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Abstract 

SN 28049 is a novel DNA intercalating anti-cancer drug developed at the Auckland Cancer 

Society Research Centre as part of ongoing research into topoisomerase II poisons with high 

activity against solid tumours.  SN 28049 was curative against murine Colon 38 tumours, a 

model of colorectal adenocarcinoma which is generally unresponsive to topoisomerase II 

poisons (1), while two clinically used topoisomerase II poisons, doxorubicin and etoposide, 

were respectively moderately active and inactive against this tumour.  The aim of this thesis 

was to use human tumour cell lines in order to develop an understanding of the mechanism 

of anti-tumour activity of SN 28049.   

 

Topoisomerase II poisons induce DNA double strand breaks which signal through multiple 

pathways, and two of these, the γ-phosphorylation of histone H2AX (γ-H2AX) and the 

induction of p53 protein were investigated in HCT 116 colorectal carcinoma cells and in 

NZM3, NZM6 and NZM52 melanoma cells.  SN 28049 induced only a small increase in γ-

H2AX phosphorylation, comparable to that mediated by doxorubicin and etoposide.  

However, a low concentration of SN 28049 (25 nM) stimulated p53 protein expression in 

HCT 116 cells to levels in excess of those observed in response to doxorubicin or etoposide.   

 

The activation of p53 by SN 28049 cells was investigated using the HCT 116 line and an 

isogenic line lacking p53 expression.  As assessed by expression of the representative p53 

transcriptional targets FAS, p21WAF1 and survivin, SN 28049 was considerably more active 

than doxorubicin or etoposide in stimulating the p53 pathway.  However, there was little 

evidence of SN 28049 inducing either G1 arrest or apoptosis in these cells.  SN 28049 

instead induced p53-dependent G1 tetraploid arrest following mitotic failure in the absence of 

cell division.  In response to a five-hour drug exposure and further growth in the absence of 

drug, HCT 116 p53 +/+ cells arrested with a ‘4N’ DNA content, expressing high levels of 

G1-phase cyclin E.  At later times, senescence associated β-galactosidase (SA-β-Gal) 

activity increased, indicative of senescence.  Under similar conditions, HCT 116 p53 -/- cells 

continued cycling with a DNA content of >4N.  In contrast, doxorubicin added under similar 

conditions to HCT 116 p53 +/+ cells caused cycle arrest with an ‘8N’ DNA content and signs 

of senescence, while etoposide induced only signs of senescence.  

 

The activity of SN 28049 and a series of its analogues was also compared to that of 

doxorubicin and etoposide in both the HCT 116 p53 +/+ and p53 -/- lines using growth 
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inhibition assays.  When cells were cultured at a density that allows exponential growth, 

SN 28049 selectively inhibited HCT 116 cells expressing wild-type p53, and the selectivity 

was related to potency.  However, responses to SN28049 were not distinguished 

qualitatively from doxorubicin and etoposide.  In contrast, under conditions of high cell 

density, SN28049 and several active analogues maintained selectivity for HCT 116 p53 +/+ 

over p53 -/- cells while doxorubicin and etoposide lost their selectivity.  The ability of 

SN 28049 to activate p53 was retained at high cell density. 

 

It is concluded that SN28049 has two cellular actions.  The first, shared with doxorubicin and 

etoposide, is mediated by topoisomerase II-induced DNA damage, is cell cycle non-specific 

and leads to cell cycle arrest.  The second, which is unique to SN28049 and is most easily 

observed in a cell line (HCT 116) growing at high cell density to ensure minimal expression 

of active topoisomerase II, involves bypass of mitosis and entry into a G1 tetraploid phase 

and is characterised by high expression of p53 and its downstream products. It is 

hypothesised that this second cellular action could explain the high in vivo activity of 

SN 28049.  
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1 CHAPTER ONE  

Review of the Current Literature 

“While there are several chronic diseases more destructive to life than 

cancer, none are more feared” Charles H Mayo, 1926 

Over the 80 years that have passed since Charles Mayo first described cancer as being the 

most feared of all chronic diseases (2) our understanding of cancer has been significantly 

advanced by research.  Part of this knowledge has been translated into more effective 

treatments which have improved patient survival.  However, despite these advances, the 

global incidence of cancer has continued to increase.  By the year 2020, over 30 million 

people worldwide are predicted to be living with cancer1.   

 

Cancer is the second leading cause of death in the western world and accounts for 13% of 

all fatalities1.  This high mortality rate reflects the ineffectiveness of treatment options 

currently available and there is a particular need to develop more effective agents for treating 

metastatic tumours.  The mission of the Auckland Cancer Society Research Centre (ACSRC) 

is to develop new drugs for the treatment of metastatic disease which result in better 

treatment outcomes and fewer side effects for cancer patients.  Since its establishment in 

1956, the ACSRC has advanced seven compounds to clinical trial (3).  The work in this 

thesis is aimed at the advancement of a further agent to clinical trial.   

 

This review commences by briefly introducing cancer chemotherapy before describing in 

more detail DNA intercalating agents.  Cellular responses to the DNA double strand breaks 

(DSBs) induced by these agents will be discussed.  Finally, the development of DNA 

intercalating agents at the ACSRC will be reviewed.   

                                                 
1 http://www.who.int/mediacentre/factsheets/fs297/en/index.html 
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1.1 Systemic chemotherapy as a treatment for 

metastatic disease 

Tumours are initially confined to a local environment which can generally be treated by 

surgery or radiotherapy.  However, tumour cells which disseminate through the body to form 

secondary tumours require systemic treatment.  Chemotherapy is one treatment modality 

which can be administered systemically for metastatic disease.  The use of drugs for 

chemotherapy had its origins in the 1940s.  Sulphur mustard gas had been identified earlier 

as an inducer of lymphoid hypoplasia and myelosuppression during the autopsies of World 

War I soldiers, and nitrogen mustard, a compound related to sulphur mustard gas, was 

trialled on a patient with Non-Hodgkin’s lymphoma.  The resulting temporary remission in this 

patient lead to further studies with nitrogen mustard and to the concept of using systemically 

administered drugs to induce tumour regressions (4).  Today, metastatic cancer is still 

predominantly treated by cytotoxic chemotherapeutic agents, which include derivatives of the 

original nitrogen mustard.  These agents are loosely classified by their mechanism of 

anti-tumour activity and include alkylating agents, platinating agents, antimetabolites, mitotic 

poisons and topoisomerase poisons (5) (Table 1.1).   

 

   

Alkylating agents  Bulsulfan 
Cyclophosphamide

Anti-Metabolites  5-Fluorouracil 
Methotrexate 

Platinating agents  Cisplatin 
Carboplatin 
Oxaliplatin 

Mitotic Poisons Vinca Alkaloids 
Taxanes 

Vinblastine 
Paclitaxel 
Docetaxel 

Topoisomerase poisons Topoisomerase I 
 

Topoisomerase II 

Irinotecan 
Camptothecin 

Amsacrine 
Doxorubicin 
Etoposide 

 
Table 1.1 The main classes of cancer chemotherapeutic agents (5).   
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1.1.1 The use of DNA intercalating agents for cancer 

chemotherapy 

DNA intercalating agents interact non-covalently with DNA by the insertion of a polycyclic 

chromophore between adjacent base pairs (Figure 1.1).  By lengthening and unwinding the 

double helix, these agents distort the structure of DNA and potentially modify the interactions 

between DNA and DNA binding proteins (6-8).  Intercalation was originally proposed as the 

DNA binding mode of the acridine derivative proflavine (9) and has since been demonstrated 

with a number of chemotherapeutic agents including anti-cancer drugs.  The anti-tumour 

antibiotic actinomycin D (10;11) was among those initially demonstrated to interact with DNA 

by intercalation (12).  Subsequently, two anthracycline antibiotics daunorubicin (13) and 

doxorubicin (14) were isolated from Streptomyces species and shown to be DNA 

intercalators (15) (Figure 1.2).   

 

 
 

Figure 1.1 The intercalation of an agent between adjacent base pairs in a DNA double helix (16).   
 

The first synthetic DNA intercalating agent to enter clinical trial was amsacrine, a 

9-anilinoacridine derivative developed at the ACSRC (17) (Figure 1.2).  Amsacrine was 

selected for clinical trial on the basis of its activity against murine models of melanoma, 

leukaemia and lymphoma (17).  After the demonstration of clinical activity against acute 

myeloid leukaemia (18), amsacrine became the first synthetic DNA intercalating agent to be 

licensed for the treatment of cancer (3).   

 

A number of clinically important chemotherapeutic agents interact with DNA by intercalation.  

Those currently registered as cancer chemotherapeutics by the US food and drug 

administration (FDA) include actinomycin D, amsacrine, daunorubicin, doxorubicin, epirubicin 

and mitoxantrone.  Of these, doxorubicin has the broadest spectrum of clinical activity and is 

registered for the treatment of a wide range of solid and haemopoietic malignancies (19;20).  

Mitoxantrone is also widely used in the clinic and is a registered treatment for advanced 

hormone refractory prostate cancer and acute nonlymphocytic leukaemia (21).   
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Figure 1.2 The chemical structures of selected DNA intercalating agents.   
 

Studies on the mechanism of cytotoxicity of DNA intercalating agents initially suggested a 

role for the inhibition of RNA and protein synthesis (22).  Subsequently, intercalating agents 

were demonstrated to induce DNA breakage (23) and this led to the key discovery that they 

interacted with the enzyme DNA topoisomerase II α in order to induce this damage (24;25).  

The concept of the topoisomerase poison was developed in which the presence of the 

intercalating drug subverted the action of this enzyme converting it into a DNA damaging 

enzyme.   

 

The cytotoxicity of DNA intercalating agents is also mediated through actions which are 

additional to topoisomerase II poisoning.  The actions of DNA polymerase and helicases and 

Doxorubicin  

Actinomycin D

Mitoxantrone  

Amsacrine 
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the binding of transcription factors to their promoter sequences are inhibited by intercalating 

agents, in a manner which reflects the DNA binding strength and specificity of the agent 

(26-29).  For example, intercalating agents which preferentially bind GC rich regions of DNA 

have been demonstrated to specifically inhibit transcription factors with GC rich binding sites 

such as the ‘early growth response factor’ (EGR1) (30;31) and ‘specificity protein 1’ (SP1) 

(32;33).  These agents also affect the secondary structure of DNA by inhibiting chromatin 

condensation.  Both the inhibition and formation of cruciforms structures, such as those 

found in AT and GC rich mini- and micro-satellites have also been observed in response to 

intercalating agents (34-36).  However, despite these additional effects, topoisomerase II 

poisoning is considered to be the principal effect of DNA intercalating agents (37).  The 

importance of the topoisomerase I and II enzymes as drug targets for cancer chemotherapy 

highlights their functions in the cell.   

1.2 Biological roles of DNA topoisomerase enzymes 

Supercoils are introduced into the DNA by two essential cellular processes, DNA and RNA 

synthesis.  During DNA replication, the movement of the replication fork introduces positive 

supercoils in the parental strands ahead of the fork (38).  In addition to the formation of 

positive supercoils, negative supercoils also form behind the advancing RNA polymerase 

enzyme during RNA synthesis (39;40).  The introduction of excessive supercoiling by either 

DNA replication or transcription interferes with initiation and movement of DNA and RNA 

polymerase (Figure 1.3).  Topoisomerase enzymes relieve this torsional stress by cleaving 

the DNA, mediating strand passage and then catalysing religation (39;41-43).   

 

 
Figure 1.3 Positive and negative supercoils forming as a result of DNA replication and transcription 
(44).   
 

DNA 

Protein 
Molecule 

Positive 
Supercoils 

Negative 
Supercoils 
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Since the initial discovery of topoisomerase I (omega protein) in Escherichia coli (45), 

topoisomerase enzymes have been identified in a wide range of species (46).  

Topoisomerase enzymes are classified into four sub families, IA, IB, IIA, and IIB, based on 

sequence similarity and the nature of the reactions they catalyse (Table 1.2).  Type I 

enzymes catalyse single strand reactions through an energy independent process and are 

further categorised as type IA enzymes, which bind to the 5’ phosphate of the cleaved DNA 

polynucleotide chain, and type IB enzymes, which bind to the 3’ phosphate.  Through an 

energy dependent mechanism, type II enzymes catalyse double stranded reactions.  Both 

type IB and type II topoisomerase enzymes relax positively and negatively supercoiled DNA, 

whereas type IA enzymes relax only positively supercoiled DNA (47;48).  Mammalian cells 

express type IB eukaryotic DNA topoisomerase I, which is commonly referred to as 

topoisomerase I, and the type IIA enzymes, topoisomerase II α and β.  Additionally, the 

mitochondrial DNA topoisomerase I, a type IB enzyme, and DNA topoisomerase III α and β, 

type IA enzymes, are expressed in mammalian cells (46;47). 

 

Subfamily Representative members 

IA Bacterial DNA topoisomerases I and III 

Yeast DNA topoisomerase III 

Drosophila melanogaster DNA topoisomerases III α and III β 

Mammalian DNA topoisomerases III α and III β 

IB Eukaryotic DNA topoisomerase I 

Mammalian mitochondrial DNA topoisomerase I 

Pox virus DNA topoisomerase 

IIA Bacterial gyrase DNA topoisomerase IV 

Phage T4 DNA topoisomerase  

Yeast DNA topoisomerase II 

Drosophila DNA topoisomerase II  

Mammalian DNA topoisomerases II α and II β 

IIB Sulfolobus shibatae DNA topoisomerase VI 
 
Table 1.2 Representative members of DNA topoisomerase subfamilies (46)    
 

 

Eukaryotic DNA topoisomerase I, topoisomerase I, mediates the relaxation of supercoils 

through controlled strand rotation.  In a transesterification reaction, a phosphotyrosine bond 

forms (49) between the active site tyrosine, tyrosine 723 (50;51), on the topoisomerase I 

enzyme, and the 3’ end of the cleaved phosphodiester back bone of the double helix (52) 
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(Figure 1.4).  This introduces a single strand break which remains bound to the 

topoisomerase I enzyme and is known as the cleavable complex.  Torsional stress is relieved 

by rotation of the DNA about this single strand break, which is then repaired in a reverse 

reaction (47) (Figure 1.5).   

 

 

 
 

 
Figure 1.4 The formation of a phosphotyrosine bond between the DNA and the topoisomerase 
enzyme (46).   
 

Topoisomerase II α and II β mediated relaxation of DNA involves the formation of a 

phosphodiester bond, although in this instance it forms between the dimeric enzyme and 

both strands of the double helix.  Consequently, a DSB, which also remains bound to the 

topoisomerase enzyme and is known as the cleavable complex, is introduced in one DNA 

helix, the gate (G) strand.  Through an ATP dependent conformational change, 

topoisomerase II mediates the passage of the other DNA helix, known as the transfer (T) 

strand, through the G strand to relieve torsional stress.  The G strand is then religated by a 

reversal of the transesterification reaction (47;53-55) (Figure 1.5).   
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Figure 1.5 The controlled strand rotation of topoisomerase I activity (adapted from 57) and strand 
passage mechanism of topoisomerase II activity (53).   
 

During DNA replication and transcription, both topoisomerase I and II α can act to remove 

the supercoils formed by the advancing replication fork and RNA polymerase enzyme.  

However, topoisomerase II α activity is required to segregate newly replicated chromosomes.  

It has also been suggested that topoisomerase II α may play a greater role in relaxing 

nucleosomal DNA than topoisomerase I (56).   

 

Mammalian topoisomerase I has an additional non-redundant role during transcription which 

is independent of its activity as a topoisomerase enzyme (58;59).  Topoisomerase I acts as 

both an enhancer and a repressor of transcription from TATA box containing promoters (58).  

Under basal conditions, topoisomerase I inhibits the binding of the TATA box binding protein 
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to the promoter (59), but in the presence of an activator, is thought to increase the formation 

of active TFIID and TFIIA complexes (46;60).   

 

Topoisomerase II α also has additional non-redundant roles which are mediated by strand 

passage reactions during mitosis.  Decatenation of sister chromatids (43) and chromosome 

segregation (61) both require topoisomerase II α activity.  In its absence, non-disjunction 

(62), lagging chromosomes and polyploidy (63) are observed.  Furthermore, topoisomerase 

II α is a scaffold protein (64) involved in chromosome compaction (65;66).  The expression of 

topoisomerase II α is regulated in a cell cycle specific manner and is maximal at G2/M phase 

of the cell cycle.  High levels are observed in rapidly proliferating cells (67). 

 

The cellular roles of the topoisomerase II β isoform are distinct to those of topoisomerase 

II α.  Topoisomerase II β is expressed in a cell cycle independent manner (67) and cannot 

substitute for topoisomerase II α during mitosis (62).  A role for topoisomerase II β in the 

neurological development of mice has been proposed (68). 

1.2.1 Topoisomerases as targets for chemotherapeutic agents 

Topoisomerase targeting agents are classified as either catalytic inhibitors, which inhibit the 

activity of the topoisomerase enzymes, or poisons, which stabilise the cleavable complex 

formed between the DNA and the topoisomerase enzyme (69).  Agents are further 

differentiated as targeting topoisomerase I, topoisomerase II or both the topoisomerase I and 

II enzymes.  These agents form an important component of chemotherapy regimes for a 

variety of tumour types.  However, topoisomerase poisoning can be genotoxic and 

secondary leukaemias associated with specific chromosomal translocations are observed in 

some patients treated with topoisomerase poisons (70).     

 

DNA intercalating agents that stabilise the cleavable complex are classified as 

topoisomerase poisons.  Their effects are largely mediated through the topoisomerase II α 

enzyme (37) although dual topoisomerase I/II targeting intercalating agents have been 

described (18).  Topoisomerase II β mediated effects also contribute to the cytotoxicity of 

some intercalators and the β isoform is considered an important target of the synthetic agent 

amsacrine (71).  Topoisomerase poisoning has been demonstrated in response to several 

non-intercalating agents.  Topoisomerase I poisons are typified by the natural alkaloid 

camptothecin and its synthetic analogues irinotecan and topotecan (5).  The 

epipodophyllotoxin etoposide is perhaps the most well characterised non-intercalating 

topoisomerase II poison (72) (Figure 1.6).   
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The cytotoxicity of topoisomerase poisons is related to the induction of DNA DSBs.  

Following topoisomerase I poisoning, the stabilised cleavable complex is converted into 

DSBs by collisions with the advancing replication fork (57;73).  Topoisomerase II poisons 

stabilise the DSBs introduced by the topoisomerase II enzyme by either enhancing DNA 

cleavage mediated by the enzyme or inhibiting the subsequent religation reaction (74;75).   

 

 
Figure 1.6 The chemical structure of non-intercalating topoisomerase I and topoisomerase II poisons.   
 

1.3 ATM mediated responses to double strand breaks 

Double strand breaks, such as those introduced by topoisomerase poisons, are considered 

the most cytotoxic of all DNA lesions (76).  Cells are regularly exposed to DSB inducing 

agents within their natural environment (77) and have developed complex mechanisms for 

rapidly detecting and responding to this genotoxic stress (78).  The serine/threonine kinase 

‘Ataxia telangiectasia mutated’ (ATM) is the main sensor and signalling protein activated in 

response to DSBs (79;80).  ATM is mutated in the autosomal recessive disorder ataxia 

telangiectasia (81) and belongs to a family of phosphatidyl-inositol-3-OH kinase like kinases 

(PI3KK) (82).   

 

Irrespective of the level of damage induced, ATM is rapidly activated in response to DSBs by 

autophosphorylation (83;84).  The changes in chromatin structure accompanying DSBs (85) 

are thought to stimulate this initial activation, which is also observed in response to non DSB-

inducing chromatin modifying agents (83;86).  Independently of ATM activation (87), the 

Mre11/Rad50/nbs 1 (MRN) complex localises at the site of damage (88;89).  MRN then 

recruits ATM to these sites (87;88) and augments its activation (86;87;90;91) (Figure 1.7).   

 

More recently, a role for ‘Ataxia telangiectasia mutated and Rad 3 related protein’ (ATR) in 

the response to DSBs has also been described.  ATR also belongs to the PI3KK family of 
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protein kinases and is preferentially activated in response to single strand DNA breaks.  In a 

manner analogous to ATM, ATR is recruited to sites of damage by ‘ATR interacting protein’ 

(ATRIP) (88) which binds ‘replication protein A’ (RPA) coated single stranded DNA (92).  In 

conjunction with Mre11, ATM converts DSBs into RPA containing foci (93;94) and recruits 

ATR to the damaged chromatin (95).   

1.3.1 ATM mediated phosphorylation of downstream effector 

proteins 

ATM coordinates the cellular response to DNA DSBs in conjunction with ATR by 

phosphorylating multiple target proteins (82;97;98).  To date, over 900 ATM/ATR consensus 

phosphorylation sites have been identified in the 700 proteins which are phosphorylated in 

response to ionising radiation (97).  The histone variant H2AX is one of the initial targets of 

the activated ATM kinase (99;100), whilst checkpoint kinase 2 (Chk 2) (101) and the p53 

tumour suppressor protein (102) are the principal effectors of ATM mediated responses.   

 

Following genotoxic stress, H2AX undergoes ATM mediated phosphorylation on serine 139 

(γ-H2AX) (97;100) and forms discrete foci at sites adjacent to DSBs (87;103).  γ-H2AX 

facilities the resolution of DSBs by stabilising ‘ionising radiation induced foci’ (IRIF) (104-

106), which contain proteins involved in DNA repair (107).  A role for γ–H2AX in the 

maintenance of checkpoint signalling has also been proposed (108;109).   

 

Chk 2 is the central transducer of the activated ATM kinase.  Once activated at sites of DSBs 

by ATM mediated phosphorylation, Chk 2 disperses throughout the cell, and phosphorylates 

downstream effector proteins (110-113).  These target proteins then mediate responses such 

as cell cycle arrest and apoptosis (101;114).   

 

p53 and its regulatory proteins mouse double minute 2 (MDM2) and MDM4, are 

phosphorylated by ATM and Chk 2 in response to genotoxic stress and as a result, p53 is 

rapidly stabilised (Box 1.1) (80;115;116).  p53 then binds DNA as a tetramer (117;118) and 

coordinates downstream responses to DSBs by regulating the transcription of over 150 

target genes (119).  p53 has also been proposed to function through transcription 

independent mechanisms (102;120) and more recently through regulating the expression of 

micro-RNAs (121;122).   
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Figure 1.7 The activation of the ATM kinase leading to cell cycle arrest, DNA repair, apoptosis and 
transcription of effector proteins (adapted from 78;96). 
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Box 1.1: Activation of p53 by DNA double strand breaks 
 
p53 coordinates the cellular response to genotoxic stress and is referred to as “the guardian of the 
genome” (123-125).  The importance of p53 as a tumour suppressor is highlighted by the frequency at 
which it is mutated in human cancer.  Over 50% of tumours are believed to contain mutations within 
the p53 gene, whilst many of the remaining 50% are believed to have mutations within other 
components of the p53 regulatory network that results in altered function (126;127).   
 
The level of p53 protein is tightly regulated by the MDM2 E3 ubiquitin ligase (128-130), which binds 
p53 and targets it to the proteosome for destruction (131).  p53 is further regulated by MDM4 (132), 
and ‘Herpes virus associated ubiquitin specific protease’ (HAUSP) (133).  MDM4, a non-redundant 
homologue of MDM2, inhibits the transcriptional activity of p53 (134-137), whilst HAUSP contributes to 
the instability and inactivity of p53 by stabilising both MDM2 (133;138) and MDM4 (139). 
 
By phosphorylating p53 on serine residues 15 and 20 (79;116;140;141), ATM and Chk2 inhibit the 
interaction between MDM2 and p53 (142) and prevent p53 degradation (143).  However, as serine 15 
and 20 mutations were found to be of little phenotypic consequence in mouse models, the significance 
of these phosphorylations in the activation of p53 has been questioned (127).  Recently, a greater 
emphasis has been placed on the phosphorylation of MDM2 and MDM4 by ATM and Chk 2 in the 
activation of p53 (144).  These phosphorylations reduce the stability of MDM2 (145) and the 
interaction of both MDM2 and MDM4 with HAUSP (139).  The ability of MDM2 and MDM4 to inhibit 
p53 is limited by the subsequent increase in p53 protein in relation to the level of MDM2 and MDM4 
(146).  
 
 
 
 

 
 
 

Taken from (144). 
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1.3.2 Cell cycle arrest 

Cell cycle arrest in G1 and G2 phase is one outcome of ATM activation that is mediated by 

the activation of Chk 2 and p53.  Transitions through these phases of the cell cycle are 

regulated by the expression of cyclins which associate with cyclin dependent kinases (cdks) 

and result in their activation (Box 1.2).  Chk2 and p53 modulate the expression and activity of 

proteins that regulate the activity of cdks (77) (Figure 1.8).   

 

G1 arrest initially results from the rapid degradation of the cdc25A phosphatase.  In response 

to genotoxic agents, the activated Chk 2 kinase phosphorylates cdc25A which is 

subsequently targeted for destruction.  This stabilises the inhibitory phosphorylations on the 

cdk2 enzyme which prevent its activation (147) and cells are unable to enter S phase 

(148;149).  Predominantly, G1 arrest is mediated by the ATM/Chk2/p53 pathway, which is 

thought to stabilise the initial arrest induced by cdc25A degradation.  This arrest is 

considered a hallmark of p53 activation (77;150;151).  p21WAF1, a cdk inhibitor (152-154), is a 

transcriptional target of p53 which is induced in response to genotoxic stress (155).  By 

inhibiting CAK (156), p21WAF1 silences cyclin E/cdk2 (157) and other G1 

cyclin/cdk complexes (158).  p21WAF1 also mediates the degradation of the Rb protein in 

response to DNA damage (159).  p21WAF1 is the major mediator of p53-dependent G1 arrest 

(160;161). 

 

However, G1 arrest is also mediated by p53 through p21WAF1 independent pathways.  Cdc25 

is a transcriptional target of p53 which is repressed following p53 activation (162).  p53 also 

induces the expression of the miR-34 micro RNA and as a consequence, decreases the 

expression of cyclin E and cdk4 (121).   

 

G2 arrest is largely considered to be p53-independent and is a characteristic response of 

cells deficient in functional p53.  The pathways which arrest cells in G2 following genotoxic 

stress are less well characterised than those which mediate G1 arrest.  Following the 

induction of DSBs, Chk 2 phosphorylates cdc25C and hence prevents the activation of cdk1 

and entry into mitosis (112).  This phosphorylation also creates a binding site for 14-3-3 σ 

(163) which sequesters cyclin B and cdk1 in the cytoplasm (164), although it has also been 

proposed to inhibit cdk1 activity (165).  p53 activation maintains this G2 arrest by 

upregulating the expression of 14-3-3 σ (166), p21WAF1 (155;167), and ‘growth arrest and 

DNA damage inducible 45 α’ (GADD45) (168).  p21WAF1 prevents activation of cyclin B/cdk 1 

by cdc 25 (169) and CAK (170).  The kinase activity of cdk1/cyclin B is inhibited by GADD45 
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which disassociates cdk1 and cyclin B (171) and reduces the nuclear localisation of cyclin B 

(172).   

 

Box 1.2: The mammalian cell division cycle 
 
Cell division progresses through four phases, gap 1 (G1), synthesis (S), gap 2 (G2) and mitosis.  DNA 
replication occurs during S phase, whilst nuclear division and cytokinesis occur during mitosis.  During 
G1 and G2, the integrity of the DNA and the completion of mitosis are monitored.  The decision to 
divide or exit the cell cycle is made during G1 when cells are receptive to mitogenic signals (173-175).  
Transition through each phase of the cell cycle is regulated by the expression of cyclins, which 
associate with cdks leading to their activation by cdk activating kinases (CAK) (176-178).  Active cdks 
then regulate the activity of proteins required for the completion of S phase and mitosis by 
phosphorylation (179).   
 
The accumulation of cyclin D in response to mitogenic signals drives cells into S phase (180;181).  
Cyclin D binds either cdk4 or cdk6 (182;183), resulting in the activation of these kinases and 
consequently, the partial inactivation of the ‘retinoblastoma’ (Rb) protein (183-185).  By inhibiting Rb, 
the cyclin D/cdk complexes induce E2F mediated transcription of S phase genes such as cyclin E 
(186;187).  Cyclin E binds cdk2 (188;189), which is then further activated by the cdc25A phosphatase 
(147).  The active cyclinE/cdk2 complex promotes entry into S phase by both further inactivating Rb 
(190-192) and further activating cdc25A (193). 
 
Cyclin B accumulates during G2 phase and by associating with cdk1 (194) regulates entry of cells that 
have completed S phase into mitosis.  Premature activation of the cyclin B/cdk1 complex during G2 is 
prevented by Wee 1 (195;196) and myt 1 (197;198) mediated inhibitory phosphorylations (199).  
These are removed by the cdc 25 phosphatase (200;201) once DNA replication is complete.   
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Figure 1.8 G1 and G2 arrest mediated through p53-dependent and independent pathways (adapted 
from 202).   

1.3.3 Cell death  

The activation of ATM by DNA DSBs can also be cytotoxic and induce cell death through p53 

and Chk 2 dependent pathways.  Two alternative death pathways commonly observed in 

response to ATM activation are apoptosis and mitotic catastrophe.  Apoptosis is a controlled 

cell death pathway which can be induced either intrinsically by signals converging on the 

mitochondria or extrinsically through the activation of death receptors (Box 1.3).  Cell death 

which occurs either during or as a result of aberrant mitosis is classified as mitotic 

catastrophe.  These pathways are generally considered to be morphologically distinct (Table 

1.3) although apoptotic like mitotic catastrophe has also been described (203).   

 

Mode of Death General Characteristics  

Apoptosis Condensed chromatin 

DNA fragmentation 

Blebbing of the Cell Membrane 

Mitotic Catastrophe Micronuclei 

Multi-nucleated Giant Cells 

Polyploidy 

 
Table 1.3 Morphological characteristics of apoptosis and mitotic catastrophe (204).   
 

