cells) were then recorded to determine 

the IC50 for all the compounds. Computer programs used to analyse raw data were 

Excel and Graphpad Prism 5.0 (GraphPad Software, Inc., CA, USA). 
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 Morphology studies 

1.16.1 Apoptosis and oncosis detection: Fluorescent microscopy and 

polarization-optical differential interference contrast 

Polarization-optical differential interference contrast (PlasDIC) is a microscope based 

polarization-optical transmitted light contrasting method. PlasDIC light microscopy 

was used to recognize and display the integrity of specific cells when compared to 

other viable cells (147). This provides insight regarding the effects of the inhibitors on 

the comparative morphological changes in treated versus control cells. Cells in 

media only act as a negative control and cells exposed to Actinomycin D (0.2 µg/mL) 

acts as a positive control in successive experiments.  

Fluorescent microscopy was done with the Zeiss Axiovert 25 inverted microscope 

(Carl Zeiss (Pty) Ltd., Johannesburg, South Africa), and used to distinguish between 

viable, apoptotic and oncotic cells. Hoechst 33345 (blue) and propidium iodide (PI) 

(red) fluorescent dyes as well as acridine orange (148) were used in this technique. 

Hoechst 33342 is a fluorescent dye which stains the nuclei of viable cells and 

apoptotic cells. This dye can penetrate cell membranes that are still intact. Under 

fluorescence light Hoechst 33342 staining of the nucleus is blue and Zeiss filter was 

used, with the light at an excitation of 352 nm and the emission at 455 nm. 

Propidium iodide, using Zeiss filter 15, is a fluorescent dye that is unable to 

penetrate an intact membrane and therefore stains the nucleus of only cells that 

have lost their membrane integrity due to oncotic and/or necrotic processes (149). 

Acridine orange, using Zeiss filter 9, is a lysosomotropic fluorescent compound that 

serves as a tracer for acidic vesicular organelles including autophagic vacuoles and 

lysosomes (150, 151). Cells undergoing autophagy have an increased tendency for 

acridine orange staining when compared to viable cells. However, acridine orange is 

not a specific marker for autophagy and therefore other techniques are needed to 

verify the appearance of increased autophagic activity. This technique was only 

performed on the SH-SY5Y cell line as the cells form an adhesive monolayer which 

is easily viewed under a microscope and practical to stain.  
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a) Materials 

BisBenzimide (Hoechst 33342), acridine orange and propidium iodide were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). 

b) Methods 

Exponentially growing SH-SY5Y cells were seeded at 150 000 cells per well in 6-well 

plates with 3 mL of medium. After the 24 h attachment period the medium was 

discarded and the cells exposed to the predetermined IC50(SIRT1) of the compound 

and incubated for 24 h and 48 h respectively. After the exposure time had elapsed, 

0.5 mL of Hoechst 33342 solution (3.5 µg/mL in PBS) was added to the medium to 

give a final concentration of 0.9 µM and incubated for 30 min at 37 °C in a CO2 

incubator. After 25 min, 0.5 mL of acridine orange solution (4 µg/mL) and 0.5 mL of 

propidium iodide solution (40 µg/mL in PBS) was added to the medium to give a final 

concentration of 1 µg/mL and 12 µM respectively and then incubated for 5 min at 37 

°C. After the full 30 min had elapsed, the medium was removed and the cells 

carefully rinsed three times with PBS before being immersed in clean PBS (1 mL). At 

least three biological replicated were performed in order to obtain representative 

images. The cells were examined with a Zeiss inverted Axiovert CFL40 microscope 

and Zeiss AxiovertMRm monochrome camera under Zeiss Filter 2 for Hoechst 

33342 (blue) stained and Zeiss Filter 9 for acridine orange-stained (148) and Zeiss 

filter 15 for propidium iodide-stained (red) cells and the images subsequently 

overlaid and analysed using the Zeiss Axiovert 25 inverted microscope (Carl Zeiss 

(Pty) Ltd., Johannesburg, South Africa). In order to prevent fluorescent dye 

quenching, all procedures were performed in a dark room. 
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 Flow cytometry studies 

1.17.1 Cell Cycle progression: Flow cytometry and DNA staining with 

Propidium iodide after 24 h and 48 h 

Flow cytometry was employed to analyse the influence of W137 on cell cycle 

progression on both SH-SY5Y and U937 cell lines. Quantifying the DNA content of 

the individual cells allows the correlation between percentages of cells at specific 

stages of the cell cycle and allows the analysis of cell cycle blockade of 24 h and 48 

h exposed cells respectively. Analysis was conducted by ethanol fixation and 

membrane permeation followed by propidium iodide staining of cells. Propidium 

iodide was used to stain the nucleus in order to quantify the DNA. The amount of 

DNA present correlates with the stages of the cell cycle during cell division (Figure 

2.3). In flow cytometry a laser beam of a single frequency is directed onto a 

hydrodynamically focused stream of cells in flowing fluid. A number of detectors are 

aimed at the point where the stream passes through the light beam; one in line with 

the light beam (Forward Scatter or FSC) and several perpendicular to the laser 

including the Side Scatter channel (SSC) and one or more fluorescent detectors. 

Each suspended particle passing through the laser beam scatters the light and 

fluorescent chemicals in the particle are excited into emitting light at a lower 

frequency than the light source. This combination of scattered and fluorescent light is 

detected by the detectors. By analysing fluctuations in brightness at each detector 

(one for each fluorescent emission peak) it is possible to deduce the size, quantity 

and fluorescent intensity (DNA content when stained with propidium iodide) of cells 

(Figure 1.17.1). FSC correlates with the cell volume and SSC depends on the inner 

complexity of the particle e.g. amount of DNA, shape of nucleus, etc. 
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Figure 1.17.1: Graphical representation of the mechanism of cell cycle study through the 

application of propidium iodide fluorescence.  During the sub-G1 phase of the cell cycle 

fluorescence is due to a standard quantity of DNA as found in a non-dividing, viable cell. As the cell 

progresses through the phases leading to division, DNA duplication occurs as the cell enters mitosis 

and increase in fluorescence up to two fold can be detected. 

a) Materials 

The 99.9% ethanol was from Merck Co. (Darmstadt, Germany). Propidium Iodide 

was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

b) Methods 

Exponentially growing U937 AML and SH-SY5Y neuroblastoma cells were seeded 

into 6-well plates at 150 000 cells per well and exposed to the IC50(SIRT1) of the test 

compounds and incubated at 37 °C for 24 h and 48 h respectively. After the 

exposure time has elapsed, 1x106 of the U937 cells were centrifuged at 300 xg for 5 

min in 15 mL tubes and the supernatant discarded. For the SH-SY5Y cell line, the 

cells were trypsinized and pipetted from the wells into 15 mL tubes before 

centrifuging as carried out with the U937 cells. The cells were resuspended in 200 µL 
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of ice-cold PBS containing 0.1% FCS. Thereafter, 3 mL of ice-cold 70% ethanol was 

added in a drop wise manner with gentle vortex mixing and the cells stored at 4ºC for 

24 h. After 24 h, the cells were pelleted by centrifuging the samples at 300 xg for 5 

min. The supernatant was removed and the cells resuspended in 1 mL of PBS 

containing propidium iodide (40 µg/mL). The samples were incubated at 37 ºC for 45 

min in the dark.  

Propidium iodide fluorescence (relative DNA content per cell) was measured with a 

FC500 System flow cytometer (Beckman Coulter South Africa (Pty) Ltd) equipped 

with an air-cooled argon laser of 488 nm. Data from at least 10 000 cells were 

analysed with CXP software (Beckman Coulter South Africa (Pty) Ltd). Data from cell 

debris (particles smaller than apoptotic bodies) and clumps of 2 or more cells was 

removed from further analysis through appropriate gating. Cell cycle distributions 

were calculated with WEASEL version 2.4 software (F. Battye, Walter and Eliza Hall 

Institute (WEHI), Melbourne, Australia) by assigning relative DNA content per cell to 

sub-G1, G1, S and G2/M fractions. Propidium iodide molecules emit light at 617 nm 

therefore, data obtained from the log forward scatter detector nr 3 (Fl3 log, detects 

600 nm emissions) was represented as histograms on the x-axis. 

 

1.17.2 Apoptosis detection analysis: Phosphatidylserine externalization after 

24 h and 48 h 

To analyse the percentage dead cells, simultaneous FITC-conjugated Annexin V and 

propidium iodide staining were performed without membrane permeabilisation. 

Annexin V measures the translocation of the membrane phosphatidylserine (PS) 

from the inner side of the plasma membrane to the outer side (Figure 1.17.2) which 

is one of the earliest indications of apoptosis. Annexin V, a 35-36 kDa, Ca2+-

dependent, phospholipid binding protein with a high affinity for PS binds the exposed 

extracellular PS. Cells were counter-stained with propidium iodide in order to 

distinguish between necrotic and early apoptotic cells (96). Annexin V is conjugated 

to a fluorochrome, fluorescein isothiocyanate (FITC), and used for the identification 

of stages of apoptosis through flow cytometry. This procedure was performed 

following 24 h incubation as well as 48 h test compound exposure to compare the 

percentages of cells undergoing the various stages of death at respective times. 
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Figure 1.17.2: Graphical representation of the mechanism of cell death study through the 

application of propidium iodide and Annexin V fluorescence.  Membrane phospholipid 

phosphatidylserine (PS) translocates from the inner to the outer leaflet of the plasma membrane 

during early apoptosis and once exposed to the extracellular environment, PS provides binding sites 

for the phospholipid binding protein Annexin V. Propidium iodide cannot penetrate viable cells or cells 

in early apoptosis with intact membranes and therefore propidium iodide staining distinguishes 

between early apoptotic, late apoptotic and necrotic cells when it is able to enter and fluoresce. 

a) Materials 

Annexin V-FITC Kit was purchased from BIOCOM biotech Pty (Ltd) (Clubview, South 

Africa). 
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b) Methods 

Exponentially growing cells were seeded into 6-well plates at 150 000 cells per well 

and exposed to the IC50(SIRT1) concentrations of the compound and incubated at 37 

°C for 24 h and 48 h respectively. For the SH-SY5Y cell line, the cells were 

trypsinized once the exposure time had elapsed and pipetted from the wells into 15 

mL tubes before centrifuging. The U937 cells were centrifuged at 300 xg for 5 min in 

15 mL tubes and the supernatant discarded. Thereafter, the cells from both cell lines 

were resuspended in 1 mL of 1x binding buffer in a test tube. The cells were 

centrifuged at 300 xg for 10 min and the supernatant was discarded. This was 

followed by the cells being resuspended in 100 μL of 1x binding buffer and 10 μL of 

Annexin V-FITC added to the samples, where after it was incubated for 15 min in a 

dark room at 25˚C (standard room temperature). Following the incubation time, the 

cells were washed with 1 mL 1x binding buffer and centrifuged again at 300 xg for 10 

min. The supernatant was discarded, where after the cells were resuspended in 500 

μL of 1x binding buffer solution. A volume of 5 μL of propidium iodide was added just 

before flow cytometry analysis using the FC500 System flow cytometer (Beckman 

Coulter South Africa (Pty) Ltd). Care was taken throughout the procedure to protect 

the samples from exposure to ambient light throughout the experimental procedure 

by covering test tubes with foil. 

Propidium iodide fluorescence (oncotic cells) and annexin V fluorescence (apoptotic 

cells) was measured with an FC500 System flow cytometer (Beckman Coulter South 

Africa (Pty) Ltd) equipped with an air-cooled argon laser excited at 488 nm. Data 

from at least 30 000 cells were analysed with CXP software (Beckman Coulter South 

Africa (Pty) Ltd). Data from cell debris (particles smaller than apoptotic bodies) and 

clumps of 2 or more cells was removed from further analysis through gating. 

