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GFP Green fluorescent protein
GSH Glutathione
GSNO S'-Nitroso-glutathione
GSSG Glutathione disulfide

H
HSV Herpes simplex virus
HIF-1 Hypoxia-inducible factor 1

I
IFNy or INFy Interferon-y
ILip Interleukin-1-p
IRES Internal ribosome entry site
ITR Inverted terminal repeats
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J, K, L
L-NAME Nitro-L-arginine methyl ester
L-NIO N-Imino-ethyl-L-ornithine
L-NNA Nw-Nitro-L-arginine
L-NMMA or NMA A^-Monomethyl-L-arginine 
LPS Lipopolysaccharide
Kb Kilobase

M
Moi Multiplicity of infection
MTT 3-(4,5-Dimethylthiazole“2-yl)-2,5-diphenyltetrazolium bromide

N
NADPH Nicotinamide adenine dinucleotide phosphate
NOC 5 l-Hydroxy-2-oxo-3-(3-aminopropyl)-3-isopropyl-l-triazene
NOC 18 l-Hydroxy-2-oxo-3,3 bis(2-aminoethyl)-l-triazene
NOR 4 3-[(+/~)-(E)-Ethyl-2’-[(E)“hydroxyimino]-5-nitro-3-

hexenecarbamoyl] -pyridine 
NO Nitric Oxide
NOS Nitric Oxide Synthase

o , p
pAHSP Minimal heat shock promoter
pCMV Cytomegalovirus
PBS Phosphate buffered-saline
Pon A Ponasterone A
P450  reductase NADH:cytochrome c (P45 0) reductase

Q ,R
RNA Ribonucleic acid

S
SIN-1 3-Morpholinosydnonimine
SNAP S-Nitroso-V-acetyl-penicillamine
SNP Nitroprusside

TPZ Tirapazamine (3-amino-1,2,4-benzotriazone 1,4-dioxide,
Tirazone™)

TNF-a Tumour necrosis factor alpha

T, U, V
VEGF Vascular endothelial growth factor
VP 16 Herpes simplex virus promoter

W ,X,
X-gal 5-Bromo-4-chloro-3-indolyl-/?-D-galactoside

Y, Z
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ABSTRACT

Nitric Oxide Synthases (NOS) are a family of enzymes that generate nitric oxide 
(NO) upon the conversion of L-arginine to citrulline. Two main types of NOS exist; 
constitutive and inducible. Inducible NOS (iNOS) is known to play a role in the immune 
system and has shown dual effects on tumour growth. At low levels, iNOS has exhibited 
pro-tumour effects while at higher levels the reverse has been observed.

This study aims to generate tools that tightly regulate iNOS expression and apply 
them to explore the therapeutic effects of iNOS for use in cancer therapy. Since stable 
clones that express high levels of iNOS are difficult to culture, as they generate high NO 
concentrations resulting in cell death, an inducible approach was sought. The ecdysone 
system was chosen because it demonstrated low basal levels, high fold induction, and the 
inducer had no known effects on iNOS. This system is comprised of a receptor and a 
response vector that have to be co-expressed in the cells in order to drive gene 
expression. Upon inducer addition, the receptor binds to the promoter of the response 
vector and thus gene expression occurs. Initially, the ecdysone system was evaluated in 
vitro and in vivo using the Lac Z reporter gene, then, ecdysone inducible iNOS stable 
clones were generated. The characteristics of the clone that showed the highest ecdysone 
inducible iNOS expression were fully examined in vitro and in vivo. This clone was later 
used to study the effect of iNOS expression on hypoxia and blood perfusion.

In order to be able to deliver iNOS in a gene therapy approach, recombinant 
adenoviruses encoding for the iNOS gene (and Lac Z as a control) were generated. Gene 
expression was tightly regulated in this system by varying the multiplicity of infection 
(moi) of the viruses.

Hypoxic cells are known to be chemo- and radio-resistant thus causing a major 
draw back in cancer therapy. Studies have revealed that iNOS is naturally up regulated in 
hypoxic cells. Since iNOS shares high sequence homology to P450 reductase, and since 
the latter metabolises bioreductve drugs like tirapazamine, iNOS was over expressed 
using the established tools to study its cytotoxic effects to tirapazamine in a gene directed 
enzyme prodrug therapy (GDEPT). Moreover, the hypoxia inducible factor, HIF-1, is 
known to be the key molecule that regulates the expression of genes under hypoxic 
stress. Current studies attempt to down regulate this molecule in order to reduce HIF- 
mediated gene expression. Hence, the effect of NO on HIF-mediated gene expression 
was studied using the NO donor GSNO as an exogenous NO source and using plasmids 
and the established adenoviruses as an endogenous non-chemical NO source.

In conclusion, this work emphasises the importance of iNOS expression in cancer 
gene therapy. Overexpression of this gene can be targeted to sensitise hypoxic cells to 
tirapazamine as well as be used to down regulate HIF-1. The transcriptional activity of 
this gene can be controlled using the ecdysone inducible system and clinically delivered 
using adenoviral vehicles.

14



Rana S. Al-Assah

DECLARATION

No portion of the work refered to in the thesis has been submitted in support of an 

application for another degree or qualification of this or any other university or institute 

of learning.

COPYRIGHT

Copyright in text of this thesis rests with the Author. Copies (by any process) 

either in full, or of extracts, may be made only in accordance with instructions given by 

the Author and lodged in the John Rylands University Library of Manchester. Details 

may be obtained from the Librarian. This page must form part of any such copies made. 

Further copies (by any process) of copies made in accordance with such instructions may 

not be made without the permission (in writing) of the Author.

The ownership of any intellectual property rights which may be described in this 

thesis is vested in the University of Manchester, subject to any prior agreement to the 

contrary, and may not be made available for use by third parties without the written 

permission of the University, which will prescribe the terms and conditions of any such 

agreement.

Further information on the conditions under which disclosures and exploitation 

may take place is available from the Head of the Department of The School of Pharmacy 

and Pharmaceutical Sciences.

Rana S. Al-Assah

15



Rana S. Al-Assah
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CHAPTER 1 INTRODUCTION

1.1 Nitric Oxide and Nitric Oxide Synthase

1.1.1 History and Discovery of Nitric Oxide

Nitric Oxide (NO) was first discovered by researchers trying to identify the agent 

responsible for regulating vascular tone. The agent discovered was called endothelium- 

derived relaxing factor (EDRF) and was assumed to be a protein like most signalling 

molecules. Later, studies showed that EDRF was in fact NO, which is a small gaseous 

molecule [1,2]. It then became known that NO is continuously produced in humans and 

animals, acting as a universal regulator of metabolism. These findings made Science 

announce NO as the “molecule of the year” in 1992 [3,4]. Moreover, in 1998 the Nobel Prize 

was awarded to R.F Furchgott, L.J Ignarro, and F. Murad for their fundamental discoveries 

of the physiological roles of NO [5]. Now, it is well known that NO plays a role in a variety 

of biological processes including neurotransmission, immune defence, and regulation of cell 

death (apoptosis) [2 ].

1.1.2 Biological Role of NO

NO is currently recognised as a ubiquitous biomessenger, existing in a wide variety of 

organisms. In mammals, NO is involved in a number of intercellular and intracellular 

functions including regulation of enzymes, altering vascular tone, inhibition of platelet 

aggregation and adhesion to vascular walls to cause blood vessel dilation. It has a role in 

lymphocyte proliferation, and mediates some of the cytotoxic action against pathogens and 

tumour cells. NO also plays a role in heart rhythm coordination and regulation of cellular 

respiratory activity [3,6,7].

Diseases Associated with NO

Many diseases are associated with either a hypo-functioning or hyperactive L- 

arginine/NO system. For example, hypertension and vasospastic diseases occur where
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endothelial NO synthesis is lacking. On the other hand, septic shock, inflammation, and 

stroke are associated with massive induction of NO [8 ]. Diabetes also seems to be affected by 

this molecule. Constitutive NO may help in insulin release under physiologic conditions 

while induced NO may play a role in the destruction of the pancreatic J3-C& 11s during the 

development of type I diabetes [9]. Curiously, NO gas is being used by inhalation to relieve 

pulmonary hypertension while it should also be noted that continuous exposure of cells to 

high levels of NO could have cytotoxic effects leading to severe life-threatening organ 

damage [8 ],

1.1.3 Chemistry of NO

1.1.3.1 Chemical Properties of NO

NO plays a diverse role in the body because of its chemical properties. NO is a simple 

radical gas that has a small size and is soluble in both lipids and water. This makes it easily 

diffusible compared to other classical mediators that normally have complex structures and 

are stored in granules and released when needed. NO can also interact with other molecules 

by covalent bonding and redox reactions [8 ].