The induction of apoptosis by ATM is mediated both intrinsically and extrinsically and is 
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Nbs 1Rad 50
Mre 11

ATM
P

Chk 2 

p53 

p21WAF1 

14-3-3 σ 

GADD 45 cdc 25  
miR-34 



 

 

 

17

regulates the expression of over 50 genes involved in apoptosis (205).  Apoptosis mediated 

intrinsically by p53 following genotoxic stress is critically dependent on the upregulation of 

‘p53 upregulated modulator of apoptosis’ (PUMA) (206;207) and NOXA (208-210).  The 

upregulation of FAS (211;212), DR4 (213) and DR5 (214;215) by p53 increases the amount 

of apoptosis induced extrinsically.  p53 also contributes to the induction of apoptosis by 

repressing the expression of anti-apoptotic Bcl-2 family members (216;217) and the inhibitor 

of apoptosis protein (IAP) survivin (218).  More recently, the micro RNA miR-34 has been 

identified as an apoptotic regulator transactivated by p53 (122).   

 

Additionally, p53 is believed to have transcription independent effects which mediate 

apoptosis (120).  p53 directly associates with Bcl-2 family members to regulate cytochrome 

C release (219;220).  However, the Bcl-2 family members involved (221) and the 

physiological significance of this (222) are somewhat controversial.  p53 also mediates the 

translocation of FAS to the cell surface (223).   

 

The induction of apoptosis by ATM can also be mediated through E2F-1 in a p53 dependent 

manner.  In addition to its role as a regulator of cell cycle progression, E2F-1 also 

transactivates genes involved in apoptosis such as PUMA and NOXA (224;225).  E2F-1 is 

phosphorylated by both ATM (226) and Chk 2 (227) and hence accumulates in response to 

DNA DSBs.  Overexpression of E2F-1 increases its selectivity towards transcriptional targets 

involved in apoptosis (228).   

 

Mitotic catastrophe may occur when cells enter mitosis with unresolved DNA DSBs or are 

exposed to genotoxic stress during mitosis (203;229-231).  Cells deficient for wild-type p53 

function more commonly undergo mitotic catastrophe as p53 stabilises G1 and G2 arrest and 

prevents damaged cells from entering mitosis.  Since mitotic catastrophe is also observed in 

response to low concentrations of chemotherapeutic agents, it may be an important in vivo 

cell death mechanism (232).   
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Box 1.3:  Apoptosis 
 
The term apoptosis was originally coined from a Greek word describing leaves falling off a tree, and 
was used to describe a controlled cell death pathway which is morphologically distinct and occurs in 
the absence of an inflammatory response (233).  These morphological changes include DNA 
fragmentation, chromatin condensation, membrane blebbing, disassembly into apoptotic bodies and 
the subsequent phagocytosis of released cellular fragments (233-235).  Apoptosis is typically 
mediated by the activation of caspases (236;237).  Eleven caspases have been identified in mammals 
and are further classified as initiator or effector caspases (238).  Initiator caspases are expressed as 
inactive monomers and are activated by dimerisation (239;240).  Subsequently, the activated initiator 
caspases induce the cleavage and activation of the effector caspases, which in turn induce the 
observed morphological changes and cell death (238;241).  Caspase 3 is the most well characterised 
caspase and is a critical mediator of the observed morphological changes (242;243).  Caspase 
activation can either be stimulated intrinsically or extrinsically.   
 
During intrinsically mediated apoptosis, signals from members of the Bcl-2 family of proteins converge 
on the mitochondria and induce the release of cytochrome C (244;245).  Cytosolic cytochrome C then 
forms a structure known as the apoptosome, which contains APAF, caspase 9 and ATP (246-248).  
Caspase 9 is consequently activated and in turn, activates downstream effector caspases including 
caspase 3 (247).  Bcl-2 family members can be either anti-apoptotic or pro-apoptotic.  Anti-apoptotic 
Bcl-2 family members prevent mitochondrial membrane depolarisation whilst pro-apoptotic family 
members either interact with anti-apoptotic Bcl-2 family members and neutralise their activity or 
directly permeabilise the outer mitochondrial membrane (249;250).   
 
Extrinsically mediated apoptosis is induced by the binding of death receptors, TNF, FAS and TRAIL 
receptors 1 and 2 (DR4 and DR5) to their cognate ligands (251;252).  The activated death receptor 
then recruits FADD through interactions between the death domains on both the receptor and FADD 
(253-255), which recruits caspase 8 to its death effector domains (256-258).  Activated caspase 8 then 
activates caspase 3, either directly or indirectly through the intrinsically mediated pathway (252;259).   
 

 
Taken from (260). 
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Mitotic catastrophe proceeds through both caspase dependent and independent pathways 

(203).  Activation of caspase 2 has been demonstrated during mitotic catastrophe, and found 

to mediate the release of cytochrome c from the mitochondria (261).  In this instance, cells 

undergoing mitotic catastrophe are morphologically similar to those undergoing apoptosis.  

However, cell death observed in association with polyploidy, multinucleated giant cells and 

micronuclei is believed to occur independently of caspase activation (203) (Figure 1.9).  

Currently activation of the spindle assembly checkpoint (Box 1.4) appears to be associated 

with caspase dependent mitotic catastrophe, whilst endoreduplication appears to mediate 

caspase-independent cell death (260;263).  The percentage of cells undergoing apoptosis-

like mitotic catastrophe through caspase dependent pathways was reduced in cells with 

deficient spindle assembly checkpoints (263;264), and in these cells mitotic catastrophe is 

instead mediated by caspase independent pathways and associated with an increase in 

polyploidy (262;263).   

 

 

 
Figure 1.9 The caspase dependent and independent pathways of mitotic catastrophe (adapted 
from 203). 
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Box 1.4: Mitosis 
 
During mitosis, the chromosomes condense, the nuclear envelope breaks up, the kinetochore 
microtubules align and attach to the kinetochores on the metaphase plate, and the chromosomes 
separate.  Subsequently, the nuclear envelope reforms and the cells undergo cytokinesis.   
 
CyclinB/cdk1 and ‘Polo like kinase’ (Plk) initiate mitosis by phosphorylating cdc20.  Phosphorylated 
cdc20 binds and activates ‘anaphase promoting complex/cyclosome’ (APC/C), an E3 ubiquitin ligase 
which drives the progression through mitosis (265-268).  Securin and cyclin B are two essential 
downstream targets of the active APC/C/cdc20 complex (269).  Through the destruction of securin, 
APC/C/cdc20 initiates the segregation of sister chromatids (270).  Mitotic exit is promoted by the 
degradation of cyclin B which results in the inactivation of cdc20.  Cdh1 then associates with and 
changes the substrate specificity of APC/C (271;272).  Degradation of proteins by APC/C/cdh1, 
targets of which include cdc20 (273-275), mediates the completion of mitosis 
 
The spindle assembly checkpoint delays activation of APC/C/cdc20 until chromosomes are aligned on 
the metaphase plate, and correctly attached to the kinetochore microtubules (276).  The mammalian 
checkpoint complex (MCC) consists of ‘budding uninhibited by benzimidazole’ (BUB) R1, BUB3, 
‘mitotic arrest deficient’ (MAD) 2 and cdc 20 (277), as well as numerous other proteins such as 
Aurora B and ‘multi-polar spindle 1’ (MPS-1) (276).  Through binding cdc20, the MCC inhibits the 
activation of APC/C, and hence prevents chromatid segregation and mitotic exit (278).  More recently, 
the deubiquitinating enzyme USP44 has been demonstrated to stabilise the association of MAD2 with 
cdc20 by deubiquitinating cdc20 (279).  When the spindle assembly checkpoint is satisfied, APC/C 
disrupts the MCC by ubiquitinating cdc20 (280).   
 

 
Taken from (276).  
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1.4 The resistance of solid tumours to DNA 

intercalating agents 

The induction of cell death by DNA intercalating agents, as described in the previous 

sections, can be partially prevented by a variety of resistance mechanisms.  These can either 

be an intrinsic property of the tumour or acquired during the course of treatment and hinder 

the response of solid malignancies to intercalating agents.  Multidrug resistance is defined as 

the “simultaneous acquisition of resistance to many chemically unrelated compounds to 

which the cell has never been exposed” (281) and is a principal reason for the failure of solid 

malignancies to respond to chemotherapy.  A diverse range of agents including 

anthracyclines, epipodophyllotoxins, taxanes, Vinca alkaloids and antimetabolites are 

susceptible to multidrug resistance (Table 1.4).  Multidrug resistance is associated with the 

increased efflux of lipophilic planar molecules less than 800 Da and is largely due to the 

overexpression of ‘ATP binding cassette (ABC) transporters’ (281-283).   

 

  

Vinca alkaloids Vincristine 

Vinblastine 

Anthracyclines Doxorubicin 

Daunorubicin 

Epirubicin 

Epipodophyllotoxins Etoposide 

Teniposide 

Taxanes Paclitaxel 

Docetaxel 

Other DNA binders Actinomycin D 

Mithramycin 

Table 1.4  Selected agents with susceptibility to multidrug resistance (282;284).   
 

p-Glycoprotein (Pgp) was the first ABC transporter defined as a multidrug resistance protein 

(285) and is one major cause of multidrug resistance.  The overexpression of Pgp, which is 

also known as ‘multidrug resistance 1’ (MDR1), was demonstrated on a range of resistant 

mammalian cells (285;286) and found to reduce drug accumulation (285).  Multidrug 

resistance was conferred on sensitive cells by the ectopic expression of Pgp (287).  

Physiologically, Pgp is expressed in the liver, kidney, gastrointestinal tract, and lung whilst 
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the overexpression of Pgp has been demonstrated pathologically in tumours originating from 

the colon, kidney, and liver (288).  Over 10 ABC transporters, including the ‘multidrug 

resistance protein 1’ (MRP1), which was identified as mediating drug resistance 

independently of Pgp expression (289), have been characterised as multidrug resistance 

proteins (284).    

 

Atypical drug resistance refers to that which results from the reduction in expression or 

mutation of topoisomerase II α and affects the response of tumours to intercalating agents 

rather than affecting drug transport.  The expression of topoisomerase II α mRNA and 

protein, and the catalytic activity of topoisomerase II α are decreased in multiple tumour 

types and resistant cell lines (69;290-292).  Increased rates of DNA repair also reduce the 

responsiveness of solid tumours to intercalating agents.  DSBs, such as those induced by 

intercalating agents are repaired by either homologous recombination or non-homologous 

end joining.  Sensitivity to topoisomerase II poisons was increased by mutations in either of 

these pathways (293;294).   

 

Colorectal adenocarcinomas are examples of a malignant tumour type which is largely 

resistant to intercalating agents.  These tumours originate from the glandular cells lining the 

colon or rectum (295) and are the world’s third most common cancer, accounting for 10% of 

all malignancies (296).  Currently, the 5 year survival rate of patients diagnosed with 

metastatic colorectal cancer is 10% (297) and under the current treatment regime of 

5-fluorouracil, leucovorin and irinotecan or oxaliplatin, patient survival averages 17.4 months 

(298).  Colorectal cancers commonly express high levels of ABC transporters (299;300).  

Additionally, ‘mismatch repair’ (MMR) deficiency, which occurs in ‘hereditary non-polyposis 

colorectal cancer’ (HNPCC) and 10-15% of sporadic tumours (301), attenuates the 

cytotoxicity of intercalating agents in a time and concentration-dependent manner (302-305).   

1.5 The development of DNA intercalating agents at the 

ACSRC 

As alluded to earlier, an important focus of the ACSRC has been the development of DNA 

intercalating agents with increased activity against solid malignancies.  To date, five 

compounds from this programme have entered clinical trial. Amsacrine has been described 

earlier in this chapter, and two further drugs, asulacrine and DACA, are described below.   
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1.5.1 Analogues of amsacrine 

Following the success of amsacrine (1.1.1), analogues of amsacrine were synthesised and 

screened against a solid tumour in mice.  One of these compounds, asulacrine (Figure 1.10), 

was found to have increased activity against this tumour model (306).  Asulacrine entered 

clinical trials in 1986 and induced a response in one patient with breast cancer, and partial 

responses in one patient with breast cancer, one patient with head and neck cancer and one 

patient non-small cell lung cancer (307).  However, as asulacrine was found to induce acute 

inflammation at the site of infusion and its patent life was nearing expiry, it was withdrawn 

from trials (3;307).   

 

 
 

Figure 1.10  The chemical structure of Asulacrine. 
 

Subsequently, a series of acridine carboxamides were developed as part of this programme.  

One of these compounds, N-[2-(dimethylamino)ethyl]acridine-4-carboxamide (DACA) (308) 

(Figure 1.11) was found to be curative against murine Lewis lung tumours (308).  

Additionally, DACA had superior activity against Colon 38 tumours, a murine model of 

colorectal adenocarcinoma which is responsive to 5-fluorouracil yet unresponsive to DNA 

intercalating agents (309) (Figure 1.12).  In comparison to the standard topoisomerase II 

poison etoposide, DACA also showed higher activity against melanoma xenografts 

(309;310).   

 

 
 

Figure 1.11 The chemical structure of DACA. 
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1.5.2 DACA: An intercalating agent with activity against solid 

tumours 

The anti-tumour activity of DACA appears to be mediated largely through topoisomerase II 

poisoning in a manner similar to that of other intercalating agents.  The formation of DNA 

protein crosslinks, which reflects stabilisation of the ‘cleavable complex’, was observed in 

response to DACA (311;312).  Concentrations of DACA shown to reduce clonogenic survival 

mirrored the doses required to induce DNA protein cross links and DNA DSBs (312).  

Additionally, DACA has activity mediated through the poisoning of topoisomerase I, although 

this activity is weak with respect to effects mediated through topoisomerase II poisoning 

(313).  Several properties of DACA suggested that it might have a favourable clinical profile.  

The diffusion of DACA through a cultured multi-cellular layer was faster than that of 

doxorubicin (314).  DACA was identified as a potential treatment for brain cancers as the 

lipophilicity and distributive properties of this agent would allow it to penetrate the blood brain 

barrier (315).  Multidrug resistance mediated by the expression of Pgp and MRP1 was 

overcome by DACA (312;316).  In vitro models of both Pgp (316) and MRP1 (317) mediated 

multidrug resistance were susceptible to DACA and agents which sensitized multidrug 

resistant cells to treatment failed to increase the sensitivity of these cells to DACA (317).  

Additionally, the acquisition of resistance following a long term exposure to DACA was 

minimal (317).   

 

Preclinical studies suggested that the anti-tumour activity of DACA included a novel second 

mechanism which is additional to topoisomerase II poisoning.  In growth inhibition assays, 

differences between DACA and standard topoisomerase II poisons were identified following 

a continuous exposure.  DACA overcame atypical drug resistance mediated by reduced 

topoisomerase II expression and showed some activity against Jurkat human leukaemia cells 

resistant to doxorubicin and amsacrine (316).  The response patterns of a National Cancer 

Institute (NCI) cell line panel and primary melanoma lines developed at the ACSRC to DACA 

were different to those of other topoisomerase II poisons (311;316).   

 

The DNA binding properties of DACA differ to those of other intercalating agents.  DACA has 

increased DNA binding affinity, increased selectivity for GC rich sequences of DNA (318), 

and has a reduced rate of dissociation from DNA (319).  The effects of DACA on the cell 

cycle also differed to those of standard topoisomerase II poisons.  The transition into mitosis 

and G1 were inhibited by DACA and not by either doxorubicin or amsacrine (320).  Self-

inhibition of cytotoxicity was observed in clonogenic assays in response to higher 
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concentrations of DACA (319).  Similarly, the formation of DNA/protein crosslinks 

demonstrated in response to low concentrations of DACA was not observed in response to 

higher concentrations (313).  The catalytic inhibition of topoisomerase II by DACA, which is 

observed in response to higher concentrations (313), is one potential explanation of this.  

Through binding the topoisomerase II enzyme, catalytic inhibitors prevent the interaction 

between topoisomerase II and DNA and hence antagonise the activity of topoisomerase II 

poisons (313).  However, topoisomerase II independent mechanisms have also been 

proposed, as this phenomenon has also been observed in cells expressing low levels of 

topoisomerase II (313).   

 

DACA entered clinical trials under the auspices of Cancer Research UK on the basis of its 

superior activity against the Lewis lung and Colon 38 models of solid malignancies.  In phase 

II clinical trials, stable disease was achieved in 4/12 patients with non small cell lung cancer 

(321) and 5/19 patients with advanced colorectal carcinomas (322).  The clinical trials of 

DACA also identified several toxicities, of which the most important was arm pain at the site 

of infusion (321;322).  As a consequence, DACA was withdrawn from clinical trials.  Since 

DACA has low dose potency, it was thought that developing more dose potent analogues of 

DACA would allow clinically active doses to be achieved without dose limiting toxicities.  One 

such analogue is the phenazine derivative XR-11576, which has entered phase I clinical 

trial (323;324).   

 

 

 
Figure 1.12 Tumour growth delay induced in Murine Colon 38 tumours by DACA in comparison to 
other topoisomerase II targeting agents (309).   
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1.5.3 Development of SN 28049 

In a collaborative project with La Trobe University to identify more dose potent analogues of 

DACA, a series of benzonaphthyridinone analogues was developed, with the chemical 

synthesis carried out at La Trobe University and biological evaluation at the ACSRC.  These 

studies identified N-[2-(dimethylamino)ethyl]-2,6-dimethyl-1-oxo-1,2-dihydrobenzo[b]-1,6- 

naphthyridine-4-carboxamide, or SN 28049 (Figure 1.13), as a highly effective and dose 

potent agent that was found to be curative against murine Colon 38 tumours (1).  In in vitro 

growth inhibition assays, SN 28049 was 50 times more potent than DACA (1).  Additionally, 

the pharmacokinetics of SN 28049 were found to be more favourable than that of DACA.  

SN 28049 was retained in the tumour longer than the other tissues investigated and 

remained at high concentrations over the 72 hour time period investigated (P Lukka, 

personal communication).   
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Figure 1.13 The chemical structure of SN 28049. 
 

 

The anti-tumour activity of SN 28049 is thought to be partially mediated by topoisomerase II 

poisoning.  Cells with reduced topoisomerase II α content were less sensitive to SN 28049 in 

clonogenic assays (325).  However, SN 28049 is also thought to be mediating additional 

effects in a similar manner to DACA.  SN 28049 has some activity against Jurkat leukaemia 

cells with resistance against doxorubicin and amsacrine (1) and has been found to inhibit the 

action of the topoisomerase I.  Transcription from promoters containing multiple SP1 sites is 

inhibited by SN 28049, which binds GC rich sequences of DNA with high affinity.  At higher 

concentrations, self-inhibition of SN 28049 activity was also evident (325).  To date, in vitro 

studies have been unable to account for the dramatic anti-tumour activity of SN 28049 

against Colon 38 tumours.  The extensive cell death observed in Colon 38 tumours treated 

with SN 28049 (Figure 1.14) was not observed in response to other topoisomerase II 

poisons.  An understanding of the mechanism of the anti-tumour activity of SN 28049 is of 

ongoing research interest to the ACSRC.   
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Figure 1.14 Tumour growth delay induced in Colon 38 tumours by SN 28049, doxorubicin and 
etoposide (B. Baguley, personal communication).   
 

 

1.6 Aims of thesis 

This thesis focuses on the development of an understanding of the mechanism of 

anti-tumour activity of SN 28049.   

 

• To use cell culture techniques to identify the potential features of SN 28049 that might 

be responsible for the high in vivo activity. 

• To use the HCT 116 colorectal carcinoma cell line as the initial in vitro system. This is 

a good model for clinical colorectal cancer, which is generally resistant to 

topoisomerase II poisons.  

• To exploit the availability of the HCT 116 line in two forms, one with and one without 

p53 protein (167), in the investigation of pathways downstream of DNA damage.   

• To exploit the monoallelic frameshift mutation of topoisomerase II α in the HCT 116 

line to investigate potential topoisomerase II α independent effects of SN 28049.  This 

mutation is believed to abrogate the catalytic activity of the topoisomerase II α 

enzyme.   

• To use the clinically used topoisomerase II poisons doxorubicin and etoposide in 

order to compare the effects of SN 28049 to those of other topoisomerase II poisons.  
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2 CHAPTER TWO 

Materials and Methods 

 

2.1 Materials 

2.1.1 Chemical and Reagent Sources 

Reagent Supplier 

1 kB plus ladder  

5-fluoro-2’-deoxyuridine (FDR ) 

 

5-[Methyl-3H]thymidine 

 

α-Minimal essential medium (α—MEM) 

 

Acetic Acid 

Agarose 

Ammonium persulphate (APS) 

 

β-mercaptoethanol 

 

PerkinElmer Betaplate Scint, liquid scintillation 

cocktail 

Bicinchoninic Acid (BCA) 

40 % Bis/Acrylamide solution, (37.5:1 ) 

Bovine Serum Albumin (BSA) 

Bromophenol Blue 

Camptothecin 

Cisplatin 

Coomassie Blue 

 

Invitrogen, Carlsbad, CA, USA 

Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

PerkinElmer Life and Analytical Sciences, 

Boston, MA, USA 

Gibco, Invitrogen Corporation, Grand Island, 

NY, USA 

Merck, Darmstadt, Germany 

Invitrogen, Carlsbad, CA, USA 

Serva Electrophoresis GmbH, Heidelberg, 

Germany 

Riedel-de-Haen, Seelze Hannover, Germany 

 

Wallac Oy, Turku, Finland 

 

Sigma Chemical Company, St Louis, MO, USA 

Biorad, Hercules, CA, USA 

ICP Bio, Henderson, Auckland, NZ 

Sigma Chemical Company, St Louis, MO, USA 

Sigma Chemical Company, St Louis, MO, USA 

Sigma Chemical Company, St Louis, MO, USA 

Serva Electrophoresis GmbH, Heidelberg, 

Germany 



 

 

 

29

Copper sulphate (CuSO4) 

Diethylpyrocarbonate (DEPC) 

Deoxycholate 

Diff-Quik Stain Set 

Dimethyl sulphoxide (DMSO) 

Disodium hydrogen orthophosphate 

(Na2HPO4) (anhydrous) 

DNase I, Amplification grade 

Doxorubicin  

 

Ethylenediaminetetraacetic acid (EDTA) –  

tetra sodium salt 

Ethidium bromide 

Ethanol (EtOH) 

Etoposide 

 

Foetal Calf Serum (FCS) 

Glycerol 

Glycine  

Histomount 

Hoechst 33258 

Hydrochloric Acid (HCl) 

Insulin-transferrin-selenium supplement (ITS) 

Kodak X-Omat AR Scientific Imaging Film, 

Mebstain Apoptosis Kit Direct  

Methanol (MeOH) 

Methylene Blue 

 

Minitransblot filter paper 

Mithramycin A 

N,N,N’,N’- tetramethylethylenediamine (TEMED) 

 

Nail Varnish 

Nitrocellulose Membrane 

Non fat milk powder  

Nonidet P40 (NP40) 

Paclitaxel 

Paraformaldehyde (PFA) 

Penicillin  

Potassium chloride (KCl) 

Sigma Chemical Company, St Louis, MO, USA 

Acros Organics, New Jersey, USA 

Sigma Chemical Company, St Louis, MO, USA 

Dade Behring, Newark, DE, USA 

Riedel-de-Haen, Seelze Hannover, Germany 

Merck, Darmstadt, Germany 

 

Invitrogen, Carlsbad, CA, USA 

DBL, Faulding Pharmaceuticals Plc, 

Warwickshire, UK 

Scientific Supplies Ltd, Auckland, New Zealand 

 

Invitrogen, Carlsbad, CA, USA 

Merck, Darmstadt, Germany 

Bristol-Myers Squibb Australia Pty Ltd, Victoria, 

Australia 

Morgate Biotech, Hamilton, New Zealand 

Merck, Darmstadt, Germany 

Riedel-de-Haen, Seelze Hannover, Germany  

Hughes and Hughes Ltd, Somerset, UK 

Sigma Chemical Company, St Louis, MO, USA,  

Ajax Chemicals, Auburn, NSW, Australia 

Roche Applied Sciences, Mannheim, Germany 

Radiographic Supplies, Christchurch, NZ 

Immunotech, Beckman Coulter, CA, USA 

Merck, Darmstadt, Germany 

Serva Electrophoresis GmbH, Heidelberg, 

Germany 

Biorad, Hercules, CA, USA 

Sigma Chemical Company, St Louis, MO, USA 

Serva Electrophoresis GmbH, Heidelberg, 

Germany 

Maybelline, NZ 

Biorad, Hercules, CA, USA 

Pams Products Ltd, Auckland, NZ 

Roche Diagnostics, Mannheim Germany 

Phytogen Life Sciences, BC, Canada 

Merk, Darmstadt, Germany 

Sigma Chemical Company, St Louis, MO, USA 

Merck, Darmstadt, Germany 
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Potassium dihydrogen phosphate (KH2PO4) 

Primer pairs for RT-PCR 

Pronase – protease from Streptomyces grieus 

Propidium iodide 

Protease inhibitor cocktail 

Qiashredders 

Restore Western Blot Stripping Buffer 

RNA easy mini kit 

RNAse- DNAase free 

RNAse Out recombinant ribonuclease inhibitor 

Senescent Cells Staining Kit  

Sodium dodecyl sulphate (SDS) 

SDS-Page standards 

 Broad range 

 Low range 

 Precision plus protein standards        

Sodium azide 

Sodium bicarbonate (NaHCO3) 

Sodium chloride (NaCl) 

Sodium hydroxide (NaOH) 

Sodium dihydrogen phosphate (NaH2PO4) 

Streptomycin sulphate salt 

Sulforhodamine B (SRB) 

Super Signal West Pico Chemiluminescent 

Substrate, 

Syber Green PCR master mix, 

 

Thymidine (TDR) 

 

Thermoscript RT-PCR system, 

Trichloroacetic acid (TCA) 

Tris(hydroxymethyl)animomethane (Tris) 

Triton X 100 

Trypsin EDTA, 0.5 % 

 

Tween 20 

 

Uracil DNA glycosylase, 

Vectastain 

Ajax Chemicals, Auburn, NSW, Australia 

Invitrogen Life Technologies, Auckland, NZ 

Sigma Chemical Company, St Louis, MO, USA 

Sigma Chemical Company, St Louis, MO, USA 

Sigma Chemical Company, St Louis, MO, USA 

Qiagen GmbH, Hilden, Germany 

Pierce, Rockford, Il, USA 

Qiagen GmbH, Hilden, Germany 

Roche Diagnostics, Mannheim, Germany 

Invitrogen, Carlsbad, CA,USA 

Sigma Chemical Company, St Louis, MO, USA 

Invitrogen, Carlsbad, CA,USA 

Biorad, Hercules, CA, USA 

 

 

 

Riedel-de-Haen, Seelze Hannover, Germany 

BDH Chemicals Ltd, Poole, England 

Ajax Chemicals, Auburn, NSW, Australia 

Scharlau, Barcelona, Spain 

Merck, Darmstadt, Germany 

Sigma Chemical Company, St Louis, MO, USA 

Sigma Chemical Company, St Louis, MO, USA 

Pierce Biotechnology Inc, Rockford, Il, USA 

 

Applied Biosystems, Warrington UK 

 

Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Invitrogen Carlsbad, CA,USA 

Merck, Darmstadt, Germany 

Invitrogen, Carlsbad, CA,USA 

Sigma Chemical Company, St Louis, MO, USA 

Gibco, Invitrogen Corporation, Grand Island, 

NY, USA  

Serva Electrophoresis GmbH, Heidelberg, 

Germany 

Invitrogen, Carlsbad, CA,USA 

Vecta Laboratories Inc, Burlingame, CA, USA 
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2.1.1.1 Antibodies 

Apoptosis Induction 

Anti-FAS apoptosis inducing antibody, clone IPO-4, 

• Kamiya Biomedical Company, Seattle, WA , USA 

Flow Cytometry 

Anti-phospho-Histone H2A.X (ser 139) clone JBW301  

• Upstate, Temecula CA USA 

Alexa Fluor 488 F(ab’)2 fragment of goat anti-mouse IgG (H+L)  

• Invitrogen Molecular Probes, Oregon, USA 

FITC conjugated anti – FAS clone DX2 

• BD Pharmingen, San Diego, California 

Immunofluorescence 

Anti-p21WAF1 (187) sc-817 

• Santa Cruz Biotechnology Inc, CA, USA 

Alexa Fluor 488 F(ab’)2 fragment of goat anti-mouse IgG (H+L)  

• Invitrogen Molecular Probes, Oregon, USA 

Western Blotting 

All antibodies were obtained from Santa Cruz Biotechnology Inc, CA, USA.   