Propidium iodide molecules emit light at 617 nm and FITC emit at 530 nm therefore, 

data was obtained from the Fl1 detector for 515-545 nm emissions and Fl3 detector 

for 600 nm emissions. FL3 log (propidium iodide) was represented on the x-axis and 

FL1 log (FITC) was represented on the y-axis and the plot was divided into four 

quadrants. The bottom-left quadrant was assigned to measure the viable cells with 

minimal propidium iodide and FITC staining. Medium only (MO) control cells of both 

cell lines were calibrated to include 98% of cells within the viable cell quadrant. The 

top left quadrant was assigned to cells in the early stages of apoptosis, the bottom-
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right quadrant was assigned to cells undergoing oncosis and the top-right quadrant 

was assigned to cells in the late stages of apoptosis which have become necrotic. 

Distributions of cells within the quadrants were calculated with WEASEL version 2.4 

software (F. Battye, Walter and Eliza Hall Institute (WEHI), Melbourne, Australia). 

 

1.17.3 Mitochondrial membrane depolarization: 3,3'-dihexyloxacarbocyanine 

Iodide 

The differences in membrane potential (depolarization) were measured with 3,3'-

dihexyloxacarbocyanine Iodide (DiOC6(3)), which is a dye with cationic properties 

that accumulates in the  mitochondria of viable cells to produce a bright green 

fluorescence (152). In cells undergoing apoptosis the dye is unable to aggregate 

within the mitochondrial as the membrane potential is altered, resulting in the dye 

remaining in the cytoplasm and therefore not fluorescing (Figure 1.17.3) (153). 

a) Materials 

 

DiOC6(3) was purchased from Sigma (St. Louis, MO, USA). 

 

b) Methods 

 
Exponentially growing U937 AML or SH-SY5Y cells were seeded into 6-well plates at 

150 000 cells per well and exposed to the IC50(SIRT1) concentrations of the compound 

and incubated at 37 °C for 48 h. After the exposure time has elapsed, the U937 cells 

were centrifuged at 300 xg for 5 min in 15 mL tubes and the supernatant discarded. 

For the SH-SY5Y cell line, the cells were trypsinized and pipetted from the wells into 

15 mL tubes before centrifuging.  The cells were then resuspended in 1 mL medium 

to wash and centrifuged at 300 xg for 5 min. The supernatant was discarded and the 

cells resuspended in 1 mL of PBS. 100 nM of DiOC6(3) was added to the samples 

for 30 min (incubated at 37 ˚C), followed by washing twice with PBS to remove the 

unbound dye. Fluorescence analysis was conducted using the FC500 System flow 

cytometer (Beckman Coulter South Africa (Pty) Ltd). Data from at least 10 000 cells 

were analysed with WEASEL version 3.0 software (F. Battye, Walter and Eliza Hall 

Institute (WEHI), Melbourne, Australia). 
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Figure 1.17.3: Graphical representation of various states of mitochondrial membrane potential 

and DiOC6(3) as an indicator of change in membrane polarity.  3,3'-dihexyloxacarbocyanine 

Iodide (DiOC6(3)) is a cationic dye which fluoresces bright green when upon accumulation in the 

accessible mitochondria of viable cells. The dye does not aggregate in mitochondria of cells 

undergoing apoptosis as the mitochondrial membrane polarity is altered, therefore no fluorescence of 

the dye in the cytoplasm will be observed. 
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1.17.4 Reactive oxygen species formation: 2,7-dichlorofluorescein diacetate 

Cells producing excessive amounts of reactive oxygen species (ROS) undergo 

oxidative stress that can be damaging to DNA structure and the mitochondria. To 

study the possibility of oxidative stress, a non-fluorescent probe, 2,7-

dichlorodihydrofluorescein diacetate (H2DCF-DA), was used to indicate the levels of 

hydrogen peroxide (H2O2) generated within the cells. H2DCF-DA is de-esterified 

inside the cells and becomes the highly fluorescent derivative 2,7-dichlorofluorescein 

(DCF) upon oxidation (Figure 1.17.4). 

a) Materials 

H2DCF-DA was purchased from Sigma (St. Louis, MO, USA). 

 

b) Methods 

Exponentially growing cells were seeded into 6-well plates at 150 000 cells per well 

and exposed to the IC50(SIRT1) concentrations of the compound and incubated at 37 

°C for 48 h. After the exposure time has elapsed the cells were centrifuged at 300 xg 

for 5 min, washed twice with PBS and the supernatant discarded. The cells were 

then resuspended in 1 mL PBS and 20 μM H2DCF-DA added, followed by 

incubation for 25 min at 37 °C. The analysis of DCF was measured in the flow 

cytometer. DCF fluorescence measurements were conducted using the FC500 

System flow cytometer (Beckman Coulter South Africa (Pty) Ltd). Data from at least 

10 000 cells were analysed with WEASEL version 3.0 (F. Battye, Walter and Eliza 

Hall Institute (WEHI), Melbourne, Australia). 
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Figure 1.17.4: Change of the H2DCF-DA probe from non-fluorescence to fluorescence upon 

oxidation is an indicator of reactive oxygen species within cells.  Excessive amounts of ROS 

produced by cells surviving in stressful conditions can damage DNA and the mitochondria. H2DCF-

DA is used to measure levels of hydrogen peroxide (H2O2) generated within the cells as de-

esterification of the H2DCF-DA molecules inside the cells results in formation of the highly fluorescent 

derivative 2,7-dichlorofluorescein (DCF). 
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  Gene expression analysis: Reverse transcription quantitative 

polymerase chain reaction of C-MYC and p53 

SIRT1 also positively influences C-MYC transcription and has been found to play a 

crucial role in cell proliferation of many cancer types (4, 41). Inhibition of SIRT1 by 

the inhibitory test compounds in this study were hypothesised to prevent the gene 

expression of C-MYC. p53 is a key protein in inducing cell death via apoptosis (154, 

155). Therefore examining the expression of C-MYC and p53, key proteins in cancer 

growth or inhibition respectively, was expected to provide insight into DNA to RNA 

transcription in both cancer cell lines and how W137 SIRT1 inhibitor compound 

influenced the expression of mRNA for these critical proteins.  

Reverse transcription quantitative polymerase chain reaction (qRT-PCR) is the 

enzymatic amplification of a segment of mRNA between a pair of primers. The 

technique offers an accurate measurement of the mRNA level which correlates with 

the level of expression of the gene of interest, as it has been transcribed. The 

amount of increase or decrease in mRNA can be used as a measure of the amount 

of template present at the start of the PCR. The primers are two oligonucleotides, 

one on each side of the target DNA sequence. One primer is complementary to the 

one strand of double stranded DNA and the other primer complimentary to the other 

strand. Three house-keeping genes, a genomic DNA control, positive PCR control 

and reverse transcription controls were included.  

Total RNA from the vehicle-control and the wells containing exposed cells (4 

biological replicates) were isolated using Sigma Aldrich‘s RNAzol® RT (St. Louis, 

MO, USA) as per manufacturers instructions, which delivers pure, high quality RNA 

from cells. The RNA is considered pure of organic contamination (e.g. ethanol or 

phenol) with a 260/230 absorbance ratio greater than 1.5 and free of protein 

contamination with a 260/280 absorbance ratio greater than 2. cDNA was 

synthesized through reverse transcription and quantified using Roche‘s LightCycler® 

Nano instrument (Randburg, Gauteng, South Africa) and the SensiFAST™ SYBR® 

No-ROX Kit from Bioline (Celtic Molecular Diagnostics, Cape Town, South Africa), 

which is designed to yield superior results on fast-cycling instruments. 
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a) Materials 

 

RNAzol® RT from Sigma (St. Louis, MO, USA) was used for total RNA extraction 

and the SensiFAST™ SYBR® No-ROX Kit from Bioline (Celtic Molecular 

Diagnostics, Cape Town, South Africa) for fast and efficient real-time PCR. 

 

b) Methods 

1.18.1 RNA extraction 

In order to obtain high quality pure total RNA, Sigma Aldrich‘s RNAzol® RT reagent 

and an optimized protocol was used. Exponentially growing cells were seeded into 6-

well plates at 150 000 cells per well, exposed to the IC50(SIRT1) concentrations of the 

test compound and incubated at 37 °C for 24 h and 48 h respectively. After the 

exposure time had elapsed, SH-SY5Y cells were lysed directly on the culture dish. 

The RNAzol® RT was added (1 mL per 10 cm2 area of culture well) and mixed by 

pipetting to form a homogenous lysate. For the U937 cell line, cells were centrifuged 

at 300 xg for 5 min in 15 mL tubes and the supernatant discarded. At least 1 mL of 

RNAzol® RT was added per 15 mL tube and pipetted several times for thorough 

mixing. Samples were placed in sterile 1.5 mL RNAse free Eppendorf tubes for all 

subsequent steps of mixing, reagent addition, centrifuging and incubation. 

For DNA, protein and polysaccharide precipitation, 0.4 mL RNase-free water was 

added per mL of RNAzol® RT. The samples were tightly capped, shaken vigorously 

for 15 sec and allowed to stand 10 min at room temperature. This was followed by 

centrifuging the mixture for 15 min at 12,000 xg at 4˚C. The mixture subsequently 

separates into a semisolid pellet consisting of DNA, protein and polysaccharides and 

a supernatant containing the required RNA. This upper layer was then transferred by 

pipette into new sterile tubes, leaving a thick layer of supernatant still covering the 

pellet. Extreme care is taken not to disturb the pellet and cause mixing of the layers 

in this step to avoid contamination.  

An equal volume of 100% isopropanol was added to the new tubes to facilitate RNA 

precipitation. The mixture was allowed to stand for 10 min at room temperature and 

centrifuged at 12,000 xg for 10 min also at room temperature. A white or colourless 

pellet of RNA precipitate may be observed after this step depending on the amount 
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of RNA acquired. The pellet was washed twice with 0.4 mL freshly made 75% 

ethanol (per 1 mL of supernatant used for precipitation) in the centrifuge at 6,000 xg 

for 3 min at room temperature. The alcohol solution was carefully removed by 

pipetting and 35 µL RNase free water (2-6 µL) was used to solubilize the pellet 

without drying. The samples were vortex mixed for 2-5 min at room temperature and 

stored at -20˚C until quantification using the Nanodrop spectrophotometry instrument 

and subsequent qRT-PCR analysis of the samples. 

 

1.18.2 PCR analysis 

The RNA samples were used to conduct quantitative reverse transcriptase PCR 

analyses. PCR tubes (0.1 mL) were labelled as follows (Table 1.18.1): 

Table 1.18.1: Tube orientation of samples for PCR analysis showing negative and positive 

controls as well as W137 compound exposed samples with three repeats of each. 

Neg. ctrl 

(GAP) 

Neg. ctrl  

(C-MYC) 

Neg. ctrl 

(p53) 

Test  

(GAP) 

Test  

(C-MYC) 

Test  

(p53) 

Pos. ctrl 

(GAP) 

Pos. ctrl  

(C-MYC) 

Neg. ctrl 

(GAP) 

Neg. ctrl  

(C-MYC) 

Neg. ctrl 

(p53) 

Test  

(GAP) 

Test  

(C-MYC) 

Test  

(p53) 

Pos. ctrl 

(GAP) 

Pos. ctrl  

(C-MYC) 

Neg. ctrl 

(GAP) 

Neg. ctrl  

(C-MYC) 

Neg. ctrl 

(p53) 

Test  

(GAP) 

Test  

(C-MYC) 

Test  

(p53) 

Pos. ctrl 

(GAP) 

Pos. ctrl  

(C-MYC) 

     Pos. ctrl 

(p53) 

Pos. ctrl 

(p53) 

Pos. ctrl 

(p53) 

 

The SensiFAST™ SYBR® No-ROX Kit from Bioline with an optimized protocol was 

used. The total contents of individual PCR tubes must add up to 20 µL, which 

includes primers (3 mL), mastermix (10.6 mL, which includes 10 µL 2x SensiFAST™ 

SYBR® No-ROX One-Step Mix, 0.2 mL Reverse transciptase and 0.4 mL RiboSafe 

RNase Inhibitor) and 6.4 mL RNA template and water mix (400 ng template; the 

volume calculated using RNA concentrations as obtained through Nanodrop 

spectrophotometry, and water to reach 6.4 mL). All volumes were adapted to 

compensate for pipetting error.  