1.1.3.2 Reaction of NO with O2 and 0 2 ’’

NO reacts with oxygen (O2) in a third order oxidation reaction whereby two 

molecules of NO react with one molecule of O2 to give nitrogen oxides (NOx). The half-life 

of NO highly depends on its concentration. In high concentrations, NO is more likely to react 

with oxygen yielding products called reactive nitrogen oxide intermediates (RNOI) or higher 

nitrogen oxides (NOx). RNOI are highly reactive and short-lived. They exhibit much broader 

reaction spectrum towards bio-molecules than NO itself [10]. Therefore, NO can interact 

with a biological target directly (as NO itself) or indirectly (by producing RNOI species) 

depending on its concentration [10,11]. NO can also react with the superoxide anion radical
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(O2’ ) yielding the strong oxidant peroxinitrite [10]. Thus, the various roles mediated by NO 

may be explained by its complex chemistry (Fig 1.1).

Low short duration of NO fluxes Higher sustained NO fluxes

cNOS

Direct Effects

Metal nitrcsyl formation 
Oaylwmogkibm
Stimulation o f  CyclooKy^anve ^
Activation o f  $iuiyl&te cyehre r n o is

Indirect Effect*

Nitnreation Stress* Oxidative Stress
Nitrosuuint fonuation Hydreuyhtion
S'Nitioiotldol fonnation Lipid pero»idation
Daunuution o f  DNA ferns DNA strand breaks
Inhibition o f  DMA repair

Fig 1.1 The source of NO and its chemical effects in biology [11].

1.1.4 Types of Nitric Oxide Synthases

Nitric oxide synthases (NOS) are a family of enzymes that convert L-arginine to 

citrulline and NO. Three main types of nitric oxide synthases (NOS) have been discovered: 

neuronal NOS (nNOS, NOS 1), inducible NOS (iNOS, NOS 2), and endothelial NOS (eNOS, 

NOS 3). A mitochondrial NOS has also been reported but its structure and regulation have 

not been defined [12]. It is important to note that members of the NOS family appear to be 

better distinguished by their mode of activation rather than the organ of their origin [6 ]. 

Constitutive NOS (cNOS) and iNOS are found in most types of tissue and their names only 

indicate the type of tissue they were first identified in [13].

94-nNOS and eNOS are constitutive NOS. They are inactive until intracellular Ca

levels increase sufficiently to allow calmodulin binding. When NOS containing cells are

given the appropriate stimuli (for example: acetylcholine or glutamate) receptor activation

leads to an increase in cytosolic calcium. This activates cNOS to produce a small amount of
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NO for a short period of time. cNOS usually plays a regulatory role [8 ]. However, iNOS is 

Ca2+/calmodulin (CaM) independent. When induced, it can bind tightly to calmodulin 

regardless of Ca2+ levels. iNOS releases large amounts of NO for a longer period of time and 

thus plays a host defence role [8 ]. The amount of NO released by iNOS per unit time is a 

thousand times higher than that released from cNOS [8] which could indicate that iNOS will 

generate RNOI [10]. As discussed below, the genomic structure of each of the three NOS 

isoforms is similar which suggests the divergence from a common ancestor [13].

1.1.4.1 Neuronal NOS (nNOS)

The human nNOS gene spans over 200 Kb on chromosome 12q24.2-q24.31. The 

major neuronal transcript is made up of 29 exons and encodes a 160 KDa protein. Its gene 

products are mainly expressed in neurons, skeletal and vascular smooth muscle, and 

bronchial and tracheal epithelia [12,14,15].

Mice with nNOS gene knockout mainly exhibit hypertrophy of the pyloric sphincter 

suggesting a role for nNOS in sympathetic smooth muscle relaxation at least in the gut. 

Moreover, increased aggressive behaviour in males and relative protection from ischemic 

neurological events compared to wild-type mice is also observed [12].

1.1.4.2 Inducible NOS (iNOS)

The human iNOS gene resides on chromosome 17 cen-qll.2 and contains 26 exons 

[12,15,16]. The full length of the iNOS gene is 37 Kb [13]. The first human iNOS cDNA was 

isolated in 1993 from lipopolysaccharide (LPS)-cytokine-stimulated primary human 

hepatocyte. The sequence revealed a 4,145 base pair (bp) cDNA containing a 3,459 bp open 

reading frame that encodes a polypeptide of 1,153 amino acids with a molecular mass of 131 

KDa (Fig 1.2) [13,15].

The main phenotype observed in iNOS knockout mice is increased susceptibility to 

infection with intracellular pathogens. This suggests that iNOS is important for anti-bacterial
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response [12,15]. iNOS knockout mice also exhibit impaired prostaglandin E2 production 

[12] and LPS induced hypertensions are markedly attenuated in iNOS lacking mice, which 

indicates that iNOS might be involved in septic shock in humans [15].

NH, hteme-/L-arg BH4 CaM FMN FAD NADPH COOH

Oxidative Domain Reductive Domain

Fig 1.2 Organisational structure o f the human iNOS protein: The polypeptide is 1153 amino 
acids with a calculated mass o f 131 KDa and contains recognition sites for the cofactors 
FMN, FAD, NADPH, heme, BH4, and CaM [13].

1.1.4.3 Endothelial NOS (eNOS)

The eNOS gene is expressed in the endothelium of a variety o f tissues as well as in 

cardiac and myometrial myocytes, platelets, and airway epithelium. The human eNOS gene 

is located on chromosome 7q36 and contains 26 exons spanning approximately 21 Kb of 

genomic DN A [12,15].

M ice with eNOS gene knockout are hypersensitive and have a higher incidence of 

bicuspid aortic valves. They exhibit pulmonary hypertension (blood pressure aproximately 

15 mmHg higher than controls [17]) with chronic, mild hypoxia, impaired wound repair, 

deficient growth factor-induced angiogenesis and markedly decreased bleeding times [ 12].
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Features cNOS iNOS
Cellular Sources Endothelial Cells Macrophages

Certain Brain Cells Vascular Smooth Muscle Cells

Activators Thrombin, ADP
Acetylcholine
Glutamate
Calcium Ionophores
Pressure
Shear Stress

Inducers Physical Exercise Lipopolysaccharide (LPS)
Interferon-a
LPS+ interlukin-1
LPS+ tumour necrosis factor a
Oxidised low-density Lipoprotein

Amounts Released Small, pulses Large, continuous

Calcium Dependence Yes No

Molecular Targets Heme Proteins Fe-S proteins
Soluble guanylate cyclase 
Thiols

Thiols

Proposed Function Regulation Host Defense

Table 1.1 Comparison of constitutive NOS and inducible NOS [8 ],

1.1.5 Biochemistry of NOS

1.1.5.1 Structure of NOS

The catalytically active NOS is a homodimer. The molecular weight of the monomer 

ranges from 110 KDa to 160 KDa depending on the isoform. Each NOS monomer contains 

an oxidase domain at its amino-terminal end and a reductase domain at its carboxy-terminal 

end. The NOS reductase domain contains binding sites for the redox cofactors NADPH, 

FMN, while the oxidase domain tightly binds BH4 and a cysteineyl thiolate-ligated heme 

group which is the reactive centre of the oxidation reaction [7,18]. CaM, which is located 

between the reductase and oxygenase domains, activates NOS function mainly by 

influencing the reductase domain (Fig 1.3).
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C O O ’
NADPH
FM N
FAD

CaM

CaM

FM N
FAD
NADPHn h 3‘

COO

Oxygenase Domain

Reductase Domain

Fig 1.3 Schematic structure of NOS [7].

1.1.5.2 NOS Reaction

NOS catalyses the reaction of L-arginine to citrulline and NO. A-hydroxyarginine 

(NHA) is produced as an intermediate. The N-hydroxylation of L-arginine consumes one 

equivalent of each of NADPH and O2 and it is typical of a P450 oxygenase reaction. During 

the reaction, NADPH is oxidised upon binding to NOS and NADP+ is generated [7]. It is 

important to note that although NADH is similar in structure to NADPH, the former cannot 

be used in the NOS reaction [7]. In the second step, the heme group activates Oiby recruiting 

only one reducing equivalent from NADPH and one from NHA (Fig 1.4) [71.
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NADPH + H 1/2 (NADPH + H+) 1/2N A D PNADP

NH;
NH NH NH

N = 0

COO COO COO

H20  c

/V-Hyd roxyarg  i n ine

H20

A rginine C ittru line Nitric ox ide

Fig 1.4 The reaction catalysed by Nitric Oxide Synthase [19].

1.1.6 Importance of iNOS over cNOS in Tumour Progression

The iNOS protein is available in very low (undetectable) basal levels in most cell 

types and its induction by cytokines generates higher NO concentrations for longer periods of 

time when compared to cNOS expression. Thus, studying the consequences of iNOS over 

expression would allow a more precise study of the effects of NO on tumour growth. 

Moreover, iNOS is Ca2+/CaM independent, which means that the Ca2+ levels do not need to 

be controlled for in an experiment. iNOS is also produced by macrophages and plays an 

important role in the immune response [12,15].

1.1.7 iNOS Expression: Induction and Inhibition

The generation of iNOS is complex and occurs at multiple sites within the signal 

transduction pathway that lead to iNOS gene expression and includes transcriptional and 

post-transcriptional mechanisms of modification [13].