Primary Antibodies 

 Caspase 3 (H-277) sc-7148  

 Cyclin B1 (GNS1) sc-245 

 Cyclin E (HE 12) sc-247 

 FAS (C-20) sc-715 

 GAPDH (V-18) sc-20357 

 p21WAF1 (C-19) sc-397 

 p53 (FL-393) sc-6243 

 Survivin (D-8) sc-17779 

Secondary Antibodies 

All secondary antibodies were pre-adsorbed Horseradish Peroxidase (HRP) conjugates 

 Goat anti-Rabbit IgG sc- 2054 

 Goat anti-Mouse IgG sc-2055 

 Rabbit anti-Goat IgG sc-2771 



 

 

 

32

2.1.2 Materials and Equipment Sources 

 Supplier 

0.2 mL PCR tubes # 0030124332 

0.22 µM Acrocap Filter Unit # 4480  

0.22 µM Steritop vacuum driven bottle top filter  

# SCGPT05RE 

1.8 mL microcentrifuge tubes # Q22585 

5 mL round bottom tubes # 352054 

6 well plates # 353046 

15 mL polypropylene tubes # 352096 

22 x 22 mm glass cover slips 

76 x 26 mm glass slides 

96 well plates # 167008  

β plate liquid scintillation counter # 1205 

ABI PRISM 7700 Q-PCR platform 

Automated multi-well harvester 

Axioplan 2 microscope 

Cell Strainer Caps # 352235 

Cryotube vials # 377267 

Cytofunnel sample chambers 

 

Cytospin 2 cytocentrifuge 

 

Digital Camera # DXC-S500 

Easy Cast Electrophoresis System # B1A 

FACScan flow cytometer 

 

Film Processor # M-35-XOMAT  

Filter cards # 599 1022 

 

Gel Imager 

Glass fibre filter mats #1205401 

Heraeus Biofuge 13 centrifuge 

Heraeus Labofuge 400 R centrifuge 

Jouan CR312 Centrifuge 

Mastercycler Gradient 

Micro amp optical 96 well reaction plate # N8010560 

Micromax cooled CCD camera 

Eppendorf AG, Hamburg, Germany 

Pall Corporation, NY, USA 

Millipore Corporation, MA, USA 

 

Sorenson Bioscience Inc, UT, USA 

BD Falcon, NJ, USA 

BD Falcon, NJ, USA 

BD Falcon, NJ, USA 

La Fontaine, Germany 

Menzel-Glaser, Braunshweig, Germany 

Nunc, Roskilde, Denmark 

Wallac OY, Finland 

Applied Biosystems, Foster City, CA, USA 

Wallac, OY, Finland 

Carl Zeiss MicroImaging GMBH, Germany 

BD Falcon, NJ, USA 

Nunc, Roskilde, Denmark  

Shandon, Thermo Electron Corporation, 

Pittsburgh, USA 

Shandon, Thermo Electron Corporation, 

Pittsburgh, USA 

Sony Australia Ltd, NSW, Australia 

Owl Scientific, NH, USA 

Becton Dickinson Immunocytometry Systems, 

MA, USA 

Kodak NZ Ltd 

Shandon, Thermo Electron Corporation, 

Pittsburgh, USA  

Biorad, CA, USA 

Wallac, OY, Finland 

Thermo Fisher Scientific MA, USA 

Thermo Fisher Scientific MA, USA 

Thermo Fisher Scientific MA, USA 

Eppendorf AG, Hamburg, Germany 

Applied Biosystems, CA, USA 

Princeton Instruments, USA 
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Mini Protean III electrophoretic cell # 1653301 

Mini transblot electrophoretic cell # 1703930 

Nanodrop Spectrophotometer # ND-1000 

Optical adhesive cover # 4313663 

P60 culture dishes # 353002 

P100 culture flasks # 353003 

Plastic Haemocytometers #211710 

Plate Reader #Elx 808 

Powerpack Basic Power Supply # 1645050 

Powerpack 2000 

Rocking Platform #RPM5 

Shaking Platform #5HKA 2000 

T75 culture flasks # 353136 

Wallac sample bags #1205411 

Biorad, CA, USA 

Biorad, CA, USA 

Analytical Technologies Inc, PA, USA 

Applied Biosystems, CA, USA 

BD Falcon, NJ, USA 

BD Falcon, NJ, USA 

Vetri Plast, Piove de Sacco, Italy 

Biotek Instruments, VT, USA 

Biorad, CA, USA 

Biorad, CA, USA 

Ratek Instruments, Victoria Australia 

Barnstead International, IA, USA 

BD Falcon, NJ, USA 

Wallac, OY, Finland 

Software 

KC4 Microplate Data Analysis Software 

• Biotek Instruments, VT, USA 

Metamorph software 

• Molecular Devices, PA, USA 

Modfit LT Cell Cycle Analysis Software 

• Verity Software House, ME, USA 

Primer Express 

• Applied Biosystems, CA, USA 

Sigmaplot/Sigmastat 

• Systat software, CA, USA 

2.2 Methods 

2.2.1 Maintenance of Human Cancer Cell Cultures 

The HCT 116 p53 +/+ and p53 -/- paired colorectal carcinoma cell lines were obtained from 

Dr B Vogelstein (Johns Hopkins University, Baltimore, MD, USA).  The HCT 116 cell lines 

are isogenically matched and differ only in the presence or absence of wild-type p53, which 

has been disrupted by targeted recombination in the p53 -/- line (167).  The Jurkat human 

leukaemia cell line had been previously obtained from Dr K. Snow and Dr W. Judd (The 

University of Auckland, Auckland, NZ).   
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Cultures of HCT 116 and Jurkat cells were maintained in α-Minimal Essential Medium 

(α-MEM) supplemented with foetal calf serum (FCS;10% v/v), penicillin (60 µg/mL), and 

streptomycin sulphate (100 μg/mL) (pen/strep) in a humidified atmosphere, consisting of 

5% CO2 in air, at 37 °C.   

 

The human metastatic melanoma cell lines NZM3, NZM6 and NZM52 were derived from 

patient samples at the ACSRC (326).  NZM cell cultures were maintained at 37 °C in a 

humidified atmosphere consisting of 5% O2 and 5% CO2 in α-MEM supplemented with 

FCS (5% v/v), pen/strep and insulin (5 µg/mL), transferrin (5 µg/mL) and selenium (5 ng/mL).   

 

All cell lines were stored in liquid nitrogen as frozen stocks in dimethyl sulphoxide (10% 

v/v; DMSO), and FCS (15 % v/v) in un-supplemented medium.  Following removal from liquid 

nitrogen, the DMSO solution was removed from the cells by centrifugation, 

(5 minutes, 160 g).  Cells were maintained as log phase cultures in T75 tissue culture flasks.  

The HCT 116 p53 +/+ and -/- cell lines were replaced with frozen stocks following 3 months 

of growth in culture.   

 

Prior to treatment, cell cultures were incubated overnight to allow attachment.  Unless 

specified, these cultures were prepared by plating 1.5 x 106 cells in 15 mL of culture medium 

in p100 culture dishes.  Plastic haemocytometers were used to determine the concentrations 

of the cell solutions.   

α-Minimal Essential Medium (α-MEM) 

α-MEM 100.8 g 

NaHCO3 22 g 

Milli-Q Water To a total volume of 10 L 

 

Once prepared, medium was filter sterilised and stored at 4 °C.   

Freezing Mix 

α-MEM 5 mL 

FCS 3 mL 

DMSO 2 mL 

 

Freezing mix was prepared immediately prior to use and added to an equal volume of cell 

suspension immediately before dispensing aliquots into Cyrotubes Vials.   
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Insulin/Transferrin/Selenium Supplement (ITS) 

ITS was prepared as a 1000 x stock solution by dissolving 50 mg of lyophilizate containing 

25 mg insulin, 25 mg transferrin and 25 µg sodium selenite in 5 mL of sterile water.  ITS was 

stored at -20 °C.   

1 X Phosphate Buffered Saline (PBS) 

KCl 2 g 

KH2PO4 2 g 

Na2HPO4 (anhydrous) 11.5 g 

NaCl 80 g 

Milli-Q Water To a total volume of 10 L 

 

Once prepared, PBS was autoclaved and stored at room temperature.   

Penicillin/Streptomycin (Pen/Strep) 

Penicillin G (Sodium Salt) 3 g 

Streptomycin sulphate 5 g 

Sterilised PBS To a total volume of 500 mL 

 

Once prepared, pen/strep (100 x stock solution) was filter sterilised and stored in 4 mL 

aliquots at -20 °C.   

Saline (0.9% w/v) 

NaCl 90 g 

Milli-Q Water To a total volume of 10 L 

 

Once prepared, Saline was autoclaved and stored at room temperature.   

Trypsin/EDTA (0.5% w/v) 

A 1 x working solution of Trypsin/EDTA was prepared from the purchased 10 x stock solution 

with 1 x PBS, and stored at 4 °C.   

2.2.2 Drugs 

SN 28049 and other structurally related benzonaphthyridinone analogues were developed in 

collaboration with Professor Les Deady and his colleagues at La Trobe University, 

Melbourne, Australia (1;327) and obtained from the ACSRC.  DACA (308) and amsacrine 
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(17) were synthesised at the ACSRC.  ACSRC compounds were prepared as 2 mM stock 

solutions in aqueous ethanol (50% v/v; EtOH) and stored at –20 ˚C.  Doxorubicin and 

etoposide were stored at clinical formulation at 4 °C.  Working solutions were freshly 

prepared by diluting stock solutions in culture medium.   

2.2.3 IC50 Assays 

The IC50 value was defined as the concentration required to inhibit cell growth by 50% and 

was determined for 8 compounds simultaneously using a sulforhodamine B (SRB) 

colourimetric assay (328).  HCT 116 cell suspensions were prepared at concentrations of 

4000 cells/mL (low density) or 1x105 cells/mL (high density) in α-MEM containing FCS 

(5% v/v) and pen/strep.  Melanoma cells were plated at 2.4 x 104 cells/mL in α-MEM 

supplemented as previously described.  Aliquots of the cell suspensions (125 µL) were 

plated in rows 2-12 of a 96 well plate.  Cell free culture medium (150 µL) was added to the 

wells in row 1 as spectrophotometric blanks.  Drugs were serially diluted and added in 

duplicate across rows 7-3 or rows 12-8 of the 96 well plate, to give a total of 5 concentrations 

per compound.  Drug free medium (150 µL) was added to the wells in row 2 as an untreated 

control.  Following 96 hours of incubation, trichloroacetic acid (TCA, 40 % w/v, 40 µL) was 

added to each well for 1 hour at 4°C.  TCA was washed from the plates with copious 

amounts of water, and SRB (0.4% w/v, 50 µL), added to each well for 30 minutes at room 

temperature in the dark.  After 4 washes in acetic acid (1% v/v), 10mM unbuffered Tris 

(100 µL) was added to each well.  Plates were incubated at room temperature in the dark on 

a shaking platform (150 rpm) several hours prior to measuring the optical density of 

individual wells (490 nM measure, 450 nM, reference).  The percentage cell growth was 

determined for each concentration as the average optical density of the treated wells/the 

average optical density of the control wells and used to calculate IC50 values.   

 

Trichloroacetic acid Solution (TCA, 40% w/v) 

Trichloroacetic acid 500 g 

Milli-Q Water 750 mL 

 

Once prepared, TCA was stored at 4°C.   
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Sulforhodamine B (SRB, 0.4% w/v) 

SRB 4 g 

Acetic Acid 10 mL 

Milli-Q Water To a total volume of 1 L 

 

SRB was stored in the dark at room temperature.   

10 mM Unbuffered Tris 

Tris 1.2 g 

Milli-Q Water To a total volume of 1 L 

 

10 mM Unbuffered Tris was stored at room temperature.   

2.2.4 Flow Cytometry assay for γ-H2AX 

The abundance of γ-H2AX was measured in conjunction with DNA content by flow cytometry.  

Following drug exposure, the cells were harvested by trypsinisation, washed in PBS by 

centrifugation (5 minutes, 160 g) and transferred to 5 mL round bottom tubes.  Following 

centrifugation, cells were resuspended in ice cold EtOH (70 % v/v, 1 mL) and stored for at 

least 18 hours at -20 °C.  One day prior to analysis, the EtOH was removed from the cells by 

centrifugation (5 minutes, 160 g).  Samples were washed in blocking buffer (PBS + FCS 

(1% /v), 1 mL, 5 minutes, 160 g), and incubated on a shaker platform overnight in blocking 

buffer (1 mL, 225 rpm).  The blocking buffer was removed by centrifugation (5 minutes, 160 

g), and samples were incubated on a shaker platform in γ-H2AX primary antibody, diluted 

1:500 in blocking buffer (200 µL, 2 hours, 225 rpm).  Following removal of the 1° antibody by 

centrifugation (5 minutes, 160 g), samples were washed once in blocking buffer (1 mL, 

5 minutes, 160 g).  Samples were incubated in the dark secondary antibody, diluted 1:400 in 

blocking buffer (200 µL, 1 hour, 225 rpm), washed 5 times in blocking buffer (1 mL, 

5 minutes, 160 g), and resuspended in blocking buffer (1 mL).  Samples were stored in the 

dark until analysis.  Twenty minutes prior to analysis, propidium iodide (1 mg/mL, 20 µL) and 

RNAse (5 mg/mL, 20 µL) were added to the samples.  The fluorescence associated with the 

presence of γ-H2AX and propidium iodide staining was measured by flow cytometry using the 

FL-1 and FL-2 channels of a FACScan flow cytometer.  Results were analysed using Modfit 

LT software.   
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1 mg/mL Propidium iodide 

Propidium iodide was dissolved in distilled methanol (MeOH, 50% v/v) and diluted with an 

equal proportion of Milli-Q water to obtain a final concentration of 1 mg/mL.  Propidium Iodide 

was stored in the dark at 4 °C.   

5 mg/mL RNAse 

RNAse was dissolved to a final concentration of 5 mg/mL in PBS and stored at 4 °C.   

2.2.5 Protein Extraction 

Total cellular protein extracts were prepared using a protocol adapted from Ward et al (329).  

For preparation of protein extracts from cells cultured at high cell density, 1.5 x 106 cells in 

1mL of culture medium were carefully placed onto the centre of the p100 culture dishes, and 

left undisturbed for 1 hr to attach prior to the addition of a further 14 mL of medium (330).  

Cultures of low cell density were prepared as previously described (2.2.1).  Following drug 

exposure, medium was removed from the cultures.  Cultures were washed twice in ice-cold 

PBS (10 mL) and incubated in cell lysis buffer on ice (1 mL, 30 minutes).  Cell lysates were 

transferred to 1.8 mL microcentrifuge tubes.  The supernatants containing whole cell protein 

extracts were collected after centrifugation (15 minutes, 13,000 g, 4 °C) and were stored at 

-80°C. 

 

Protein concentrations were determined using the Bicinchoninic Acid (BCA) assay (331).  

Protein samples, diluted if necessary in 1 M NaOH, (50 µL) or bovine serum albumin (BSA) 

protein standards (50 µL), prepared by serially diluting BSA, 4 mg/mL in 1M NaOH, were 

added to duplicate wells of a 96 well plate.  BCA reagent was prepared by combining 1 part 

CuSO4 (4% w/v), to 50 parts BCA, and added to the wells (100 µL/well).  Following 30 

minutes incubation at 37 °C, the absorbance of samples was read at 550 nM and compared 

to the absorbance of known protein standards to determine protein concentration.  BSA stock 

solution was prepared fresh monthly, and stored at 4 °C in 15 mL polypropylene tubes.   

Cell Lysis Buffer 

1 M Tris.HCl pH 7.5 1 mL 

0.5 M EDTA 1 mL 

5 M NaCl 3 mL 

Deoxycholate 0.5 g 

Milli-Q Water To a total volume of 100 mL 
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Cell Lysis buffer was stored at 4 °C.  Immediately prior to use, protease inhibitor cocktail, 

(1% v/v, containing AEBSF, 104 mM, Aprotinin, 80 µM, Leupeptin, 2 mM, Bestatin, 4 mM, 

Pepstatin A, 1.5 mM and E-64, 1.4 mM) and NP-40 (1% v/v), were added to the solution.   

2.2.6 Western Blotting 

The separating gel was prepared, poured into a pre-assembled mini gel mould to 

approximately 1cm below the top of the short glass plate and overlaid with Milli-Q water 

(1 mL).  Following polymerisation, the water was removed and a 4% acrylamide stacking gel 

poured on top of the separating gel.  Either a 10 well or a 15 well comb was inserted into the 

stacking gel.  The gel was left to polymerise (30 minutes), after which time the comb was 

removed and the wells washed with 1 x electrophoresis buffer.  Plates containing the gels 

were transferred into an electrophoresis tank.  Molecular weight marker (10 µL) and samples 

prepared to contain a constant protein concentration were loaded into the wells.  Samples 

were separated by electrophoresis until the dye front had reached the bottom of the glass 

plates (150 V).  The proteins were transferred onto nitrocellulose membrane (100V, 1 hour).  

Membranes were incubated in blocking buffer (10 mL, 1 hour), washed on a rocker platform 

in PBS-tween 20, (0.05% v/v, 3 x 5 minutes) and incubated overnight on a rocker platform 

(10 mL, 4° C).  Membranes were washed in PBS-tween 20, (3 x 5 minutes), and incubated 

with secondary antibody at room temperature on a platform shaker (10 mL, 1 hour).  

Following a further 3 washes in PBS-tween 20 (3 x 5 minutes) membranes were incubated in 

chemiluminescent substrate at room temperature with gentle agitation (5 minutes).  

Membranes were exposed to scientific imaging film and developed.  Membranes were 

incubated in Restore western blot stripping buffer (5 mL, 15 minutes) on a rocker platform at 

room temperature and stored at 4 °C.   

4 X Electrophoresis Buffer 

Glycine 57.4 g 

Tris base 7 g 

SDS  4 g 

Milli-Q Water To a total volume of 1L 

 

1 x electrophoresis buffer was prepared from 4 x stock solution and routinely used 4 times.  

Both 1 x and 4 x electrophoresis were stored at room temperature.   
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Transfer Buffer 

Glycine 14.4 g 

Tris Base 3 g 

Methanol 200 mL 

Milli-Q Water To a total volume of 1 L 

 

Transfer buffer was prepared fresh for each experiment and cooled to 4 °C prior to use.   

Running Buffer (1.5 M Tris-HCl) 

Tris 36.34 g 

Milli-Q Water To a total volume of 200 mL 

 

Running buffer was stored at 4°C once the pH had been adjusted to 8.8 with 6M HCl.   

Stacking Buffer (0.5 M Tris HCl) 

Tris 12.11 g 

Milli-Q Water To a total volume of 200 mL 

Stacking buffer was stored at 4°C once the pH had been adjusted to 6.8 with 6M HCl.   

3 x Sample Loading Buffer 

Stacking buffer 3.75 mL 

Glycerol 3 mL 

SDS, 20 % w/v 1.5 mL 

Bromophenol Blue 0.375 mg 

β-Mercaptoethanol 750 µL 

Milli-Q Water 1 mL 

 

3 X Sample Loading Buffer was stored at room temperature, and diluted with protein 

samples prior to use.   
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Running Gel 

 7.5 % 10 % 12 % 

Bis/Acrylamide, 40 % w/v 1.88 mL 2.5 mL 3.0 mL 

Milli-Q Water 5.47 mL 4.85 mL 4.35 mL 

Running Buffer pH 8.8 2.5 mL 2.5 mL 2.5 mL 

SDS, 10 % w/v 0.1 mL 0.1 mL 0.1 mL 

APS, 10 % w/v 50 μL 50 μL 50 μL 

TEMED 5 μL 5 μL 5 μL 

Stacking Gel 

Bis/Acrylamide, 40 % w/v 1.0 mL 

Milli-Q Water 6.36 mL 

Running Buffer pH 8.8 2.5 mL 

SDS, 10 % w/v 0.1 mL 

APS, 10 % w/v 50 μL 

TEMED 5 μL 

2.2.7 RNA Extraction 

Total cellular RNA was extracted with the RNeasy minikit (Qiagen GmbH, Hilden, Germany) 

according to the manufacturer’s instructions.  Following drug exposure, the culture medium 

was removed, and the plates were washed once with PBS (10 mL).  Cells were lysed by the 

addition of buffer RLT (600 µL) containing β-mercaptoethanol (1% v/v) to each plate.  Cell 

lysates were transferred directly to QNeasy Qiashredder spin columns, centrifuged (2 min, 

10,000 g) and the flow through collected.  Following the addition EtOH, (70 % v/v, 600 µL), 

the samples were transferred to RNeasy spin columns.  Columns were centrifuged 

(45 seconds, 10,000 g) and the flow through discarded.  Buffer RW1 (700 µL) was added to 

each column.  Columns were centrifuged (45 seconds, 10,000 g) and transferred to new 

microcentrifuge tubes.  Columns were washed in buffer RPE (20% v/v in EtOH, 500 µL, 

45 seconds, 10,000 g) and the flow through discarded.  The columns were dried 

(2 minutes, 10,000 g).  RNA was eluted from the columns with RNAse free water (40 µL, 

2 minutes, 10,000 g).  Samples were treated with RNAse out (40 U/µL, 1 µL), quantified and 

stored at -80 °C.   

 

Electrophoresis was used to determine the integrity of the RNA samples.  RNA samples, 

(approximately 1µg of RNA), were made up to a total volume of 10 µL with DEPC water, 

heated (10 minutes, 65 °C) and cooled on ice.  10 x DNA loading dye (2.5 µL) was added to 
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each sample.  Samples and 1kB plus ladder (5 µL) were loaded into adjacent wells of an 

agarose gel, (1.35% w/v in 1 X TAE, containing SDS, 0.1% v/v).  Following electrophoresis 

until the dye front reached the end (80-100 V, 1-2 hours) gels were washed twice in 1 x TAE, 

and stained with ethidium bromide (0.5 μg/mL in 1 x TAE, 30 minutes).  Gels were washed 

twice in Milli-Q water and photographed.  Integrity was determined by two clear bands 

representing 28S and 18S ribosomal RNA (Appendix I).  

DEPC Water 

DEPC 1 mL 

Milli-Q Water To a total volume of 1 L 

 

DEPC water was left overnight and autoclaved prior to use.   

50 x Tris-Acetate-EDTA Buffer (TAE) 

Tris 242 g 

Acetic Acid 57.1 mL 

0.5 M EDTA (pH 8.0) 100 mL 

Milli-Q Water To a total volume of 1 L 

 

1 X TAE buffer used for RNA gels was prepared by diluting 50 X TAE buffer in Milli-Q water.  

Both 1 x and 50 x TAE were stored at room temperature.   

Agarose gel (1.35% w/v) 

Agarose 1.35 g 

10 % SDS 1 mL 

1 x TAE To a total volume of 100 mL 

10 X DNA Loading Dye 

0.5 M EDTA 50 µL 

Glycerol 3 mL 

Bromophenol Blue 10 mg 

Milli-Q Water To a total volume of 5 mL 

 

DNA loading dye was stored at room temperature and diluted to 1X by RNA samples.   
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2.2.8 cDNA synthesis 

Prior to cDNA synthesis, RNA samples were treated with DNAse using a DNAse 

amplification grade kit according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, 

USA).  Total RNA (5 µg), 10 x DNAse reaction buffer (1 µL), DNAse I (1 µL) and DEPC water 

(up to a total volume of 10 µL) were combined in a 0.2 mL PCR tube.  Samples were heated 

(15 minutes, 25 °C) and EDTA pH 8.0 (25 mM, 1 µL) added to each reaction (65 °C, 

10 minutes).   

 

cDNA was synthesised from RNA samples using the GibcoBRL thermoscript RT-PCR 

system (Invitrogen Carlsbad, CA, USA) according to the manufacturer’s instructions.  

Samples were prepared in duplicate, one without the addition of reverse transcriptase (RT) to 

serve as a negative control for the presence of genomic DNA.  In a 0.2 mL PCR tube, oligo 

(dT)20 primer (50 µM, 1µL), DNAse treated RNA (2.5 µg), dNTPs (10 mM, 2 µL), and DEPC 

water (up to a total volume of 12 µL) were combined.  Samples were heated 

(10 minutes, 65 °C), and placed on ice.  A cDNA synthesis reaction master mix was prepared 

by combining 5 x cDNA synthesis buffer (4 µL), DTT, (0.1 M, 1 µL), RNAse out RNAse 

inhibitor, (40 U/µL, 1 µL) and DEPC water (1 µL) in multiples to reflect the number of 

samples.  cDNA synthesis reaction master mix (7 µL) was added to each sample.  Following 

incubation (5 minutes, 55 °C) either Thermoscript RT, (15 U/µL, 1 µL; RT +) or DEPC water 

(1 µL; RT-) were added to each sample.  Samples were incubated (1.5 hours, 55 °C) to 

complete cDNA synthesis and reactions terminated (5 minutes, 85 °C).  The RNA template 

was removed by incubating the samples in RNase H (2 U/µL, 1 µL, 20 minutes, 37 °C).   

2.2.9 Quantitative Real Time RT-PCR 

Primers were designed using Primer Express software from sequences retrieved from the 

National Centre for Biotechnology Information (NCBI).  Primers were specific to the gene of 

interest, and detected all splice variants of the genes under investigation.  As it was not 

possible to meet these requirements whilst crossing intron/exon boundaries, samples which 

had not been reverse transcribed were analysed as controls for the presence of genomic 

DNA.   

 

 

 

 

 



 

 

 

44

Primer pairs were as follows: 

 

FAS  

 Forward: 5’AAT AGT CCA CCA AAA GGC AAG ACT3’ 

 Reverse: 5TTG AAT GCA AAC ATG GGT TCA  

Accession numbers: NP_000034; NP_690610; NP_69612; NP_690611; NP_690614; 

NP_690615; NP_690616 

p21WAF1  

 Forward: 5’TGG AGA CTC TCA GGG TCG AAA3’ 

 Reverse: 5GGA TTA GCC CTT CCT CTT GGA 3’ 
Accession number: NM_078467 

Survivin  

 Forward: 5’ATG CAC TCC AGC CTC TGT ACT CA3’ 

 Reverse: 5CCA GCT TCT CTA CAA AGC CAA TTA C3’ 

Accession numbers: 

NM_001168; NM_001012270; NM_001012271 

β-Actin  

 Forward: 5’CAT TGC CGA CAG GAT GCA3’ 

 Reverse: 5CCG ATC CAC ACG GAG TAC TTG3’ 

Accession number: NM_001101 

TATA box binding protein (TBP) 

 Forward: 5’TAA ACT TGA CCT AAA GAC CAT TGC A3’ 

 Reverse: 5TGG TTC GTG GCT CTC TTA TCC T3’ 

Accession number: NM_003194 

hypoxanthine phosphoribosyltransferase 1 (HPRT 1) 

 Forward: 5’GAA AGG GTG TTT ATT CCT CAT GGA3’ 

 Reverse: 5GAG CAC ACA GAG GGC TAC AAT GT3’ 

Accession number: NM_000194 

 

Primers were resuspended in 1 X TE buffer (1 mM Tris, 0.1 mM EDTA pH 8.0), to a final 

concentration of 3 pmols/µL.   

 

A PCR master mix was prepared by combining Sybr green Master Mix (5 µL), forward primer 

(3 pmols/μL, 1 µL), reverse primer (3 pmols/μL, 1 µL), uracil-N-glycosylase (1 U/μL, 0.1 µL) 

and sterile water (0.9 µL) in multiples to reflect the number of samples.  An aliquot of master 

mix (8 µL) was added to each well of a 96 well Micro Amp Optical reaction plate.  cDNA 

samples (2 µL) were added in triplicate.  The plate was covered with an optical adhesive 



 

 

 

45

cover and RT PCR completed on the ABI PRISM 7700 platform (2 minutes, 50 °C; 

10 minutes, 95 °C; 15 seconds, 1 minute, 60 °C, 40 cycles).  Following amplification, 

samples were incubated (15 seconds, 95 °C; 20 seconds, 60 °C; heated up to 95 °C over a 

20 minute period) and disassociation curves analysed to confirm the presence of a single 

product (Appendix II).   

 

For each primer pair, samples were analysed in triplicate using data collected from the same 

plate.  The amplification efficiency (E) of each primer pair was determined by averaging the 

amplification efficiencies calculated in the linear phase of amplification for each reaction 

across the plate using the LinRegPCR applet for Excel (332).  The ‘raw quantity’ of each 

transcript was calculated from their CT value, which was defined as the cycle number at 

which the amplification reaction crosses a threshold value, using the calculated average 

amplification efficiencies ((E (Min-CT-CT, X)), where CT, X is the CT value of each PCR reaction) 

(Applied Biosystems Chemistry Guide).  The geNorm Excel VBA applet (333) was used to 

assess the stability of three internal reference genes (β-Actin, HPRT 1, and TBP).   

 

Normalisation factors (NF) were calculated for each sample from the internal reference 

genes for each sample using geNorm (333).  The relative abundance of the target gene was 

calculated by dividing the mean raw quantities by the corresponding NF and expressed 

relative to that observed in the untreated control.  Standard deviations were calculated for 

each sample using the error propagation rules for independent variables described in the 

geNorm user manual (333).   

2.2.10 Cell Cycle Analysis 

Following drug exposure and subsequent incubation in either drug free or paclitaxel 

containing medium (15 mL), cells were harvested by trypsinisation, washed in PBS 

(5 minutes, 160 g), and collected by centrifugation (5 minutes, 160 g).  Cell pellets were 

resuspended in ice cold PBS containing FCS (1% v/v; 200 µL) and distilled methanol 

(MeOH, 2 mL) and stored at -20°C.  MeOH was removed by centrifugation (5 mins, 600 g).  

Samples were washed by centrifugation (5 minutes, 600 g) three times in PBS containing 

FCS (3% v/v), and were filtered using 5 ml round bottom tubes with cell strainer caps 

(nylon mesh filters, 100 µm), between the second and third washes.  RNase (5 mg/mL, 

20 µL) and propidium iodide (1 mg/mL, 20 µL) were added to each sample.  Samples were 

incubated at room temperature in the dark (10 minutes).  The fluorescence associated with 

propidium iodide was measured in 10 000 cells in the FL-2 channel of a FACScan flow 

cytometer.  Data were analysed using Modfit LT software.  Samples were gated firstly 



 

 

 

46

according to forward scatter and side scatter and subsequently FL-2 H and FL-2 W.  The 

FL-2 A fluorescence measured for each cell was plotted on a histogram and the cell cycle 

distribution modelled.   

2.2.11 TdT-mediated dUTP biotin nick end labelling (TUNEL) 

staining 

TUNEL staining was measured by flow cytometry using the Mebstain apoptosis kit direct 

(Immunotech, Beckman Coulter, CA, USA).  Cells were plated in p60 culture dishes at 

concentrations of 1x105/mL (HCT 116) or 5 x 105/mL (Jurkat).  Following treatment, the cells 

were harvested by trypsination and washed twice in wash buffer (PBS containing BSA, 

0.2% w/v; 1 mL, 5 mins, 160 g).  Cells which had detached during the course of treatment 

were also collected and washed.  Paraformaldehyde was added to the cells (4% w/v, 

200 µL, 30 mins, 4°C).  Cells were washed twice in wash buffer (1 mL, 5 mins, 160 g) and 

incubated overnight in EtOH (70 % v/v, 200 µL, -20°C).  After a two washes in wash buffer 

(1 mL, 5 mins, 160 g), samples were incubated in the dark in TdT reaction mix 

(30 µL, 1 hour).  Cells were washed twice (5 mins, 160 g) and resuspended in wash buffer 

(1 mL).  The fluorescence associated with increased TUNEL staining was measured for 

10 000 cells per sample in the FL-1 channel of a FACScan flow cytometer.   

PBS with BSA (0.2% w/v) 

10 X PBS 20 mL 

BSA 400 mg 

Milli-Q Water 180 mL 

 

PBS with BSA, 0.2% w/v, was prepared fresh prior to each assay.   