The primers were pipetted into PCR tubes, followed by the RNA template and water 

mix and lastly the mastermix. cDNA was synthesized through reverse transcription 



 

60 
 

and quantified using Roche‘s LightCycler® Nano instrument (Randburg, Gauteng, 

South Africa), set at basic 2 step cycling conditions lasting 54 min, as optimized 

using the SensiFAST™ SYBR® No-ROX Kit protocol and the LightCycler® Nano 

instrument specifications. The relative mRNA levels were calculated using the Cq 

method for each target gene and GAPDH was used to normalize the data (156). The 

resulting data was analysed using Excel and the standard student‘s t-test was 

applied to determine statistical significance.  
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 Protein expression quantification: Enzyme-Linked 

ImmunoSorbent Assay (ELISA) of the p53 protein 

Gene expression data from the qRT-PCR experiments are a good indication of 

relative mRNA levels of genes associated with apoptosis at the time of cell 

termination. However, gene expression does not necessarily correlate with protein 

expression or activity. Therefore, the quantities of acetylated p53 were also 

analysed. p53 is an important regulator of apoptosis and inhibition or down-

regulation of p53 is often observed in cancerous tissue (1-3). When p53 is 

acetylated, it is active and promotes cell maintenance and cancer protection. SIRT1 

is a deacetylation enzyme and SIRT1 inhibition is therefore expected to result in p53 

being in the acetylated stage and therefore active (4). 

The ELISA, Enzyme-Linked Immuno-sorbent Assay, and antibodies specific to p53 

(157) were applied to determine p53 protein quantities. The Ab 133987 p53 Acetyl 

K382 Human ELISA (Enzyme-Linked Immunosorbent Assay) kit, which was used for 

this experiment, is an in vitro enzyme-linked immunosorbent assay for the accurate 

quantitative measurement of acetylated Lysine at position 382 of the p53 protein in 

human cell and tissue lysates.  

a) Materials 

 

The p53 Acetyl K382 Human ELISA kit was purchased from Abcam (Milton, UK). 

 

b) Methods 

Exponentially growing U937 AML or SH-SY5Y cells were seeded into 6-well plates at 

150 000 cells per well then exposed to the IC50(SIRT1) concentrations of the test 

compounds and incubated at 37 °C for 48 h.  

The p53 Acetyl K382 Human ELISA assay employs a p53 protein specific antibody 

layered into well plate strips. Cells were collected and centrifuged at 500 xg for 10 

min at 4 °C. The cell pellet was solubilized with the supplied Extraction Buffer. The 

protein concentration was measured with Pierce‘s BCA Protein Assay Reagent Kit. 

Prepared samples (as described in Chapters 2.9.1-2.9.2) were pipetted directly into 

the wells and p53 that is present in the sample binds to the wells through the 
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immobilized antibody. After washing, the wells were exposed to an anti-p53 Acetyl 

Lysine382 detector antibody which is manually added. Washing will then remove any 

unbound detector antibody and HRP-conjugated label specific for the detector 

antibody will then be pipetted into the wells, followed by a repeat washing. TMB 

substrate solution was subsequently added to the wells upon which a blue colour 

developed in correlation to the amount of acetylated Lysine382 of the antibody-

bound p53. The colour intensity was measured at 600 nm and the results analysed 

using Excel and/or Graphpad Prism 5.0 (GraphPad Software, Inc., CA, USA). 

Actinomycin D was used as a positive control and at least three biological replicates 

with three technical replicates for each biological replicate (n=3) were carried, as for 

all other experiments, unless otherwise stated. 

 

1.19.1 Preparation of cell extracts 

Media was removed from samples of both cell lines and the cells were rinsed twice 

with PBS. Cells were solubilized by adding extraction buffer containing phosphatase, 

protease and kinase inhibitors directly to the well (0.75-1.5 mL per confluent 15 cm 

diameter plate) for SH-SY5Y cells, and through solubilisation of cell pellets at 2x107 

cells per mL extraction buffer, for U937 cells. Cells were scraped and transferred to 

tubes where the lysate was incubated on ice for 15-20 min. The supernatants were 

transferred into clean tubes and the pellets discarded. Samples were then stored at -

80˚C until the determination of protein concentrations in preparation for the ELISA 

experiment. 

1.19.2 Determination of protein concentrations  

The protein quantitative assay BCA (Pierce BCA Protein Assay Kit, including BCA 

reagent A, BCA reagent B and Albumin Standard Ampules (2 mg/mL), a detergent-

compatible formulation based on bicinchoninic acid (BCA) for the colorimetric 

detection and quantitation of total protein) was used. An albumin standard solution of 

10 mg/mL concentration was made from 10 mg albumin weighed and added to 1 mL 

extraction buffer. The stock solution was used to make dilutions at a working range 

of 20-2000 ug/mL using the microplate procedure from the supplier protocol (Table 

1.19.1). 
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Table 1.19.1: Creation of BSA standards concentration samples to determine concentrations of 

unknown protein samples and to test efficacy of the BCA kit. 

Albumin standard solution (µL) Extraction buffer (µL) 
Final diluted albumin (BSA) standards 

(µg/mL) 

20 80 2000 

15 85 1500 

10 90 1000 

7.5 92.5 750 

5 95 500 

2.5 97.5 250 

1.25 98.75 125 

0.25 99.75 25 

 

A volume of 25 µL of each standard or unknown sample of was added in replicate microplate 

wells. The plate layout was as follows (Table 1.19.2,  

 
 
 
 
 
 
 
 
Table 1.19.3): 

Table 1.19.2: Plate layout the BSA standard concentrations to act as guidelines for the 

analysis of the concentrations of the unknown samples.  Samples in green columns were diluted 

with extraction buffer and samples in purple columns were diluted with Tris buffer (100 mg/mL) to test 

this replacement for feasibility to be used in future projects. 

2000 2000 2000  2000 2000 2000         

1500 1500 1500  1500 1500 1500         

1000 1000 1000  1000 1000 1000         

750 750 750  750 750 750         

500 500 500  500 500 500         

250 250 250  250 250 250         

125 125 125  125 125 125         

25 25 25  25 25 25         
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Table 1.19.3: Plate layout of the unknown protein samples for concentration determination, in 

triplicate. Blue indicates the SH-SY5Y cell line and pink indicates the U937 cell line. 

MO 1 MO 1 AcD 3 AcD 3 W137 

+ AcD 

2 

W137 

+ AcD 

2 

 MO 1 MO 1 AcD 3 AcD 3  

MO 2 MO 2   W137 

+ AcD 

3 

W137 

+ AcD 

3 

 MO 2 MO 2 W137 

+ AcD 

1 

W137 

+ AcD 

1 

 

MO 3 MO 3      MO 3 MO 3 W137 

+ AcD 

2 

W137 

+ AcD 

2 

 

W137 1 W137 1      W137 

1 

W137 

1 

W137 

+ AcD 

3 

W137 

+ AcD 

3 

 

W137 2 W137 2      W137 

2 

W137 

2 

   

W137 3 W137 3      W137 

3 

W137 

3 

   

AcD 1 AcD 1      AcD 1 AcD 1    

AcD 2 AcD 2      AcD 2 AcD 2    

 

The working reagent was made using Reagent A (consisting of sodium carbonate, 

sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M sodium 

hydroxide) and Reagent B (consisting of 4% cupric sulfate) in a 50:1 ratio and 200 µL 

was then added to each well. The plate was mixed by pipetting and slight shaking for 

30 sec. Thereafter, the plate was covered and incubated at 37˚C for 30 min and 

thereafter cooled to room temperature and the absorbance measured at 562 nm 

using the spectrophotometer (Bio-Tek Instruments Inc., Vermont, USA). 

A dilution series of a positive control sample was made using the Actinomycin D 

exposed extract samples of both cell lines. The sample tubes were each labelled as 

1, with seven more tubes labelled 2 to 8 for each sample. Sample 1 was diluted to an 

upper concentration limit of the assay in incubation buffer. A half serial dilution was 

carried out by adding a volume of 150 uL of the incubation buffer to each tube 
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labelled 2 to 7. Thereafter, 150 uL from tube 1 was added to tube 2, then from 2 to 3 

using fresh tip, mixing thoroughly with each transfer. The step was repeated for 

tubes 4 to 7. The incubation buffer was used as the zero standard, labelled tube 8. 

All reagents were room temperature when used. The p53 specific antibody was 

precoated into well plate strips included in the kit. A volume of 50 uL 

standard/sample/positive control dilution series/ negative control was pipetted into 

individual wells so that the p53 protein present would bind to the immobilized 

antibody. The plate was then sealed and covered for a two hour incubation period at 

room temperature and shaken lightly at 15 min intervals. The wells were aspirated 

and washed twice by decanting the contents from the wells and dispensing 300 uL 

wash buffer (prepared from 10x wash buffer and nanopure water) into the wells, 

washing by pipetting and removing the remaining buffer by aspiration and then 

inverting the plate to remove all excess liquid. A volume of 50 uL anti-p53 antibody 

Acetyl Lysine 382 detector antibody (prepared 10x detector antibody diluted with 

incubation buffer) was added to each well and the plate was sealed to incubate for 1 

h at room temperature. The wells were then aspirated and washed twice as 

previously described. A volume of 50 uL HRP-conjugated label (prepared from 10x 

HRP label diluted with incubation buffer) specific for the detector antibody was 

pipetted into the wells then the plate was sealed for 1 hour incubation at room 

temperature. The wells were aspirated and washed twice. A volume of 100 uL of 

TMB substrate solution was added to the wells and the developing blue colour was 

recorded immediately through spectrophotometry with the elapsed time in proportion 

to amount of acetylated Lysine 382 of bound p53. The microplate reader was 

prepared at the following settings (Table 1.19.4):  

Table 1.19.4: Settings of the micro-plate reader for spectrophotometry analyses of protein. 

Mode Kinetic 

Wavelength 600 nm 

Time Up to 15 min (double cycle, totalling 30 min) 

Interval 20 sec to 1 min (1 min intervals were 

chosen) 

Shaking Shake between readings 
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End-point results were analysed using Excel and Graphpad Prism 5.0 (GraphPad 

Software, Inc., CA, USA). 
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 Statistical analysis of data 

Statistical analysis of the data was done as prescribed by Mr C Janse van Rensburg 

of the Unit for Biostatistics at the Medical Research Council, Pretoria. Data was 

obtained from 3 independent experiments. Means are presented in bar charts, with 

error-bars referring to standard deviations. P-values, 0.05 were regarded as 

statistically significant and indicated by an * or number as indicated in the legends. 

Qualitative studies: Microscopy   

Morphological studies performed by means of fluorescent microscopy and light 

microscopy was conducted with a minimum of three representative images captured 

from each sample. 