The list of iNOS inducers is increasing. The most important of which are cytokines 

(growth factors, tumour necrosis factor a: TNF-a, interferon-y:IFNy or INFy, interleukin-1-
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p: IL1P) and endotoxins (LPS). They induce iNOS at the transcriptional level [2,15]. Studies 

have also shown that hypoxia up regulates iNOS expression [20].

On the other hand, gluccocorticoids, transforming growth factor-p (TGFpl), NO 

itself, Fe , ethanol, and interleukin-4 (IL4) act at the transcriptional level to inhibit iNOS 

expression [15,21].

1.1.8 Inhibition of iNOS Activity

Some drugs like Dexamethasone (a synthetic analogue of hydro-cortisone [22]) 

appear to suppress iNOS activity post-transcriptionally [23]. Whereas, it is not known

whether inhibition of iNOS activity by platelet- derived growth factors, insulin-like growth 

factor-1, and thrombin occurs during transcription and/ or post-transcription regulation 

[21,24].

Experimentally, iNOS activity can be inhibited using L-arginine analogues. Examples 

of such inhibitors include L-NMMA (also known as NMA) -monomethyl-L-arginine), L-

NAME (nitro-L-arginine methyl ester), and L-NNA (N^-Nitro-L-arginine). This inhibition 

can be reversed by adding higher amounts of L-arginine [8 ].

1.2 Tumour Growth: Metastasis, Angiogenesis, and Apoptosis

The level of iNOS expression was observed to be high in urinary bladder cancer [25], 

colorectal carcinoma [26], breast cancer [27], and melanoma [28] amongst others. So, many 

studies were performed in order to establish a correlation between iNOS levels and cancer 

prognosis. In most cases, these experiments failed to find a clear relationship.

iNOS seems to play an important role in metastasis, angiogenesis, and apoptosis. 

However, the exact role is poorly understood. It seems that iNOS plays a dual role in tumour- 

growth depending on its level [12].
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1.2.1 Metastasis

Metastasis is constituted of a series of events involving first the growth of a primary 

tumour followed by extensive angiogenesis. Cells with a metastatic phenotype invade the 

tissue stroma and penetrate the blood vessels to enter the circulation. The majority of these 

cells are rapidly destroyed but those that survive can be trapped by organ capillary beds and 

extravasate into the organ parenchyma. The metastatic process is completed upon cellular 

proliferation and vascularisation of the secondary deposit [29].

In some studies, induction of iNOS leading to high levels of NO has shown a direct 

correlation with metastasis. For example, upon addition of LPS, increase in growth of 

experimental lung metastasis and incidence of pleural metastasis was observed in an 

experimental murine model. The growth was compared to tumours induced with saline as 

controls and the growth effect was blocked upon the addition of the iNOS inhibitor NMA 

[30]. In another study, Zhang and Xu (2001) argue that NO should be considered as one of 

the factors involved in down-regulating the immune response -which is needed for metastasis 

to occur- as well as accelerating tumour metastasis. This argument was supported by the 

findings that the iNOS inhibitor L-NNA significantly inhibited lung metastasis of murine 

metastatic melanoma while L-arginine tended to enhance the metastasis. In addition, the 

cytotoxicity of the T-cells specific to these lung metastatic cells was significantly reduced 

when cultured with the metastatic cells themselves, an effect that was reversed in the 

presence of a selective iNOS inhibitor L-imi-noethyl-lysine [31].

On the other hand, NO appears to inhibit metastasis by causing vasodilation, 

inhibiting platelet aggregation, and inducing apoptosis [27,32]. In a study by Xie et al. 

(1996), a highly metastatic murine melanoma cell line showed low iNOS levels. When this 

cell line was transfected with the active iNOS gene, inactive iNOS gene, or control plasmid, 

only the cells transfected with active iNOS gene showed a high reduction in metastasis
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compared to the controls [33]. Wang et al. (2001), found that disruption of the IFN-y gene 

and a lack of physiologic IFN-y production led to decreased iNOS expression and increased 

tumour growth and metastasis. In their study, highly metastatic murine pancreatic 

adenocarcinoma cells were implanted into IFN-y+/+ and IFN-y7' mice. Although in both cases 

the tumours grew, the ones implanted in the IFN-y'/_ mice developed more aggressively and 

metastasised more extensively [34].

One of the reasons for the discrepancy in the role of NO on metastasis is thought to 

be the presence of p53 mutations in some cells. Since p53 calls for apoptosis, these mutations 

can influence the fate of tumour cells and could indicate resistant to NO. Studies by Shi et al. 

(2000) demonstrated that disruption of host iNOS expression enhanced the growth and 

metastasis of NO-sensitive tumour cells but suppressed the metastasis of NO-resistant 

tumour cells, proposing that host-derived NO may differentially modulate tumour 

progression [35]. It was also observed that highly metastatic murine fibrosarcoma clones 

exhibited higher levels of iNOS than poorly metastatic cells even when both of these clones 

contained the same p53 mutation. Over expression of iNOS in the highly metastatic clone by 

infection with an iNOS retrovirus retarded tumour growth and completely suppressed 

metastasis. This could indicate the contribution of low iNOS expression to the progression of 

tumour cells even in the presence of p53 mutations, yet sustained iNOS over expression still 

suppressed tumour growth and metastasis [36].

1.2.2 Angiogenesis

Angiogenesis is the process of development of new blood vessels from pre-existing 

ones [37]. This process requires several important steps including matrix dissolution, 

endothelial cell proliferation, migration, and organisation into tubes, followed by lumen 

formation [38]. NO seems to play a role in all of these steps [39],
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Some studies have shown that NO plays a pro-angiogenesis role whereas others have 

reported an opposite effect. The main reason for this discrepancy seems to be the varying 

levels of NO produced such that at high concentrations NO has an anti-tumour effect but at 

lower concentrations it promotes tumour growth and angiogenesis [40]. For example, iNOS 

knock-out mice showed delayed wound closure, which was corrected by iNOS transfection 

[41]. Moreover, when immunostained for iNOS protein expression in squamous cell 

carcinoma of the larynx, results showed a significant increase in iNOS expression in the 

transition from hyperplasia/mild dysplasia, to moderate/severe dysplasia, to invasive 

carcinoma [42]. Increased iNOS expression was also observed in invasive carcinomas of the 

head and neck region [43]. This suggests that iNOS inhibitors could act as promising anti- 

angiogenic therapeutic agents in these cases [42].

Jenkins et a l (1995) engineered human colon adenocarcinoma cells to generate NO 

continuously. When grown in vitro, these cells grew slower than the wild-type cells, an effect 

that was reversed upon the addition of the iNOS inhibitor N-imino-ethyl-L-ornithine (L- 

NIO). However, when the same cells were implanted in nude mice, the tumours grew faster 

than those derived from the wild-type and were more vascularised suggesting that NO may 

play a dual role in tumour growth [40].

Vascular endothelial growth factor (VEGF) is a key molecule in angiogenesis and 

when studying the role of NO on angiogenesis, many reports focus on the relationship 

between NO and VEGF. For example, upon exposure of choroidal endothelial cells to VEGF 

for 30 min, a dose dependent rise of NO production was observed in the medium. This effect 

was inhibited by the NOS inhibitor L-NAME [44]. Harris et al. (2002) regulated VEGF 

expression using the tetracycline inducible system in a breast carcinoma model and found 

that over expression of VEGF was associated with enhanced NOS activity. Both eNOS and 

iNOS were elevated suggesting that NOS is tightly regulated by VEGF at least in this tumour
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model [45]. On the other hand, some studies focused on the role of NO on VEGF. For 

example, a study by Jozkowicz et a l (2001) revealed that NO derived from NO-donors or 

from NOS-transfected cells upregulates the synthesis of biologically active VEGF in vascular 

smooth muscle cells [39]. In the case of transfecting cells with eNOS or iNOS, the 

upregulated VEGF expression was reversed using L-NAME but not by its inactive 

enantiomer D-NAME and the addition of L-arginine restored VEGF production. The same 

authors also observed that cells stably transfected with NOS expressed more VEGF than 

those transiently transfected. This indicates a positive feedback loop between NO and VEGF 

[39]. On the other hand Tsurumi et a l (1997), used NO donors and found that NO seemed to 

down regulate VEGF by inhibiting its promoter [46].

To summarise, the effect of NO on angiogenesis remains unclear. iNOS induction can 

inhibit angiogenesis by inhibiting the proliferation of endothelial cells and vascular smooth 

muscle cells. NO may also be involved in the suppression of angiogenesis-related gene 

expression. NO suppresses both constitutive and hypoxia-induced platelet-derived growth 

factor expression at the level of transcription [27,47]. In contrast, sustained production of low 

levels of NO in solid tumours can promote tumour growth by enhancing vascular 

permeability, increasing blood flow, and increasing vascularisation (by stimulating 

endothelial cell growth and migration). Moreover, low levels of endogenous and exogenous 

NO can also serve as intracellular second messengers to induce interleukin-8 (IL-8) gene 

expression, an indirect angiogenesis factor [26].