Buffered Paraformaldehyde (PFA, 4% w/v) 

PFA 1g 

NaH2PO4 0.375g 

Milli-Q Water 35 mL 

 

PFA was dissolved by adding concentrated NaOH and heating to 60°C.  The pH was 

adjusted to 7.4.  Buffered PFA (4% w/v) was stored as 1 mL aliquots at -20°C.   
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TdT reaction mix (per sample) 

TdT buffer 27 µL 

FITC-dUTP 1.5 µL 

TdT 1.5 µL 

 

TdT reaction mix was prepared fresh in multiples of sample numbers.   

2.2.12 FAS cell surface staining 

Cells were harvested in EDTA (2 mM), pelleted by centrifugation (5 minutes, 160 g) and 

resuspended in blocking buffer (PBS containing FCS, 2% v/v, and sodium azide, 0.1% w/v; 

5 mL).  Cells (1 x 106) were transferred into 5 mL round bottom tubes, and following removal 

of the blocking buffer by centrifugation (5 minutes, 160 g) incubated in the dark in primary 

antibody, diluted 1:6 in blocking buffer (120 µL, 30 minutes, 4 °C).  Cells were washed twice 

in blocking buffer (1 mL, 5 minutes, 160 g) and suspended in blocking buffer (1 mL).  The 

fluorescence associated with increased expression of FAS on the cell surface was measured 

in the FL-1 channel of a FACScan flow cytometer.  For each sample, data was collected for 

10,000 cells.   

2.2.13 Thymidine incorporation 

Thymidine incorporation was measured in a 96 well plate format (334).  HCT 116 cells were 

plated at low density in 96 well plates as previously described and exposed to SN 28049 or 

anti-FAS apoptosis inducing antibody either alone or in combination at various 

concentrations.  For the final 6 hours of drug exposure, 5-[Methyl-3H]thymidine (20 Ci/mM, 

final concentration), unlabelled thymidine, (0.1 µM, final concentration), and 5-fluoro-2’-

deoxyuridine (0.1 µM, final concentration), were added to each well.  Pronase, was added to 

each well (0.5 mg/mL in EDTA, 2 mM, 150 µL, 1 hour, 37 °C).  Cells were harvested using an 

automated multi well harvester and deposited on filter paper.  Filter paper was placed in 

sample bags and scintillation fluid (10 mL) added.  The tritium transferred to the filter paper 

was measured by scintillation counting  

5-fluoro-2’-deoxyuridine and Thymidine  

5-fluoro-2’-deoxyuridine and Thymidine were prepared as 5 mM stock solutions in EtOH 

(50% v/v), and diluted to working solution (100 µM) in culture medium.   
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2.2.14 Immunofluorescence 

Cells (1 x105/ mL) were plated directly onto sterile cover slips in 6 well plates.  Following drug 

treatment, the medium was removed from the cells.  The cells were washed gently twice with 

PBS and fixed in MeOH, (10 minutes, -20 °C).  Following two gentle washes in PBS, wells 

were incubated in Hoechst 33258 in the dark (10 µg/mL in PBS, 100 µL, 10 minutes).  

Unbound Hoechst 3328 was removed by two gentle washes in PBS. Cells were 

permeabilised in Triton X-100 (0.2% v/v, 10 minutes).  Wells were washed three times in 

PBS containing BSA (1% w/v).  PBS containing BSA was added to each well for incubation 

in the dark (10% w/v, 10 minutes, room temperature) in the dark.  Cells were incubated in the 

dark in primary antibody diluted 1:200 in PBS containing BSA (1% w/v, 100 µL, 1 hour, room 

temperature).  Following 4 washes in PBS containing BSA (1% w/v), cells were exposed to 

secondary antibody in the dark (1:200 in PBS containing BSA 1% w/v, 100 µL, 30 minutes, 

room temperature).  The unbound 2° antibody was removed by 4 gentle washes in PBS.  

Coverslips were mounted on slides with vectashield and sealed with nail varnish.  Slides 

were stored at 4 °C in the dark for up to 1 week and viewed on a Zeiss Axioplan 2 

microscope.  Images were captured using a MicroMax cooled CCD camera and merged 

using Metamorph software. 

2.2.15 Clonogenic Assays 

Cells were plated in p60 culture dishes as previously described.  Cells were harvested using 

trypsin, and resuspended at concentrations of approximately 1 x 103 cells/mL.  Accurate cell 

concentrations were measured and a known number of cells (in either 100 µL or 1 mL of 

culture medium) plated into previously prepared p60 culture dishes containing medium 

(either 4.9 mL or 5 mL).  Following incubation (10 days, 37 °C) the medium was removed 

from the plates, and the colonies stained with methylene blue staining solution.  The number 

of colonies containing over 50 cells was counted, and the plating efficiency calculated as the 

number of colonies counted/the number of cells originally plated.  Surviving fraction was 

defined as plating efficiency (treated)/plating efficiency (control).   

Methylene blue staining solution 

Methylene Blue 1 g 

EtOH 250 mL 

Milli-Q Water 250 mL 

 

Methylene Blue Staining Solution was stored at room temperature.   
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2.2.16 Diff-Quik Staining 

Cells were harvested by trypsinisation and resuspended in PBS.  Slides were prepared by 

cytospin centrifugation at (5 minutes, 500 rpm, low acceleration) using 1-2 drops of cell 

suspension.  When dry, the slides were dipped 5 times, for at least 1 second each time, in 

each staining solution of a Diff-Quik Staining Set.  Slides were dried at room temperature.  

Coverslips were mounted onto the slides using Histomount.  The slides were viewed at 

40X magnification and representative images taken.  The mitotic index and proportion of 

either binucleate or multinucleate cells were determined from a sample size of over 500 cells.   

2.2.17 Senescence Associate β-Galactosidase Staining  

Cells (5 x 104/well) were plated in 6 well plates.  Following drug exposure, cells were 

incubated in drug free medium for 7 days and stained for SA-β-Gal using a senescent cells 

staining kit according to manufacturers’ instructions (Sigma-Aldrich, St Louis, MO, USA).  

Culture medium was removed, and wells were washed twice in PBS.  Cells were fixed in 

fixation buffer (1.5 mL/well; 10 minutes), washed 3 times in PBS, and then incubated 

overnight in staining mixture (1 mL/well; 37 °C).  The wells were viewed at 10 x magnification 

and representative images taken.  Senescent cells were identified by perinuclear blue 

staining.
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3 CHAPTER THREE  

The Induction of DNA damage responses by 

SN 28049 

3.1 Introduction 

As described in Chapter 1, the anti-tumour activity of DNA intercalating agents is primarily 

related to their ability to poison the topoisomerase II enzyme (7).  By interacting with DNA 

and inhibiting the religation of the DNA by the topoisomerase II enzyme, these drugs 

introduce DSBs.  Poisoning of cellular topoisomerases is an important treatment principle 

and can be achieved by agents that bind either to DNA or to the topoisomerase itself.  

Doxorubicin, etoposide and camptothecin are three such poisons that are used in clinical 

cancer treatment.  Doxorubicin, a DNA intercalating agent (15), and etoposide, an agent 

which binds the enzyme (335), introduce DSBs by poisoning the topoisomerase II enzyme.  

Camptothecin, an agent which binds to the topoisomerase I enzyme is a poison that 

stabilises single strand DNA breaks (336).   

 

DSBs induced by topoisomerase poisoning give rise to a number of downstream responses 

mediated by the activation of the ATM kinase (82) and other enzymes and proteins.  These 

include the phosphorylation of H2AX (γ-H2AX) (99) and an increase in the abundance of p53 

protein (168).  γ-H2AX increases in direct proportion to the extent of damage (100;103) and 

can be used to quantitate DSBs (337).  γ-H2AX can also be used to differentiate between 

topoisomerase I and topoisomerase II poisons.  DSB induction by topoisomerase I poisons is 

greatest during S phase, where as topoisomerase II poisons induce DSBs throughout the cell 

cycle (338;339).  In parallel (339), an ATM dependent signalling cascade (116;142;145) 

stabilises the p53 protein, which then rapidly accumulates (128).  Increased γ-H2AX 

abundance and p53 protein expression are well documented responses to topoisomerase 

poisoning.   
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Since DNA damage is the major pathway in the cytotoxicity of DNA intercalating agents, a 

first step in developing an understanding of the action of any DNA intercalating agent is to 

investigate the induction of cellular responses to DNA DSBs.  In this chapter, the abundance 

of γ-H2AX and p53 protein, as representative targets of the activated ATM kinase, has been 

determined following exposure to SN 28049 and the standard topoisomerase II poisons 

doxorubicin and etoposide.   

3.1.1 Aims 

To investigate the induction of cellular responses to DNA double strand breaks by SN 28049 

in cultures of human colorectal and metastatic melanoma cells.  HCT 116 cells, expressing 

wild-type p53, were initially used to investigate this relationship, but subsequent experiments 

used an expanded panel including the NZM3, NZM6 and NZM52 cell lines, each derived 

from metastatic melanoma tissue (326).   

 

• To determine equitoxic concentrations of SN 28049, doxorubicin, and etoposide in 

cultures of HCT 116 colorectal carcinoma cells and NZM3, NZM6 and NZM52 

metastatic melanoma cells.   

• To measure the abundance of γ-H2AX following exposure to equitoxic concentrations 

of each agent. 

• To use cell cycle specific changes in γ-H2AX abundance in HCT 116 cells to 

investigate the relative role of topoisomerase I and II poisoning in the responses 

induced by SN 28049 

• To assess changes in p53 protein expression mediated by each agent.   

3.2 Results 

3.2.1 Determination of equitoxic concentrations  

Equitoxic drug concentrations were defined as those which cause similar levels of growth 

inhibition, as determined by IC50 assays.  These concentrations were then used for 

comparing the extent of DSBs induced by each agent.  HCT 116, NZM3, NZM6 and NZM52 

(324) cells were treated with varying concentrations of SN 28049, doxorubicin or etoposide 

for 96 hours, fixed, and stained with sulforhodamine B (SRB) to determine cell density (328).  

The IC50 concentration, at which a 50% reduction in cell density relative to the untreated 

control could be observed, was calculated for each compound.   
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Under the defined experimental conditions, the calculated IC50 values of SN 28049, 

doxorubicin and etoposide for HCT 116 p53 +/+ cells were 8.4 nM, 10.5 nM and 210 nM, 

respectively.  In cultures of NZM3, NZM6 and NZM52 cells, the IC50 values of SN 28049 

were 24 nM, 12.8 nM and 13.2 nM, respectively.  The IC50 values for doxorubicin against 

these melanoma cells were 28.6 nM, 10.6 nM and 11.2 nM, whilst the values for etoposide 

were 1.5 µM, 3.5 µM and 2.8 µM, respectively (Table 3.1). 

 

 HCT 116 NZM3 NZM6 NZM52 

SN 28049 8.4 ± 0.5 24 ± 0.5 12.8 ± 2 13.2 ± 3 

Doxorubicin  10.5 ± 1 28.6 ± 1 10.6 ± 2 11.2 ± 3 

Etoposide  210 ± 30 1.5 ± 1 µM 3.5 ± 1µM 2.8 ± 1 µM 
 
Table 3-1 IC50 values (nM) for SN 28049 and comparative topoisomerase II poisons doxorubicin and 
etoposide against HCT 116 colorectal carcinoma cells and NZM3, NZM6 and NZM52 metastatic 
melanoma cells.  Values shown were determined following 96 hours continuous exposure as the 
mean of at least two independent experiments ± the standard error of the mean.   
 

3.2.2 Induction of H2AX phosphorylation by SN 28049 in 

comparison to equitoxic concentrations of doxorubicin 

and etoposide 

Concentration ranges for comparing the level of γ-H2AX were determined from IC50 values.  

The extent of γ-H2AX phosphorylation was initially determined in HCT 116 cells following 5 

hours of exposure to equitoxic concentrations of SN 28049, doxorubicin and etoposide.  

Increases in the abundance of γ-H2AX phosphorylation occurred in a time-dependent manner 

following exposure to topoisomerase poisons (340) and by this stage would have stabilised.  

The kinetics of γ-H2AX focus formation have also been investigated previously and were 

found to reach maximal levels 1 hour after exposure to DNA damaging agents, and to decay 

thereafter (341).  To determine an appropriate time-point for comparing γ-H2AX levels 

following exposure to SN 28049, doxorubicin or etoposide, HCT 116 cells were initially 

treated with 25 nM SN 28049 for 5 hours and either harvested immediately or incubated in 

drug free media for 1, 5, or 10 hours prior to harvesting.   

 

A flow cytometry method was developed to measure cell-cycle specific increases in γ-H2AX.  

Following treatment, HCT 116 p53+/+ cells were harvested, fixed and stained with both an 

antibody specific to γ-H2AX and propidium iodide as a marker of DNA content.  G1, S and G2 
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phase fractions were gated according to DNA content, and the average γ-H2AX associated 

fluorescence was quantified for each fraction using Modfit LT.  As γ-H2AX fluorescence was 

measured in the flow cytometer on a logarithmic scale (from 1 to 10,000) the values were 

transformed into linear values by the equation: 

Fluorescence =10ch/256  

where ch is the channel of the mean fluorescence and 256 the number of channels for a 1 

Log (10-fold) change.   

 

Cell-cycle specific increases in γ-H2AX were observed in untreated cells and were higher in S 

or G2 phase cells than those in G1 phase.  This has been attributed to the stalling of 

replication forks by the DSBs which occur naturally during DNA replication (342).  As shown 

in Figures 3.1 and 3.2, there was little increase in γ-H2AX abundance observed in response 

to 25 nM SN 28049 over the time period examined here.  The increase which was observed 

was greatest immediately following the 5 hour exposure to SN 28049 (Figure 3.2).   

 

As SN 28049 induced little increase in γ-H2AX phosphorylation in HCT 116 cells at 

concentrations of 25 nM, the abundance of γ-H2AX was further investigated following 5 hours 

of exposure to SN 28049 at increasing concentrations.  Levels of γ-H2AX were initially 

determined in response to concentrations of up to 100 nM SN 28049 and then extended to 

include concentrations of up to 1000 nM SN 28049.  γ-H2AX abundance was also determined 

following 5 hours of exposure to doxorubicin or etoposide.   

 

Following exposure to low concentrations of SN 28049 (25-50 nM) there was little increase in 

γ-H2AX staining with respect to the untreated controls.  However, γ-H2AX abundance 

increased in response to concentrations of SN 28049 higher than these (100-1000 nM) and 

reached a maximum in response 500 nM (Figure 3.3).  Increasing concentrations of 

SN 28049 failed to further increase γ-H2AX abundance and in comparison to the changes 

observed in response to 500 nM of SN 28049, were reduced in response to 1000 nM.  At 

concentrations of 100 nM SN 28049 increases were greatest during G1 phase, whilst at 

higher concentrations, γ-H2AX abundance was similarly increased during G1, S and 

G2 phase (Figure 3.5).   
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Figure 3.1 Effect of exposure to SN 28049 for 5 hours on H2AX phosphorylation in HCT 116 cells as 
shown by changes in γ-H2AX (Y axis) in relation to DNA content (X axis) (A) 0 hrs, (B) 1 hr, (C) 5 hrs 
or (D) 10 hrs following drug wash out.  The colour of the plot is indicative of the proportion of cells in 
each region.   
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Figure 3.2 Increase in G1 (●), S (▼) and G2 phase (■) specific γ-H2AX abundance in HCT 116 cells 
at the indicated times following 5 hours of exposure to SN 28049 as determined from Figure 3.1.   
 

Concentration-dependent increases in γ-H2AX abundance were observed in response to all 

of the concentrations of doxorubicin and etoposide examined here (Figure 3.4).  Increases 

were greatest during G2 phase following exposure to low concentrations of doxorubicin (25-

50 nM), and G1 and G2 phase in response to concentrations of 100 nM where as etoposide 

increased γ-H2AX consistently through out the cell cycle (Figure 3.5).   

 

Overall, SN 28049 was found to induce little increase in γ-H2AX abundance in HCT 116 cells 

under the conditions examined here.  These were lower than those induced by equitoxic 

concentrations of doxorubicin and etoposide.   

 

Comparisons were made between the cell cycle specificity of γ-H2AX accumulation mediated 

by SN 28049 with those mediated by etoposide and doxorubicin and the topoisomerase I 

poison camptothecin to assess the relative contributions of topoisomerase I and II poisoning 

in these increases.  The abundance of γ-H2AX was measured in HCT 116 cells following 

exposure to  1 µM camptothecin for 3 hours (343) and increased significantly during S phase 

(Figure 3.6).  The cell cycle specificity of γ-H2AX accumulation mediated by SN 28049 more 

closely resembled that of the topoisomerase II poisons (Figure 3.6).   
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Figure 3.3 Effect of exposure to SN 28049 for 5 hours on H2AX phosphorylation in HCT 116 cells as 
shown by changes in γ-H2AX (Y axis) in relation to DNA content (X axis).  The colour of the plot is 
indicative of the proportion of cells in each region.   
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Figure 3.4 Effect of exposure to doxorubicin and etoposide for 5 hours on H2AX phosphorylation in 
HCT 116 cells as shown by changes in γ-H2AX (Y axis) in relation to DNA content (X axis).  The colour 
of the plot is indicative of the proportion of cells in each region.   
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Figure 3.5 Increases in G1 (●), S (▼) and G2 phase (■) specific γ-H2AX abundance in HCT 116 cells 
treated with SN 28049, doxorubicin or etoposide for 5 hours.   
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Figure 3.6 (A) Effect of exposure to camptothecin (1 µM) for 3 hours on H2AX phosphorylation in 
HCT 116 cells as shown by changes in γ-H2AX (Y axis) in relation to DNA content (X axis).  The colour 
of the plot is indicative of the proportion of cells in each region.  (B) Comparison of the G1 (■), S (■) or 
G2 phase (■) specific increases in γ-H2AX abundance following exposure to the topoisomerase I 
poison camptothecin, SN 28049, and topoisomerase II poisons doxorubicin and etoposide. 
 
 

The level of γ-H2AX abundance was next determined in cultures of NZM3, NZM6 and NZM52 

cells.  Comparisons were made between SN 28049 and doxorubicin which were 

demonstrated to be similarly potent against these three human metastatic cell lines by IC50 

assays (Table 3.1).  As little increase in γ-H2AX was observed following 5 hours of exposure 

in HCT 116 cells, comparisons were made following 6 hours of exposure to each agent.   
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Concentration-dependent increases in the level of γ-H2AX were observed in NZM3 and 

NZM6 cells following exposure to SN 28049 or doxorubicin for 6 hours from 50 nM (Figures 

3.7 and 3.8).  The overall increase in γ-H2AX abundance which occurred in response to 

either SN 28049 or doxorubicin in NZM3 cells than was greater than that observed in 

cultures of NZM6 cells (Figure 3.10).  The abundance of γ-H2AX also increased in NZM52 

cells following 6 hours of exposure to SN 28049 and doxorubicin (Figure 3.9).  From 

concentrations of 50 nM SN 28049 or doxorubicin, levels of γ-H2AX increased in a 

concentration-dependent manner.  However, in response to concentrations of 500 nM, the 

abundance of γ-H2AX was reduced with respect to that observed in response to 100 nM of 

either SN 28049 or doxorubicin (Figure 3.10).  SN 28049 and doxorubicin induced little 

change to the DNA content of these three melanoma lines following 6 hours of exposure at 

these concentrations.  Overall, the increases in γ-H2AX abundance in NZM3, NZM6 and 

NZM52 cells mediated by SN 28049 and doxorubicin were similar.   

3.2.3 Upregulation of p53 protein by equitoxic concentrations 

of SN 28049, doxorubicin and etoposide  

As a second indication of DNA damage response, p53 protein levels were assessed in 

HCT cells following drug treatment. Initially, total cellular proteins were harvested from cells 

treated with SN 28049 p53 protein expression was measured by western blotting.  25 nM 

SN 28049 was added to cultures at regular intervals over a 10 hour time period and p53 

protein expression was determined.  Increases in p53 protein expression were detected 

following exposure to 25 nM SN 28049 for 1 hour and continued to increase with increasing 

exposure time until reaching maximal expression at 5 hours, after which time p53 protein 

levels remained constant (Figure 3.11).   

 

The time course studies were used to identify an appropriate time point of 5 hours for 

comparing changes in p53 protein levels mediated by SN 28049, doxorubicin and etoposide.  

Proteins were harvested from cells treated with equitoxic concentrations of SN 28049, 

doxorubicin or etoposide used to investigate γ-H2AX accumulation, and p53 protein 

expression determined by western blotting.  Expression of the housekeeping gene 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was determined as an internal control 

for relative protein loading.  p53 protein was detected as a single band of approximately 

53 kDa.   
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Figure 3.7 Effect of exposure to SN 28049 or doxorubicin for 6 hours on H2AX phosphorylation in 
NZM3 cells as shown by changes in γ-H2AX (Y axis) in relation to DNA content (X axis).  The colour of 
the plot is indicative of the proportion of cells in each region.   
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Figure 3.8 Effect of exposure to SN 28049 or doxorubicin for 6 hours on H2AX phosphorylation in 
NZM6 cells as shown by changes in γ-H2AX (Y axis) in relation to DNA content (axis).  The colour of 
the plot is indicative of the proportion of cells in each region.   
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Figure 3.9 Effect of exposure to SN 28049 or doxorubicin for 6 hours on H2AX phosphorylation in 
NZM52 cells as shown by changes in γ-H2AX (Y axis) in relation to DNA content (X axis).  The colour 
of the plot is indicative of the proportion of cells in each region.   
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Figure 3.10 Increases in γ-H2AX abundance in NZM3, NZM6 and NZM52 cells following exposure to 
SN 28049 (●) or doxorubicin (○) for 6 hours.   
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Figure 3.11 Time course of p53 upregulation in HCT 116 cells by 25 nM SN 28049 as demonstrated 
by western blotting.  Results shown are representative of two independent experiments and were 
probed with a GAPDH specific antibody to demonstrate relative protein loading.   
 

Following 5 hours of exposure, p53 protein was upregulated to a greater extent by SN 28049 

than by comparable concentrations of doxorubicin or etoposide.  At concentrations of 10 nM 

or above, SN 28049 was found to increase p53 protein expression in a 

concentration-dependent manner.  The increases in p53 protein expression observed in 

response to comparable concentrations of doxorubicin were considerably lower than those 

observed in response to SN 28049, whilst 5 hours of exposure to equitoxic concentrations of 

etoposide failed to significantly increase the level of p53 protein (Figure 3.12).   

 

 

  
Figure 3.12 p53 expression in HCT 116 cells following 5 hours of exposure to SN 28049, doxorubicin, 
or etoposide as shown by western blotting.  Results are representative of two independent 
experiments, with relative protein loading demonstrated by GAPDH expression (representative 
GAPDH blot shown).   
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Changes in p53 protein expression by SN 28049, doxorubicin and etoposide were further 

compared following 24 hours of exposure.  SN 28049 treated samples were prepared 

simultaneously and western blots run alongside those for samples treated with doxorubicin 

and etoposide to allow for direct comparisons.  As shown in Figure 3.13, p53 protein levels 

were upregulated following 24 hours of exposure to SN 28049.  Upregulation was initially 

observed in response to 25 nM SN 28049, and further concentration-dependent increases 

were observed at 50 nM and 100 nM SN.  Increased p53 protein was observed in response 

to either 50 nM doxorubicin or 1000 nM etoposide.  However, at the concentrations of 

doxorubicin and etoposide examined here, p53 protein remained consistently low.  Overall, 

p53 protein expression was increased to a greater extent by SN 28049 than by equitoxic 

concentrations of doxorubicin or etoposide.  When compared to doxorubicin or etoposide, 

lower relative concentrations of SN 28049 were found to induce a greater increase in p53 

protein levels as exemplified by comparisons between 100 nM SN 28049 and doxorubicin or 

etoposide at concentrations of 100 nM and 2000 nM (Figure 3.13).   

 
Figure 3.13 p53 expression in HCT 116 cells following 24 hours of exposure to SN 28049 either alone 
or in comparison with doxorubicin, or etoposide as shown by western blotting.  Results shown are 
indicative of three independent experiments, with relative protein loading demonstrated by GAPDH 
(representative GAPDH blot shown).   
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Changes in p53 protein expression observed following exposure to equitoxic concentrations 

of SN 28049 and doxorubicin was next compared in NZM3, NZM6 and NZM52 melanoma 

cell lines.  An appropriate time for comparing the upregulation of p53 protein in these cells 

was initially determined.  250nM of SN 28049 was added to cultures of NZM6 cultures at 

regular intervals over a period of 10 hours.  Increases in p53 protein were observed following 

2 hours of exposure to 250 nM of SN 28049.  p53 protein expression continued to increase in 

a time dependent manner during the first 6 hours of exposure, after which time the level of 

p53 protein remained relatively constant (Figure 3.14).  From the time-course studies 

presented here, 6 hours of exposure was selected as an appropriate time point for 

comparing early increases in p53 protein mediated by equitoxic concentrations of SN 28049 

and doxorubicin.   

 

 
 
Figure 3.14 Time course of p53 induction by 250 nM SN 28049 in NZM6 cells as shown by western 
blotting.   
 

Upregulation of p53 protein expression was observed in all three lines following exposure to 

SN 28049 for 6 hours.  SN 28049 mediated concentration-dependent increases in p53 

protein levels in cultures of NZM3, NZM6 and NZM52 cells from concentrations of 50 nM, 

25 nM and 250 nM.  In NZM3 and NZM52 cell cultures, doxorubicin was also demonstrated 

to increase the level of p53 protein in a concentration-dependent manner, although from 

concentrations of 100 nM and 250 nM.  There was no evidence of doxorubicin upregulating 

p53 protein expression in NZM6 cells following 6 hours of exposure at the concentrations 

examined here.  Overall, the concentration-dependent increases in p53 protein mediated by 

SN 28049 were greater than those mediated by doxorubicin in cultures of NZM3 and NZM6 

cells following 6 hours of exposure.  In contrast, doxorubicin induced greater increases in the 

level of p53 protein in NZM52 cells (Figure 3.15). 
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Figure 3.15 p53 expression in NZM3, NZM6 and NZM52 following 6 hours of exposure to either 
SN 28049 or doxorubicin.  Relative protein loading was demonstrated by the expression of GAPDH 
(representative GAPDH blot shown).   
 

Following exposure to SN 28049 for 24 hours, concentration-dependent increases in p53 

protein levels were observed in all three of the melanoma cell lines investigated, albeit to 
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following exposure to doxorubicin for 24 hours were greater than those mediated by equitoxic 
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upregulated to a similar extent by doxorubicin and SN 28049 following 24 hours of exposure 

(Figure 3.16).   

 

 
 

 
Figure 3.16 p53 expression in NZM3, NZM6 and NZM52 following 24 hours of exposure to either 
SN 28049 or doxorubicin.  Relative protein loading was demonstrated by the expression of GAPDH 
(representative GAPDH blot shown).   
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was considerably higher. Since both of these responses are thought to originate from the 

same DNA damage signal through ATM (Chapter 1), the result is surprising and warrants 

further investigation.   In comparison with the findings with HCT 116 cells, the differences in 
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Comparisons between SN 28049, doxorubicin and etoposide were made at equitoxic 

concentrations as determined by growth inhibition assays.  The use of concentrations relative 

to IC50 values allowed the activation of DNA damage responses by the three agents to be 

compared at concentrations shown to have a similar overall outcome.  Under the 

experimental conditions examined here, the IC50 values of SN 28049 and doxorubicin were 

found to be similar and were considerably lower than those calculated for etoposide 

(Table 3.1).  Accordingly, higher concentrations of etoposide were used for subsequent 

comparisons in HCT 116 cells, whilst comparisons in cultures of metastatic melanoma cells 

were made between SN 28049 and doxorubicin.   

 

Following exposure to concentrations of up to 10 times the IC50 value, there was little 

evidence of SN 28049, doxorubicin or etoposide inducing significant changes to the 

abundance of γ-H2AX in cultures of HCT 116 cells expressing wild-type p53 (Figure 3.5).  In 

comparison to the changes mediated by camptothecin, small increases in γ-H2AX abundance 

were observed in response to SN 28049.  The cell cycle specificity of γ-H2AX accumulation 

by SN 28049 was similar to that of the comparative topoisomerase II poisons investigated 

and suggested a role for topoisomerase II poisoning in mediating this (Figure 3.6).  

Interestingly, the relative increase in γ-H2AX abundance was lower in response to 1000 nM 

SN 28049 than in response to 500 nM.  The failure of increasing concentrations of SN 28049 

to further increase levels of γ-H2AX (Figure 3.5) is consistent with previous demonstrations of 

self-inhibition by SN 28049 at higher concentrations (325).  Whilst increases mediated by 

doxorubicin and etoposide were greater than those mediated by SN 28049 these increases 

were still lower than those mediated by camptothecin (Figure 3.6).   

 

As demonstrated by γ-H2AX accumulation, there was little evidence of SN 28049, 

doxorubicin or etoposide inducing a significant number of DSBs in HCT 116 cells.  At 

equitoxic concentrations, SN 28049 induced fewer DSBs than either doxorubicin or 

etoposide.  The relative increase in γ-H2AX levels observed in response to 500 nM SN 28049 

was lower than that observed in response to comparatively lower concentrations of 

doxorubicin or etoposide (Figure 3.5).   

 

Although the generation of DSBs by doxorubicin and etoposide has been extensively 

investigated, demonstrations of increased γ-H2AX abundance are generally made at 

concentrations in excess of those used here (339;340;344;345).  Additionally, HCT 116 cells 

may be unusually insensitive to topoisomerase II poisons.  With respect to other cell lines, 

the expression of topoisomerase II α protein in HCT 116 cells is low (346).  The activity of 
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topoisomerase II α in these cells is also thought to be reduced owing to a monoallelic 

frameshift mutation in exon 17 which abrogates the catalytic activity of the enzyme (347).  As 

previous dose response studies have found both topoisomerase poisoning (25;348) and 

γ-H2AX induction (349) by doxorubicin and etoposide to increase with increasing doses, the 

concentration-dependent increases in γ-H2AX abundance demonstrated here in response to 

these agents suggest that the concentrations of doxorubicin and etoposide used were below 

those required for significant activity against topoisomerase II α in HCT 116 cells (346).  