Quantitative studies: Spectrophotometry, flow cytometry and qRT-PCR 

For the determination of the IC50(SIRT1), at least three biological replicates with three 

technical replicates for each biological replicate (n=3) were carried out with the 

relevant vehicle-treated controls. The IC50(SIRT1) values were calculated from the 

resulting sigmoidal dose–response curves using GraphPad Prism (158). For 

mechanistic studies, three treatment groups (vehicle-treated group, BRD4 inhibitor 

group (CC2 and CC6 individually treated) and sirtuin 1 inhibitor group (W137)), 

individually treated, were assessed respectively using an analysis of variance 

(ANOVA with 30 degrees of freedom). This translates to 3 technical and 3 biological 

replicates therefore resulting in a total of 9 experimental outcomes for each 

mechanistic study. The vehicle control was normalized to 100% and all comparisons 

were relative to the vehicle control in a percentage ratio. Data obtained from 

independent experiments was shown as the mean ± SD. Means were presented in 

bar charts mostly, with error-bars referring to standard deviations. P-values lower 

than 0.05 (<0.05) were regarded as statistically significant. All data captured was 

frequently monitored by the supervisor and co-supervisors. 
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Chapter 3: Results 
 

 Computer-Aided Drug Design 

Potent pan SIRT1, 2 and 3 inhibitors with thieno carboximide moieties have 

previously been described (Figure 1.21.1A). Selectivity towards SIRT1 and SIRT2 

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

or vice versa (Figure 1.21.1A). The most potent and selective combination where Z 

is a nitrogen and Y a carbon atom and this configuration was then used and 

optimisation of the B moiety to further increase selectivity towards SIRT1 without 

losing inhibition activity. 

Optimal activity was obtained with a nitrogen at position 6 (Figure 1.21.1A and B) 

and therefore various chemical moieties containing this feature were generated with 

Chemsketch. The SMILES annotations were converted to 3D structures using Open 

Babel 2.3.2 and balloon. Drug-likeness properties such as Lipinski and QED 

parameters were monitored with DruLiTo.  

 

Figure 1.21.1: Structures of ligand 1NR from the 4jt8 protein structure from www.rcsb.org (A) 

and compound W137 (B).  1NR is a potent thieno carboximide pan SIRT 1, 2 and 3 inhibitor 

discovered by Disch et al. (2013) (159) . 

 
Autodock Vina, rDOCK and Autodock docking suite software programs were used to 

perform in silico docking analysis of the ligands into the receptor pockets. The lowest 

energy conformation for each test structure from each docking suite was selected 

and the RMSD of the crystal pose and docked pose was calculated using the match 

module in Chimera(148). All the docking software reproduced the correct binding 
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pose (RMSD < 1.5) (Table 1.21.1) and predicted selectivity of W137 towards SIRT1 

and 2 compared to SIRT3 (Table 1.21.1). 

Table 1.21.1: Binding energies rDOCK, Autodock and Autodock Vina for W137 and the ligands 

1NQ, 1NR and 1NS from the SIRT3 crystal structures 4JSR, 4JT8 and 4JT9 respectively. 

 SIRT1 SIRT2 SIRT3 
Ligand rDOCK 

(kcalJ/mol) 

Autodock 

(kcal/mol) 

Vina 

(kcal/mol) 

rDOCK Autodock Vina rDOCK 

(RMSD) 

Autodock 

(RMSD) 

Vina 

(RMSD) 

4JSR 

(1NQ) 
-19.89 -12.48 -10.6 -83.005 -12.49 -10.4 

-19.35 

(1.239) 

-12.29 

(1.45) 

-10.4 

(1.17) 

4JT8 

(1NR) 
-15.72 -11.53 10.3 -66.501 -11.72 -10.2 

-14.49 

(0.925) 

-11.56 

(0.99) 

-10.3 

(0.701) 

4JT9 

(1NS) 
-14.33 -11.86 -9.5 -59.678 -11.45 -9.2 

-13.62 

(0.524)) 

-11.26 

(1.03) 

-9.4 

(0.516) 

W137 -13.65 -11.57 -10.6 -59.018 -11.67 -10.6 -12.81 -11.12 -10.3 

 
The binding pose of W137 predicts several conserved interactions among thieno 

pyridine-6-carboxamides including hydrogen bond interactions with the carboxamide 

group of W137 and the backbone nitrogen hydrogens of ILE347 and PHE273, and 

the sidechain oxygen of ASP348 (Figure 1.21.2). A hydrophobic interaction between 

PHE273 and the pyridine moiety of W137 is predicted (Figure 1.21.2). Additionally, 

hydrophobic interactions are predicted between PHE297 and the 2,3-dihydro-

isoindole moiety and VAL412 and the trimethyl group of W137 (Figure 1.21.2).  

 

To conclude, this section only describes the design of compound W137. While two 

other newly designed BRD4 inhibitor compounds, CC2 and CC6 were also tested in 

this study, only W137 showed positive cytotoxic results for the two model cell lines 

tested (see Section 3.4). Compound CC6 showed good activity against breast 

cancer cells as part of a different study and will be reported elsewhere. 
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Figure 1.21.2: Binding pose of W137 bound to SIRT1 as predicted by Autodock.  The 

carboxamide group of W137 interacts with the backbone nitrogen hydrogens of ILE347 and PHE273, 

and the sidechain oxygen of ASP348. The pyridine moiety of W137 shows a hydrophobic interaction 

with PHE273 and the 2,3-dihydro-isoindole moiety interacts with PHE297 are predicted between 

PHE297 and VAL412 and the trimethyl group of W137. 
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 Ligand-binding analysis of W137 

Biochemical assays against SIRT1, SIRT2 and SIRT3 were conducted by Reaction 

Biology Corp. (Malvern, PA) in order to determine whether W137 inhibits SIRT1, 

SIRT2 and SIRT3 deacetylase activity. The positive control for inhibition of SIRT1 

and 2, Suramin, inhibited SIRT1 and SIRT2 activity to 50% at 2.86 μM and 15.97 μM 

respectively. The positive control for SIRT3, nicotinamide, inhibited SIRT3 50% at 

53.67 μM. The IC50(SIRT1) concentrations for W137 against SIRT1, SIRT2 and SIRT3 

was 14.8 μM and 14.6 μM and >100 μM respectively (Figure 1.22.1). W137 is >6x 

more selective against SIRT1 and SIRT2 activity compared to SIRT3. 

 

Figure 1.22.1: Inhibitory effect of W137 on SIRT1, 2 and 3 deacetylase activity.  The IC50(SIRT1) 

concentrations for W137 against SIRT1, SIRT2 and SIRT3 was 14.8 μM and 14.6 μM and >100 μM 

respectively. 
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 Cell growth studies 

Cellular quantification was determined by employing crystal violet as a DNA stain 

and spectrophotometry to measure staining for the fixed monolayer SH-SY5Y cells 

and flow cytometry counting for the suspended U937 cells. Cell numbers were 

expressed as a percentage of the negative control in order to determine the anti-

proliferative effects of the W137 compound on SH-SY5Y and U937 cells. 

For quantification of the SH-SY5Y cell line, crystal violet assay and 

spectrophotometry was applied. Cell counting was done using the MUSE Cell 

Analyser (Merck, Darmstadt, Germany) for accurate and reproducible quantification 

of cell numbers and viability measurements for cell seeding. The MUSE Cell 

Analyser system applies the principles of propidium iodide cell penetrance, clearly 

distinguishing between live and dead cells by means of viability percentages and live 

cell counting.  

Quantification of the fixed cell monolayer was determined using crystal violet as a 

DNA stain and spectrophotometry for quantitative analysis. Staining cell nuclei of 

fixed cells with crystal violet allows for rapid, accurate and reproducible quantification 

of cell numbers in cultures inoculated and exposed in 96-well plates. Dye 

absorbance measured at 570 nm corresponds to cell numbers, providing closely 

accurate readings (background values subtracted, etc.). According to Berry et al. 

(1996), crystal violet staining of samples containing an abnormally high proportion 

(>30%) of stationary cells (as in the case of the SH-SY5Y cell line), results in more 

accurate concentration readings than trypan blue. 

For the U937 cell line, flow cytometry was applied for quantification. The 

concentrations of the individual compounds required to inhibit 50% of the cell 

population (IC50(SIRT1)) when compared to control samples was calculated as 

described by the National Cancer Institute in order to determine the growth inhibition 

induced by the inhibitors for the two cell lines. The following formula was applied:  
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The inhibitory effects of the SIRT1 inhibitor W137 as well as the BRD4 inhibitors 

CC2 and CC6 were assessed to determine the IC50(SIRT1) values on both the U937 

and the SH-SY5Y cell lines, as indicated (Table 1.23.1).  

The W137 compound showed the highest efficacy in reducing cell proliferation in 

both the SH-SY5Y and the U937 cell line in a dose-dependent manner. The lowest 

concentrations of the W137 compound is seen to inhibit 50% of the exposed cells 

(SIRT1-IC50) compared to negative control samples (Figure 1.23.1, Table 1.23.1). A 

statistical significant difference (Student‘s t-test: p-value < 0.05) in growth inhibition 

was observed between the cell lines at all the concentrations 6.25 μM, 12.5 μM, 25 

μM, 50 μM and 100 μM (Figure 1.23.1). The compound reduced cell proliferation at 

all tested concentrations in both the U937 and the SH-SY5Y cell lines. A 65% 

reduction in U937 cell viability/proliferation was observed at 100 µM, 58% reduction 

at 50 µM, 50% reduction at 25 µM, 17% reduction at 12,5 µM and 9% reduction at 

6,25 µM when compared to medium-only negative control cells. The IC50(SIRT1) of 

W137 for the U937 cell line is calculated to be 25 µM. For the SH-SY5Y cell line, a 

71% reduction in cell viability/proliferation was observed at 100 µM, 69% reduction at 

50 µM, 55% reduction at 25 µM, 16% reduction at 12,5 µM and 14% reduction at 

6,25 µM when compared to medium-only negative control cells. The IC50(SIRT1) of 

W137 for the SH-SY5Y cell line is calculated to be 20 µM (Figure 1.23.1).    

The BRD4 inhibitors were the least active and only showed at above 25 uM. This is 

in contrast to the activity of the BRD4 inhibitor compound showing activity below 10 

uM against MDA-MB-231 breast cancer cells (160). This indicates that the cell llines 

are more sensitive to the Sirtuin inhibitors compared to the tested BRD4 inhibitors. It 

was decided to focus on the SIRT inhibitor, W137, in order to determine it 

mechanism of action.  
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Table 1.23.1: The IC50(SIRT1) values obtained for the compounds tested on the U937 and SH-

SY5Y cell lines respectively. 

Compounds IC50(SIRT1) 

SIRT1 inhibitors  

W137 

 

SH-SY5Y: 20 µM 

U937: 25 µM 

BRD4 Inhibitors  

CC2 

 

SH-SY5Y: >100 µM (n/a) 

U937: 25 µM 

CC6 

 

SH-SY5Y: 30 µM  

U937: 90 µM (n/a) 

                                                                     

 

Figure 1.23.1: Column charts of the one-way ANOVA data acquired through Graphpad Prism 

5.0 software (GraphPad Software, Inc., CA, USA).  The tested concentrations of the W137 

compound is shown and the cell viability as a percentage of the control (100%). The SH-SY5Y cell 

line chart illustrates a column reaching an IC50(SIRT1) value of 20 µM (calculated) and the U937 cell line 

chart illustrates a column reaching an IC50(SIRT1) value of 25 µM (calculated). 
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 Qualitative analyses: Morphology studies 

1.24.1  Fluorescent microscopy – Polarization-optical differential interference 

contrast and staining for apoptosis, autophagy and oncosis detection 

Fluorescent microscopy was employed to differentiate between the observable 

condition of viable, apoptotic, autophagic and possibly oncotic cells. A triple 

fluorescent dye staining method, consisting of acridine orange, Hoechst 33345 (blue) 

and propidium iodide (red) fluorescent dyes, were applied in this technique and the 

Zeiss Axiovert 25 inverted microscope was used. Negative (medium only) control 

and positive control (Actinomycin D exposed) as well as W137-exposed SH-SY5Y 

cells were subjected to this study. This technique was performed only on the SH-

SY5Y cell line as the cells form an adhesive monolayer which is easily viewed 

microscope and practical to stain, while the U937 cells are free floating cells (Figure 

1.24.1). 