1.2.3 Apoptosis

Apoptosis or programmed cell death occurs in response to several stimuli mainly to 

save the cells from replicating when mutations have occurred in the DNA. The pathway by 

which NO induces apoptosis is not clearly understood. NO might directly damage DNA [48] 

and inhibit protein and nucleic acid synthesis through modification of rate-limiting enzymes

29



Introduction
Rana S. Al-Assah

[49]. Induction of apoptosis could also be due to inhibition of the tricarboxylic acid cycle and 

a subsequent drop in ATP production [50]. Moreover, NO induces abnormal intracellular 

Ca2+ mobilisation from mitochondria [51]. The decrease in intracellular pH and the 

redistribution of Ca2+have been shown to trigger apoptosis [52]. Moreover, intracellular and 

extracellular acidification may lead to regeneration of NO from nitrite, thereby sustaining its 

cytotoxic activity [33,53]. It was also observed that NO-mediated down regulation of Bcl-2 

may contribute to NO- mediated apoptosis [27].

Some studies have observed a relationship between iNOS expression and apoptosis. 

For example, iNOS was found to be expressed in human pancreatic cancer and its presence 

positively correlated with apoptosis. When measured by TUNEL staining, the apoptotic 

indices were significantly higher in positive iNOS expressers than negative expressers [54]. 

Cytokines-induced iNOS also showed a positive correlation with the degree of apoptotic cell 

death in ovarian cancer. In this case, the cells were treated with IFN-y, IL-lp, and TNF-a and 

apoptosis was measured by gel electrophoresis and propidium iodide (PI) staining followed 

by flow cytometry analysis to monitor DNA fragmentation which is characteristic of 

apoptosis [55].

To the contrary, Xu et a l (2002) noticed that human colon cancer and human ovarian 

cancer tumours grown in nude mice formed significantly smaller tumours in the presence of 

NO-generating microencapsulated cells compared to control tumours. These 

microencapsulates are iNOS expressing cells entrapped in a semi-permeable alginate-poly-L- 

lysine membrane that is used as a delivery vehicle to tumour sites in mice. The tumours were 

injected subcutaneously along the microencapsulated cells. NO generation resulted in 54 % 

reduction in colon tumour volume 28 days after implantation and 100 % reduction in ovarian 

tumour volume 30 days after implantation at an estimated NOS activity of 223 ± 5 6  

pmol/min/mg (measured 10 days postimplantation). It is noteworthy to mention that these
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microencapsulated cells were expressing iNOS using the ecdysone system and were induced 

with Pon A at 10 mg/mouse for 14 days followed by 2 mg/mouse/week. Similar experiments 

were repeated in vitro whereby the NO generating cells were co-cultured with the other cell 

lines. In this case, iNOS expression was controlled using the tetracycline system (tet-On). 

More than 80 % cell death was observed using trypan blue staining in the induced co-culture 

while 15 % was observed in the uninduced and 30 % in the induced co-culture but in the 

presence of an iNOS inhibitor. Moreover, the induced colorectal coculture showed 45 % 

apoptosis when TUNEL stained. When implanted in vivo, 86 % reduction in the colorectal 

tumour volume was observed 30 days post implantation. In this case, the microencapsulated 

cells were induced by 0.5 mg/ml doxycycline in drinking water which was replaced 2 or 3 

times a week [56].

A key regulator of apoptosis is the tumour suppressor gene p53. It is thought that 50 

% of the tumours have a mutated or deleted p53 gene [5]. Recent studies have focused on the 

role of NO on p5 3 in an attempt to explain the dual role that NO plays in tumour growth. In 

normal cells, p53 levels are extremely low as a result of its rapid proteolytic degradation. 

However, DNA damage causes p53 stabilisation and accumulation. Then, p53 targets genes 

that affect cell cycle arrest and induce apoptosis [5]. To maintain somatic cell genomic 

integrity, the initial cellular response to NO-mediated DNA damage is p53 activation 

resulting in apoptosis [57-59]. In turn, p53 accumulation down regulates iNOS expression by 

binding to the iNOS promoter thus limiting the extent of NO-mediated damage. These cells 

are known as NO-sensitive [5]. Therefore, wild-type p53 protein expression in numerous 

tumours was associated with decreased iNOS expression [60,61]. However, when high levels 

of NO are present, and due to the continuous expression of p53, mutations in this gene may 

occur leading to its inactivation. Therefore, following p53 inactivation, the NO-p53 negative 

feedback loop fails and p53 mutated cells continue to produce high levels of NO unchecked.
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These cells now become NO-resistant [5,61]. It is even thought that irrespective of the 

mechanisms contributing to NO resistance, NO resistance may lead to NO dependence [35]. 

Therefore, chronic induction of NO can be carcinogenic, partly because it causes p53 

inactivation and thus NO-resistant cells may emerge during clonal evolution of tumours and 

these cells may eventually become NO-dependent [5,37]. For example, iNOS expression is 

positively associated with p53 mutation in tumours of the colon, lung, and oropharynx [37].

NO may interact with other molecules to promote tumour growth. It has been 

documented that NO activates cyclo-oxygenase-2 (COX-2), and the activation of (COX-2) 

confers NO resistance [5]. For example, when an NO-sensitive macrophage cell line was 

transfected with a COX-2 vector [62] or pre-treated with small amounts of NO to produce 

COX-2 [63], the cells became resistant to high doses of NO [5,37]. It has also been observed 

that over expression of COX-2 alters cell adhesion and protects cells against apoptosis by 

increasing the Bcl-2 protein production [64,65]. On the other hand, it was shown that NO 

could induce apoptosis by up-regulating the expression of Fas or Fas L proteins [56,66,67].

1.2.4 Conclusion

Whether iNOS has a pro- or anti- tumour effect could be due to many factors. The 

level of iNOS produced by tumours is of key importance. It has been demonstrated that 

overproduction of endogenous NO is auto-cytotoxic through the induction of apoptosis and 

suppression of tumour growth and metastasis, whereas low NO production may protect 

tumour cells from apoptosis and promote tumour growth [35,36]. Moreover, cells containing 

a mutated p53 tumour suppressor gene fail to decrease the levels of NO produced, a process 

that normally occurs via a p53-NO negative feedback loop. These cells are also unable to 

undergo apoptosis and might consequently become NO dependent and survive under high 

NO levels [60]. On the other hand, experimental conditions that exist in vitro might not exist 

in vivo and visa versa. For example, cytokine treatment in vitro could lead to high NO levels
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as the experiment is performed in a contained flask and such a condition does not exist in 

vivo. So, it is possible that the levels induced, presumably by cytokines in vivo, may be very 

low and non-toxic and even facilitate survival and metastasis of tumour cells [36], It is 

currently thought that the concentration of NO in human tumours (as opposed to murine 

macrophages that produce high iNOS levels) is at least one or two orders of magnitude lower 

than that required for anti-tumour effects to occur, with the levels formed being responsible 

for pro-tumour effects [68].

Other factors for such discrepancy include the use of different techniques to evaluate 

NOS expression [27,35], the use of different cell lines [35,36], different tumour types [27,35] 

and the varying cancer stage [11]. It is also noteworthy to mention that some clinical 

experiments have a small sample size which could misrepresent the true situation [26].

1.3 Resistance of Hypoxic Tumours to Therapy

1.3.1 Hypoxia

In addition to its dual role in tumour growth, iNOS is up-regulated under hypoxic 

conditions [20], has the ability to reduce some bioreductive drugs [69], and radiosensitise 

hypoxic cells [70].

1.3.1.1 Defining Hypoxia

Aggressive tumours often have reduced blood supply. This is due to their fast growth 

and thus their blood supply becomes insufficient. In addition, the newly formed blood vessels 

are disorganised which results in nutrient depletion, acidosis, and reduced oxygen tension 

andI or hypoxia [71]. There are two types of hypoxia: chronic hypoxia which results from the 

tumour cells being further from the blood vessels than the normal diffusion distance of 

oxygen (about 100 (am [72]) and acute hypoxia that is caused by temporary stopping of blood 

flow through a particular blood vessel. It is noteworthy to mention that normal tissues 

typically have median oxygen concentrations in the range of 40-60 mmHg, whereas half of
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all solid tumours have median values of less than 10 mmHg with fewer than 10 % in the 

normal range [72].

Hypoxic tumours are known to be resistant to radiotherapy and chemotherapy. 

Resistance to radiotherapy is explained by the fact that oxygen molecules react rapidly with 

the free-radical damage produced by ionising radiation in DNA, thereby “fixing”, or making 

permanent, the DNA damage that leads to cell death. Hypoxic cells are furthest away from 

functioning blood vessels and cells at low oxygen levels divide much slower than those that 

are well oxygenated. This may result in chemoresistance especially since most anti-cancer 

drugs are only effective against rapidly proliferating cells and that these drugs need to reach 

the cells via blood vessels [72].