 

However, an accumulation of G2/M phase HCT 116 cells was observed in response to 

SN 28049, doxorubicin and etoposide over the concentration range examined here (Figures 

3.3 and 3.4).  Cellular responses to DSBs are exquisitely sensitive (83; 84) and through ATM 

mediated activation of Chk 2 inhibit the cdk 1 kinase (77;112;350), a critical regulator of the 

progression into mitosis (268).  It is possible that the low level of DSBs demonstrated here 

may be sufficient to inhibit cdk1 activity and thus arrest cells in G2.  This also offers a 

potential explanation for the growth inhibition demonstrated in the IC50 assays (Table 3.1).   

 

Increased γ-H2AX abundance was also observed in NZM3, NZM6 and NZM52 cells in 

response to SN 28049 and doxorubicin albeit to varying degrees.  In NZM3 and NZM6 cells, 

the concentration-dependent increases in γ-H2AX abundance induced by doxorubicin were at 

least as high as those induced by SN 28049.  In contrast, little change in the level of γ-H2AX 

was observed in response to either SN 28049 or doxorubicin in NZM52 cells (Figure 3.10).  

The increases observed in NZM3 and NZM6 cells were higher than those induced by similar 

concentrations of SN 28049 or doxorubicin in HCT 116 cells and perhaps reflect greater 

topoisomerase II α expression and activity in these melanoma cells. 

 

The activation of p53 by topoisomerase poisons has long been associated with their ability to 

induce DNA strand breaks (351).  This would account for the low levels of p53 protein which 

accumulated in response to etoposide in HCT 116 cells (Figures 3.12 and 3.13) and in 

response to SN 28049 and doxorubicin in NZM3 and NZM6 cells following 24 hours of 

exposure (Figure 3.16).  Under these conditions, the level of p53 protein upregulation 

reflected increases in γ-H2AX abundance.   

 

However, the induction of DNA DSBs can not account for the increased p53 protein 

demonstrated in response to either doxorubicin or SN 28049 in HCT 116 cells.  At 

comparable concentrations, doxorubicin induced less γ-H2AX accumulation than etoposide 

yet greater increases in p53 (compare Figure 3.5 with Figure 3.13).  SN 28049 mediated 

increases in p53 protein in HCT 116 cells occurred with rapid kinetics and reached levels far 
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in excess of that observed in response to either doxorubicin or etoposide at equitoxic 

concentrations (Figures 3.12 and 3.13).  Similarly, the p53 protein increases demonstrated in 

NZM3 and NZM6 cells following 6 hours of exposure to SN 28049 could not be accounted for 

by the level of DSBs induced by each agent (Figure 3.15).   

 

The enhanced activation of p53 by SN 28049 with respect to that mediated by standard 

topoisomerase II poisons doxorubicin and etoposide is potentially important in the 

anti-tumour activity of SN 28049 against murine Colon 38 tumours which expresses a 

wild-type p53 gene (G Finlay, personal communication).  This was greatest in HCT 116 cells 

and as suggested by levels of γ-H2AX may be mediated by through DNA damage 

independent pathways.  In the following chapter, the outcome of p53 activation by SN 28049 

in HCT 116 cells will be investigated.   
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4 CHAPTER FOUR  

p53 dependent responses to SN 28049 in 

HCT 116 cells 

4.1 Introduction 

Activation of the p53 tumour suppressor gene has been extensively demonstrated in 

response to a variety of genotoxic and non-genotoxic stimuli (352) and found to coordinate a 

cellular response which is appropriate for both the nature and extent of damage (353;354).  

p53 mediates these responses by modulating the expression of downstream transcriptional 

targets (119;205) such as p21WAF1, (152), FAS (155;211;212) and survivin (218).  By 

increasing p21WAF1 expression, p53 inhibits the S-phase promoting cyclin E/cdk2 complex 

and arrests cells in G1 phase of the cell cycle (157).  Apoptosis induced by DNA damaging 

agents is augmented by p53 through the upregulation of FAS, which mediates apoptosis 

induced extrinsically by FAS L (211;355), and the repression of survivin, an inhibitor of 

apoptosis (356;357).  p53 is also believed to have transcription independent effects on the 

induction of apoptosis, such as the translocation of FAS to the cell surface (223).  

p53-dependent G1 arrest and apoptosis have been extensively demonstrated in response to 

topoisomerase II poisons doxorubicin and etoposide.    

 

In chapter three, the activation of p53 by SN 28049 was found to be enhanced particularly 

with respect to that mediated by standard topoisomerase II poisons doxorubicin or etoposide.  

SN 28049 significantly increased p53 protein expression in HCT 116 cells, despite inducing 

little increase in γ-H2AX.  In contrast, doxorubicin and etoposide increased the abundance of 

γ-H2AX in these cells, yet had little effect on the expression of p53 protein.  In the current 

chapter, the consequences of p53 activation by SN 28049 are compared to those resulting 

from standard topoisomerase II poisons doxorubicin and etoposide.  The extent of p53 

activation by DACA a DNA intercalating agent developed at the ACSRC prior to SN 28049 

(308) will also be determined and compared to that induced by SN 28049.  The anti-tumour 

activity of DACA also differs from that of standard topoisomerase II poisons (1.5.2) and 
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identifying similarities between SN 28049 and DACA here would suggest that these agents 

share a common mechanism of action.   

 

p53 mediated responses are investigated in the congeneric colorectal cancer cell lines 

HCT 116 p53 +/+ and p53 -/-.  As these were designed to differ only in the presence or 

absence of wild-type p53, differences in responses of these cell lines to a given compound 

can be attributed to the p53 tumour suppressor pathway (167).  The expression of 

representative p53 transcriptional targets p21WAF1, FAS and survivin is determined following 

exposure to SN 28049, doxorubicin, etoposide and DACA to further compare the activation 

of p53 by each agent.  Additionally, the induction of p53-dependent G1 arrest and apoptosis 

by SN 28049 is examined.   

4.1.1 Aims 

• To evaluate changes in the expression of FAS, p21WAF1 and survivin observed in 

response to SN 28049, doxorubicin, etoposide and DACA.   

• To determine whether p53-dependent G1 arrest can be observed in the response of 

HCT 116 cells SN 28049.   

• To determine whether SN 28049 induces apoptosis in p53 wild-type HCT 116 cells. 

4.2 Results 

4.2.1 Comparison of p53 dependent transcription induced by 

SN 28049, doxorubicin, etoposide and DACA 

The expression of p21WAF1, FAS and survivin was compared following exposure to 

SN 28049, doxorubicin, etoposide and DACA at concentrations determined to be equivalent 

by IC50 assays.  IC50 values for SN 28049, doxorubicin and etoposide were previously 

determined by SRB staining to be 8.4 nM, 10.5 nM and 210 nM (Table 3.1).  The IC50 value 

for DACA was similarly determined following 96 hours of continuous exposure as 360 nM.  

Comparisons were made following 5 and 24 hours of exposure, which corresponded with 

previous investigations into the upregulation of p53 protein by each agent.  p21WAF1, FAS and 

survivin mRNA and protein levels were determined by both q-RT-PCR and western blotting 

in both the HCT 116 p53 +/+ and p53 -/- cell lines.  cDNA was prepared by reverse 

transcription of total cellular RNA and relative abundance was analysed using q-RT PCR.  

Reactions were monitored with SYBR green chemistry and the changes in expression of 
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FAS, p21WAF1 and survivin relative to the expression of house keeping genes β-Actin, TBP 

and HPRT 1 calculated (332;333).  Total cellular protein extracts were prepared following 

exposure to comparable concentrations of SN 28049, doxorubicin, etoposide and DACA and 

analysed with antibodies directed against FAS, p21WAF1 and survivin.  Those extracts 

previously prepared for determining p53 expression were reanalysed.  FAS was detected as 

two bands of approximately 48 kDa, possibly reflecting different post-translational 

glycoslyation states of the receptor (358), whereas p21WAF1 and survivin were detected as 

single bands of 21 and 16.5 kDa respectively.  Changes in p53 protein expression mediated 

by DACA were also investigated under these conditions and detected as a single band of 

53 kDa.   

 

Following 5 hours of exposure to SN 28049, concentration-dependent increases in FAS and 

p21WAF1 were found using both q-RT-PCR  and western blotting in HCT 116 p53 +/+ cells.  

SN 28049 (100 nM) was found to increase the expression of both FAS and p21WAF1 to levels 

6-fold greater than those observed in the untreated controls.  Although a small reduction in 

survivin expression was detected by western blotting in response to 25 nM of SN 28049, little 

overall change was observed at either the mRNA or protein level following 5 hours of 

exposure at the concentrations examined here.  Overall, the upregulation of p53 downstream 

transcriptional target genes FAS and p21WAF1 demonstrated that exposure to SN 28049 for 5 

hours modulated p53-dependent transcriptional activity (Figures 4.1 and 4.2).   

 

The expression of p53 target genes was next investigated by western blotting in HCT 116 

p53 +/+ cells following 5 hours of exposure to doxorubicin, etoposide or DACA at equitoxic 

concentrations to compare the extent of p53 initially activated by each agent.  As little 

change in survivin expression was detected following 5 hours of exposure to SN 28049, 

levels of FAS and p21WAF1 were assessed as representative p53 transcriptional targets.  The 

level of p53 protein expression after 5 hours of exposure to DACA was determined and found 

to be upregulated.  Little increase in the expression of either FAS or p21WAF1 was evident in 

response to doxorubicin, etoposide or DACA at the concentrations examined here 

(Figure 4.2).   
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Figure 4.1 Expression of FAS, p21WAF1 and survivin mRNA in HCT 116 p53 +/+ cells following 5 hrs of 
exposure to SN 28049 as determined by q-RT-PCR.  Expression was normalised to the expression of 
Act B and HPRT1 in each sample and levels relative to that of the untreated control determined.  
Results shown are the mean and standard deviation of samples run in triplicate.   
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Figure 4.2 Expression of FAS, p21WAF1 and survivin in HCT 116 p53 +/+ cells following 5 hrs of 
exposure to SN 28049 doxorubicin etoposide and DACA as determined by western blotting.  Results 
shown are representative of two independent experiments with equal protein loading demonstrated by 
GAPDH. 

48 kDa FAS 

p21 

GAPDH 

Survivin 

0        5       10       25      50      100    nM 

21 kDa 

16.5 kDa 

37 kDa 

 0     100     250    500     1000   2000     nM 
FAS 

p21 
GAPDH 

48 kDa 

0        5      10     25      50      100     nM 
FAS 

p21 

GAPDH 

48 kDa 

21 kDa 

37 kDa 

21 kDa 

37 kDa 

SN 28049 

Doxorubicin  

Etoposide 

0      125     250   500    1000   2000     nM 

FAS 

p21 
GAPDH 

48 kDa 

21 kDa 

53 kDa  

DACA 

p53 

37 kDa 



 

 

 

78

The expression of p53 target genes was then examined following a longer exposure 

(24 hours).  SN 28049 was found by q-RT-PCR to modulate FAS, p21WAF1 and survivin 

transcription in a p53-dependent manner.  In HCT 116 cells expressing wild-type p53, 

concentration-dependent increases in FAS and p21WAF1 mRNA were observed in response to 

SN 28049 (25 nM), reaching levels 12-fold and 14-fold greater than that of the control, 

respectively.  Low concentrations of SN 28049 (50 nM) were found to repress survivin 

expression, which was 70% lower than that of the control.  Although reduced with respect to 

the untreated control, survivin expression increased in response to concentrations of 

SN 28049 higher than 50 nM (Figure 4.3).  SN 28049 had no effect on p21WAF1 or survivin 

expression and induced a small increase in FAS expression in p53 -\- cells at the 

concentrations examined here (Figure 4.5).   

 

FAS, p21WAF1 and survivin protein expression was similarly modulated in a p53-dependent 

manner following 24 hours of exposure to SN 28049 and reflected the transcriptional 

changes previously described.  SN 28049 exposure resulted in concentration-dependent 

increases in both FAS and p21WAF1 protein levels from 25 nM.  An overall reduction in 

survivin protein levels was demonstrated in response to SN 28049.  However, survivin 

expression appeared to be higher in response to 100 nM than to 50 nM SN 28049 (Figure 

4.4).  SN 28049 induced little change in FAS, p21WAF1 and survivin protein expression in 

HCT 116 p53 -/- cells at these concentrations (Figure 4.5).   

 

Modulation of p53-dependent transcription by doxorubicin, etoposide or DACA was also 

investigated following 24 hours of exposure.  In HCT 116 cells expressing wild-type p53, a 

concentration-dependent increase in FAS and p21WAF1 expression was found using both 

q-RT-PCR and western blotting.  In response to 100 nM doxorubicin or 1000 nM etoposide 

the expression of FAS and p21WAF1 was increased by at least two fold with respect to the 

untreated control.  Further increases in the expression of FAS and p21WAF1 were observed in 

response to higher concentrations of doxorubicin, with levels reaching between 6 to 8 times 

that of the untreated control.  Following 24 hours of exposure, DACA increased the level of 

p53 protein expression in a similar manner to SN 28049.  FAS and p21WAF1 expression were 

also upregulated in a concentration-dependent manner by DACA.  A 50% reduction in the 

expression of survivin mRNA was detected by q-RT-PCR in response to either 50 nM 

doxorubicin or 2000 nM etoposide.  No further reduction in survivin expression was observed 

in response to concentrations of doxorubicin greater than 50 nM.  A reduction in survivin 

expression was also detected by western blotting in response to doxorubicin at these 

concentrations.  Etoposide was found to mediate little change in survivin protein expression.   
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Figure 4.3 Changes to the expression of FAS, p21WAF1, and survivin mRNA by SN 28049, doxorubicin, 
etoposide and DACA in HCT 116 p53 +/+ cells as determined by q-RT-PCR following 24 hrs of 
exposure.  Expression was normalised to the expression of Act B and HPRT1 in each sample and 
levels relative to that of the untreated control determined. Results shown are the means of three 
independent experiments determined in triplicate, error bars showing standard deviation. 
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Figure 4.4 FAS, p21WAF1, and survivin expression in HCT 116 p53 +/+ following 24 hrs of exposure to 
SN 28049, doxorubicin, etoposide and DACA as determined by western blotting.  Results shown are 
representative of three independent experiments.  Equal protein loading was confirmed by GAPDH 
expression. 

SN 28049 
FAS

p21WAF 1 

survivin 

GAPDH 

0       5      10     25     50     100      nM 

48 kDa 

21 kDa 

37kDa 

16.5 kDa 

DACA 

FAS 

p21WAF 1 

survivin 

GAPDH 

0      125   250   500  1000    2000   nM 

48 kDa 

37 kDa 

16.5 kDa 

21 kDa 

SN 28049 DACA 

125 250 500 1000 2000   nM 

p53 53 kDa 

0     5     10       25    50  100 

 0       5     10      25     50     100   nM 

FAS

p21WAF 1 

survivin 

GAPDH 

48 kDa 

37 kDa 

21 kDa 

16.5 kDa 

Doxorubicin 

FAS 

p21WAF 1 

survivin 

 

48 kDa 

37 kDa 

21 kDa 

16.5 kDa 

0      100    250   500   1000  2000   nM Etoposide 

GAPDH 



 

 

 

81

As detected by both q-RT-PCR and western blotting, DACA at a concentration equitoxic to 

that of SN 28049 reduced survivin expression. Survivin was minimally expressed at the 

mRNA or protein level in response to 2000 nM or 1000 nM DACA.  Although still reduced 

with respect to the untreated control, survivin expression increased in response to higher 

concentrations of DACA (Figures 4.3 and 4.4).  The expression of FAS, p21WAF1 or survivin in 

HCT 116 p53 -/- cells remained unchanged following exposure to etoposide or DACA.  

However, doxorubicin repressed survivin expression under these conditions (Figure 4.6).   

 

Both the upregulation of FAS and p21WAF1 expression and the repression of survivin 

expression were greater following both 5 hours and 24 hours of exposure to SN 28049 than 

were observed in response to equitoxic concentrations of either doxorubicin or etoposide.  

Although FAS and p21WAF1 expression was greater in response to SN 28049 than in 

response to DACA, a similar level of p53 protein expression was observed.  Survivin 

expression was similarly reduced by SN 28049 and DACA and appeared to partially recover 

in response to the highest concentration of both agents.   

 
 
Figure 4.5 Expression of FAS, p21WAF1 or survivin in HCT 116 p53 -/- cells following 24 hours of 
exposure to SN 28049  as shown by q-RT-PCR (A-C) or by western blotting (D).  q-RT-PCR results 
are the means of two independent experiments determined in triplicate, ± standard deviation of the 
mean. Expression was normalised to the expression of Act B and HPRT1 in each sample and levels 
relative to that of the untreated control determined. Westerns are representative of two independent 
experiments with equal protein loading demonstrated by GAPDH.   
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Figure 4.6 FAS, p21WAF1, and survivin expression in HCT 116 p53 -/- cells following 24 hours of 
exposure to doxorubicin, etoposide and DACA at the indicated concentrations.  Results shown are 
representative of two independent experiments and relative protein loading shown by GAPDH 
expression.   

48 kDa 

48 kDa 

48 kDa 

Doxorubicin  

Etoposide  

DACA 

 0         5      10      25     50     100        nM 

FAS 

p21WAF 1 

survivin 

GAPDH 

FAS 

p21WAF 1 

survivin 

0       100     250      500     1000    2000   nM 

GAPDH 

FAS 

p21WAF 1 

survivin 

0       125    250     500    1000     2000  nM 

GAPDH 

21 kDa 

16.5 kDa 

37 kDa 

21 kDa 

16.5 kDa 

37 kDa 

21 kDa 

16.5 kDa 

37 kDa 



 

 

 

83

4.2.2 The effect of SN 28049 on HCT 116 cell cycle distribution  

Downstream cellular responses by p53 were investigated to determine whether induction 

occurred in response to SN 28049.  As p53 mediates G1 and G2 arrest by increasing the 

expression of p21WAF1 (157;167), the cell cycle distributions of HCT 116 p53 +/+ and p53 -/- 

cells were compared following exposure to SN 28049 to determine whether or not this is an 

outcome.  The upregulation of p53 protein was previously observed following a 1 hour 

exposure to SN 28049 and was increased further following 3 hours of exposure (Figure 

3.11).  Accordingly, HCT 116 cells were treated with SN 28049 for either 1 or 3 hours, after 

which time the drug was washed out and replaced with drug free medium until the overall 

incubation time was 24 hours.  DNA content was determined by flow cytometry, using 

propidium iodide staining.  The cell cycle distribution was modelled and the relative 

proportion of G1, S and G2/M phase cells determined using Modfit LT analysis.   

 

Twenty three hours following a 1 hour exposure to SN 28049 both HCT 116 p53 +/+ and 

p53 -/- cells arrested in G2/M phase.  The G2/M arrest mediated by SN 28049 in the p53 

wild-type line was more pronounced than that observed in the p53 deficient line.  Increasing 

concentrations of SN 28049 were associated with increased toxicity.  An accumulation of 

cells with an apparently S phase DNA content, which reflected a dying population containing 

less DNA, was observed in response to increasing concentrations of SN 28049 together with 

a high level of debris (1000 nM) (Figures 4.7,  4.8 and 4.16).  Similarly, a 3 hour exposure to 

SN 28049 was found to induce a G2/M arrest in both the HCT 116 p53 +/+ and -/- cell lines.  

However, unlike the response to a 1 hour exposure, the SN 28049 mediated G2/M phase 

arrest was greater in the p53 deficient cell line 21 hours following a three hour exposure than 

in the p53 wild-type line.  The G1 phase fraction was found to be proportionally higher in 

HCT 116 cells expressing wild-type p53 (Figures 4.9 - 4.11).   
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Dip G1 Dip G2 Dip S Debris 

 
 
Figure 4.7 DNA content analysis of HCT 116 p53 +/+ cells 23 hours after a 1 hour exposure to 
SN 28049.  Following exposure to the indicated concentrations of SN 28049 for 1 hour cells were 
washed once with medium and incubated in drug-free medium for a further 23 hours.   
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Figure 4.8 DNA content analysis of HCT 116 p53 -/- cells 23 hours after a 1 hour exposure to 
SN 28049.  Following exposure to the indicated concentrations of SN 28049 for 1 hour cells were 
washed once with medium and incubated in drug-free medium for a further 23 hours.   
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Figure 4.9 DNA content analysis of HCT 116 p53 +/+ cells 21 hours after a 3 hour exposure to 
SN 28049.  Following exposure to the indicated concentrations of SN 28049 for 3 hours cells were 
washed once with medium and incubated in drug-free medium for a further 21 hours.   
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Figure 4.10 DNA content analysis of HCT 116 p53 -/- cells 21 hours after a 3 hour exposure to 
SN 28049.  Following exposure to the indicated concentrations of SN 28049 for 3 hours, cells were 
washed once with medium and incubated in drug-free medium for a further 21 hours.   
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Figure 4.11 Relative proportion of HCT 116 p53 +/+ or HCT 116 p53 -/- cells in G1 (●), S (▼) or G2/M 
(■) phase either (A) 23 hours following a 1 hour exposure, or (B)21 hours following a 3 hour exposure 
to SN 28049 as determined by Modfit LT cell cycle analysis from Figures 4.7-4.10.   
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reflecting an increase in cytotoxicity.  In response to either 1 hour or 3 hours of exposure to 

SN 28049, both p53 wild-type and deficient HCT 116 cells were arrested predominantly in 

G2/M phase.  However, a small increase in G1 was observed following 3 hours of exposure 

to 500 nM SN 28049 in HCT 116 p53 +/+ cells.  Interestingly, a 1 hour exposure to SN 28049 

prior to the addition of 200 nM paclitaxel for 23 hours inhibited paclitaxel mediated 

cytotoxicity.  Increasing concentrations of SN 28049 were found to reduce the cellular debris 

observed in response to 23 hours of paclitaxel (Figures 4.12-4.16).   

4.2.2.2 Cellular localisation of p21WAF1 

The p21WAF1 protein has multiple functions and can act either in the nucleus to mediate G1 

arrest or in the cytoplasm to inhibit apoptosis (360).  The failure of SN 28049 to induce either 

G1 arrest despite mediating p53-dependent increases in p21WAF1 could thus be potentially 

explained if p21WAF1 accumulated in the cytoplasm but failed to translocate to the nucleus.  

The cellular localisation of p21WAF1 was therefore determined by immunofluorescence.   

 

HCT 116 p53 +/+ cells were exposed for 24 hours to SN 28049 at 100 nM, fixed, 

permeabilised and stained with both a p21WAF1 specific antibody and Hoechst 33258.  

Images of p21WAF and Hoechst 33258-specific fluorescence were viewed using a Zeiss 

Axioplan 2 microscope, and captured using a Princeton MicroMax cooled CCD camera 

before being merged using Metamorph software.  As shown in Figure 4.17, the majority of 

untreated HCT 116 p53 +/+ cells had little p21WAF1 expression.  In comparison, p21WAF1 was 

widely expressed following 24 hours of exposure to SN 28049.  The level of p21WAF1 

expression varied between individual cells after treatment with SN 28049, as shown by the 

differing levels of green fluorescence.  p21WAF1 was found to co-localise with nuclei stained 

with Hoechst 33258 in both the untreated and treated cells, thus confirming expression in the 

nucleus.   
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Figure 4.12 DNA content analysis of HCT 116 p53 +/+ cells after exposure to SN 28049 for 1 hr and 
then 200 nM paclitaxel for a further 23 hours.  Following exposure to the indicated concentrations of 
SN 28049 cells were washed once with drug-free medium and incubated in paclitaxel containing 
medium for a further 23 hours 
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Figure 4.13 DNA content analysis of HCT 116 p53 -/- cells after exposure to SN 28049 for 1 hr and 
then 200 nM paclitaxel for a further 23 hours.  Following exposure to the indicated concentrations of 
SN 28049, cells were washed once with drug-free medium and incubated in paclitaxel containing 
medium for a further 23 hours.   
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Figure 4.14 DNA content analysis of HCT 116 p53 +/+ cells after exposure to SN 28049, for 3 hr and 
then 200 nM paclitaxel for a further 21 hours.  Following exposure to the indicated concentrations of 
SN 28049 cells were washed once with drug-free medium and incubated in paclitaxel containing 
medium for a further 21 hours.   
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Figure 4.15  DNA content analysis of HCT 116 p53 -/- cells after exposure to SN 28049 for 3 hours 
and then 200 nM paclitaxel for a further 21 hours.  Following exposure to the indicated concentrations 
of SN 28049, cells were washed once with drug-free medium and incubated in paclitaxel containing 
medium for a further 21 hours.   
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Figure 4.16 Relative proportions of (A) HCT 116 p53 +/+ or (B) HCT 116 p53 -/- cells in G1 (●), S (▼) 
or G2/M (■) phase following either a 1 hour exposure to SN 28049 and then 200 nM paclitaxel for a 
further 23 hours or B) a 3 hour exposure to SN 28049 and then 200 nM paclitaxel for a further 21 
hours as determined from (Figures 4.12- 4.16).  (C) Cell debris in HCT 116 p53 +/+ cells following 
either a1 hour, or a 3 hours exposure to SN 28049.  Following exposure, cells were washed with one 
change of media and incubated for a further 23 or 21 hours in either drug-free media (●) or 200 nM 
paclitaxel (●).  A, B and C were determined by Modfit LT cell cycle analysis.   
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Figure 4.17 Cellular localisation of p21WAF1 following 24 hours exposure to 100 nM SN 28049 as 
shown by immunofluorescence. 
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4.2.3 Induction of apoptosis by SN 28049 

The induction of apoptosis by SN 28049 was investigated as an alternative consequence of 

p53 activation in HCT 116 p53 +/+ cells.  p53 can induce apoptosis either by activating 

pro-apoptotic members of the bcl-2 family or by increasing expression of the FAS protein, 

which acts through caspase 8 to induce apoptosis (Box 1.3).  p53 can have an additional 

non-transcriptional effect by stimulating the translocation of FAS to the cell surface (223).  

Accordingly, the induction of apoptosis was investigated following exposure to SN 28049 

either alone or in combination with an anti-FAS apoptosis inducing antibody.   

 

Previously, SN 28049 was found to mediate p53-dependent increases in FAS expression.  

To determine whether the expression of FAS was correspondingly higher on the cell surface, 

HCT 116 p53 +/+ and p53 -/- cells were treated with SN 28049 for 24 hours, harvested and 

stained with a FITC conjugated anti-FAS antibody.  Levels of FAS expression on the cell 

surface were determined by flow cytometry.  Concentration-dependent increases in FAS 

expression on the cell surface were observed in HCT 116 p53 +/+ cells in response to 

SN 28049 at concentrations of 25 nM and higher.  Expression of FAS on the surface of HCT 

116 p53 -/- cells in response to 100 nM SN 28049 was lower that that of the p53 wild-type 

HCT 116 line (Figure 4.18).   
 

 
 
Figure 4.18 Cell surface expression of FAS on (A) HCT 116 p53 +/+ or(B) HCT 116 p53 -/- cells 
following exposure to 0 nM (―), 25 nM (―) or 100 nM (―) of SN 28049.   
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As apoptosis is characterised by a combination of distinct morphological and biochemical 

characteristics (235), both DNA fragmentation and caspase 3 activation were assessed as 

markers.  DNA fragmentation was assessed by TdT-mediated dUTP biotin nick end labelling 

(TUNEL), which involved the incorporation of FITC-conjugated dUTP into sites of DNA 

fragmentation (361).  Cellular levels of FITC-dUTP were quantified by flow cytometry.  

Caspase 3 activation was demonstrated by western blotting using antibody with specificity for 

both pro-caspase 3 and the active cleaved fragments.  Following activation, caspase 3 can 

be detected as the appearance of additional bands approximately 20 kDa in size.   

 

The Jurkat human T cell leukaemia line readily undergoes apoptosis through both the 

mitochondrial and death receptor mediated pathways (362;363) and were used here as a 

positive control.  The induction of apoptosis by the anti-FAS apoptosis inducing antibody was 

assessed in Jurkat cells following 4-6 hours of exposure.  As demonstrated by the increase 

in TUNEL staining and the appearance of active caspase 3 (Figure 4.19), 500 ng of the 

anti-FAS antibody induced apoptosis in these cells.  Jurkat cells treated with 500 ng of the 

anti-FAS antibody for either 4 or 6 hours were subsequently used as a positive control.   

 
Figure 4.19 Apoptosis induced in Jurkat cell in response to 500 ng anti-FAS apoptosis inducing 
antibody for the times indicated and as demonstrated by (A) TUNEL staining and (B) westerns for 
active caspase 3.  
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HCT 116 p53 +/+ cells were initially exposed to 20 nM SN 28049 for 30 hours, either with or 

without the addition of 500 ng of the anti-FAS antibody after 24 hours.  Induction of apoptosis 

was subsequently assessed by TUNEL staining.  Potential synergy between SN 28049 and 

FAS activation was investigated by comparing the response of HCT 116 p53 +/+ cells treated 

with either SN 28049 or the anti-FAS antibody alone to that observed in cells treated with a 

combination of the two.  Following 30 hours of exposure to a low concentration of SN 28049 

either alone or in combination with the anti-FAS antibody, a small proportion of cells showed 

increased TUNEL staining but little increase was observed in the majority of treated cells.  

Similar results were observed in HCT 116 p53 +/+ cells treated with 500 ng of the anti-FAS 

antibody for 6 hours (Figure 4.20).   

 

 

 
 

Figure 4.20 TUNEL staining in HCT 116 p53 +/+ cells in either untreated cells or following treatment 
with 20 nM SN 28049 for 30 hrs, 500 ng/ml anti FAS antibody for 6 hours, or 20 nM SN 28049 for 
30 hrs with the addition of 500 ng/ml anti FAS antibody following 24 hrs.  The colour of the plot is 
indicative of the proportion of cells in each region.   
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The induction of apoptosis by SN 28049 either alone or in combination with anti-FAS 

antibody was further investigated using an SN 28049 concentration of 50 nM, as 20 nM had 

little effect.  HCT 116 p53 +/+ cells were initially exposed to SN 28049 for 5 hours, after 

which time the anti-FAS apoptosis inducing antibody was added for the indicated time period.  