Medium only negative control cells showed normal nuclear morphology and residual 

acridine orange staining (Figure 1.24.1 A and B). W137-treated and especially 

Actinomycin D exposed positive control SH-SY5Y cells presented with an increased 

acridine orange staining (Figure 1.24.1 C - F) indicating increased acidity as a 

possible result of lysosome formation during autophagy and/or loss of cell membrane 

integrity during apoptosis. Higher cell density was observed in the medium only 

negative control sample (Figure 3.5 A) when compared to the compound exposed 

samples (Figure 1.24.1 C). There was an increase of apoptotic bodies detected 

through propidium iodide staining in the compound exposed cell sample (Figure 

1.24.1 D and E) compared to the negative medium only control (Figure 1.24.1B). The 

decrease in cell numbers reflects the ability of the compound to inhibit cell growth 

and the presence of apoptotic bodies show that the compound induces cell death. 

However, the increase in apoptotic bodies is insignificant and this may indicate that 

the cell membranes are largely intact, that oncotic processes may be absent and that 

compound induced cell inhibition and/or death may be through different 

mechanisms. When cell size and membrane structure of exposed cells (Figure 

1.24.1 D) were compared to the negative control (Figure 1.24.1 B), the exposed cells 

appeared smaller in size possibly due to loss of membrane structure (Figure 1.24.1 

D). The medium only sample cells appeared structurally intact. The Actinomycin D 
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exposed positive control cells (Figure 1.24.1 F) indicated higher levels of acridine 

orange staining compared to the test compound exposed cells (Figure 1.24.1 D and 

E). 

 

Figure 1.24.1: The morphological effect of The SIRT1 inhibitor compound W137 on SH-SY5Y 

cells.  Hoechst 33324 (blue), acridine orange (148) and propidium iodide (red) staining and 

fluorescent microscopy imaging of the SH-SY5Y cells are shown. The medium-only negative control 

cells (A and B) showed normal nuclear morphology and residual acridine orange staining and 

appeared to be structurally intact. High cell density is also observed, indicating cellular proliferation. 

The W137-exposed cells (C-E) indicated loss of membrane structure, increased apoptosis, hightened 

acidity and lowered cell density. The Actinomycin D –exposed positive control cells had a high affinity 
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for acridine orange staining, possibly indicating acidic vacuole and/or lysosome formation during 

autophagy and increased apoptosis when compared to healthy, unexposed control cells (A and B). 
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 Quantitative analyses: Flow cytometry studies 

1.25.1 Cell cycle progression after 24 h and 48 h 

The relative DNA content of cells was quantified as an indication of the percentage 

cells in various stages of the cell cycle in order to determine the effect that the W137 

compound has on the progression of cells through the stages of the cell cycle. 

Staining was done using fluorescent propidium iodide dye and flow cytometry 

analysis. 

For the SH-SY5Y cells after 24 h the analysis of medium only samples indicated an 

average sub-G1 phase population percentage of 9.16%, compared to Actinomycin D-

exposed samples indicating 4.97% and W137-exposed samples indicating 13.52% 

(Figure 1.25.1 A-C and G, Table 1.25.1). The results were not statistically significant. 

A statistically significant increase in the G1-phase of Actinomycin D-exposed control 

(73.42%) was observed compared to the medium only control (52.02%) (Figure 

1.25.1 A, B and G, Table 1.25.1). A statistically significant decrease in the G2/M-

phase for Actinomycin D-exposed cells (17%) was observed compared to the 

medium only control (24.04%) (Figure 1.25.1 A, B and G, Table 1.25.1). A 

statistically significant decrease in the S-phase for Actinomycin D-exposed cells 

(8.37%) was observed compared to the medium only control (14.78%) (Figure 1.25.1 

A, B and G, Table 1.25.1). For the W137-exposed samples only a statistically 

significant decrease in the G2/M phase (18.24%) was observed after 24 h compared 

to the medium only control (24.04%) (Figure 1.25.1 A, C and G, Table 1.25.1).  

After 48 h a statistically significant increase in the sub-G1 phase was observed for 

both the Actinomycin D- (7.92%) and W137-exposed (15.76%) samples compared to 

the medium only control (4.2%) (Figure 1.25.1 D-F and H, Table 1.25.1). The G2/M 

phase population of medium only samples averaged 18.68%, compared to 

Actinomycin D-exposed samples at 19.28% (not statistically significant) and W137-

exposed samples at 15.07% (statistically significant) (Figure 1.25.1 D-F and H, Table 

1.25.1). 

When comparing analyses of Actinomycin D-exposed samples after 24 h to 

Actinomycin D-exposed samples after 48 h, results were statistically significant for all 

phases (Figure 1.25.1 B and E, Table 1.25.1). When comparing W137-exposed 



 

79 
 

samples after 24 h to W137-exposed samples after 48 h, the S-phase decreased 

statistically significantly from 24 h (13.93%) to 48 h (8.19%) and the G2/M -phase 

decreased statistically significantly from 24 h (18.24%) to 48 h (15.07%) (Figure 

1.25.1 C and F, Table 1.25.1). 

 

For the U937 cells after 24 h there was a statistically significant increase in the sub-

G1 population of Actinomycin D- (59.1%) and W137-exposed (21.6%) samples 

compared to the medium only control (2.82%) (Figure 1.25.2 A-C and G, Table 

1.25.2). In Actinomycin D-exposed cells there was a corresponding statistically 

significant decrease in the G1-, S- and G2/M phase (36%, 4.2%, 1.17%) compared to 

the medium only control (61.09%, 13.72%, 22.44%) (Figure 1.25.2 A, B and G, Table 

1.25.2). In the W137-exposed a statistically significant decrease in the S- and G2/M 

phase (8.80%, 5.79%) compared to the medium only control (13.72%, 22.44%) 

(Figure 1.25.2 A, C and G, Table 1.25.2). 

 

After 48 h there was a statistically significant increase in the sub-G1 population of 

Actinomycin D- (65.47%) and W137-exposed (41.02%) samples compared to the 

medium only control (10.51%) (Figure 1.25.2 D-F and H, Table 1.25.2). A 

corresponding statistically significant decrease in the G1-, S- and G2/M phase was 

observed for the Actinomycin D-exposed cells (31.76%, 3.01%, 0.19%) and W137-

exposed cells (44.63%, 8.8%, 5.79%) compared to the medium only control 

(56.02%, 17.43%, 16.05%) (Figure 1.25.2 D-F and H, Table 1.25.2). 

 

When comparing analyses of Actinomycin D-exposed samples after 24 h to 

Actinomycin D-exposed samples after 48 h, results were statistically significant for all 

phases (Figure 1.25.2 B, E and H, Table 1.25.2). When comparing W137-exposed 

samples after 24 h to W137-exposed samples after 48 h, there was statistically 

significant increase in the sub-G1 phase from 24 h (24.6%) to 48 h (41.0%) and the 

G1 and G2/M -phases decreased statistically significantly from 24 h (57.77%, 

12.15%) to 48 h (44.63%, 5.79%) (Figure 1.25.2 C, F and H, Table 1.25.2). 
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Figure 1.25.1: Histograms (A-F) and graphic representation (G-H) of cell cycle progression of 

SH-SY5Y cells after 24 h and 48 h exposure.  A statistically significant increase in the sub-G1 

population in Actinomycin D- and W137-exposed cells after 48 h but not 24 h was observed, 

suggesting apoptosis was induced after 48 h. * indicates p-value < 0.05 between MO and test 

samples after 24 h and 48 h respectively. 

 
Table 1.25.1: Measurement of relative DNA content of negative MO, positive Actinomycin D-

exposed controls and W137-exposed SH-SY5Y cells after 24 h and 48 h exposure as an 

indication of cells in various stages of the cell cycle.  

* indicates p-value < 0.05 between MO and test samples after 24 h and 48 h respectively. † indicates 
p-value < 0.05 between 24 h and 48 h samples. 
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Figure 1.25.2: Histograms (A-F) and graphic representation (G-H) of cell cycle progression of 

U937 cells after 24 h and 48 h exposure. A statistically significant increase in the sub-G1 population 

in Actinomycin D- and W137-exposed cells after 24 h and 48 h was observed, suggesting apoptosis 

was induced. * indicates p-value < 0.05 between MO and test samples after 24 h and 48 h 

respectively. 

 

Table 1.25.2: Measurement of relative DNA content of negative MO, positive Actinomycin D-

exposed controls and W137-exposed U937 cells after 24 h and 48 h exposure as an indication 

of cells in various stages of the cell cycle.  
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* indicates p-value < 0.05 between MO and test samples after 24 h and 48 h respectively† indicates 
p-value < 0.05 between 24 h and 48 h samples. 

1.25.2 Apoptosis detection analysis: Phosphatidylserine externalization after 

24 h and 48 h 

Translocation of the membrane phosphatidyl serine externalization (PS) from the 

inner to the outer leaflet of the plasma membrane is normally one of the earliest 

indications of apoptosis and was measured with fluorescein isothiocyanate 

conjugated Annexin V. Annexin V is a 35-36 kDa, Ca2+-dependent, phospholipid 

binding protein with a high affinity for PS. Propidium iodide is used to distinguish 

between necrotic and apoptotic cells. Late apoptotic cells are Annexin V- and 

propidium iodide positive. Dot plots of the results indicated the various stages 

(viable, early apoptotic, late apoptotic and necrotic) and the percentage of cells 

undergoing the specific stage.  

 

For the SH-SY5Y cells following 24 h and 48 h exposure to the W137 compound (20 

µM), a statistically significant increase in early apoptotic (29.33%, 35.4%), late 

apoptotic (7.29%, 11.28%) and necrotic (1.16%, 4.13%) cells when compared to 

negative control (medium only) for early apoptotic (17.93%, 18.06%), late apoptotic 

(0.78%, 0.19%) and necrotic (0.01%, 0.04%) cells (Figure 1.25.3 A and C, D and F, 

G, H, Table 1.25.3). A corresponding statistically significant decrease was observed 

in the viable cells of W137-exposed cells (62.23%, 41.82%) compared to the 

medium only control (81.29%, 81.72%) (Figure 1.25.3 A and C, D and F, G, H, Table 

1.25.3). 

 

The positive control, Actinomycin D-exposed cells showed a statistically significant 

decrease in viable cells for 24 h and 48 h (41.14%, 31.07%) compared to the 

medium only control (81.29%, 81.72%) (Figure 1.25.3 A and B, D and E, G, H, Table 

1.25.3). Exposure to Actinomycin D for 24 h and 48 h resulted in a statistically 

significant increase in early apoptotic (53.2%, 28.51%), late apoptotic (5.38%, 
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26.9%) and necrotic (0.29%, 13.59%) cells when compared to negative control 

(medium only) for early apoptotic (17.93%, 18.06%), late apoptotic (0.78%, 0.19%) 

and necrotic (0.01%, 0.04%) cells (Figure 1.25.3 A and B, D and E, G, H, Table 

1.25.3).  