1.3.1.2 Hypoxia Inducible Factor

Hypoxia-inducible factor 1 (HEF-1) is a transcription factor that functions as a master 

regulator of oxygen homeostasis [73]. It is expressed in most cancers in response to hypoxia 

and it activates the transcription of genes whose protein products either increase O2 delivery 

(example: erythropoetin, gene encoding VEGF) or provide metabolic adaptation under 

conditions of reduced O2 availability [74]. HIF-1 is a heterodimeric protein consisting of 

H IF-la and HIF-1 p (also known as aryl-hydrocarbon nuclear translocator protein: ARNT) 

subunits. Both subunits contain amino-terminal-basis-helix-loop-helix-PAS (bHLH-PAS) 

that are required for dimerisation and DNA binding [74],

Immunocytochemical studies have showed that H IF-la is over-expressed in most 

common human cancers in response to physiologic (hypoxia) and non-physiologic (genetic 

alteration) stimuli. For example, H IF-la over-expression was detected in more than 90 % of 

colon, lung, and prostate cancers analysed, whereas no expression was detected in the 

corresponding normal tissue [74].
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While the expression of IiIF-1 (3 is oxygen-independent, H IF-la stability is tightly 

regulated by cellular oxygen tension. So, under hypoxic conditions, H IF-la is stabilised and 

consequently binds to HIF-1 (3. The half-life of H IF-la in post-hypoxic cells was found to be 

less than 5 minutes. In the presence of 0 2, H IF-la is subject to ubiquitination and 

proteosomal degradation which are blocked in hypoxic conditions [74].

1.3.1.3 Mechanism of HIF-1 Stabilisation

In the presence of oxygen, Pro402 and Pro564 in H IF-la are hydroxylated by prolyl 

hydroxylases. This step is essential for the binding of the von Hippel-Lindau (VHL) tumour 

suppressor gene, which recruits an E3 ubiquitin-protein ligase that targets H IF-la for 

proteasomal degradation. Under hypoxic conditions, oxygen becomes a rate-limiting factor 

for prolyl hydroxylation and consequently H IF-la becomes stable. VHL also recruits histone 

deacetylases (HDAC) and factor inhibiting HIF-1 (FIH-1) that are required for transcriptional 

repression. In addition, oxygen-dependent hydroxylation of Asn803 in H IF-la blocks its 

interaction with p300, a key co-activator that is needed for transcriptional activation [73,75] 

(Fig 1.5).
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Fig 1.5 Regulation of H IF-la protein expression and transcriptional activity by oxygen- 
dependent post-translational modifications (bHLH: basic helix-loop-helix, PAS: PAS 
domain, TAD-N: amino-terminal transactivation domain, ID: inhibitory domain, TAD-C 
carboxyl-terminal transactivation domain, Pro: proline, Asn: asparagine, p300: protein 300 
FIH: factor inhibiting HIF-1, HD AC: histone deacetylases, VHL: von Hippel-Lindau, CUL2: 
cullin 2) [75].

1.3.1.4 Hypoxia Regulates iNOS Gene Expression

Hypoxia regulates the expression of several genes and this is mainly caused by the 

interaction of HIF-1 with its DNA recognition site known as the hypoxia responsive element 

(HRE) [71]. The expression of iNOS is thought to increase under hypoxic conditions as 

studies performed on the iNOS gene discovered an HRE site in its promoter [20]. It was 

found that hypoxic conditions in combination with INF-y stimulate iNOS transcription and 

mRNA expression in murine macrophages [20]. This observation was further explained to be 

due to the physical interaction of two molecules HIF-1 and IRF (INF regulatory factor that is 

activated by INF-y). These studies show that HIF-1 interacts with the HRE site present in the 

iNOS 5’ regulatory region and that IRF-1 interacts with the HIF-1/HRE nucleoprotein 

complex thus inducing iNOS expression in macrophages [76]. On the other hand, although 

iNOS expression increases under hypoxic conditions and INF-y, NO synthesis is markedly
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reduced in activated macrophages in proportion to oxygen tension such that at 1 % oxygen 

tension, NO accumulation is reduced by 80-90 % [77].

However, other researchers found that HIF-1 alone can stimulate iNOS expression in 

pulmonary artery endothelial cells after exposure to hypoxic conditions. This increase in 

expression occurred as early as 24 h after hypoxia. Moreover, when a promoterless vector 

was used as a control, iNOS expression did not increase indicating once again the presence of 

an HIF-1 binding site in the iNOS promoter [78]. On the contrary, iNOS expression in rat 

aortic smooth muscle cells did not respond to hypoxia in the same manner as the endothelial 

cells. The discrepancy obtained with different cell lines indicates that other cell type-specific 

transcription factors may mediate the response to hypoxia [78].

1.3.1.5 HIF-1 Inhibition

As HIF-1 was observed to play a major role in regulating tumour growth, it has been 

targeted for anti-cancer therapeutic design [79]. For example, embryonic stem cells that are 

H IF-la deficient (-/-) grew much slower than the wild-type cells (H IF-la +/+) when 

implanted in nude mice [80]. Studies using tumour implants of the mouse hepatoma cell lines 

that were deficient in HIF-1 (3 showed an 80 % reduction in ATP compared to the wild-type 

indicating that the low expression of the gene responsible for HIF-1 (3 disrupts ATP synthesis 

probably by preventing the synthesis of adequate amounts of a crucial intermediate like 

glycine. The inability of these HIF-1 p deficient tumours to up regulate the expression of 

glycolytic enzymes and glucose transporters could reduce the production of purine moieties 

needed for ATP production and thus contribute to the slower growth rate of these tumours 

compared to wild-type tumours [81].

Researchers are currently trying to inhibit HIF-1 using different approaches. Some 

methods include the use of anti-sense HIF-1 [82], HIF-1 dominant negative constructs [83],
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RNAi technology [84], or small molecules that act by inhibiting the HIF-1 transcriptional 

activation pathway [85,86].

1.3.1.6 Regulation of HIF-1 by NO

In order to study the role of NO on HIF-1, different approaches were used. These 

include NO donors that produce NO chemically and exogenously, and cytokines and stable 

clones that express high levels of iNOS endogenously.

1.3.1.6.1 NO Stabilises HIF-1

In one study, Sandau et al. (2001) explain that lower NO concentrations induce a 

faster but transient H IF-la accumulation compared to higher doses of the same NO donor. 

In their study, they have used the NO donor S-Nitrosoglutathione (GSNO) and observed that 

100 jiM elicited a rapid but transient accumulation of H IF-la whereas 1 mM evoked a 

delayed H IF-la accumulation when measured using western blot analysis even though the 

higher GSNO concentration resulted in higher NO production. These experiments were 

conducted under aerobic conditions. This study also explains that irrespective of the 

concentration of GSNO being used, the amount of H IF-la protein being expressed appeared 

to be equal, although the time point of maximal expression varied significantly. Moreover, 

their experiments show that the NO triggered H IF-la stabilisation is cGMP independent. 

Sandau et a l (2001) explain their observation to be due to the existence of two different 

transduction pathways [87,88]. On the other hand, under hypoxic conditions H IF-la 

regulation was concentration and time dependent such that inhibition was only achieved at 

low concentrations of GSNO (100 pM). This was explained to be due to moderate stress that 

induces degradation by proteasomal system whereas enhanced stress may inhibit the 26S 

proteasome [87,88].

In another study, Metzen et al. (2003) used a hypoxia-inducible luciferase reporter 

gene and obtained a 2 fold luciferase induction when HEK 293 cells were induced with 1
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mM GSNO in air. This induction was similar to that obtained with the cells induced with 1 % 

hypoxia or with cobalt chloride (C0 CI2) only suggesting that this HIF-1 was transcriptionally 

active. Further experiments showed that GSNO did not have any effect on the transcription 

and translation of HIF-la. However, H IF-la ubiquitination seemed to be dramatically down 

regulated. Moreover, the VHL-HIF-la interaction that normally occurs under normoxic 

conditions seemed to be decreased in the presence of GSNO, hypoxia, or C0 CI2. This effect 

was explained to be either the result of a chemical modification of the oxygen-dependent 

degradation domain ODD and/or pVHL by GSNO or the result of attenuated prolyl 

hydroxylation of the ODD, which is required for pVHL binding. Further experimentation 

revealed that GSNO inhibited prolyl hydroxylase (PHD) domains PHD1, PHD2, and PHD3 

as well as FIH-1 thus explaining the accumulation of H IF-la [89].