Samples were also prepared simultaneously from HCT 116 p53 +/+ cells treated with 50 nM 

SN 28049 as a single agent.  In comparison to the positive control, there was no evidence of 

SN 28049 activating caspase 3 either alone or in combination with the anti-FAS antibody in 

HCT 116 cells expressing wild-type p53 (Figure 4.21).   

 

 
Figure 4.21 Expression of caspase 3 following exposure to SN 28049 as determined by western 
blotting.  Cells were exposed to 50 nM of SN 28049 for 5 hours, and then incubated for a further time 
shown either with or without anti-FAS apoptosis inducing antibody (500 ng) for the indicated times.   
 

The effect of SN 28049 in combination with the apoptosis inducing anti-FAS antibody was 

initially assessed only in response to single concentrations of each agent.  To extend the 

study into potential synergy between SN 28049 and the anti-FAS antibody, HCT 116 p53 +/+ 

cells were exposed to SN 28049 or the anti-FAS antibody either alone or in combination at a 

variety of concentrations in a 96 well plate format.  HCT 116 p53 +/+ cells were treated with 

SN 28049 at a variety of concentrations for 5 hours, after which time SN 28049 was removed 

and replaced with either drug free medium, or medium containing the anti-FAS antibody at 

various concentrations for a further 48 hours.  The overall outcome of treatment was 

determined by measuring the incorporation of tritiated thymidine, which labels cells in 

S-phase.  As a single agent, SN 28049 was found to reduce the incorporation of tritiated 

thymidine, but this could be interpreted as a result of cell cycle arrest in G2 phase.  No 

further reductions were detected by SN 28049 in combination with the anti-FAS antibody 

(Figure 4.22).   
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Figure 4.22 Relative thymidine incorporation in HCT 116 p53 +/+ cells in response to a combination of 
SN 28049 and anti-FAS antibody.  Cells were treated with SN 28049 at the indicated concentrations 
for 5 hours, and following drug washout with two changes of drug-free medium, were either incubated 
in drug-free medium (A) or medium containing either (B) 500 ng/ml or (C) 1000 ng/ml apoptosis 
inducing anti-FAS antibody.  
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The induction of apoptosis by SN 28049 as a single agent was further investigated by 

increasing both concentrations and exposure times.  Following exposure to concentrations of 

up to 1000 nM of SN 28049 for 5 hours, there was no evidence of caspase 3 activation in 

HCT 116 p53 +/+ cells over time periods from 12 hours to 72 hours (Figure 4.23).   

 
Figure 4.23 Expression of active caspase 3 observed in HCT 116 cells in response to SN 28049.  
Followinga 5 hour treatment with SN 28049, drug was washed out and cells incubated in drug free 
media for the indicated time periods Jurkat cells treated for 4 hrs with anti-Fas apoptosis inducing 
antibody were used as a positive control.  Relative protein loading is shown by GAPDH.   
 

Taken together, the results fail to demonstrate the induction of apoptosis by SN 28049 either 

alone or in combination with an apoptosis inducing anti-FAS antibody under a variety of 

different conditions.  This was confirmed by using electron microscopy to look for 

morphological changes which are characteristically observed during apoptosis.  HCT 116 

cells expressing wild-type p53 were harvested 16 hours following exposure to 500 nM SN 

28049 for 5 hours, sectioned (Stephen Edgar, MMP, The University of Auckland) and stained 

with uranyl acetate followed by lead citrate (Jaswin Narayan, Anatomical Pathology, 

LabPLUS, ADHB).  Sections were viewed on a Tecnai G2 spirit twin transmission electron 

microscope and imaged using a Morada CCD camera (Hilary Holloway, BIRU, The 

University of Auckland).  Although membrane blebbing was observed in SN 28049 treated 

HCT 116 cells (Figure 4.24 B), this was infrequent and there were few other morphological 

characteristics of apoptosis evident.  Mitochondrial swelling and vacuolation were also 

observed infrequently (Figure 4.24 C).   
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Figure 4.24 Transmission electron microscope images of HCT 116 p53 +/+ cells either (A) untreated 
or (B) and (C)16 hours following a 5 hour exposure to 500 nM SN 28049.   
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4.3 Discussion 

As previously discussed, the enhanced activation of p53 by SN 28049 in comparison to that 

of other topoisomerase II poisons offers a potential explanation for its dramatic anti-tumour 

activity against murine Colon 38 tumours.  In this chapter transcriptional modulation, 

G1 arrest and apoptosis were investigated as potential downstream targets of p53 activation 

by SN 28049.  The results however raise further important questions because the despite the 

induction by SN 28049 of p53 and its downstream transcription products, the cellular 

consequences of initial G1-phase cycle arrest and apoptosis were not evident.   

 

The molecular consequences of p53 activation were first examined by investigating the 

expression of p53 transcriptional targets, FAS, p21WAF1 and survivin.  From concentrations as 

low as 10 nM, SN 28049 was found to modulate the expression of p53 transcriptional targets.  

Following both 5 and 24 hours of exposure, p53-dependent increases in FAS and p21WAF1 

expression were demonstrated in response to SN 28049 in a concentration-dependent 

manner.  Although little change in survivin expression was observed following 5 hours of 

exposure to SN 28049, p53 mediated repression of survivin was observed following 24 hours 

of exposure.  The sequential accumulation of p53 and then transcriptional repressors 

including DNA cytosine methyltransferase onto the survivin promoter has been recently 

demonstrated to mediate repression (364), and as this occurs over a longer timeframe may 

account for this time delay demonstrated here (Figures 4.1-4.4).   

 

Despite little effect being observed following 5 hours of exposure, FAS, p21WAF1 and survivin 

expression were modulated in a p53 dependent manner following 24 hours of exposure to 

doxorubicin, etoposide or DACA.  The changes in FAS, p21WAF1 and survivin mRNA and 

protein levels mediated by doxorubicin and etoposide were significantly lower than that 

observed following exposure to equitoxic concentrations of SN 28049.  In contrast, DACA 

was found to modulate the expression of p53 and p53 transcriptional targets by a similar 

extent (Figures 4.2 to 4.4).   

 

The inhibition of survivin expression in response to both SN 28049 and DACA, but not in 

response to doxorubicin or etoposide, was partially reversed at higher drug concentrations 

(Figures 4.3 and 4.4).  Interestingly, this is analogous to the reduction in γ-H2AX abundance 

and cytotoxicity demonstrated in response to higher concentrations of these agents.  

However, the partial recovery in survivin expression occurred at concentrations below those 
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at which self-inhibition has been observed and may be mediated through mechanisms other 

than topoisomerase II poisoning.   

 

The activation of the p53 pathway by SN 28049, doxorubicin, etoposide and DACA was 

confirmed by the demonstration of p53-dependent modulation of FAS, p21WAF1 and survivin 

expression to levels which reflected the relative increase in p53 protein observed in response 

to each agent.  The changes mediated by SN 28049 were significantly greater than those 

observed in response to comparable concentrations of either doxorubicin or etoposide.  The 

induction of G1 arrest and apoptosis by SN 28049 were investigated as potential cellular 

consequences of this enhanced p53 activation.   

 

There was little evidence of SN 28049 mediating an initial p53-dependent G1 arrest, despite 

increasing p21WAF1 expression.  Following both 1 and 3 hours of exposure, SN 28049 

induced G2/M arrest in both the p53 wild-type and deficient HCT 116 cell lines (Figure 4.11).  

There was an apparent accumulation of HCT 116 p53 +/+ cells in G1 phase 21 hours 

following exposure to SN 28049 for 3 hours.  This was reduced by the addition of paclitaxel 

(compare Figure 4.11 and Figure 4.16) suggesting that SN 28049 treated cells fail to initially 

arrest in G1, and instead progressed through mitosis to arrest in the subsequent G1 phase.  

Exposure to SN 28049 for 1 hour was found to inhibit paclitaxel mediated cytotoxicity (Figure 

4.16), possibly by arresting cells in G2 phase and preventing entry into mitosis.   

 

The cellular localisation of p21WAF1 was investigated as a potential explanation for the failure 

of SN 28049 to induce a G1 arrest despite increasing p21WAF1 expression, but was found to 

be nuclear, demonstrating that lack of nuclear translocation is not responsible for this result 

(Figure 4.17).  The extent of p21WAF1 upregulation was shown to vary between individual cells 

and reflected the oscillatory nature of p53 protein.  Once activated, p53 increases the 

expression of MDM2.   This reduces the level of p53, which in turn reduces the level of 

MDM2 and allows p53 to re-accumulate (365;366). 

 

Despite inducing the upregulation of FAS and the repression of survivin at the molecular 

level, there was little evidence that SN 28049 induces apoptosis.  HCT 116 cells expressing 

wild-type p53 were treated with SN 28049 either alone, or in combination with an apoptosis 

inducing anti-FAS antibody to investigate the induction of apoptosis through both the intrinsic 

and death receptor mediated pathways.  A combination of increased TUNEL staining and 

caspase 3 activation was used to assess apoptosis.  SN 28049 was found to increase the 

cell surface expression of FAS (Figure 4.18) and, in a small proportion of cells, TUNEL 

staining (Figure 4.20).  However, there was no evidence of SN 28049 activating caspase 3 
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either as a single agent or in combination with the anti-FAS antibody (Figures 4.21-4.23).  

Furthermore, membrane blebbing was observed only infrequently by electron microscopy 

and there was no evidence of chromatin condensation (Figure 4.24).   

 

The reduced expression of pro-apoptotic regulators including APAF1 (367), and 

overexpression of negative regulators, such as c-FLIP (368), has been demonstrated in 

colorectal carcinoma cells and may account for the failure of SN 28049 to induce apoptosis, 

either alone or in combination with the anti-FAS apoptosis inducing antibody.  In support of 

this, thymidine incorporation assays failed to detect any activity of the anti-FAS antibody as a 

single agent.  Necrotic cells, which can also be TUNEL positive (369;370), were visible by 

electron microscopy (Figure 4.24) and may account for increased TUNEL staining 

demonstrated here.   

 

Overall, these results have identified an apparent paradox in the p53-dependent responses 

mediated by SN 28049.  At the molecular level, downstream responses to p53 activation 

were similarly enhanced by SN 28049.  However, at the cellular level, there was little 

evidence of SN 28049 inducing apoptosis.  SN 28049 induced G1 arrest after an initial drug 

exposure of 3 hours followed by further growth in the absence of drug, but this did not occur 

in the presence of paclitaxel.  Thus SN 28049 may be mediating G1 arrest following mitosis 

(Figure 4.25).  This possibility will be further examined in the following chapter.   
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Figure 4.25 The activation of p53 by SN 28049 in HCT 116 cells and associated downstream 
responses 
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5 CHAPTER FIVE  

Fate of HCT 116 cells following SN 28049 

treatment 

5.1 Introduction 

Activation of the p53 pathway by topoisomerase poisons is mediated by the induction of DNA 

DSBs and results in G1 arrest and/or apoptosis (150;351;371).  Effects on cell division and 

on non-apoptotic death pathways are also evident (232).  Surprisingly, SN 28049 was shown 

in the previous chapter to activate p53 in HCT 116 cells without significantly inducing DSBs, 

G1 arrest or apoptosis (Chapters Three and Four).  These results differentiate SN 28049 

from standard topoisomerase II poisons doxorubicin and etoposide, but are similar to those 

for DACA.  Since DACA also has superior activity to doxorubicin or etoposide against the 

murine Colon 38 tumour (309), these differences may be important clues to mechanisms 

important for the in vivo anti-tumour activity.   

 

The research strategy for this chapter was to examine the cell cycle responses to SN 28049 

in more detail, using HCT 116 cells.  Cellular effects are monitored in drug-free medium 

following a short term exposure, because of results obtained in the previous chapter and 

because these conditions better reflect the in vivo concentration-time profile, where the drug 

is administered in a single dose.  Comparisons between the response of HCT116 cells 

p53 +/+ and p53 -/- cells to SN 28049 are made to determine role of p53 in mediating these 

effects, whilst their novelty is assessed by determining the response of HCT 116 cells to 

doxorubicin and etoposide under similar conditions.   

5.1.1 Aims 

To investigate the overall outcome of SN 28049 on HCT 116 cells 

 

• To determine the effect of wild-type p53 SN 28049 mediated cytotoxicity 
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• To assess the effects of SN 28049 cell division   

• To compare the effects of SN 28049 on cell division and clonogenicity with those 

induced by doxorubicin or etoposide.   

5.2 Results 

5.2.1 The effects of SN 28049 on the survival of HCT 116 cells  

Loss of clonogenicity occurs irrespective of the manner of cell death and incorporates the 

effects of both apoptotic and non apoptotic death pathways (232).  Clonogenic assays (372) 

were thus used initially to investigate the time and concentration relationships for the 

cytotoxicity as measured by clonogenicity.  The response of HCT 116 p53 +/+ and p53 -/- 

cells were used additionally to determine the effect of p53 function on SN 28049 cytotoxicity.   

 

Previously, a 1 hour exposure to SN 28049 was found to have little effect on survival 

(G Finlay, personal communication).  Therefore, survival of p53 wild-type and deficient 

HCT 116 cells was determined following exposure to SN 28049 for 3, 5 or 6 hours.  HCT 116 

cells cultures were harvested after exposure to SN 28049 and either 100 or 1000 cells were 

replated in triplicate in drug free medium.  Cells from the control and SN 28049-treated 

cultures were then incubated for a further 10 days at 37 °C, after which time the medium was 

removed.  Plates were stained with methylene blue and colonies containing over 50 cells 

were counted and expressed relative to the number of cells initially plated to determine the 

plating efficiencies.  The surviving fractions of SN 28049 treated cell cultures were calculated 

by expressing the mean plating efficiency of the samples prepared in triplicate relative to that 

of the untreated controls.   

 

At all of the concentrations examined, SN 28049 was found to reduce the surviving fraction 

of p53 wild-type and deficient HCT 116 cells.  Clonogenicity was lost in a time-dependent 

manner and the surviving fraction of HCT 116 p53 +/+ cultures in response of SN 28049 at 

500 nM for 3, 5 or 6 hours was reduced by 85%, 93 % or 98% respectively.  The surviving 

fraction of the HCT 116 cell cultures was higher following exposure to higher concentrations 

of SN 28049, as was demonstrated in response to concentrations of 1000 nM.  Differences in 

the clonogenic survival of HCT 116 p53 +/+ and p53 -/- cells were also evident, with the 

presence of wild-type p53 increasing the sensitivity of HCT 116 cells to SN 28049 in a 

concentration and time-dependent manner.  The greatest difference between the 

clonogenicity of p53 wild-type and deficient cells was observed in response to higher 
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concentrations of SN 28049 and following longer exposure times (Figure 5.1).  From these 

studies, an exposure time of 5 hours was selected for further investigations.   

 
Figure 5.1 Clonogenic survival of HCT 116 +/+ (●) and p53 -/- (○) following 3 hrs, 5 hrs or 6 hrs 
exposure to SN 28049.  Results shown are the mean of triplicates +/- standard error, and are 
representative of two independent repeats.   
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5.2.2 The effect of SN 28049 on the cell cycle 

The effect of SN 28049 on the cell cycle phase distribution of HCT 116 cells p53 +/+ and 

p53 -/- cells, which have doubling times of 15 and 18 hours respectively (373), was 

investigated.  Following 5 hours of SN 28049 exposure, the growth medium was removed 

from the cell cultures and replaced with drug free medium for 24, 48 or 72 hours.  Cells were 

harvested at each time point stained with propidium iodide and the DNA content distribution 

measured by flow cytometry.   

 

HCT 116 cells exposed to SN 28049 for 5 hours and subsequently to drug-free medium for 

24 hours accumulated with a ‘4N’ DNA content (i.e. twice the G1 DNA content) in a 

concentration-dependent manner.  At a concentration of SN 28049 of 250 nM, a small 

proportion of the p53 +/+ cells were found to accumulate with an ‘8N’ DNA content and at 

concentrations of above 500 nM increasing levels of debris were observed (Figure 5.2).  The 

population of SN 28049 treated HCT 116 p53 +/+ cells with a ‘4N’ DNA content was 

maintained at the later time points investigated.  The proportion of cells forming both ‘4N’ and 

‘8N’ DNA peaks was also increased in response to concentrations of at least 250 nM at both 

the 48 and 72 hour time points.  Some cell debris was observed both at 48 and 72 hours 

following 5 hours of exposure to 1000 nM SN 28049.  However this was reduced in 

comparison to that demonstrated at the 24 hour time point (Figures 5.3 -5.4).   

 

HCT 116 p53 -/- cells exposed to SN 28049 for 5 hours and then to drug-free medium for 24, 

48 and 72 hours were found to accumulate with a ‘4N’ DNA content.  An ‘8N’ DNA peak was 

also demonstrated in a small proportion of the SN 28049 treated cells.  However, in contrast 

to the p53 wild-type cell line, SN 28049 was found to induce little cell debris in the p53 -/- cell 

line at 24 hours.  The proportion of p53 deficient HCT 116 p53 cells that accumulated with a 

DNA content of between ‘2N’ and ‘4N’ and ‘4N’ and ‘8N’ was instead found to be relatively 

higher at the concentrations and time points investigated here.  However, at later time points 

(72 hours), the level of cell debris was increased in p53 -/- cells by exposure to SN 28049 

(Figures 5.5-5.7).   
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Figure 5.2 DNA content analysis of HCT 116 p53 +/+ cells 24 hours following a 5 hour exposure to 
SN 28049 at the indicated concentrations.   
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Figure 5.3 DNA content analysis of HCT 116 p53 +/+ cells 48 hours following a 5 hour exposure to 
SN 28049 at the indicated concentrations.   
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Figure 5.4 DNA content analysis of HCT 116 p53 +/+ cells 72 hours following a 5 hour exposure to 
SN 28049 at the indicated concentrations.   
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Figure 5.5 DNA content analysis of HCT 116 p53 -/- cells 24 hrs following a 5 hr exposure to 
SN 28049 at the indicated concentrations.   
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Figure 5.6 DNA content analysis of HCT 116 p53 -/- cells 48 hrs following a 5 hr exposure to 
SN 28049 at the indicated concentrations.   
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Figure 5.7 DNA content analysis of HCT 116 p53 -/- cells 72 hrs following a 5 hr exposure to 
SN 28049 at the indicated concentrations.   
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5.2.3 The induction of a tetraploid G1 arrest 

Cells with a ‘4N’ DNA content are generally accepted to be in a diploid G2/M phase but may 

instead be in a tetraploid G1 phase, where they begin to express G1 phase cyclins 

(374;375).   A proportion of HCT 116 cells accumulated with a DNA content of ‘8N’, 

consistent with passage of cells through mitosis without cytokinesis.  To determine whether 

cells were in G2/M phase or tetraploid G1 phase, the expression of cyclin E (189;376) and 

cyclin B (377), which are G1 phase and G2/M phase specific cyclins respectively, was 

determined in the p53 wild-type HCT 116 line.  Cyclin E was detected as three bands ranging 

from approximately 50 kDa to 37 kDa, possibly reflecting the expression of an additional 

lower molecular weight variant of Cyclin E, which has been demonstrated in the HCT 116 cell 

line (378).  Cyclin B was detected as a single band of approximately 60 kDa.   

 

The expression of cyclin E protein in HCT 116 p53 +/+ cells increased in a concentration and 

time-dependent manner 24, 48 and 72 hours following a 5 hour exposure to SN 28049 

(Figure 5.8).  The extent at which cyclin E expression was upregulated by SN 28049 in the 

p53 wild-type cell line corresponded with the proportion of cells previously demonstrated to 

accumulate with a ‘4N’ DNA content (Figures 5.2-5.4).  The level of cyclin B protein 

expression fluctuated under the conditions examined.  Twenty four, 48 and 72 hours 

following a 5 hour exposure to 100 nM of SN 28049, HCT 116 p53 +/+ cells expressed high 

levels of cyclin B protein.  Increased cyclin B expression was also observed 24 and 48 hours 

following exposure to 1000 nM of SN 28049, and 72 hours following exposure to 250 nM 

(Figure 5.8).   

 

The expression of survivin was also investigated by western blotting 24, 48 and 72 hours 

following a 5 hour exposure to SN 28049.  Survivin expression, which was repressed in a 

p53-dependent manner by low concentrations of SN 28049, had been previously 

demonstrated to be higher in response to higher concentrations (4.2.1).  The level of survivin 

protein expression fluctuated in HCT 116 p53 +/+ cells in a similar manner to cyclin B 

expression (Figure 5.8).  This is consistent with survivin expression being upregulated during 

G2/M phase of the cell cycle (379).   
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Figure 5.8 Modulation of Cyclin E, Cyclin B and survivin expression by SN 28049 as shown by 
western blotting.  HCT 116 p53 +/+ cells were exposed to SN 28049 for 5 hours at the indicated 
concentrations and following drug removal by three changes of medium, incubated for the specified 
time in drug free medium. 
 

The DNA content profiles of the HCT 116 p53 +/+ and p53 -/- cells 24, 48 and 72 hours 

following exposure to SN 28049 were analysed by Modfit LT and the results modelled to 

include both a diploid and tetraploid population.  This reflected the expression of cyclin E and 

cyclin B in the SN 28049 treated p53 wild-type cells under conditions which resulted in the 

accumulation of cells containing a DNA content of ‘4N’.  Twenty four hours following a 5 hour 

exposure to 100 nM of SN 28049, the HCT 116 cells which expressed wild-type p53 

accumulated in the G2/M phase of the cell cycle.  With increasing concentrations of SN 

28049, the proportion of cells in G2/M was reduced and instead, approximately 80% of the 

HCT 116 p53 +/+ cells were modelled to be in tetraploid G1 phase.  The tetraploid G1 arrest 

demonstrated 24 hours following exposure to SN 28049 for 5 hours was maintained at the 48 

and 72 hour time points, although small proportion of the p53 +/+ cells were found 

accumulated in an octaploid G2 phase.  There was an apparent G2/M arrest demonstrated 

72 hours following exposure to 1000 nM of SN 28049 (Figure 5.9).   

 

The p53 deficient HCT 116 cell cultures similarly accumulated in a tetraploid G1 phase 

24 hours following 5 hours of exposure to SN 28049 at the concentrations investigated.  

However, unlike the p53 wild-type cell line, the proportion of cells in tetraploid G1 was 

reduced at the 48 and 72 hour time points.  Instead the p53 -/- cell line was modelled to be in 

a ‘second’ S phase with a DNA content between ‘4N and ‘8N’ (Figure 5.9).   
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Figure 5.9 Distribution of HCT 116 cells in diploid G1 (●) S (▲) or G2/M (■) phase or tetraploid 
G1 (○), S (∆) or G2/M (□) phase 24, 48 or 72 hours following a 5 hour exposure to SN 28049 as 
determined from Figures 5.2-5.7. 
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5.2.4 Effects of SN 28049 on cellular morphology 

The above results suggested that SN 28049 may be affecting mitosis in HCT 116 cells, 

leading to failure of cell division.  This was investigated initially by examining the morphology 

of SN 28049 treated cells.   Sixteen and 24 hours following a 5 hour exposure, p53 +/+ cells 

were examined by electron microscopy whilst 24, 48 and 72 hours following a 5 hour 

exposure p53 +/+ and p53 -/- cells were examined by light microscopy using Diff-Quik 

staining, which is qualitatively similar to the Wright-Giemsa stain.  SN 28049 was found to 

induce morphological changes in the p53 wild-type and deficient HCT 116 cell cultures under 

these conditions.  Over the time period examined, untreated HCT 116 p53 +/+ cells 

continued dividing but there was no evidence of mitosis in the cell cultures which had been 

exposed to SN 28049.  Nucleolar segregation was observed in electron micrographs of 

p53 +/+ cells treated with SN 28049 (500 nM) (Figure 5.10).  Bi-nucleate cells were observed 

infrequently at these early time points and in some instances, these cells were vacuolated 

and their nuclei appeared to have incompletely divided (Figure 5.10 B).  The nuclei and 

cytoplasm of SN 28049 treated cells became increasingly enlarged in a time-dependent 

manner, with the greatest increase being observed at the 72 hour time point.  At all of the 

concentrations and time points investigated, SN 28049 was found to increase the proportion 

of bi- and multi- nucleate cells.  There was also some evidence of micro-nucleation 72 hours 

following exposure to 100 nM SN 28049 for 5 hours (Figure 5.11).  The morphological 

changes mediated by SN 28049 in HCT 116 p53 -/- cells differed from those observed in 

cells expressing wild-type p53 24, 48 and 72 hours following a 5 hour exposure.  There was 

evidence of mitosis in the p53 deficient HCT 116 cell cultures at all the concentrations and 

time points examined here.  The proportions of both bi- and multi-nucleate cells and 

micronuclei were greater in HCT 116 p53 -/- cells than in the p53 +/+ cultures 

(compare Figures 5.11 and 5.12).  SN 28049 treated p53 -/- cells were also enlarged with 

respect to the untreated control (Figure 5.12).   
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Figure 5.10 Electron micrographs of SN 28049 (500 nM) treated HCT 116 p53 +/+ cells taken 16 and 
24 hours following a 5 hour exposure.  Images of the control and at 24 hours are shown on the right at 
a higher magnification.   
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Figure 5.11 Changes in the cellular morphology of HCT 116 p53 +/+ cells 24, 48 or 72 hours following 
a 5 hour exposure to SN 28049.  Images were taken at the same magnification.  Cells undergoing 
mitosis (→), binucleate cells (→) multinucleate cells (→)and those containing micronuclei (→).   
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Figure 5.12 Changes in the cellular morphology of HCT 116 p53 -/- cells 24, 48 or 72 hours following a 
5 hour exposure to SN 28049.  Images were taken at the same magnification. Cells undergoing 
mitosis (→), binucleate cells (→) multinucleate cells (→)and those containing micronuclei (→).    
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The mitotic indices of the untreated HCT 116 p53 +/+ and p53 -/- cell cultures, which were 

calculated to be 1.36 % or 1.45 % for +/+ and -/- cells respectively, were similar at the 

48 hour time point.  The low basal values calculated here are consistent with the cultures 

having reached confluence, as was demonstrated by Diff-Quik staining.  Concentrations of 

100 nM SN 28049 were found to have little effect on the mitotic index of HCT 116 p53 +/+ 

cells.  However, at concentrations of SN 28049 including and above 250 nM, the mitotic 

index of the p53 wild-type cell cultures was dramatically reduced in a concentration-

dependent manner to values of 0.17%, 0.20% and 0.0%.  In contrast the mitotic index of the 

HCT 116 p53 -/- cell line exposed to SN 28049 for 5 hours and then to drug-free medium for 

48 hours dramatically increased and was determined to be 5.2%, 6.6% and 7.11% in 

response concentrations of 100 nM, 250 nM and 500 nM respectively.  Although the mitotic 

index of p53 deficient HCT 116 cells was reduced with respect to the untreated control in 

response to SN 28049 at 1000 nM, it was still greater than the corresponding value 

determined for p53 wild-type HCT 116 cells (Figure 5.13).  A small percentage of untreated 

HCT 116 p53 +/+ and p53 -/- cells were found to be either bi-nucleate or have multiple 

nuclei.  Forty-eight hours following exposure to SN 28049 for 5 hours at the indicated 

concentrations, the percentage of binucleate cells increased in both HCT 116 p53 +/+ and 

p53 -/- cell cultures, albeit to a greater extent in the HCT 116 cells which were deficient for 

wild-type p53.  SN 28049 was found to induce little change in the percentage of 

multi-nucleate cells in the p53 wild-type cell line.  In contrast, the percentage of p53 deficient 

HCT 116 cells with more than two nuclei increased in response to SN 28049 under the 

conditions investigated here (Figure 5.14).   

 

The volume of both of the HCT 116 cell lines was also measured 48 hours following 5 hours 

of exposure to SN 28049 at the indicated concentrations.  Following incubation in drug free 

medium for 48 hours, the SN 28049 treated HCT 116 p53 +/+ and p53 -/- cells were 

harvested, and the volume of the resuspended cells were measured using a Beckman 

Coulter Z2 Coulter Particle and Size Analyser and expressed relative to that of the untreated 

control. The volume of p53 wild-type and deficient HCT 116 cells was found to increase in a 

concentration-dependent manner.  Following exposure to 250 nM of SN 28049 for 48 hours 

the cell volume was found to be two and a half times that of the untreated cells.  Further 

increases in cell volume were observed in p53 deficient HCT 116 cells in response to 

concentrations of 1000 nM of SN 28049.  In contrast, the mean cell volume of the p53 

wild-type cells was reduced in response to 1000 nM of SN 28049 with respect to the 

increases demonstrated in response to 500 nM.  This reflected the increased cell debris 

observed under the conditions investigated here (Figure 5.15).   
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Concentration (nM) HCT 116 p53 +/+ HCT 116 p53 -/- 

0 1.37 % 1.46 % 

100 1.39 % 5.21 % 

250 0.17 % 6.62 % 

500 0.20 % 7.12 % 

1000 0.00 % 0.40 % 

 
Figure 5.13 Mitotic index of HCT 116 p53 +/+ (●) or p53 -/- (○)cells 48 hours following exposure to 
SN 28049 for 5 hours.  Results were determined as the % of mitotic cells out of approximately 500 
cells counted from at least 3 fields of view.   
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Concentration (nM) Binucleate Multinucleate 

 p53 +/+ p53 -/- p53 +/+ p53 -/- 

0 0.61% 0.45 % 0.46 %  0.60 % 

100 2.44% 2.71 % 0.94 % 3.10% 

250 3.33% 7.37 % 0.00 % 3.60 % 

1000 2.34 % 3.37 % 0.00 % 0.45 % 

 
Figure 5.14 Percentage of either binucleate and multinucleate HCT 116 p53 +/+ (●) or p53 -/- (○) cells 
48 hours following exposure to SN 28049 for 5 hours.  Results were determined as the % of bi- or 
multi-nucleate cells out of approximately 500 cells counted from at least 3 fields of view.   
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Figure 5.15 Relative cell size of HCT 116 p53 +/+ (●) or p53 -/- (○) cells  48 hrs following a 5 hr 
exposure to SN 28049.   
 