 

When comparing cell death of Actinomycin D-exposed SH-SY5Y samples after 24 h 

to Actinomycin D-exposed samples after 48 h, there was a statistically significant 

decrease in viable cells from 24 h (41.14%) to 48 h (31.07%) and early apoptotic 

cells from 24 h (53.2%)( p-value < 0.0001) to 48 h (28.51%) (Figure 1.25.3 B and E, 

G, H, Table 1.25.3). There was a corresponding statistically significant increase in 

late apoptotic cells from 24 h (5.38%) to 48 h (26.9%) and necrotic cells from 24 h 

(0.29%) to 48 h (13.59%) (Figure 1.25.3 B and E, G, H, Table 1.25.3). For the W137-

exposed samples after 24 h to 48 h, there was a statistically significant decrease in 

viable cells from 24 h (62.23%) to 48 h (41.82%) (Figure 1.25.3 C and F, G, H, Table 

1.25.3). There was a statistically significant increase in late apoptotic cells from 24 h 

(7.29%) to 48 h (11.28%) and necrotic cells from 24 h (1.16%) to 48 h (4.13%) for 

W137-exposed cells (Figure 1.25.3 C and F, G, H, Table 1.25.3).  

 

For the U937 cells the positive control, Actinomycin D-exposed cells showed a 

statistically significant decrease in viable cells for 24 h and 48 h (41.03%, 49.63%) 

compared to the medium only control (77.39%, 93.1%) (Figure 1.25.4 A and B, D 

and E, G, H, Table 1.25.4). Exposure to Actinomycin D for 24 h resulted in a 

statistically significant increase in late apoptotic cells (25.33%) compared to negative 

control (3.74%) (Figure 1.25.4 A and B, G, Table 1.25.4). After 48 h exposure to 

Actinomycin D there was a statistically significant increase in early apoptotic 

(18.37%), late apoptotic (22.73%) and necrotic (9.26%) cells when compared to 

negative control (medium only) for early apoptotic (3.17%), late apoptotic (3.08%) 

and necrotic (0.01%) cells (Figure 1.25.4 D and E, H, Table 1.25.4).  

 

The W137-exposed cells showed a statistically significant decrease in viable cells for 

24 h and 48 h (42.97%, 55.75%) compared to the medium only control (77.39%, 

93.10%) (Figure 1.25.4 A and C, D and F, G, H, Table 1.25.4). Exposure to W137 for 

24 h resulted in a statistically significant increase in early apoptotic (52.93%) 

compared to the negative control (16.88%) (Figure 1.25.4 A and C, G, Table 1.25.4). 
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After 48 h exposure to W137 there was a statistically significant increase in late 

apoptotic cells (29.88%) compared to the negative control (3.08%) (Figure 1.25.4 D 

and F, H, Table 1.25.4). 

 

When comparing cell death of W137-exposed U937 samples after 24 h to W137-

exposed samples after 48 h, there was a statistically significant increase in viable 

cells from 24 h (42.97%) to 48 h (55.75%) and late apoptotic cells from 24 h (2.39%) 

to 48 h (29.88%) (Figure 1.25.4 C and F, G, H, Table 1.25.4). There was statistically 

significant decrease in early apoptotic cells from 24 h (52.93%) to 48 h (12.68%) 

(Figure 1.25.4 C and F, G, H, Table 1.25.4). For the Actinomycin D-exposed 

samples after 24 h to 48 h, there was no statistically significant difference (Figure 

1.25.4 B and E, G, H, Table 1.25.4).  
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Figure 1.25.3: Dot plots (A-F) and graphical representation of cell death analyses for SH-SY5Y 

cells after 24 h and 48 h.  A statistically significant increase in early and late apoptosis in W137- and 

Actinomycin D-exposed cells after 24 h and 48 h was observed. * indicates p-value < 0.05 between 

MO and test samples after 24 h and 48 h respectively. 

Table 1.25.3: Measurement of phosphatidylserine externalization and membrane permeability 

of negative (media only) and positive (Actinomycin D) controls and W137-treated SH-SY5Y 

cells 24 h and 48 h after exposure as an indication of the percentages of cells in the various 

stages of cell death. 

 
* indicates p-value < 0.05 between MO and test samples after 24 h and 48 h respectively. † indicates 
p-value < 0.05 between 24 h and 48 h samples.   
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Figure 1.25.4: Dot plots (A-F) and graphical representation of cell death analyses for U937 cells 

after 24 h and 48 h.  A statistically significant increase in early and late apoptosis in W137- and 

Actinomycin D-exposed cells after 24 h and 48 h was observed. * indicates p-value < 0.05 between 

MO and test samples after 24 h and 48 h respectively. 

 

Table 1.25.4: Measurement of phosphatidylserine externalization and membrane permeability 

of negative (media only) and positive (Actinomycin D) controls and W137-treated SH-SY5Y 

cells 24 h and 48 h after exposure as an indication of the percentages of cells in the various 

stages of cell death. 

 
* indicates p-value < 0.05 between MO and test samples after 24 h and 48 h respectively† indicates 
p-value < 0.05 between 24 h and 48 h samples. 
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1.25.3 Cell death: Mitochondrial membrane depolarization  

Cells in the process of undergoing apoptosis may have a loss of integrity in the 

membrane of the mitochondria. This change in the electrical gradient of the 

membrane may result in the release of pro-apoptotic proteins such as cytochrome c 

and in turn activate signals for the initiation of programmed cell death. Fluorescent 

probes applied for monitoring mitochondrial membrane potential are frequently used 

for the assessment of mitochondrial function, particularly in the determination of cell 

fate in molecular and biomedical research. Mitochondrial membrane depolarization 

was measured with the cell-permeant, lipophilic dye 3,3‘-dihexyloxacarbocyanine 

iodide (DiOC6(3)), which selectively stains the mitochondria of live cells when used 

at low concentrations. In apoptotic cells the dye is unable to aggregate as the 

mitochondrial membrane potential is lost, resulting in the dye being impounded in the 

cytoplasm, unbound, and therefore not fluorescing green.  

The analysed fluorescence data that was obtained from each sample is illustrated 

through histograms. The M1 region indicates cells with decreased green 

fluorescence and thus cells with increased mitochondrial membrane depolarization, 

whereas the M2 region shows cells that had not undergone a change in membrane 

potential. For the M1 region of the W137-exposed SH-SY5Y (26.53%) and U937 

(43.07%) cells there was a statistically significant increase after 48 h exposure 

compared to the medium only control for the SH-SY5Y (22.32%) and U937 (24.52%) 

cells (Figure 1.25.5). Actinomycin D-treated cells also showed an increase in the M1 

region in the SH-SY5Y (51.26%) and U937 (52.39%) cells there was a statistically 

significant increase after 48 h exposure compared to the medium only control for the 

SH-SY5Y (22.32%) and U937 (24.52%) cells (Figure 1.25.5). The p values were less 

than 0.0001 ( p-value < 0.0001), indicating highly significant results.  
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Figure 1.25.5: Histograms (A and B), graphical representation (C) and tabular representation 

(D) of the effect of Actinomycin D- and W137-exposed cells on membrane potential on SH-

SY5Y cells and on U937 cells after 48 h exposure.  A statistically significant difference in the M1 

region was found in all the treated samples, indicating cell death via mitochondrial depolarization. * 

indicates p-value < 0.05 between MO and test samples after 24 h and 48 h respectively. 
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1.25.4 Reactive oxygen species formation: 2,7-dichlorofluorescein diacetate 

To study the effects of oxidative stress, a non-fluorescent probe, 2′,7′-

Dichlorodihydrofluorescein diacetate (H2DCFDA) was used to indicate the levels of 

hydrogen peroxide (H2O2) generated within the cells. H2DCFDA only becomes the 

highly fluorescent derivative 2,7-dichlorofluorescein (DCF) upon de-esterification and 

oxidation within the cells. Fluorescence was studied from results obtained from each 

sample and illustrated through dot plots and histograms. Analysis of the forward 

scatter (indication of size) and side scatter (indication cell granularity) dot plots 

identified two populations of cells (Region 1 and Region 2 respectively). Region 1 

cells appear to be greater in cell size and smaller in terms of granularity. 

In medium only SH-SY5Y cells the number of cells in Region 1 (74.2%) is statistically 

significant higher when compared Actinomycin D- (9.3%) and W137-exposed 

(34.3%) cells (Figure 1.25.6 A-D, F, Table 1.25.5). When looking at the Fl1 (green) 

fluorescence of Region 1 no difference was observed for the W137-exposed cells 

(91.3) compared to the medium only cells (96.1) and a statistically significant 

decrease was observed in the Actinomycin D-exposed cells (70.4) (Figure 1.25.6 A-

D, G, Table 1.25.5). The Fl1 (green) fluorescence mean intensity of Region 2 of 

Actinomycin D-exposed cells (92.5) was statistically significantly greater compared to 

the medium only control (40) while the fluorescence mean intensity of W137-

exposed cells (13.4) was statistically significantly smaller compared to the medium 

only control (40) (Figure 1.25.6 A-C, E, F, G, Table 1.25.5). 

 

In medium only U937 cells the number of cells in Region 1 (87.6%) is statistically 

significant higher when compared Actinomycin D- (57%) and W137-exposed (71.2%) 

cells (Figure 1.25.7 A-D, F, Table 1.25.6). When looking at the Fl1 (green) 

fluorescence of Region 1 no difference was observed for the W137-exposed cells 

(561.8) compared to the medium only cells (499.4) and a statistically significant 

increase was observed in the Actinomycin D-exposed cells (717.5) (Figure 1.25.6 A-

D, G, Table 1.25.6). The Fl1 (green) fluorescence mean intensity of Region 2 of 

Actinomycin D-exposed cells (432.7) was statistically significantly greater compared 

to the medium only control (251.4) while the fluorescence mean intensity of W137-
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exposed cells (259.8) was not statistically significantly different compared to the 

medium only control (251.4) (Figure 1.25.6 A-C, E, F, G, Table 1.25.6). 
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Figure 1.25.6: Dot plot (A-C), histogram (D and E) and graphical representation (F and G) of the 

effect of Actinomycin D- and W137-exposed cells on reactive oxygen species formation on SH-

SY5Y cells after 48 h exposure. 
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Table 1.25.5: Measurement of reactive oxygen species of negative control (media only) and 

positive (Actinomycin D) controls and W137-treated SH-SY5Y cells 24 h and 48 h after 

exposure. 

* indicates p-value < 0.05 between MO and test samples after 24 h and 48 h respectively. † indicates 
p-value < 0.05 between 24 h and 48 h samples. 
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Figure 1.25.7: Dot plot (A-C), histogram (D and E) and graphical representation (F and G) of the 

effect of Actinomycin D- and W137-exposed cells on reactive oxygen species formation on SH-

SY5Y cells after 48 h exposure.  * indicates p-value < 0.05 between MO and test samples after 24 h 

and 48 h respectively. † indicates p-value < 0.05 between 24 h and 48 h samples. 
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Table 1.25.6: Measurement of reactive oxygen species of negative control (media only) and 

positive (Actinomycin D) controls and W137-treated SH-SY5Y and U937 cells 24 h and 48 h 

after exposure. 

* indicates p-value < 0.05 between MO and test samples after 24 h and 48 h respectively. † indicates 
p-value < 0.05 between 24 h and 48 h samples. 
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 Gene expression analysis: Reverse transcription quantitative 

polymerase chain reaction of C-MYC and p53 

To quantify the expression of the selected genes and thereby determine the effect of 

the compound on gene expression, quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) technique was applied. RNA was considered pure of 

organic contamination (e.g. ethanol or phenol) with a 260/230 ratio greater than 1.5 

and pure of protein contamination with a 260/280 ratio greater than 2. Only pure total 

RNA was used for labelled cDNA synthesis. The C-MYC and p53 genes were 

selected as the genes of interest and GAPDH was used as a housekeeping gene. 