In another study by Kimura et al. (2002), the effect of a variety of NO donors was 

studied. SNAP, GSNO, and NOC 18 activated a VEGF promoter in a dose-dependent 

manner under normoxic conditions and the effect was attenuated by an NO scavenger 

carboxyl-PTIO. These NO donors also induced H IF-la accumulation and HIF-1 DNA 

binding activity suggesting that NO up-regulates the VEGF gene transcription by enhancing 

HIF-1 activity. On the other hand, NOR 4 enhanced the VEGF promoter activity under 

normoxic and hypoxic conditions, but this effect was not eliminated by carboxyl-PTIO which 

could be due to the lipophilic nature of NOR 4 allowing it to penetrate the cell membrane and 

the hydrophilic nature of carboxyl-PTIO making the latter unable to scavenge all the NO 

produced by NOR 4. Moreover, NOR 4 did not provoke H IF-la accumulation. Another NO 

donor, SIN-1 had a positive effect on the VEGF promoter at high concentration under 

normoxic conditions and its effect was attenuated by carboxyl-PTIO. However, it showed no 

effect on hypoxic activation and did not enhance HIF-1 binding activity and HIF-1 

accumulation. This could be due to the peroxynitrite by-product that may have a different
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effect from NO on YEGF and HIF-1 activity. To the contrary, SNP showed an inhibitory 

effect on VEGF expression under hypoxic conditions only. However, this NO donor seems to 

be far from ideal as it produces ferrocyanide and ferricyanide and the latter has an inhibitory 

effect on the VEGF promoter activity [90]. This shows that different NO donors have 

different effects on HIF-1 regulation and also emphasises the need to precisely control for the 

concentration of the NO donor, the time needed to examine any effect, and the redox state of 

the experimental environment.

Other studies performed to understand the effect of NO donors (SNAP and NOC 5) 

on the VEGF promoter explain that the VEGF gene transcription is activated by NO as well 

as by hypoxia via the HIF-1 binding site and an adjacent sequence within the HRE of this 

gene in glioblastoma and hepatoma cells. However, it was also observed that optimal 

concentrations of these NO donors required for VEGF reporter gene expression under 

normoxic conditions cause an inhibitory effect on the gene expression under hypoxic 

conditions. This could be due to the production of higher NO concentration by the NO 

donors under hypoxic conditions than under normoxic conditions, and that exposure to 

excessive amounts of NO could be toxic [91].

Moreover, when iNOS was over expressed in tubular LLC-PKi cells producing 2 pM 

nitrite, H IF-la stabilisation was observed [87]. Even when macrophages were activated 

using cytokines and then co-cultured with tubular LLC-PKi cells, H IF-la accumulation was 

observed [87].

1.3.1.6.2 NO Inhibits HIF-1 Stabilisation

Some researchers studying the effect of NO on HIF-1 regulation observed a 

completely different result. For example, Yin et a l (2000) used the NO donor SNP to inhibit 

the luciferase activity driven by a VEGF promoter in a dose dependent manner. This 

inhibition was only observed under hypoxic conditions. However, SNP releases by-products
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that can have their own effects on HIF-1 but so does GSNO that produces the oxidised 

glutathione GSSG upon NO release and a high concentration of the latter alone is a 

prominent source of oxidative stress [92].

Sogawa et a l (1998) observed an inhibition of activity again by hypoxia inducible 

luciferase reporter assay in Hep3B cells in the presence of any of the NO donors SNP, 

GSNO, or SIN-1. This inhibition was once again observed more dramatically under hypoxic 

conditions and barely observed under normoxic conditions. Sogawa et a l (1998) further 

explain this inhibition to be due to blocking the DNA binding activity of HIF-1. This is in 

accordance with the hypothesis that an oxygen sensing heme protein exists and is localised in 

the cell membrane. As NO binds to heme with a higher affinity than 0 2, the binding of NO to 

the sensor would cause a conformational change that shuts down signal transduction even 

under hypoxic conditions [93].

Huang et a l (1999) observed the same inhibitory effect of SNP on HIF-1 and have 

again explained their observation to be to due to the ability of NO to bind to a heme protein 

in the oxygen sensor. Further experimentation showed that NO triggers destabilisation of 

H IF-la via the ODD domain (but not through S-nitrosylation of the cysteine residue present 

in this domain) as well as via inhibiting the C-terminus activation domain [94].

Yin et a l (2000) showed that iNOS expression inhibits HIF-1 activity under hypoxic 

conditions in C6 glioma cells. They have transiently transfected the cells with the iNOS gene 

and a VEGF promoter-driven luciferase gene. The inhibition was partially reversed upon the 

addition of the antioxidant NAC possibly because NAC increases total intracellular 

glutathione concentrations with a lowered GSH/GSSG ratio to favour the formation of 

GSNO and prevent direct NO contact with H IF-la or because NAC has shown to stabilise 

the H IF-la protein under hypoxic conditions thereby facilitating the HIF-1 DNA-binding 

activity by an increased GSH/GSSG [92].
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In a further study using stable clones that finely regulate iNOS expression using the 

tetracycline system, it was demonstrated that depending on its concentration NO has two 

opposite and independent effects. At low concentrations (<400 nM), NO inhibits H IF-la 

accumulation under hypoxic conditions, an effect that is mitochondria-dependent possibly 

through inhibition of cytochrome c. However, at higher concentrations (>1 (iM), NO 

stabilises H IF-la in a mitochondria-independent manner [95,96].

1.3.2 Bioreductive Drugs

As previously described, hypoxic cells appear to be resistant to chemotherapy. This is 

because hypoxic cells are furthest away from functioning blood vessels and also because 

cells at low oxygen levels divide much slower than those that are well oxygenated, whereas 

most anti-cancer drugs are only effective against rapidly proliferating cells and that these 

drugs need to reach the cells through blood vessels [12]. However, hypoxia could be 

exploited in chemotherapy as it constitutes a major difference between tumour and normal 

tissue. Therefore, by designing a drug that is selectively toxic to hypoxic cells, toxicity to 

normal cells should be avoided.

Examples of these drugs include Mitomycin C, a quinone antibiotic that was 

introduced into clinical use in 1958 and has demonstrated activity against a number of 

tumours in combination with other chemotherapeutic drugs and radiation. This drug 

preferentially kills hypoxic cells compared to normoxic cells [72]. l,4-Bis-[[2-

(dimethylamino-N-oxide)ethyl]amino]5,8-dihydroxyanthrace ne-9, 10-dione (AQ4N), a di- 

A-oxide analogue of mitoxantherone, is another drug that selectively acts on hypoxic cells. 

Under reduced oxygen levels, AQ4N is converted to AQN that has high affinity to DNA and 

inhibits the enzyme topoisomerase II [72]. Another more promising drug, which is currently 

in Phase II and Phase III clinical trial, is tirapazamine (TPZ, SR 4233, WIN 59075, 3-amino- 

1,2,4-benzotriazone-1,4-dioxide, Tirazone ™) [97,98]. TPZ is a substrate for many reductase
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enzymes that can add a single electron to the molecule, thereby producing a free radical 

intermediate. In the presence of oxygen, this free radical is rapidly oxidised back to the 

parent molecule with the formation of a superoxide radical; however, in the absence of 

oxygen, this does not occur and the highly reactive TPZ radical removes hydrogen from 

nearby macromolecules causing them structural damage [99]. If the nearby molecule is DNA, 

then the TPZ radical produces both single- and double-stranded DNA damage to 

chromosome aberrations and consequently cell death [69,72,100] (Fig 1.6). Over expression 

of an enzyme under hypoxic conditions could facilitate the conversion of a non-toxic pro­

drug into a toxic drug specially that this environment exhibits reduced oxygen tension [72].

a
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Fig 1.6 The metabolism of tirapazamine (TPZ) to its active free-radical moiety causing 
preferential toxicity to hypoxic cells by damaging the DNA double helix [72].

Previous studies have shown that P450 reductase is the major microsomal enzyme 

responsible for the reduction of TPZ to the radical intermediate [97,98,101,102]. As studies 

have revealed that the reductase monomer of iNOS shares a high degree of sequence 

homology with cytochrome P450 reductase [7,19,69], the ability of NOS to reduce 

tirapazamine amongst other compounds under hypoxic conditions was studied [69,97].

Garner et a l (1999) used the three NOS isoforms in their study and found that iNOS 

could reduce bioreductive drugs and had the highest affinity for tirapazamine. They also 

explain that all NOS isoforms may have a greater affinity for the drug than P450 reductase 

[69], Chinje et a l (2003) have shown that an increase in cytosolic iNOS activity in a series of
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transfected human breast carcinoma clones was associated with an increase in TPZ 

metabolism under hypoxic conditions and that there was no similar increase under aerobic 

conditions [97]. It has also been shown that in some cancers, NOS levels are elevated (unlike 

P450 reductase) and that NOS has an HRE site in its promoter and it might be highly 

expressed under hypoxic conditions. Moreover, there is a possibility that TPZ may inhibit 

NO formation in vivo, which could lead to reduction in tumour blood flow. This means that 

TPZ might potentiate its own toxicity by increasing the degree of hypoxia in tumours [69].

1.3.3 Radiation

Hypoxic cells have poor oxygen tension and thus are resistant to radiotherapy. This is 

because oxygen molecules are needed to react with free radicals produced by ionising 

radiation in order to cause perminant DNA damage and thus induce apoptosis [72]. Scientists 

are trying to overcome this drawback by finding hypoxic radiosensitisers. Recently, it has 

been found that NO effectively radiosensitises hypoxic mammalian cells with a substance 

enhancement ratio (SER) of 2.4. This indicates that NO is as effective as oxygen at 

enhancing the sensitivity of hypoxic cells to radiation [11].