5.2.5 Induction of senescence by SN 28049 

The results of the flow cytometric analysis of SN 28049 treated cells, together with the 

morphological data suggested that exposure to SN 28049 for 5 hours affected the outcome 

of mitosis in HCT 116 p53 +/+ and p53 -/- cells.  Cells were arrested in G1 tetraploid state for 

the whole of the 72 hour time period investigated.  Together with the flattened morphological 

appearance of SN 28049 treated HCT 116 cells and their increased volume, these results 

suggested that SN 28049 may be inducing senescence in a p53-dependent manner.  It was 

therefore of interest to determine whether these cells exhibited signs of senescence.  

Senescent cells accumulate lysosomes, as indicated by an increased lysosomal mass (380), 

and the activity of the lysosomal enzyme β -galactosidase at an acidic pH (pH 6) is routinely 

used as a marker of senescence (381).   Senescence associated β-galactosidase (SA-β-Gal) 

staining was used to investigate this further.   

 

HCT 116 p53 +/+ and p53 -/- cells were exposed to SN 28049 for 5 hours, washed, and then 

incubated for one week in the absence of drug.  Cells were then incubated overnight with 

5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-Gal), a substrate of β–galactosidase 

and the induction of senescence was assessed by the appearance of perinuclear blue 
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staining, which is indicative of X-Gal cleavage as a result of β galactosidase activity.  A high 

proportion of untreated HCT 116 cells expressing wild-type p53 were found to be senescent 

following growth for one week in culture and stained positively for SA–β-Gal activity.  

Concentration-dependent increases in SA–β-Gal activity were also observed in these cells 

one week following exposure to SN 28049 for 5 hours.  However, in contrast to the controls, 

SN 28049 treated cells (1000 nM) were not confluent and instead appeared to be in clusters 

of 3 or 4 cells.  A low level of SA–β-Gal activity was demonstrated in cultures of p53 deficient 

HCT 116 cells and this did not appear to increase with SN 28049 treatment (Figure 5.16).  

Altogether, these results suggest that SN 28049 is inducing senescence in a p53-dependent 

manner following the induction of a G1 tetraploid arrest in cultures of HCT 116 cells.   

 
 
Figure 5.16 Senescence observed in HCT 116 cells 7 day s following exposure to SN 28049 for 
5 hours as by shown by SA-β Gal staining (blue cells).   
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5.2.6 Comparison with the effects of doxorubicin and etoposide 

on cell survival, cell cycle and senescence 

The effects of doxorubicin and etoposide on the clonogenicity of HCT 116 cells were 

compared to those of SN 28049, with responses of HCT 116 p53 +/+ and p53 -/- cell cultures 

utilising a 5-hour drug exposure to equitoxic concentrations of each agent to facilitate 

comparison.  As demonstrated in Figure 5.17, doxorubicin and etoposide both reduced 

clonogenicity of both p53 wild-type and deficient HCT 116 cells in a concentration-dependent 

manner.  In response to concentrations of 1 µM doxorubicin, the surviving fraction of the 

HCT 116 cells was reduced by 99.9 % with respect to that of the untreated controls.  A 99 % 

reduction in the surviving fraction of HCT 116 cell cultures was also observed following 

exposure to 20 µM of etoposide for 5 hours.  HCT 116 p53 +/+ cells were slightly more 

sensitive that p53 -/- cells to etoposide, while p53 +/+ and p53 -/- cells were found to be 

equally sensitive to doxorubicin.    

 

The DNA content and morphology of HCT 116 p53 +/+ cells was assessed 48 hours 

following exposure to equitoxic concentrations of doxorubicin and etoposide as by this stage 

the G1 tetraploid arrest induced by SN 28049 was evident.  The expression of cyclins E and 

B was determined under the conditions described here as markers for G1 phase and G2/M 

phase respectively.  Forty-eight hours following 5 hours of exposure to doxorubicin, HCT 116 

p53 +/+ cells accumulated with an ‘8N’ DNA content in a concentration-dependent manner.  

An increase in cell debris was also demonstrated in response to concentrations of 1000 nM.  

Etoposide was found to induce little change in DNA content under these conditions (Figure 

5.18).  Doxorubicin was found to upregulate cyclin E expression in a 

concentration-dependent manner in the HCT 116 cells expressing wild-type p53.  In contrast, 

a concentration-dependent decrease in the level of cyclin E expression was demonstrated in 

response to etoposide at the concentrations investigated here.  Neither agent was found to 

affect the level of cyclin B expression (Figure 5.19).   
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Figure 5.17 Clonogenic survival of HCT 116 p53 +/+ (○) or p53 -/- (●) following 5 hr exposure to either  
doxorubicin or etoposide at the indicated concentrations. 
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Figure 5.18 DNA content analysis of HCT 116 p53 +/+ cells 48 hours following a 5 hour exposure to 
doxorubicin or etoposide.   
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Figure 5.19 Cyclin E and Cyclin B expression 48 hrs following a 5 hr exposure to doxorubicin or 
etoposide.  
 

The activity of SA-β-Gal was determined one week following a 5 hour exposure to each 

agent to assess their ability to induce senescence.  As demonstrated by the proportion of 

cells which stained positive for SA-β-Gal and in clusters of two or three, there was evidence 

of HCT 116 cells becoming senescent in response to both doxorubicin and etoposide 

(Figure 5.20).   

 

The cell volume of the HCT 116 p53 +/+ cell cultures was also measured 48 hours following 

exposure to SN 28049 or doxorubicin for 5 hours.  SN 28049 treated cells were uniformly 

enlarged whereas the volume of doxorubicin treated cells was heterogeneous.  In 

comparison to substantial increases in cell volume observed in cultures exposed to 

SN 28049, doxorubicin was found to have little effect on the overall cell volume (Figure 5.21).    

 
Figure 5.20 Senescence observed in HCT 116 cells 7 day s following exposure to either doxorubicin 
or etoposide for 5 hours as by shown by SA-β-Gal staining (blue cells).   
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Figure 5.21 Cell volume of HCT 116 p53 +/+ cells 48 hours following exposure to SN 28049 (●) or 
doxorubicin (○).   

0                 5000               10000
0 

40

20

60

0                 5000               10000
0

50

100 

0

40

20

60

0                 5000               10000

0 

30

10

50

40

0                    5000              10000 0                2000           4000
0

20

10

30

0                 2000          4000
0

20

10

30

40

Control 

Control 250 nM 

250 nM 

1000 nM 

1000 nM 

Cell Volume (fl)

C
el

l N
um

be
r 

C
el

l N
um

be
r 

SN 28049 

Doxorubicin 

Concentration (nM) 
0             200          400          600          800          1000   

R
el

at
iv

e 
C

el
l S

iz
e 

1.8

2.0

1.6

1.4

1.2

1.0

0.8

2.2

2.4

2.6



 

 

 

134

5.2.7 Comparison of the effects of SN 28049, etoposide and 

doxorubicin on the outcome of mitosis 

The effects of doxorubicin and etoposide on the outcome of mitosis were investigated in 

HCT 116 cells expressing wild-type p53.  The proportion of bi- and multi- nucleate cells and 

cells containing micronuclei was increased in a concentration-dependent manner in response 

to doxorubicin from concentrations of 100 nM.  However, in contrast to the results obtained 

with SN 28049, these cells continued to undergo mitosis. At equitoxic concentrations, 

etoposide had little effect on the outcome of mitosis in the p53 wild-type HCT 116 cell line.  

48 hours following 5 hours of exposure to etoposide at the concentrations examined, 

etoposide induced few changes in either the DNA content or morphology of HCT 116 cells 

(Figure 5.22).   

 

Further studies were carried out to compare the effects of SN 28049 and doxorubicin on 

HCT 116 p53 +/+ cells in greater detail.  The DNA content of HCT 116 cells expressing wild-

type p53 48 hours following a 5 hour exposure to SN 28049 differed from that of cells 

exposed to equitoxic concentrations of doxorubicin.  SN 28049 treated cells accumulated in 

tetraploid G1 in a concentration dependent manner.  In contrast, a greater proportion of 

doxorubicin treated cells underwent endoreduplication and was observed in a tetraploid 

G2 phase/octaploid G1 phase (Figure 5.23).  Qualitatively, differences in the mitotic index 

and proportion of bi- or multi- nucleate cells were also observed in HCT 116 cells 48 hours 

following exposure to SN 28049 and doxorubicin (compare Figure 5.11 and Figure 5.22).  

These were quantitatively determined from slides prepared 48 hours following exposure to 

doxorubicin for 5 hours.  Values were normalised with respect to the untreated control and 

then compared to values previously obtained for SN 28049 which had also been normalised.   
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Figure 5.22 Changes in the cellular morphology of HCT 116 p53 +/+ cells 48 hours following a 5 hour 
exposure to doxorubicin or etoposide.  Cells undergoing mitosis (→), binucleate cells (→) 
multinucleate cells (→)and those containing micronuclei (→).   
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Figure 5.23  Percentage of HCT 116 cells p53 +/+ cells with in diploid G1 (■), S (■), G2 (■), or 
tetraploid G1 (■) S (■) or tetraploid G2/octaploid G1 (■) 48 hours following a 5 hour exposure to either 
SN 28049 or doxorubicin.   
 

In comparison to the rapid decrease observed in response to SN 28049, the mitotic index of 

HCT 116 p53 +/+ cell cultures increased 48 hours following exposure to 100 nM doxorubicin 

for 5 hours.  From concentrations of 250 nM, concentration dependent decreases in the 

mitotic index of the HCT 116 cell cultures were observed in response to both SN 28049 and 

doxorubicin.  However, unlike cultures exposed to SN 28049, there was still some evidence 

of mitosis in the HCT 116 cell cultures which had been exposed to doxorubicin (Figure 5.24).  
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SN 28049 and doxorubicin at the concentrations examined.  Concentration-dependent 

increases in cells containing multiple nuclei, which were observed in response to 

concentrations of 100 nM and 250 nM, were three fold greater in response to SN 28049 than 

in response to doxorubicin.  In response to both agents, concentrations of 1000 nM were 

demonstrated to reduce the proportion of bi- or multi-nucleate cells with respect to the 

increases demonstrated in response to concentrations of 500 nM (Figure 5.25).   
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Concentration SN 28049 Doxorubicin 

0 nM 1.00 1.00 

100 nM 1.01 1.72 

250 nM 0.13 0.72 

1000 nM 0.00 0.28 

 

 
 
Figure 5.24 Relative mitotic index of HCT 116 p53 +/+ cells 48 hrs following a 5 hr exposure to 
SN 28049 (●) or doxorubicin (○) at the indicated concentrations.  Mitotic indices were calculated from 
previously prepared cytospins as a % of approximately 500 cells and control levels set to one.   
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Figure 5.25 Proportion of bi or multi nucleate HCT 116 p53 +/+ cells to the untreated control 48 hrs 
following a 5 hr exposure to SN 28049 (●) or doxorubicin (○).   
 

 

The level of p53 and p21WAF1 protein expression was next investigated in the HCT 116 

p53 +/+ cell cultures 48 hours following 5 hours of exposure to SN 28049 and doxorubicin at 

equitoxic concentrations.  A difference in the expression of p53 and p21WAF1 would offer a 

potential explanation for the G1 tetraploid arrest demonstrated in the HCT 116 p53 +/+ cell 

cultures in response to SN 28049, which was not observed in response to doxorubicin.  

Concentration-dependent increases in the expression of p53 and p21WAF1 were observed in 

response to SN 28049 and doxorubicin under the conditions examined here.  The extent of 

p53 and p21WAF1 upregulation was similar in response to SN 28049 and doxorubicin 

(Figure 5.26).   
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Figure 5.26 Expression of p53 and p21WAF1 48 hours following exposure to SN 28049 or doxorubicin 
as shown by western blotting.   
 

Overall, the results identified differences in the effects of SN 28049, etoposide and 

doxorubicin on the outcome of mitosis in HCT 116 p53 +/+ cell cultures.  Exposure to 

SN 28049 was associated with an increase in the cell volume and the proportion of bi- or 

multi- nucleate cells.  In contrast doxorubicin treated cultures had fewer bi- or multi- nucleate 

cells, smaller volume and continued to undergo mitosis.  Interestingly, the expression of p53 

and p21WAF1 protein was similar 48 hours following exposure to SN 28049 or doxorubicin for 

5 hours.  In contrast, etoposide had little effect. 

5.3 Discussion 

In this chapter, the fate of HCT 116 cells following exposure to SN 28049, doxorubicin or 

etoposide was examined.  Under the experimental conditions used here, SN 28049 induced 

a long term p53-dependent cycle arrest that was found to result in the appearance of 

G1 tetraploid cells and which was associated with senescence.  Although both doxorubicin 

and etoposide were also found to induce senescence, their effects on cell division were 

found to differ.  Doxorubicin was found to affect the outcome of mitosis in a different manner 

to SN 28049 whilst etoposide was found to have little effect (Table 5.1).   

 

Following exposure to SN 28049 for 3, 5 or 6 hours, the clonogenicity of HCT 116 cells was 

assessed and found to be reduced in a time and concentration-dependent manner with 

longer exposure times being increasingly cytotoxic.  Cells with an intact p53 pathway were 

slightly more sensitive to SN 28049 than their p53 deficient counterparts.  As expected, and 

as demonstrated by the ‘U-shaped’ survival curves, the cytotoxicity of SN 28049 was 
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self-inhibited at higher concentrations (Figure 5.1).  These unusual concentration-time 

relationships are similar to those previously described for DACA and differ from those of 

standard topoisomerase II poisons (319;382).  Whilst the presence of a resistant 

sub-population offers one potential explanation, the biphasic cytotoxicity of SN 28049 

demonstrated here is thought to reflect self-inhibition of topoisomerase II poisoning at higher 

concentrations (313).   

 

The time-dependent loss of clonogenicity demonstrated here is similar to that observed in 

response to agents which exert their activity during a specific phase of the cell cycle and may 

reflect a cell cycle selective component to SN 28049 mediated activity.  The effects of 

SN 28049 on cell division are one potential mediator of this, and as they differed in p53 +/+ 

and p53 -/- cells, may also account for the increased sensitivity of the p53 wild-type line 

demonstrated here.   

 

  
SN 28049 

p53 +/+         p53 -/- 
doxorubicin  

p53 +/+ 
etoposide  

p53 +/+ 

4N ++ + + - 

4 – 8N ± + + - 

DNA content 

8N + + ++ - 

Cyclin E ++  ++ - 

Cyclin B + (↓)  + + 

p53 ++  ++  

Gene 
Expression 

p21WAF1 ++  ++  

Debris + ++ ++ - 

Bi- + multi-
nucleate 

↑↑then↓ ↑↑then↓ ↑then↓ - 

Morphology 

Volume ↑↑then↓ ↑↑ ↑  

Division Mitosis ↓ ↑↑then↓ ↑then↓ - 

Senescence SA-β-Gal + - + + 
 
Table 5.1 Comparison of the DNA content, gene expression, morphology and division of HCT 116 
cells 48 hours following exposure to SN 28049, doxorubicin or etoposide for 5 hours 
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Over the 72 hour time period investigated, SN 28049 treated HCT 116 p53 +/+ cells 

accumulated with a ‘4N’ DNA content and as these cells expressed high levels of cyclin E 

were modelled to be primarily in a tetraploid G1 phase.  The expression of cyclin B was 

variable in these cells and reflected the contribution of a diploid G2/M phase population to 

this ‘4N’ DNA peak as well as the increasing proportion of cells with an ‘8N’ DNA content, 

which were observed in response to higher concentrations of SN 28049.  An increased 

proportion of these cells had multiple nuclei and their mitotic index was dramatically reduced.  

Initially, the morphology and DNA content of the p53 wild-type and deficient HCT 116 cell 

cultures exposed to SN 28049 were similar, although there was some evidence of continued 

mitosis in p53 -/- cells.  However, the DNA content of the p53 deficient HCT 116 cells 

continued to increase with time as did the proportion of cells containing multiple nuclei 

(Table 5.1).  Together these results suggest that SN 28049 induced a p53-dependent 

G1 tetraploid arrest in HCT 116 cells following 5 hours of exposure.  In the absence of an 

intact p53 pathway, SN 28049 led to continued replication without cytokinesis and increased 

heterogeneity.   

 

At earlier time points (16 and 24 hours) the segregation of the nucleolus into distinct 

compartments was evident in HCT 116 p53 +/+ cells following a 5 hour exposure to 

SN 28049 (Figure 5.10).  Nucleolar segregation occurs in response to the inhibition of rRNA 

synthesis by Actinomycin D (383) and doxorubicin (384).  As SN 28049 is also a potent 

inhibitor of transcription (325), it is likely that SN 28049 is mediating this through similar 

effects.  The activation of p53 by SN 28049 may also contribute to these nucleolar changes 

by suppressing the transcription of the RNA polymerase I enzyme (385).   

 

At later time points (7 days), p53-dependent increases in SA-β-Gal staining were observed in 

cultures of HCT 116 cells exposed to SN 28049 for 5 hours (Figure 5.16), thus suggesting 

that cells arrested in tetraploid G1 became senescent (Figure 5.27).  This may account for 

the increased sensitivity of HCT 116 p53 +/+ cells to SN 28049 in clonogenic assays.  

Growth retardation associated with senescence can lead to slight reductions in clonogenicity 

(386) and concentrations of SN 28049 which increased SA-β-Gal activity corresponded to 

those at which p53-dependent reductions in clonogenicity were observed (compare Figure 

5.1 and Figure 5.16).  In support of this, cells with perinuclear SA-β-Gal staining were in 

clusters of three or four cells.  It would have been unlikely for these clusters to have formed 

Colonies containing over 50 cells in the 3 day time difference between staining for SA-β-Gal 

activity and clonogenicity.   
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Concentration-dependent decreases in clonogenicity were also observed in cultures of 

HCT 116 cells following 5 hours of exposure to doxorubicin.  In contrast to SN 28049, the 

presence of an intact p53 pathway had little effect on the sensitivity of these cells to 

doxorubicin (Figure 5.17), and reflects the contribution of p53 independent pathways in 

determining the overall cytotoxicity of DNA damaging agents (387).  Forty-eight hours after 

exposure to doxorubicin for 5 hours, HCT 116 cells expressing wild-type p53 accumulated 

with an ‘8N’ DNA content and as they were continuing to undergo mitosis and expressing 

increasing levels of cyclin E (Figure 5.19) are thought to be in octaploid G1.  The morphology 

of these cells was heterogeneous, and there was evidence of bi- and multi-nucleate cells, 

micronuclei and cell debris (Figure 5.22).  At later time points, the activity of SA-β-Gal was 

found to increase (Figure 5.20).  Thus, HCT 116 cells expressing wild-type p53 underwent 

endoreduplication following a short exposure to doxorubicin.  A proportion of these cells then 

became senescent, possibly from octaploid G1 (Figure 5.27).   

 

Etoposide was also found to reduce the clonogenicity of both the HCT 116 p53 wild-type and 

deficient cell cultures at the concentrations examined here to a similar extent (Figure 5.17).  

However, 48 hours following a 5 hour exposure, etoposide had little effect on the morphology 

or DNA content of HCT 116 cells (Figures 5.18 and 5.22).  Under these conditions, 

concentration-dependent decreases in cyclin E were observed (Figure 5.19), whilst at later 

time points, the activity of SA-β-Gal was found to have increased (Figure 5.20).  As the Rb 

protein can inhibit cyclin E expression (388), this result suggests that under these conditions 

etoposide may inducing a G1 arrest that leads in some cells to senescence (Figure 5.27).   

 

Previously, little increase in the level of γ-H2AX was observed following exposure to 

SN 28049, doxorubicin and etoposide in HCT 116 p53 +/+ cells (Chapter Three).  This was 

thought to be indicative of low topoisomerase II α activity in this cell line.  The response of 

the HCT 116 cell cultures here is consistent with SN 28049, doxorubicin and etoposide 

mediating a low level of topoisomerase II α poisoning (Figure 5.27).  Mechanisms secondary 

to topoisomerase II α poisoning are believed to be responsible for the aberrant mitosis 

induced by SN 28049 and doxorubicin as mitosis was unaffected by etoposide under the 

conditions examined here.   

 

Mitotic catastrophe and mitotic slippage are two overlapping pathways through which 

aberrant mitosis proceeds and tetraploidy arises.  Both of these pathways are characterised 

by an increase in the proportion of binucleate cells or those containing micronuclei (203).  

Cell death which occurs either during or following aberrant mitosis is classified as mitotic 

catastrophe, and is largely considered to be independent of the p53 pathway (231).  Mitotic 
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slippage is defined as “aberrant mitosis without segregation or cytokinesis (389)” and can 

lead to either a p53-dependent G1 tetraploid arrest, which is mediated by p21WAF1 

(374;375;390), or continued cycling and mitotic catastrophe in the absence of wild-type p53 

(203).   

 

The results are consistent with SN 28049 inducing mitotic slippage in cultures of HCT 116 

cells.  In the presence of wild-type p53, these cells became senescent following a 

G1 tetraploid arrest, whilst in the absence of p53 were observed to continue cycling and had 

greater levels of cell debris.  In contrast, these results suggest that mitotic catastrophe is the 

main response of HCT 116 cells to doxorubicin, which continued cycling despite the 

presence of wild-type p53 (Figure 5.27).  A proportion of cells also became senescence in 

response to doxorubicin and at later time points were expressing similar levels of p53 and 

p21WAF1 to SN 28049.  However, these cells were found to be in octaploid G1 and are 

thought to arrest following endoreduplication.   

 

In summary, SN 28049 has been demonstrated to induce a p53-dependent G1 tetraploid 

arrest in HCT 116 cell cultures which was not observed in response to either doxorubicin or 

etoposide.  These results have identified a function for p53 in the response of HCT 116 cells 

to SN 28049 and have suggested that SN 28049 may be acting through a novel ‘second 

mechanism’ which may contribute to its high activity against murine Colon 38 tumours.  This 

will be investigated further in the following chapter using a series of analogues of SN 28049.   
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Figure 5.27 Proposed differences between SN 28049 and doxorubicin on the outcome of mitosis in 
HCT 116 cells leading to the differences demonstrated.   
 

SN 28049 

Tetraploid 
G1

G1 arrest 

Interphase 

Mitosis 

SN 28049 
Etoposide 
Doxorubicin  

Mitotic 
catastrophe 

Doxorubicin  

p53 +/+ 

Tetraploid G2 
Octaploid G1 

G1 tetraploid 
arrest

Senescence 

Senescence 

Senescence 

p53 -/- 



 

 

 

145

6 CHAPTER SIX  

Analogues of SN 28049 

6.1 Introduction 

The results presented in previous chapters identified differences between the action of 

SN 28049 and those of clinically used topoisomerase II poisons doxorubicin and etoposide.  

Firstly, activation of the p53 pathway by SN 28049 in HCT 116 colorectal carcinoma cells 

was enhanced in comparison to that mediated by equitoxic concentrations of doxorubicin and 

etoposide.  p53 activation was similarly enhanced in two metastatic melanoma lines by short 

exposures to SN 28049.  Secondly, SN 28049 induced a p53-dependent G1 tetraploid arrest 

in HCT116 cells which was maintained over the 72 hour time period investigated.  These 

results suggest that SN 28049 may be acting through a novel ‘second mechanism’ which is 

additional to topoisomerase II poisoning and may contribute to the anti-tumour activity of 

SN 28049.  Structurally related analogues are routinely used in drug development to 

investigate novel mechanisms of action and to improve activity.  SN 28049 belongs to a 

series of structurally related benzonaphthyridinone analogues, many of which have in vivo 

activity (1;327).  The identification of differences between the actions of the 

benzonaphthyridinone series and those of standard topoisomerase II poisons would further 

help in the characterisation of a second mechanism.   

 

The first requirement for such a study is that rapid assays can be developed to compare 

multiple compounds in a series.  IC50 assays, which determine the concentration of an agent 

required to inhibit cell growth by 50 %, are used routinely to compare the potencies of 

multiple agents simultaneously, although the results do not clearly distinguish between 

effects on inhibition of growth and the induction of apoptosis or other cell death pathways.  

The Sulforhodamine B (SRB) colourimetric assay (328) is one such IC50 assay which 

measures relative changes in cell density after a period, generally several days, of drug 

exposure.  SRB staining is used extensively to screen novel anti-cancer agents for activity 

(391) and was selected for this purpose.   
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The second requirement is that the cell line selected has reduced topoisomerase II activity, 

since topoisomerase II-induced DSBs may dominate the overall response.  HCT 116 cells 

have a mutation within their topoisomerase II α gene (347), and express low levels of 

topoisomerase II α protein (346).  This results in a comparatively low level of topoisomerase 

II mediated DSBs, as indicated by the low degree of γ-H2AX phosphorylation, following 

exposure to SN 28049, doxorubicin and etoposide (Chapter Three).  Therefore, this cell line 

was considered to be particularly useful for this study.  

 

A third requirement is that p53 effects, which are an important feature of the second 

mechanism, can be monitored. The two HCT 116 cell lines used in this thesis provide an 

ideal pair for such a study.  Differences in the sensitivities of p53 wild-type and deficient 

HCT 116 cells may assist in the differentiation of the additional effects of SN 28049 from 

those mediated by topoisomerase II poisoning.  Topoisomerase II poisons activate the p53 

pathway by inducing DSBs (351).  However, p53 activation by SN 28049 in HCT 116 cells 

occurs in response to concentrations which induced small increase in γ-H2AX 

phosphorylation.  Analogues of SN 28049 with increased selectivity for HCT 116 cells 

expressing wild-type p53 may have similar additional activities.   

 

In the current chapter, methods employing IC50 assays based on SRB staining (328) are 

developed to screen analogues of SN 28049 for activity and to compare them with standard 

topoisomerase II poisons. The results provide further information on the proposed ‘second 

mechanism’ of anti-tumour activity.   

6.1.1 Aims 

To investigate the use of IC50 assays in HCT 116 cells to screen analogues of SN 28049 for 

activity.   

 

• To determine the effects of a series of SN 28049 analogues on HCT 116 cells in 

terms of: 

o The molar potency of their growth-inhibitory activity 

o Their selectivity for HCT 116 cells expressing a functional p53 pathway 

• To compare these responses of HCT 116 cells to analogues of SN 28049 with those 

induced by standard topoisomerase II poisons. 
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6.2 Results 

6.2.1 IC50s of SN 28049 analogues and standard topoisomerase 

II poisons under standard culture conditions 

The molar potency and selectivity for HCT 116 cells expressing wild-type p53 was initially 

investigated under standard conditions used for screening anti-cancer drugs at the ACSRC.  

HCT 116 cells were grown at low cell density to promote exponential growth and IC50 values 

of SN 28049 and its analogues determined in p53 wild-type and deficient HCT 116 cells 

following 96 hours of continuous exposure.  The cell densities of treated and untreated 

cultures were quantified by SRB staining and then used to calculate the concentrations 

required to inhibit cell growth by 50% (328).  Differences in the sensitivity of the p53 wild-type 

and deficient HCT 116 cell lines to analogues of SN 28049 were expressed as the ratio of 

the IC50 in p53 -/- cells/ the IC50 in p53 +/+ cells.  The IC50 value for SN 28049 against 

HCT 116 p53 +/+ cells was previously calculated to be 8.4 nM under similar conditions 

(96 hours of continuous exposure) (Table 3.1) and was determined here to be 16 nM against 

HCT 116 p53 -/- cells.  The presence of an active wild-type p53 pathway thus increased the 

sensitivity of HCT 116 cells to SN 28049 by 1.9-fold (Table 6.1).   

 

The IC50 values of other benzonaphthyridinone analogues against the HCT 116 p53 +/+ and 

p53 -/- cell lines varied greatly from 2.4 and 6.6 nM respectively for SN 29078 to 16 µM and 

20 µM respectively for SN 29079 (Table 6.1).  The variation in IC50 values is both consistent 

with other studies completed at the ACSRC (1) and expected for a series of analogues of this 

nature.  The presence of wild-type p53 increased the sensitivity of HCT 116 cells to all 

benzonaphthyridinone analogues investigated albeit to different extents ranging from 1.2-fold 

to 3.3-fold.   

 

The IC50 values of the standard topoisomerase II poisons doxorubicin and etoposide and the 

DNA binding agents amsacrine (17) and DACA (308) were also determined against HCT 116 

p53 +/+ and p53 -/- cells and ranged from 10.5 nM to 360 nM and from 21 nM to 510 nM 

respectively.  The potency of doxorubicin and amsacrine were comparable to that of 

SN 28049 against HCT 116 cells as reflected by similar IC50 values.  Etoposide and DACA 

were considerably less potent than SN 28049 in these cell lines.  HCT 116 cells expressing 

wild-type p53 were more sensitive than their p53 deficient counterparts to all of the 

compounds investigated by between 1.4 and 2 fold (Table 6.2).   
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Fm SN R HCT116 p53+ HCT116 p53- - / +Ratio

A 28049 Me 8.4 ± 0.5 16 ± 1 1.9 
A 28047 (CH2)2NMe2 4.2 ± 0.5 10 ± 0.5 2.4 
A 28048 (CH2)3Me 34 ± 1 66 ± 4 1.9 
A 28101 H 19 ± 0.5 39 ± 2 2.1 
A 28102 3,4-diOMePh 4 ± 0.5 9.7 ± 1 2.4 
A 28103 CH(S-Me)Ph 250 ± 28 490 ± 46 2 
A 28602 Ph 3.6 ± 0.5 12 ± 0.5 3.3 
A 28603 (CH2)2(3,4-diOMePh) 140 ± 6 360 ± 12 2.6 
A 28604 CH2(3,4-diOMePh) 36 ± 3 100 ± 12 2.8 
A 28668 Et 23 ± 1 37 ± 1 1.6 
A 28669 CH2CF3 20 ± 1 52 ± 3 2.6 
A 28670 (CH2)3CO2Et 51 ± 2 76 ± 6 1.5 
A 28671 CH2Z# 39 ± 1 100 ± 5 2.6 
A 28672 CH2(2-pyridyl) 38 ± 4 64 ± 5 1.7 
A 28882 (CH2)3(N-pyrrolid-2-one) 22 ± 1 43 ± 2 2 
A 28883 (CH2)2(3-indolyl) 190 ±16 380 ± 24 2 
A 28884 4-B(OH)2Ph 8.3 ± 1 21 ± 1 2.5 
A 28885 (CH2)2OH 18 ± 1 28 ± 1 1.6 
A 28886 CH2CO2Et 49 ± 1 110 ±3 2.2 
A 29078 4-FPh 2.4 ± 0.5 6.6 ± 1 2.8 
A 29118 (CH2)2OCO(CH2)2NMe2 24 ± 1 41 ± 4 1.7 
A 29226 OMe 20 ± 2 34 ± 5 1.7 
A 29388 OH 550 ± 33 680 ± 33 1.2 
B 29079 CH(S-Me)CONMe2 16000 ± 1600 20000 ± 2100 1.3 
B 29080 CH(S-Me)CH2NMe2 140 ± 10 260 ± 20 1.9 
B 29189 CH(R-Me)CH2NMe2 26 ± 2 53 ± 2 2 
B 29225 CH2CH2NHMe 17 ± 1 31 ± 2 1.8 
C 28507 H 120 ± 7 270 ± 19 2.3 
C 28600 6-Cl, 7-OMe 11 ± 1 28 ± 1 2.5 
C 28601 7-OMe 35 ± 5 110 ± 9 3.1 
C 29076 10-aza 630 ± 39 1600 ± 120 2.5 
C 29077 6-aza 220 ± 16 450 ± 26 2 

 
Table 6.1 IC50 values (nM) for SN 28049 (italics) and other related analogues (1;327), with structures 
as shown, against HCT 116 p53 +/+ and p53 -/- cell lines.  Values were determined as the mean of 
three independent experiments, ± standard error of the mean, following 96 hrs continuous exposures, 
and the ratio of -/- over +/+ calculated for each compound. Me = methyl; Ph = phenyl; Et = ethyl.   
 