For SH-SY5Y cells the C-MYC gene after Actinomycin D exposure statistically 

significantly decreased expression after 24 h (0.03) compared to negative medium 

only control (Figure 1.26.1 A, C). W137 exposure decreased statistically significantly 

C-MYC expression after 24 h (0.41) compared to negative medium only control 

(Figure 1.26.1 A, C). For the p53 gene, Actinomycin D exposure statistically 

significantly decreased expression after 24 h (0.13) and W137 exposure statistically 

significantly increased p53 expression after 24 h (1.32) and after 48 h (2.82) 

compared to negative medium only control (Figure 1.26.1 B, C).For U937 cells the 

C-MYC gene after Actinomycin D exposure statistically significantly increased 

expression after 24 h (3.05) and 48 h (6.32) compared to negative medium only 

control (Figure 1.26.2 A, C). For the p53 gene, Actinomycin D exposure statistically 

significantly increased expression after 24 h (4.13) and 48 h (7.45) and W137 

exposure statistically significantly increased p53 expression after 24 h (2.66) 

compared to negative medium only control (Figure 1.26.2 B, C). 
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Figure 1.26.1: Graphic (A and B) and tabular (C) representation of the effects of W137 and 

Actinomycin D exposure on gene expression of C-MYC and p53 in SH-SY5Y cells after 24 h 

and 48 h. For the C-MYC gene only statistically significant differences were observed after 24 h. P53 

gene expression statistically significant increased for W137-exposed cells after 24 h and 48 h.* 

Indicates a p-value <0.05. 

 

 

Figure 1.26.2: Graphic (A and B) and tabular (C) representation of the effects of W137 and 

Actinomycin D exposure on gene expression of C-MYC and p53 in U937 cells after 24 h and 48 

h.  For the C-MYC gene, Actinomycin D exposure statistically significantly increased expression after 

24 h and 48 h compared to negative medium only control. The p53 gene expression increased 

statistically significantly after in response Actinomycin D exposure after 24 h and 48 h.* Indicates a p-

value <0.05. 
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 Protein quantification: Enzyme-Linked Immunosorbent Assay 

(ELISA) of the p53 protein 

The Ab 133987 p53 Acetyl K382 Human ELISA kit, a sensitive in vitro enzyme-linked 

immunosorbent assay for the accurate and prompt quantification of acetylated 

Lysine 382 of the p53 protein in human cell lysates, was utilized for this experiment. 

After 48 h exposure to Actinomycin D and to W137 a statistically significant increase 

in acetylation of K382 was observed. No significant difference was seen in 

Actinomycin D and W137 combination results compared to the negative medium 

only control. In U937 cells 48 h exposure resulted in statistically significantly 

increased p53 acetylation only in Actinomycin D exposed samples.  

Analyses of the SH-SY5Y cell line after 48 h indicated a statistically significant 

increase in expression of K382 acetylated p53 protein in Actinomycin D (1.17-fold) 

and W137 (1.12-fold) exposed samples after 48 h (Figure 1.27.1). No statistically 

significant difference was observed in Actinomycin D and W137 combination 

exposed samples when compared to the negative medium only control (Figure 

1.27.1). U937 cells indicated a statistically significant increase in Actinomycin D 

(1.18-fold) exposed samples after 48 h (Figure 1.27.1). 
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Figure 1.27.1: Analyses of the expression of the acetylated (K382) p53 protein.  In SH-SY5Y 

cells p53 acetylation increased statistically significantly after both 48 h exposure to W137 (1.17) and 

48 h exposure to Actinomycin D (1.12). In U937 cells p53 acetylation increased statistically 

significantly after 48 h exposure to Actinomycin D (1.18). * Indicates a p-value <0.05 compared to the 

negative control.  
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Chapter 4: Discussion and Conclusion 
 
 

In this novel study, the differential effects of the in silico designed sirtuin 1 inhibitor 

compound W137 on cellular growth and death was investigated in the 

neuroblastoma SH-SY5Y and acute myeloid leukemia U937 cell lines. This work is 

the first to study and report findings on the newly designed compound. The 

mechanistic effects of W137 was studied in vitro through the analysis of cell 

numbers, morphology, cell cycle progression, cell death through phosphatidylserine 

externalization and mitochondrial membrane depolarization, ROS species formation 

as well as the expression of crucial cancer-related genes and protein.  

 

The diverse roles of sirtuin 1 (SIRT1), a class lll histone and non-histone deacetylase 

primarily located in the nucleus, seems to be dependent on cell- and tumour type as 

well as the nature of the maintenance genes in the genome (4). Sirtuins are thought 

to act as cancer suppressors in normal cells and cancer promoters in tumorigenic 

cells in most cases and play a significant role in the survival and drug resistance of 

tumor cells during chemotherapy, classifying them as high priority targets for new 

treatments (161). The newly designed SIRT1 inhibitory compound W137 was tested 

on two human cancer cell lines with the purpose of determining the value of SIRT1 

as a future anti-cancer treatment for human cancers. 

 

Through the inhibition of SIRT1, which functions by deactivating or down-regulating 

anti-cancer proteins through deacetylation, the regulation of cancer associated gene 

expression may be possible in SIRT1-advantaged cancers such as in neuroblastoma 

and acute myeloid leukemia. If the activity of the oncogene C-MYC and the tumour 

suppressor gene p53 can be regulated by the admission of a SIRT1 inhibitory drug, 

cancer cell survival and death evasion as well as mutation and cancer metastasis 

could potentially be treated more effectively. The purpose of the study was first to 

determine the anti-proliferative effects of the newly designed compound on two 

human cancer cell lines and second to elucidate cell death inducing properties, 

possible mechanistic action and other in vitro effects of the compound. Positive 

findings motivate further research into SIRT1 as a cancer treatment target and the 
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development of new drugs using newly designed high-efficiency, low-toxicity 

compounds.  

 

Recently, the potency, specificity, and cellular targets of the sirtuin 1 and 2 inhibitors 

Sirtinol, Salermide and the sirtuin 1 inhibitor EX527 were investigated on MCF-7 

cells by Peck et al. (2010). The results indicated that Sirtinol and Salermide 

effectively induced cell death at concentrations of 25 uM and higher. EX527, a potent 

and selective SIRT1 inhibitor with SIRT1 IC50(SIRT1) of 38 nM, is more selective (200-

500-fold) for SIRT1 than for SIRT2 or SIRT3 and has been shown to be a potent 

SIRT6 inhibitor (162). Peck et al. (2010) had found that EX527 has an IC50(SIRT1) of 

50 uM against MCF-7 cells and exposure to EX527 caused cell cycle arrest at the G1 

phase of MCF-7 cells. Sirtinol and Salermide treatment resulted in the acetylation of 

p53, a target protein of SIRT1 and SIRT2 as well as the SIRT2 target tubulin in MCF-

7 cells. It was found that using small interfering RNA to silence both SIRTs, but not 

SIRT1 and SIRT2 individually can induce cell death in MCF-7 cells. These findings 

indicate that EX527 is ineffective in inhibiting SIRT2 and that the tumour suppressor 

p53 is the mediator of Sirtinol and Salermide cytotoxic function. Solomon et al. 

(2006) had also observed that treating primary human mammary epithelial cells and 

other cell lines with EX527 dramatically increased acetylation at lysine 382 of p53 

after various types of DNA damage (163). However, the work of Peck et al. (2010) 

indicated that the acetylation of p53 was also increased by the histone deacetylase 

(HDAC) class I/II inhibitor trichostatin A (TSA) (162). EX-527 and TSA acted 

synergistically to increase acetyl-p53 levels, confirming that p53 acetylation is 

regulated by both SIRT1 and HDACs. The combination of EX-527 and TSA had no 

further effect on cell viability and growth. These results show that, although SIRT1 

deacetylates p53, this does not play a role in cell survival following DNA damage in 

certain cell lines and primary human mammary epithelial cells (162, 163). The results 

of these study conducted by Peck et al. (2010) and Solomon et al. (2006) therefore 

suggest that SIRT inhibitors require combined targeting of both SIRT1 and SIRT2 to 

induce p53 acetylation and cell death. 

 

A recent study conducted by Dan et al. (2011) identified significant up-regulation of 

sirtuin 2 and nicotinamide phosphoribosyltransferase (NAMPT) (an enzyme that 

enables NAD+ biosynthesis in humans) in primary acute myeloid leukemia cells 
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compared to hematopoietic progenitor cells from healthy individuals. Results 

indicated that inhibition of either nicotinamide phosphoribosyltransferase or SIRT2 

significantly reduced proliferation and induced apoptosis in human acute myeloid 

leukemia cell lines and primary blasts (109). The anti-leukemic effects of the 

inhibition of nicotinamide phosphoribosyltransferase or sirtuin 2, such as 

deacetylation of the protein kinase B/AKT, ultimately lead to ß-catenin inactivation 

through phosphorylation. These results provide strong evidence that SIRT2 (or the 

NAMPT enzyme, or both) participate in proliferation and survival of leukemic cells 

and suggests that the protein kinase B/AKT/ Glycogen synthase kinase-3 ß/ß-

catenin pathway is a target for inhibition of nicotinamide phosphoribosyltransferase 

or sirtuin 2 of leukemia cell proliferation. This is another case illustrating the 

significance of SIRT2 in cancer cell survival and how targeting SIRT2 and SIRT1 for 

inhibition simultaneously might be the most effective route to take towards treating 

leukemia and other cancers (108, 109). The ligand-binding assay in the present 

study confirmed that W137 is a selective inhibitor of SIRT1 and SIRT2 compared to 

SIRT3 with inhibitory activity against SIRT1, 2 and 3 being 2.86 μM, 15.97 μM and 

53.67 μM respectively.  

 

On the SH-SY5Y cell line using crystal violet as a DNA stain revealed that the W137 

compound inhibited cell proliferation to varying degrees depending on compound 

concentration. Flow cytometry was employed to study cell growth in the U937 cell 

line, revealing that cell inhibition also occurs in a concentration-dependent manner. 

An IC50(SIRT1) value of 20 µM was obtained for SH-SY5Y cells and a value of 25 µM 

for U937 cells after 48 h. This is more potent than the SIRT1 inhibitor EX527 (SIRT1 

IC50(SIRT1)=38 nM) with an IC50(SIRT1) of 50 uM against MCF-7 cells (162, 163). W137 

show similar activity compared to the dual SIRT1 and 2 inhibitors Salermide and 

Sirtinol (IC50(SIRT1) of <25 μM against MCF-7 cells) indicating promising levels of 

inhibition and motivating further experimentation (162, 163).(162) The W137 

compound therefore inhibited growth at slightly lower concentrations in the SH-SY5Y 

cell line than in the U937 cell line. These findings are the results of the first tests 

done on the anti-proliferative effects of the newly designed SIRT1 inhibitor 

compound W137 on two human cancer cell lines. These concentrations were used 

throughout subsequent experimentation. 
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Qualitative studies on cell morphology employing fluorescent microscopy and triple 

dye staining indicated a decrease in cell density and loss of cellular membrane 

integrity. The adhesive SH-SY5Y cell line indicated a slight increase in propidium 

iodide staining of DNA after 48 h exposure to the W137 compound, suggesting either 

necrosis and/or late stages of apoptosis. Flow cytometry and the DNA stain 

propidium iodide was employed to study the progression of the cell cycle after 24 

and 48 h respectively. Following 24 h and 48 h exposure to the W137 compound, the 

SH-SY5Y cell line exhibited increased cell numbers in the sub-G1 phase suggesting 

cell death is induced by W137. No significant cell cycle block in either the G1 or G2/M 

phase was observed for the W137-exposed cells, suggesting that the compound 

does not work by modulating the cycle in SH-SY5Y cells. Analysis of the U937 cell 

line after 24 h and 48 h exposure to W137 indicated also an increase in the sub-G1 

without any apparent block in any of the stages of the cell cycle. The efficacy of 

W137 does not vary significantly after 24 h exposure compared to 48 h exposure for 

the SH-SY5Y cell line in terms of causing an increase in the sub G1 fraction, while an 

increase in compound efficacy seems to be observed after an extended exposure 

period (48 h) for the U937 cell line.  