For example, when authentic NO gas was used to treat hypoxic Chinese hamster lung 

cells, results showed that NO was almost equally effective as oxygen [70,103,104]. Some 

NO donors were also used and gave similar results [103,105,106]. Moreover, when iNOS 

expression was induced by IFN-y in hypoxic EMT-6 tumour cells, it was found that NO was 

the effector molecule responsible for radiosensitisation at a sensitivity that was almost similar 

to aerobic cells and counteracted using iNOS inhibitors [107]. In another study, murine 

tumours were transiently transfected to express iNOS encoded by either a constitutive 

promoter (CMV) or a radiation induced promoter (WAF1). In both cases, the results showed 

that iNOS delivered to cells in vitro and in vivo could generate sufficient NO to cause 

cytotoxicity and radiosensitisation to hypoxic cells [103,108].
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The mechanism by which NO radiosensitises hypoxic cells is thought to be similar to 

that of oxygen. In the presence of ionising radiation, carbon-centered radicals are initially 

generated. In the absence of NO or 0 2, these reactive radicals react with nearby protein 

hydrogen atoms which facilitates DNA repair. However, when it is present, NO might be 

reacting with the reactive C-radicals causing them to become incapable of reacting with the 

hydrogen-atoms. This increases radiation mediated cell-death [11]. Hirakawa et a l (2002) 

showed that a single 2-Gy dose in the presence of L-arginine induces iNOS expression and 

hence NO production in bovine aortic endothelial cells. When these cells were co-cultured 

with hepatoma cells, apoptosis was induced in the hepatoma cells. This effect was later 

inhibited by the addition of the iNOS inhibitor L-NAME. This indicates that iNOS 

expression could be induced by irradiation in the endothelial cells, an effect that could be 

beneficial to induce apoptosis in adjacent cells [109].

NO has an advantage over oxygen because it can penetrate farther into the tissue due 

to its higher diffusion coefficient even under lower concentrations than those of oxygen [11]. 

In addition, NO was found to cause vasodilation under certain iNOS levels. This could help 

in oxygenating hypoxic regions and therefore increase radiosensitisation. Yet, one 

disadvantage for NO radiosensitisation could be that NO reduces systemic blood pressure 

[11].

1.4 Importance of Studying the Role of iNOS in Cancer Gene Therapy

The role of iNOS in cancer therapy was evaluated in this study. iNOS was chosen 

over cNOS as it produces higher levels of NO when induced in the body and plays a major 

role in the immune system by targeting pathogens [12]. iNOS expression has also been 

con-elated with many cancers including urinary bladder cancer [25] and breast cancer [27]. 

Although its role remains poorly understood, NO seems to have a dual effect on tumour 

growth. For example, low NO levels have shown pro-angiogenic and metastatic effects while
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the opposite has been reported with higher concentrations. Moreover, NO appears to play an 

important role in apoptosis by controlling the p53 tumour suppressor gene. Lower levels of 

NO prduction induce p53 stabilisation, which commands the cells to undergo apoptosis as 

well as control the NO levels in a negative feedback loop. However, continuous NO 

production stabilises p53 for long periods of time and consequently increases the risk of 

mutations in this tumour suppressor gene. In the presence of a muated p53, the cells fail to 

undergo apoptosis and the level of NO remains uncontrolled for. These cells eventually 

become NO dependent and proliferate initiating tumour growth [59,60].

On the other hand, iNOS contains an HRE binding site in its promoter and is 

upregulated under hypoxic conditions [20]. NO seems to have a feedback effect on HIF but 

recent studies report conflicting results. Moreover, NOS shares high sequence homology to 

P450 reductase, which reduces the bioreductive drug TPZ [69]. iNOS was observed to have 

higher affinity to this drug than the cNOS or P450 reductase [69]. It was also reported that NO 

can radiosensitise hypoxic cells with an SER similar to O2 [11]. Since iNOS is naturally 

upregulated under hypoxic conditions were TPZ can be reduced to produce a toxic species 

and since the cells surviving in this environment are resistant to chemo- and radio- therapy, 

studying the role of iNOS seems particularly interesting.

The work undertaken in this project aims to up regulate the level of iNOS in the cells 

in a gene therapy approach. This method was preferred over NO donors because the latter are 

chemical compounds that produce exogenous NO as well as other by-products. Since these 

by-products have their own biological effects, it would be difficult to confirm whether the 

obtained results are due to NO itself or the by-products. Moreover, these chemicals have 

extremely short lives (few hours) and are produced exogenously. In addition, the use of these 

compounds in the clinic has not as yet been reported possibly because of their chemical 

nature. On the other hand, NO donors produce NO directly without the production of NOS
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and hence the role of iNOS as a bioreductive enzyme, for example, cannot be studied in this 

case. Therefore, these compounds appear to be far from ideal.

To the contrary, up regulating the levels of iNOS using a gene therapy approach 

allows for endogenous long-term expression of this gene. This method, however, has some 

disadvantages including triggering an immune response and the ability of some genes to 

integrate themselves in the host chromosomes. If the gene inserts itself adjacent to sequences 

that happen to code for tumour suppressor genes or oncogenes, loss of function of these 

crucial genes may occur. However, gene therapy has proven successful in some diseases like 

thalassaemia and cystic fibrosis. Gene expression can be driven using either a constitutive or 

an inducible promoter. This work utilises the latter approach to generate stable clones as 

clones that constitutivly over express iNOS are difficult to culture because the high levels of 

NO produced cause cell death. Different clones should also be generated in order to allow a 

range of iNOS activity, which might result in clonal variation. On the other hand, when an 

inducible system is used, gene expression is only switched on in the presence of an inducer in 

a dose dependent manner. This system should control for the toxicity of continous production 

of toxic genes like iNOS. Inducible systems may present a disadvantage when continuous 

expression is desired but become beneficial in case the disease is cured and gene expression 

is no longer required. In this study, the ecdysone system was chosen primarily because the 

inducer has not been reported to have any endogenous effects on NOS. Finally, adenoviruses, 

which have been previously used in the clinic, were chosen as a delivery vehicle of the iNOS 

gene in this study as they are able to transport the gene of interest into the nuclei but without 

integrating the DNA in the host genome.
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1.5 Inducible Expression Systems

The need to study and precisely control the expression of many genes gave rise to the 

development of several inducible expression systems. To be beneficial, these systems must 

fulfil certain requirements including specificity whereby the system must be indifferent to 

endogenous factors and only activated by exogenous nontoxic drugs. The system should also 

insure non-interference with cellular pathway. High inducibility is needed: in the inactive 

state basal levels should be minimal, while in the active state, high levels of gene expression 

should be generated. The inducer must be bioavailable and should rapidly penetrate all 

tissues and cross the blood-brain barrier. A good system must insure reversibility such that 

when the inducer is cleared from all tissues, the system rapidly goes back to the inactive 

state. Finally, the system should be dose-dependent such that gene expression is proportional 

to the concentration of the inducer [110].

1.5.1 The Ecdysone System

The ecdysone system is a novel expression system discovered from the molting and 

metamorphosis of Drosophila melanogaster whereby a cascade of morphological changes is 

triggered by the steroid hormone 20-OH ecdysone. Induction using the ecdysone system 

requires the co-transfection of cells with two vectors: a receptor vector (pVgRXR) and a 

response vector (pIND SP1) [111].

1.5.1.1 Receptor Vector (pVgRXR)

The ecdysone vector pVgRXR encodes for a heterodimer consisting of the functional 

ecdysone receptor (EcR) and the product of the Ultraspirical gene (USP). USP was replaced 

by its mammalian homologue retinoid X receptor (RXR) and (EcR) was fused to the 

activation domain of VP 16 (herpes simplex virus promoter) in order to increase induction 

levels (Fig 1.7). Even though EcR is not activated by mammalian hormones, some
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modification in its DNA binding domain (DBD) was performed to avoid any potential 

interference with mammalian endogenous factors [110,112,113].

The final structure of the receptor is as shown in Fig 1.7 below:

PcMV

VP16

VgEcR
— BGHpA

VP16

VgEcR

DBD

Fig 1.7 The ecdysone receptor pVgRXR is comprised of VgEcR and RXR. Each cassette has 
its own promoter (CMV or RSV) and poly A tail (BGH or TK) [111].

1.5.1.2 Response Vector (pIND SP1)

The actual ecdysone response element in the pINDSPl vector is (E/GRE) and is 

situated directly upstream of the minimal heat shock promoter (PAHSP). In order to reduce 

any possible interaction with any endogenous mammalian receptor, the natural ecdysone 

response element has been modified. It is now a hybrid consisting of one-half site from the 

natural ecdysone response element (5’AGTGCA 3’) (EcRE) and one half-site from the 

glucocorticoid response element (5’ AG A AC A 3’) (GRE); hence the name E/GRE 

[111,114].