 

 



 

 

 

149

 

 

 HCT116 p53+ HCT116 p53- -/+Ratio 

SN 28049 8.4 ± 0.5 16 ± 1 1.9 

DACA 360 ± 10 510 ± 30 1.4 

doxorubicin 10.5 ± 1 21 ± 1 2 

etoposide 210 ± 30 390 ± 40 1.9 

amsacrine 25 ± 2 52 ± 4 2 

 
Table 6.2 IC50 values for DACA and standard topoisomerase II poisons against HCT 116 p53 +/+ and 
p53 -/- cells determined as previously described for SN 28049 (Table 6.1). 
 

To determine the significance of p53 expression in causing the observed differences in 

sensitivity between HCT116 p53 +/+ and p53 -/- cells, IC50 values were plotted according to 

the methods of Bland and Altman (392).  Bland Altman plots provide a method for assessing 

the significance of observed differences demonstrated between two data sets and are used 

more commonly in a clinical situation to compare new methodology with a clinical “gold 

standard”.  The difference between measurements is calculated and plotted against the 

mean of both measurements for each point in a data series.  The two data sets are 

considered significantly similar if the majority of points fall within 2 standard deviations of 0, 

hence reflecting no difference.  Bland Altman plots have previously been used in this 

laboratory to determine whether effects of paclitaxel and radiation are related to cell cycle 

times (393).   

 

The IC50 values calculated against the p53 wild-type and deficient cell lines for each 

compound investigated here were converted into Log values.  The mean of both 

measurements was defined as the mean of the Log IC50 values calculated for each analogue 

against HCT 116 p53 +/+ and p53 -/- cells (mean Log IC50).  The difference between 

measurements was then calculated to be the difference between the mean Log IC50 and the 

corresponding Log IC50 value against either p53 +/+ or p53 -/- cells (difference in Log mean 

IC50).   

 

The difference of the Log mean IC50s ranged between 0.04 and > 0.25, and 2 standard 

deviations of the overall mean of these differences, which was calculated to be 0.155, did not 

encompass 0.  The p53 +/+ and p53 -/- data sets converged as agents became less potent.  



 

 

 

150

The difference in Log mean IC50 from the mean Log IC50 was calculated to be 0.22 for the 

most potent compound and 0.05 for the least.  Linear regression analysis was performed on 

the p53 wild-type data sets to determine the strength of this correlation.  A moderate 

correlation between potency and increased activity against HCT 116 cells expressing 

wild-type p53 was demonstrated (r = 0.482; p = <0.01) (Figure 6.1).   

 

 
 
Figure 6.1 Bland Altman plot of mean Log IC50 and difference between mean Log IC50 for both HCT 
116 p53 +/+  (●) and p53 -/- (○) cell lines using previously determined data (Tables 6.1and 6.2).  Solid 
lines (-)show linear regression, and dashed lines (--)95% confidence intervals.  Dotted lines (··)show 
2SDs from the mean of each data series.   
 

Thus far, results have suggested that analogues of SN 28049, standard topoisomerase II 

poisons and DNA binding agents are similarly more potent against HCT 116 p53 +/+ cells.  

This was confirmed by graphically comparing the difference in Log mean IC50 calculated for 

each agent.  The values calculated for the standard topoisomerase II poisons and DNA 

binding agents were within the range of those calculated for SN 28049 analogues 

(Figure 6.2).   

 

Overall, all of the agents investigated were found to be more potent in the HCT 116 cell line 

expressing wild-type p53.  The responses mediated by SN 28049 analogues were found to 

be similar to those observed in response to standard topoisomerase II poisons and DNA 

binding agents.  There was no clear difference between etoposide, which was shown in the 

previous chapter to lack the “second mechanism” of cytotoxicity and SN 28049.  Therefore, 
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the results of this screening method, although providing information on drug potency, did not 

clearly distinguish SN 28049 from doxorubicin and etoposide.   

 

 
 
Figure 6.2 Range of difference in mean Log IC50s for SN 29049 (■), standard topoisomerase II 
poisons (■) and analogues of SN 28049 (■).   
 

6.2.2  p53 activation in cells cultured at high cell density  

The similar responses of HCT 116 cells to SN 28049, doxorubicin and etoposide in these 

IC50 assays might reflect a low level of topoisomerase II poisoning by each agent and 

approaches were sought to further reduce the activity of topoisomerase II α in HCT 116 cells.  

Increasing the density of cell cultures reduces their sensitivity to topoisomerase II poisoning 

(394) and was investigated as an alternative method of screening the benzonaphthyridinone 

analogues for activity.  The response of HCT 116 cells cultured at high density to SN 28049 

was initially investigated to determine whether the activation of p53 by SN 28049 is similarly 

enhanced under these conditions.  This was found to distinguish SN 28049 from doxorubicin 

and etoposide under standard culture conditions and would provide evidence of SN 28049 

acting through a second mechanism under culture conditions of high cell density.  Cultures of 

p53 wild-type HCT 116 cells plated at high cell density were treated with SN 28049 for 24 

hours and p53 protein levels determined by western blotting.  Direct comparisons between 

the upregulation of p53 by SN 28049 at low and high cell density were made by 

simultaneously analysing samples previously prepared under conditions of low cell density 

(Figure 6.3).   
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The level of p53 in the untreated control was slightly higher at high density than at low 

density and suggested that culturing cells at high density generates p53 activating signals.  

Under the conditions of high cell density described here, p53 protein levels were upregulated 

from 50 nM SN 28049 in a concentration dependent manner.  Upregulation of p53 protein 

was observed from 10 nM under conditions of low cell density.  Overall, the p53 protein 

levels in cultures of cells at high and low density were similar in following 24 hours of 

exposure to SN 28049.  However, as p53 protein was higher in control cells plated at high 

density, the results suggest that p53 activation by SN 28049 was slightly attenuated at high 

density (Figure 6.3).   

 

 
 
Figure 6.3 HCT 116 p53 +/+ cells were plated at (A) Low density or (B) High density according to the 
methods of Bar et al (330) and (C) p53 expression determined following 24 hours of exposure to 
SN 28049.   
 

 

 

The activation of p53 by SN 28049 at high cell density was next compared to that observed 

in response to doxorubicin, etoposide or DACA.  HCT 116 p53 +/+ cells were plated at high 

cell density, and following 24 hours of exposure to each agent, total cell proteins were 
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harvested and the expression of p53 and transcriptional targets FAS and p21WAF1 determined 

by western blotting. 

 

In agreement with previous results, p53, FAS and p21WAF1 were consistently upregulated in 

response to SN 28049 in a concentration-dependent manner.  Expression levels were 

comparatively greater than those observed in response to doxorubicin and etoposide.  

Increased p53 protein was observed in response to 25 nM doxorubicin, albeit at lower levels 

than that demonstrated at low density.  At concentrations of 50 nM, doxorubicin was found to 

upregulate both FAS and p21WAF1.  Little increase in p53 protein was observed in response to 

etoposide at the concentrations examined here.  As demonstrated by p53, FAS and p21WA1 

expression, p53 was activated to a similar extent by SN 28049 and DACA at high cell density 

(Figure 6.4).  These results thus demonstrate the enhanced activation of p53 by SN 28049 in 

HCT 116 cells cultured at high density and provide evidence of SN 28049 acting through a 

second mechanism under these conditions.   
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Figure 6.4 Expression of p53 and downstream transcriptional targets FAS R and p21WAF1 at high cell 
density.  Results shown are representative of two independent experiments and relative protein 
loading shown by GAPDH. 
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6.2.3 IC50s of SN 28049 analogues and standard 

topoisomerase II poisons under culture conditions of 

high density 

The use of IC50 assays in HCT 116 cells cultured at high density was therefore investigated 

as a screen for active benzonaphthyridinone analogues.  The potency of and selectivity for 

HCT 116 cells expressing wild-type p53 was investigated for some SN 28049 analogues 

under culture conditions of high cell density (as shown in Figure 6.5).  The SN 28049 

analogues were selected on the basis of their potency and selectivity for p53 at low cell 

density, and were tested against the HCT 116 paired cell lines.  Values were also determined 

for the standard topoisomerase II poisons and DNA binding agents previously investigated at 

low cell density.   

 

 
Figure 6.5 Cell culture conditions showing conditions of (A) low and (B) high cell density as used for 
growth inhibition studies 
 

The potency of SN 28049 was reduced at high cell density relative to that at low cell density 

as demonstrated by IC50 values, which increased approximately 10-fold to 80 nM and 160 nM 

against the p53 +/+ and p53 -/- cell lines respectively.  The sensitivities of the HCT 116 cell 

lines to analogues of SN 28049 and DACA were similarly reduced where as the clinically 

utilised topoisomerase II poisons were approximately 20 fold less potent, and had IC50 values 

ranging between 260 nM and 2.2 µM.  Although p53 deficient cells were approximately 7 fold 

less potent to amsacrine, p53 wild-type cells were approximately 100 fold less potent 

(Compare Tables 6.1 and 6.2 with Table 6.3).  Overall, increasing cell density resulted in a 

greater loss of sensitivity to clinical topoisomerase II poisons than to SN 28049.  However 

this did not clearly distinguish SN 28049 from standard topoisomerase II poisons (Table 6.3).   

 

 

A B



 

 

 

156

 HCT116 p53+/+ HCT116 p53-/- -/+Ratio 

28049 80 ± 14 160±20 2 

28047 120 ± 20 240 ± 40 2 

28102 24 ± 1 100 ± 5 4 

28602 43 ± 5 100 ± 10 2.3 

28671 2600 ± 40  3400 ± 500 1.5 

28672 200 ± 30  500 ± 100 2.4 

29078 32 ± 2 100 ± 20 3.3 

DACA 1700 ± 150 2400 ± 360 1.5 

Doxorubicin  260 ± 50 250 ±- 110 1 

Etoposide  4500 ± 300 2100± 500  0.5 

XR 11576 150 ± 40 290 ± 50 2.2 

Amsacrine 2200 ± 770 350 ± 120 0.2 

 
Table 6.3 IC50 (nM) values of SN 28049, selected analogues of SN 28049 and standard 
topoisomerase II poisons against HCT 116 p53 +/+ and p53 -/- cells under conditions of high cell 
density.  IC50s were determined as the mean of two independent determinations ± the standard error 
of the mean following 96 hrs continuous exposure.   
 

 

Under standard culture conditions, a moderate correlation was demonstrated between the 

potency of these compounds, and their selectivity for HCT 116 cells expressing wild-type 

p53.  To determine whether a similar correlation could be demonstrated under culture 

conditions of high cell density the relationship between IC50 values and their corresponding 

differences in Log mean IC50 values was investigated and found to be strong (r = 0.77; 

p = <0.01) (Figure 6.6).   
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Figure 6.6 Relationship between selectivity for HCT 116 cells expressing wild-type p53, shown as the 
difference in mean log IC50s, and potency, determined as the IC50 value against HCT 116 p53 +/+ 
cells, for SN 28049 (●), standard topoisomerase II poisons (●),and analogues of SN 28049 (●) at high 
cell density.   
 

 

Calculating the difference in Log mean IC50 of each agent highlighted differences between 

the analogues of SN 28049 and standard topoisomerase II poisons.  SN 28049 and the other 

benzonaphthyridinone analogues retained selectivity for HCT 116 p53 +/+ cells relative to 

p53 -/- cells when cultured at high density and hence positive values were obtained.  In 

contrast, the increased sensitivity of HCT 116 p53 +/+ cells to clinical topoisomerase II 

poisons doxorubicin, etoposide and amsacrine observed at low cell density was lost at high 

density and negative values were calculated.  The SN 28049 analogues were thus clearly 

distinguished from the standard topoisomerase II poisons using this screening method by the 

way they retained selectivity for wild-type p53 under conditions of high cell density 

(Figure 6.7).  
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Figure 6.7 Range of difference in mean IC50 values, for SN 28049 (■), standard topoisomerase II 
poisons (■) and selected analogues of SN 28049 (■).   
 

6.3 Discussion 

In the current chapter, the response of HCT 116 p53 +/+ and p53 -/- cells to members of the 

benzonaphthyridinone series including SN 28049 and standard topoisomerase II poisons 

was investigated with SRB-based IC50 assays and differences were quantitated.  When 

cultured at high density, HCT 116 p53 +/+ cells were found to be more sensitive to the 

analogue series than their p53 deficient counterparts.  Whilst standard topoisomerase II 

poisons were similarly more active against HCT 116 p53 +/+ cells cultured under standard 

conditions, the increased sensitivity of the p53 wild-type cells to these agents was lost at high 

cell density.   

 

Initially, the relationship between potency and selectivity for HCT 116 cells expressing 

wild-type p53 was investigated for both analogues of SN 28049 and a series of 

topoisomerase II poisons and DNA binding agents at low cell density.  As reflected by lower 

IC50 values, all of the agents investigated were more active in HCT 116 p53 +/+ cells than in 

those deficient for wild-type p53.  The extent to which wild-type p53 increased the sensitivity 

of HCT 116 cells to both the benzonaphthyridinone analogues and the standard compounds 

varied and correlated with the potency of each agent (Tables 6.1 and 6.2).  Thus, this assay 

did not clearly distinguish SN 28049 from doxorubicin and etoposide.   
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The similarities between SN 28049 analogues and standard topoisomerase II poisons 

suggested a role for topoisomerase II poisoning in mediating the increased sensitivity of 

HCT 116 p53 +/+ cells cultured at low density and are consistent with topoisomerase II 

poisoning being the dominant effect of SN 28049.  Following genotoxic stress, p53 reduces 

proliferation through both mediating G1 arrest (150;371) and prolonging G2 arrest (167;395).  

Cells with an active p53 pathway have increased sensitivity to DNA damaging agents in short 

term culture assays when compared to those deficient for wild-type p53 (371;387) similar to 

that demonstrated here.   

 

The response of HCT 116 cells cultured at high density was subsequently investigated as an 

alternative approach of screening analogues of SN 28049 for activity and distinguishing them 

from standard topoisomerase II poisons.  Topoisomerase II α, which is expressed in S and 

G2 phase of the cell cycle (396), is reduced in increasingly confluent cell cultures owing to 

the increased proportion of non-proliferating cells (397;398) and is thought to be localised in 

cytoplasm (399).  These conditions may further reduce the activity of topoisomerase II α in 

HCT 116 cells, and allow the additional effects of SN 28049 to be monitored.   

 

The activity of SN 28049 and DACA could be distinguished from that of the standard 

topoisomerase II poisons investigated under conditions of high cell density.  These 

conditions had little effect on the extent of p53 activation mediated by SN 28049 (Figure 6.4).  

Following 24 hours of exposure to SN 28049, the level of p53, FAS and p21WAF1 protein was 

significantly upregulated in HCT 116 cells cultured at high cell density.  Similarly, equitoxic 

concentrations of DACA were demonstrated to mediate substantial increases in p53, FAS 

and p21WAF1 protein expression.  In contrast, p53 activation by doxorubicin and etoposide 

was attenuated under conditions of high cell density.  Etoposide induced little change in the 

levels of p53, p21WAF1 or FAS protein whilst a low level of p53 activation was mediated by 

doxorubicin under the culture conditions described here.   

 

The relationship between potency and selectivity for p53 was investigated in HCT 116 cells 

cultured at high density and a strong correlation was demonstrated for all of the agents 

investigated. Nevertheless, benzonaphthyridinone analogues were differentiated from the 

standard topoisomerase II poisons investigated by increasing the density of cultures used for 

growth inhibition assays.  SN 28049 retained selectivity for cultures of HCT 116 p53 +/+ cells 

under these conditions, where as HCT 116 p53 -/- cells were more sensitive to doxorubicin, 

etoposide and amsacrine when cultured at high density (Figure 6.7).  Interestingly, HCT 116 

cells deficient for wild-type p53 became approximately 6 fold more sensitive to amsacrine 

those expressing wild-type p53 (Table 6.3).   
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Changes in topoisomerase II α activity have been proposed to account for the reduced 

sensitivity of increasingly confluent cultures to topoisomerase poisons demonstrated here 

and might also explain their loss of selectivity for HCT116 p53 +/+ cells.  Additionally, 

cyto-protective effects of p53 have previously been demonstrated in response to cytotoxic 

agents at high cell density (330) and are thought to reflect the contribution of other signalling 

pathways to the outcome of p53 activation (400).  p53 activation by DNA damaging agents is 

also attenuated in cells cultured at high density (330).  Together with the finding that p53 

activation by SN 28049 was attenuated relatively less than comparative clinical agents at 

high cell density (Figure 6.4) the results presented here suggest that SN 28049 is able to 

partially overcome the increased resistance of confluent cultures to DNA damaging agents 

through mediating a novel ‘second mechanism’ which is likely to be topoisomerase II 

independent.   

 

Overall, a proliferation assay has been developed that distinguishes SN 28049 from 

doxorubicin and etoposide. The assay has been applied to a series of structurally related 

analogues of SN 28049 and to two other DNA binding agents.  These results have provided 

further evidence that SN 28049 is acting through a novel ‘second mechanism’ which 

enhances p53 activation.  Culturing cells at high density, when the effect of topoisomerase II 

poisoning is reduced, may be used to screen analogues of SN 28049 for activity and to 

further investigate this hypothesis.   
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7 CHAPTER SEVEN 

Concluding Discussion 

 

The development of DNA intercalating agents with increased activity against solid tumours 

has been a focus of the ACSRC over the past 25 years.  SN 28049 was synthesised as part 

of this large programme and was selected for preclinical development on the basis of its 

curative activity against murine Colon 38 tumours (1).  SN 28049, like amsacrine, asulacrine, 

DACA, doxorubicin and etoposide, has been shown to be a poison of topoisomerase II (325).  

Despite having the same cellular target, these drugs have very different effects on Colon 38 

tumours and in particular etoposide has low activity while doxorubicin has intermediate 

activity. The aim of this thesis was to use tumour cell lines to develop an understanding of 

why the anti-tumour activity of SN 28049 was superior to that of the other drugs.  The major 

result of this thesis was the identification of two pathways in the action of SN 28049.  The 

first, shared with doxorubicin and etoposide, involved the induction of DNA damage, likely to 

be in the form of DSBs.  The second pathway, which distinguished it from doxorubicin and 

etoposide, was the induction of a G1 tetraploid senescent state.  A scheme for this action is 

shown in Figure 7.1.  In the presence of topoisomerase II, the DSBs induced by these agents 

activate ATM and p53.   This in turn mediates downstream responses such as G1 and 

G2 arrest and then, in a proportion of these cells, senescence.  However, when the 

expression of topoisomerase II is low, SN 28049 and doxorubicin induced mitotic slippage.  

By activating p53, SN 28049 then arrested cells in tetraploid G1 which also leads to 

senescence.  Doxorubicin failed to significantly activate p53, and the cells continue cycling, 

becoming senescent from either tetraploid G2 or octaploid G1.  These is likely to be the 

dominant response of cells cultured at high density as these conditions are thought to further 

reduce the activity of topoisomerase II.  The responses of p53 deficient cells to SN 28049 

were similar to those observed in p53 wild-type cells to doxorubicin.   
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Figure 7.1 The proposed activity of SN 28049 through two pathways, one of which distinguishes it 
from doxorubicin and etoposide.   
 

The responses induced by SN 28049, doxorubicin and etoposide were compared in HCT 116 

human colorectal adenocarcinoma cells.  These cells were initially selected as a colorectal 

adenocarcinoma line which has been routinely used in vitro to investigate the activity of novel 

anti-cancer agents and can be used in conjunction with the congeneric p53 deficient line to 

assess p53 dependent effects.  However, the low activity of topoisomerase II α in these cells  
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has proven to be particularly useful, as it was under these conditions that the second action 

of SN 28049 was identified.   

 

In HCT 116 cells, the activation of the p53 pathway by SN 28049 was found to be enhanced 

and appeared to be mediated independently of DNA DSBs.  In these cells, concentrations of 

SN 28049 that increased p53 protein had little effect on the abundance of γ-H2AX 

phosphorylation.  At the molecular level, the activity of p53 was equally enhanced by 

SN 28049.  The expression of FAS, p21WAF1 and survivin was examined as representative 

p53 target genes and found to be modulated in a p53-dependent manner to levels which 

reflected the extent of p53 protein expression.  However, at the cellular level, there was little 

evidence of SN 28049 inducing p53-dependent G1 arrest or apoptosis.  Instead, SN 28049 

induced a G1 tetraploid arrest by activating the p53 pathway.  Over the 72 hour time period 

investigated, HCT 116 p53 +/+ cells treated with SN 28049 for 5 hours remained in tetraploid 

G1 and at a later time point, one week following a 5 hour exposure, these cells were found to 

be senescent and stained positively for SA-β-Gal.  In contrast, p53 -/- cells continued cycling 

following a 5 hour exposure to SN 28049 and appeared to undergo mitotic catastrophe.   

 

There was little evidence of etoposide acting through this additional pathway.  The activation 

of p53 by etoposide was low and reflected the level of γ-H2AX phosphorylation observed 

following a short exposure.  This is thought to be mediated by topoisomerase II poisoning, 

and as a result, cells became senescent from a diploid G1 arrest.  On the other hand, 

doxorubicin appeared to have some activity through this pathway as p53 activation was 

slightly enhanced with respect to the level of γ-H2AX phosphorylation in HCT 116 cells.  

Doxorubicin also appeared to be affecting the outcome of mitosis although in this instance, 

cells continued cycling and became senescent from either a tetraploid G2 or an octaploid 

G1 phase.   

 

It is likely that HCT 116 cells are undergoing mitotic slippage following short exposures to 

SN 28049 and doxorubicin.  Mitotic slippage is more commonly observed in response to 

mitotic poisons and leads to tetraploidy.  During mitotic slippage, cells activate the spindle 

assembly checkpoint (389) which prevents the degradation of cyclin B and arrests cells in 

mitosis (Box 1.4).  However, cyclin B is progressively degraded when this checkpoint is not 

satisfied, and accordingly cells exit mitosis without cytokinesis (401).  Alternatively, these 

cells may be entering tetraploid G1 directly from G2 without progressing through mitosis 

(402).  Either of these scenarios would account for the tetraploidy observed here.   
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The outcome of tetraploidy is largely dependent on the p53 tumour suppressor pathway.  By 

transactivating p21WAF1, p53 arrests cells in tetraploid G1 and prevents endoreduplication 

(374;375;390).  Thus, the differing responses of HCT 116 cells to SN 28049 and doxorubicin 

can be explained by the unusually high ability of SN 28049 to activate the p53 pathway.  In 

support of this, the activity of a series of analogues of SN 28049 could be differentiated from 

the topoisomerase II poisons doxorubicin, etoposide and amsacrine by the way they retained 

selectivity for HCT 116 cells expressing wild-type p53 in cells cultured at high density.   

7.1 The activation of p53 by SN 28049 

The DNA binding properties of SN 28049 and its analogues have been investigated, and 

differ from those of doxorubicin (D Greenhalgh, B Baguley, personal communication). 

SN 28049 and several of its analogues, in contrast to doxorubicin, preferentially bind GC rich 

sequences of DNA, potentially explaining why SN 28049 caused enhanced activation of p53 

while doxorubicin did not.  To test this hypothesis, the GC binding constants of SN 28049 

and a series of other DNA binding drugs were plotted against the selectivity of growth 

inhibition of HCT 116 cells expressing wild-type p53 relative to p53 deficient HCT 116 cells at 

high cell density (Figure 7.2).  A significant correlation was obtained (r = 0.86; p = <0.001), 

supporting the hypothesis.    

 

 
Figure 7.2 Relationship between strength of GC binding as shown by GC binding constant, for 
SN 28049 (●), standard topoisomerase II poisons (●), and selected analogues of SN 28049 (●) and 
selectivity for p53 as shown by IC50 ratio (-/+) at high cell density. 
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Agents which affect chromatin structure have been found to activate p53 without increasing 

the level of γ-H2AX (83) and it is possible that by strongly binding GC rich sequences of DNA, 

SN 28049 may activating p53 though a similar pathway.  As changes in chromatin structure 

can also affect nuclear division, this might also account for the mitotic slippage observed in 

response to SN 28049 (231).  The appearance of ATM foci observed in response to changes 

in chromatin structure are morphologically distinct from those observed following the 

induction of DNA DSBs (83), and thus may be used to investigate whether SN 28049 is 

activating p53 in this way.   

 

SN 28049 is a potent inhibitor of transcription from SP1 sites and this might also contribute to 

the activation of p53 by SN 28049 (325).  p53 is rapidly phosphorylated in response to 

transcriptional stress (403) and can also be induced by agents which inhibit SP1 binding to 

the MDM2 promoter and in this way inhibit MDM 2 transcription (404).  However, as 

doxorubicin was found to inhibit transcription by a similar extent, this is unlikely to account for 

the differences in p53 activation demonstrated here (325).   

7.2 Future Directions 

The “second pathway” of SN 28049 is of potential clinical importance and studies are 

required to elucidate this mechanism of action.  Of particular interest is the activation of p53 

by SN 28049 and how binding to GC rich regions of DNA may be mediating this and initially, 

the activation of p53 by analogues of SN 28049 with differing GC binding constants needs to 

be compared.  SN 28049 induced mitotic slippage through this “second pathway” and 

determining the cell cycle phase of p53 activation by SN 28049 would also help towards 

understanding the cellular basis of this “second mechanism” of action.   

 

How this pathway results in tumour regression is also of interest.  p53 dependent 

senescence can lead to tumour cell clearance by the innate immune system (405) and, 

although senescence was also observed in response to doxorubicin or etoposide, it is 

possible that SN 28049 may be acting through a similar pathway.  In support of this, the 

response of Colon 38 tumours to SN 28049 is lower in immune-deficient mice than in 

immune-proficient mice.   

 

Further investigations are required to determine whether SN 28049 is similarly affecting other 

human tumour types.  To date, this “second mechanism” has only been demonstrated in 

cultures of HCT 116 colorectal carcinoma cells.  Culturing cells at high density was found to 

further reduce the effects mediated by topoisomerase II α poisoning and could be used to 
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investigate this second pathway in cell lines expressing topoisomerase II α.  Cell lines 

expressing topoisomerase II α could also be used to assess the relative contribution of 

topoisomerase II α poisoning and this “second mechanism” to the overall anti-tumour activity 

of SN 28049.  The response of metastatic melanoma, which typically expresses wild-type 

p53 (406) and respond variably to topoisomerase II poisons is of interest and the ability of 

SN 28049 to induce a G1 tetraploid arrest in melanoma cells is currently under investigation.   

 

The significance of this “second pathway” in the anti-tumour activity of SN 28049 also 

requires investigating.  Although SN 28049 was active against HCT 116 cells grown in vitro, 

HCT 116 cells grown in vivo as tumour xenografts are insensitive to SN 28049.  Studies are 

being completed in the Colon 38 tumour by Sandy Chen as part of her PhD thesis and 

results thus far have found evidence of a second pathway.  However, as topoisomerase II 

poisoning by SN 28049 is also evident in Colon 38 tumours, it is possible that both 

topoisomerase II poisoning and this “second mechanism” are required for complete tumour 

regressions (B Baguley, personal communication).  Additionally, the ability of SN 28049 to 

poison the topoisomerase II α enzyme requires verifying.  Whilst the activity of SN 28049 was 

reduced in cell lines with reduced topoisomerase II α expression, isolated enzyme studies 

are required to confirm that SN 28049 is in fact a topoisomerase II α poison.   

 

The results presented in this thesis have suggested that at higher concentrations SN 28049 

acts as a topoisomerase II poison whilst at lower concentrations the effects of SN 28049 are 

mediated through an additional pathway. In vivo scheduling, for instance the use of multiple 

small doses as opposed to one large dose, might alter the relative contributions of each 

pathway to the overall anti-tumour effect. These studies might eventually assist in 

determining the appropriate scheduling of SN 28049 in clinical trials.   
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Appendix I 

 

 
 

Representative image of Agarose gel electrophoresis of RNA samples used for cDNA synthesis.  RNA 
was extracted from HCT 116 p53 +/+ cells following 24 hours continuos exposure at the indicated 
concentrations (NM)RNA integrity was confirmed by the presence of distinct bands representative of 
28S and 18 S rRNA.   
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Appendix II 

 

 
 
Representative disassociation curve of the DNA product synthesised from the FAS primers confirming 
the presence of a single gene product 
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Representative disassociation curve of the DNA product synthesised from the p21WAF1 primers 
confirming the presence of a single gene product 
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Representative disassociation curve of the DNA product synthesised from the survivin primers 
confirming the presence of a single gene product
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