 

Flow cytometry using the DNA stain propidium iodide in conjunction with Annexin V 

was used to analyse cell death induced via apoptosis and/or necrosis. Following 24 

h exposure to the W137 compound, the SH-SY5Y cells shifted towards an increase 

in early and late apoptosis with a slight increase in necrosis. This trend continued 

after 48 h exposure, confirming that cell death occurs via apoptosis in the SH-SY5Y 

cell line when exposed to W137. Analysis of the U937 cell line indicated the W137-

exposed cell population shifted slightly towards early apoptosis after the 24 h. 

Following 48 h exposure, the W137-exposed cell population shifted slightly towards 

late apoptosis and necrosis, also confirming that cell death occurs via apoptosis in 

the U937 cell line when exposed to W137. 

 

Cells in the process of undergoing apoptosis may undergo a loss of integrity in the 

membrane of the mitochondria due to change in the transport of electrons and the 

membrane polarity (164, 165). This change in the electrical gradient of the 

membrane may result in the release of pro-apoptotic proteins such as cytochrome c 

and in turn activate signals for the initiation of programmed cell death. Mitochondrial 
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dysfunction has been shown to participate in the induction of apoptosis and has even 

been suggested to be central to the apoptotic pathway. When the mitochondrial 

permeability transition pores are open it has been demonstrated to induce 

depolarization of the transmembrane potential (Δψm), release of apoptogenic factors 

and loss of oxidative phosphorylation (164). Cell death was studied by means of 

mitochondrial membrane potential analyses through the application of flow cytometry 

and DiOC6(3) dye and indicated that a loss of membrane integrity did occur in both 

cell lines. SH-SY5Y and U937 cells exhibited increased mitochondrial membrane 

depolarization and therefore the intrinsic mitochondrial pathway as the likely means 

to achieve apoptosis. DiOC6(3) stains the mitochondria of live cells and not apoptotic 

cells due to its membrane permeability characteristics when used at low 

concentrations (166). SH-SY5Y and U937 cells indicated significant increase in cells 

with decreased green fluorescence and thus cells with loss of membrane polarity. 

Although this may be an early event in the apoptotic process in many systems, 

emerging data also suggests that this might not be the case in all models of 

apoptosis. The loss of mitochondrial membrane potential may not be an essential 

early requirement for apoptosis and in some cases may be a direct consequence of 

the apoptotic-signalling pathway (164). Furthermore, it has also been observed that 

loss of mitochondrial membrane potential may not be required for cytochrome c 

release, whereas release of apoptosis inducing factor (AIF) is dependent upon 

disruption of mitochondrial membrane potential early in the apoptotic pathway. 

Therefore, while dissipation of mitochondrial membrane potential is observed in 

W137-exposed cells further studies are needed to confirm whether this an early 

event in the apoptotic pathway or as a result of other upstream pro-apoptotic 

pathways being induced by W137 (164).  

 

Chemically reactive species containing oxygen are crucial in many aspects of cell 

functionality and an increase or decrease to unhealthy levels of ROS can lead to 

molecular damage, decreased cell growth and/or apoptosis and disease acquisition 

(167-169). Levels of hydrogen peroxide (H2O2) generated within W137-exposed cells 

after the 48 h exposure time had elapsed was measured using DH2CF-DA and flow 

cytometry. Using front and side scatter plots, two populations (Region 1 and Region 

2) of cells could be identified. More cells were observed to be in Region 1 in healthy, 

negative control cells compared to W137- and Actinomycin D-exposed cells, 
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suggesting this population represents healthy cells. When looking at Region 1, no 

statistically significant difference was observed in DCF fluorescence in W137-

exposed SH-SY5Y and U937 cells. For Region 2, W137-exposed cells showed a 

statistically significant decrease in DCF-fluorescence SH-SY5Y cells but not U937 

cells. This data suggests that ROS was not induced in response to W137 exposure 

after 48 h. This study was conducted after 48 h exposure and does not negate the 

possibility of ROS being induced at earlier stages and future studies will explore this 

possibility. For Actinomycin D a statistically significant increase in ROS compared to 

the negative control was observed in Region 2 in both cell lines after 48 h. This 

confirms results from other studies showing Actinomycin D induces ROS and is part 

of its mechanism in inducing cell death (170). 

 

To study the effect of exposure to the W137 compound on the expression of the p53 

and C-MYC genes, both key factors in healthy and cancerous cells, the quantitative 

reverse transcriptase polymerase chain reaction (qRT-PCR) technique was 

employed. The quantity of high quality pure total RNA is, in some cases, an 

indication of the level of expression of the genes of interest. The SH-SY5Y cell line 

indicated a decrease in C-MYC levels upon Actinomycin D and W137 exposure after 

24 h compared to negative medium only control, while expression of the p53 gene 

was decreased after 24 h Actinomycin D exposure. Exposure to W137, however, 

increased p53 expression after 24 h as well as 48 h. p53 is crucial in programming 

cells for death and probably induces SH-SY5Y cells to enter apoptosis. Increased C-

MYC gene expression was observed in U937 cells after Actinomycin D exposure 

after 24 h 48 h. For the p53 gene, Actinomycin D exposure increased expression 

after 24 h as well as 48 h. W137 exposure increased p53 expression after 24 h 

indicating that apoptosis induction probably occurs upon increased p53 activity. 

Repression of SIRT1 therefore possibly resulted in the activation or increased 

expression of the pro-apoptotic gene p53, possibly enhancing cancer cell 

susceptibility to death and repair mechanisms.  MYC oncoproteins, which are 

commonly up-regulated in human cancers of different organ origins, exert oncogenic 

effects by modulating gene and protein expression.  

 

The protein structures of N-MYC and C-MYC are stabilized by Aurora A, a mitotic 

kinase enzyme integral to healthy cell proliferation and degraded through the 
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ubiquitin proteolysis pathway. Liu et al. (2012) recently demonstrated that SIRT2 was 

up-regulated by N-MYC in neuroblastoma cells and that SIRT2 then enhanced N-

MYC and C-MYC protein stability which promoted cancer cell proliferation. The 

NEDD4 protein, a ubiquitin-protein ligase, is directly repressed by SIRT2 through 

histone deacetylation. The NEDD4 molecule was found to directly bind to MYC 

proteins to be targeted for ubiquitination and degradation, and application of small-

molecule SIRT2 inhibitors resulted in NEDD4 gene expression, reduced N-MYC and 

C-MYC protein expression and suppressed neuroblastoma cancer cell proliferation. 

Additionally, Aurora A expression was up-regulated by SIRT2 and therefore indirectly 

down-regulated with administration of small-molecule SIRT2 inhibitors. This newly 

discovered pathway appears to be critical to MYC oncoprotein stability and stresses 

the importance of research into potential SIRT2 inhibitors in the prevention and 

treatment of MYC-induced malignancies. The importance of SIRT2 in neuroblastoma 

proliferation, and possibly that of many more cancers, is stressed by the work of Liu 

et al. (2012), again illustrating the importance of future tests in combinational 

targeting of SIRT1 and SIRT2 (45, 106).  

 

The ELISA technique for protein analysis was employed to test for change in p53 

protein K382 acetylation and activity following 48 h exposure to W137. Gene 

expression data from the qRT-PCR experiments are a good indication of relative 

RNA levels within the cells but are not necessarily directly proportional to protein 

levels. The active, acetylated p53 protein is a crucial component in cell maintenance, 

damage detection and programmed cell death, and inhibition or down-regulation of 

p53 has been detected in many cancer types (1-3). Deacetylation of p53 by SIRT1 

results in protein deactivation or down-regulation and therefore SIRT1 inhibition is 

expected to result in p53 being in the acetylated stage and active (4). Following 48 h 

exposure, analyses of the SH-SY5Y cells indicated a small but statistically significant 

increase in the expression of K382 acetylated p53 protein in Actinomycin D and 

W137 exposed cells. No significant difference was observed in Actinomycin D and 

W137 combination exposed samples when compared to the negative medium only 

control. U937 cells only indicated an increase in Actinomycin D exposed samples 

after 48 h while no significant effects was observed in W137-exposed cells, 

suggesting the possibility of a different mechanism of achieving cell death than 

increased p53 protein activity. The variable results of the U937 cell line and the SH-
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SY5Y cell line obtained this experiment and others may indicate cell line specificity 

and a variation of efficacy of the compound and the possibility of future anti-cancer 

drugs with varying mechanisms of action on different cancer types. 

 

In conclusion, the novel dual SIRT1 and 2 inhibitor W137 inhibited cell proliferation in 

both the U937 and SH-SY5Y cell lines in a dose-dependent manner through the 

inhibition of cell growth and the induction of cell death in vitro. The IC50(SIRT1) values 

obtained for the compound as tested on the two cell lines were comparable to other 

well-known SIRT 1 and 2 inhibitors and low enough to merit further experimentation. 

The two cell lines exhibited different reactions to the compound in some experiments 

but similar reactions in others, motivating the importance of further study into the cell 

line specificity and mechanistic variation of W137. Induction of cell death through 

apoptosis was confirmed via cell cycle, Annexin V and mitochondrial membrane 

permeability studies using flow cytometry. The results obtained for the SH-SY5Y cell 

line was consistent over the 24 h and 48 h exposure periods, with the W137-

exposed cell population shifted towards late apoptosis and necrosis and a 

percentage of cells still viable. The confirmation of these results by that obtained 

from the fluorescent microscopy study leads to the conclusion that apoptosis is the 

most likely cause of cell death for this cell line but that necrotic activity plays a role 

as well. This is a mechanism of autolysis with greater risk to nearby healthy cells 

through damage caused by leaking of products of cell death and initiating an 

inflammatory response in the patient and is therefore not the preferred route to 

inducing cell death in cancer cells.  

 

With a large percentage of U937 cells still viable after 24 h exposure to the 

compound, a postponed mechanism of cell death is expected (highest level of 

lethality reached after 48 h, not 24 h). Following 48 h exposure, the W137-exposed 

cell population had shifted slightly towards late apoptosis and necrosis. A different 

mechanism may also explain the low IC50(SIRT1) values obtained with high 

percentages of cells still testing viable after exposure. The results confirmed 

apoptosis as being the most probably mechanism of cell death. The presence of 

autophagy was not tested in this cell death study and may be an informative future 

step in determining the mechanism of cell death induced by the compound, as 

autophagy is often induced by common chemotherapeutic drugs (162, 163) and 
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acridine orange staining observed through fluorescent microscopy might indicate 

autophagic cell death. 

 

Understanding of in vitro molecular mechanisms of SIRT1 and how this is influenced 

by molecular inhibition enables researchers to focus on affected cellular mechanisms 

and to subsequently evaluate the W137 compound as a possible candidate for use 

in anticancer therapy. Several questions regarding the action mechanism of W137 

and its basis for differential effects on non-tumorigenic cells remain unanswered. The 

current study contributes to the unravelling of the in vitro molecular mechanisms 

associated with and influenced by SIRT1 and SRT2 providing a basis for further 

research on this multi-functional cellular component and its diverse role in disease 

regulation. The W137 compound could potentially be an effective component in a 

drug against more than one type of cancer. 
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