To increase induction, five repeats of the (E/GRE) binding sites were engineered into

the pIND SP1 vector. Also, 3 cis-acting elements (SP1) were inserted in order to increase

absolute expression levels up to 5-fold (Fig 1.8). The SP1 elements enhance expression at the

level of transcription by interacting with SP1 transcription factors that are endogenous to

mammalian cells. However, SP1 increases both induction as well as basal expression levels
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[111]. Moreover, pIND SP1 has a multiple cloning site so that the gene of interest (in this 

case iNOS or Lac Z can be inserted).

Thus, the final structure of the response element is as presented in Fig 1.8 below:

3 X S P 1 P A H S P iNOS or Lac Z — BGH pA
E/GRE X 5

Fig 1.8The pIND SP1 is made up of a modified ecdysone response element, SP1 sites that 
increase gene expression, a minimal heat shock promoter (PA HSP), as well as a multiple 
cloning site that allows the insertion of the gene of interest (N is a single base pair that 
separates the hybrid response elements).

1.5.1.3 Induction of Gene Expression

Finally, gene expression is induced once the steroid ecdysone (or its analogues: 

mainly muresterone A and Pon A) is introduced. The steroid binds to VgEcR so that it 

heterodimerises with RXR. The heterodimer receptor then binds to E/GRE in the response 

vector and this drives gene expression [113] (Fig 1.9).

VgEcR

+ PONASTERONE A

3XSP1 PAHSP BCHdAF A JB K X S

Fig 1.9 Upon addition of the inducer (Pon A), the 2 subunits of the ecdysone receptor bind 
together and then attach to the ecdsyone reporter. This drives gene expression [113].
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1.5.2 Ligands Used in the Ecdysone System

The ligands used in the ecdysone system are mostly steroid in nature and therefore 

can penetrate all tissues and are quickly metabolised and cleared. Many ecdysone analogues 

were discovered but not all of them exhibited high induction ability. These include 

muresterone A, Pon A, ponasterone C, 20-hydroxyecdysone, inokosterone, makisterone 

amongst others. Studies showed that muresterone A and Pon A are the best inducers [112].

Muresterone A was isolated in 1970 from the seeds of a rare plant of Kaladana 

CIpomoea calonycto) but because of the difficulty to find this plant and because muresterone 

A stocks were rapidly depleting, ponasterone A was found as an alternative [112].

Pon A -as well as other steroids- are found in common plants and are secreted as a 

self-protection mechanism against insect larvae that eat the leaves. These steroids mimic the 

action of endogenous insect hormone and bring about abnormal molting and premature 

demise. Surprisingly, these defensive steroids can represent over 1 % of total plant dry 

weight [112]. Saez et al. (2000) showed that Pon A and muresterone A are the best inducers 

with lowest basal activity. This property could be due to the absence of the hydroxy group at 

C-25 position [112] (Fig 1.10). It is noteworthy to mention that Pon A has now commercially 

replaced muresterone A.

,OH OH

H3C,

HO' HO'
CH3

HO.

CH3
HO. HO.

OH OH

HO HO

OH

Ponasterone A Muresterone A

Fig 1.10 Structures of Pon A and muresterone A [112].
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1.5.3 Ponasterone A

Pon A can be purified from the leaves of many plants including the Podocarpacea 

family- a widespread conifer species. In vitro, Pon A has been found to cause detectable 

induction within 4 h with a magnitude of induction reaching 250-400 fold within 14 h and 

continues to increase before stabilising at approximately 600 fold induction between 24 and 

36 h [112]. It was also reported that even when exposed to high Pon A levels, once the 

inducer is removed, gene expression goes back to basal levels within 20 h (Fig 1.11) [112].

ponA washout

S 300

6010 SO0
time {hour*)

Fig 1.11 In vitro characterisation of Ponasterone A. Kinetics of induction and shutoff of the 
ecdysone system with 1 pM Ponasterone A as the inducer [112],

The in vivo studies showed easily detectable induction levels of luciferase gene 

expression 4-6 h after treatment, peaking at 9-12 h, and dropping significantly by 24 h and 

returning toward basal levels by 48 h. The level of induction reached 20-200 fold depending 

on the amount of Pon A used (3,5,10 mg/mouse) [112].

1.5.4 Advantages and Disadvantages of the Ecdysone System

Various studies have accounted for the tight regulation, dose responsiveness, and 

favourable uptake and clearance kinetics of the steroid inducer, which results in rapid gene 

switching [112]. Moreover, the non-mammalian origin of the system reduces the risk of
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endogenous interference in vivo. Moreover, as mentioned earlier, the steroid nature of the 

inducer allows it to penetrate in all tissues including the blood-brain barrier [112].

However, Constantino et al. (2001) describe that muresterone A and Pon A have 

unexpected effects on cytokine signaling in hematopoietic mammalian cells. They showed 

that these 2 ecdysone analogues potentiate interleukin-3 (IL-3) dependent activation of the 

PI3-kinase/Akt pathway in the pro-B cell line (Ba/F3) which could ultimately affect the 

growth and survival of these cells [115]. If this reported observation is to be further validated 

by other scientists, it could indicate that these analogues might also indirectly induce iNOS 

by potentiating EL-3. However, other scientists continue to use the ecdysone system even 

when interleukins are vital for the mechanisms that they are studying [116-118]. In addition, 

some authors are cautious to use the ecdysone system in some organs of the body that are 

hormone- regulated (example: breast cells) because of the steroidal nature of the inducer 

[119].

1.5.5 Examples of the Use of the Ecdysone System

The ecdysone system has been used to study the role of a number of genes. When the 

Luciferase reporter gene was utilised, a dose response relationship was observed 24 h after 

Pon A induction (100 nM-10 pM) with inductions reaching 42-fold with 1 pM and 54-fold 

with 6 pM Pon A [120]. Other studies have used this system to obtain a therapeutic benefit 

like down regulating cyclin Di(CDl) to understand its role in the cell cycle. A colon cancer 

cell line was stably transfected with the ecdysone inducible antisense CD1 and found that 

induction of cyclin D1 antisense mRNA by 1 pM Pon A resulted in a 55 % decrease in CD1 

mRNA and 58 % decrease in CD1 protein levels 4 h post induction [120].

In another experiment and to study mammary gland tumourigenesis, a transgenic 

mouse model was developed whereby spatial and temporal specific mammary gland 

transgene expression was regulated by Pon A. This was performed by crossing mice bearing
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the ecdysone response elements with mice bearing the ecdysone reporter elements. Gene 

expression was induced in the transgenic mice using Pon A pellets. In this case, gene 

expression was observed within 24 h and sustained using the implanted Pon A pellets. As a 

control, the expression of the Lac Z reporter gene was measured and found to be undetectable 

in the absence of Pon A and uniformly expressed in the mammary gland in the presence of 

750 pg/mouse Pon A. There was almost no expression in other organs [121].

To study the role of BRCA1 in breast tumourigenesis, a human emberyonal kidney 

epithelial cell line was stably transfected by the ecdysone cassettes. This cell line was chosen 

particularly to evaluate the effect of BRCA1 in cells with modest endogenous levels of 

BRCA1 expression. Western blot results indicated 2-4 fold induction in protein levels 12 h 

after administration of 10 pM Pon A [122]. In addition, when the role of MAD2 expression 

in the mitotic checkpoint control was studied using the ecdysone system in ovarian cancer 

cell lines, 2-4 fold increase in MAD2 levels were observed after inducing with 5 pM Pon A 

for 20 h [123]. Moreover, using a Drosophila melanogaster cell line, a dose response 

relationship was observed in response to increasing Pon A dose (0.5 nM-5 pM) as well as 

increasing the time of exposure to Pon A (0-72 h) [124].

On the other hand, Xu et al. (2002) studied the role of iNOS on apoptosis in vivo. 

Human foetal kidney stable clones expressing iNOS in the ecdysone system were established 

and implanted in the mice. They acted as microencapsulated cells entrapped in a semi- 

permeable alginate-poly-L-lysine membrane, which is used as a delivery vehicle to tumour 

sites in mice. A dose of 10 mg/mouse Pon A was used to drive iNOS gene expression and 

resulted in an estimated NOS activity of 223 ± 5 6  pmol/min/mg (measured 10 days post 

implantation). Apoptosis in the cells injected alongside the microencapsulated Pon A- 

induced iNOS cells was monitored. This result was reproduced using the tetracycline system. 

When evaluated in vitro, a dose response relationship was also observed upon induction of
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the ecdysone inducible iNOS gene. An iNOS activity of 6 ± 2 and 33 ± 4 pmol/min/mg was 

observed using 1 or 10 |nM Pon A respectively. This induction was completely inhibited 

using the iNOS inhibitor L-NIO (20 |lM) [56].

Moreover, the ecdysone system has proved useful in many different studies including 

those performed on apoptosis [125,126], cancer and cell cycle regulation [116,127], 

embryonic development [128], signal transduction [129,130], lipid metabolism [131], and 

neuronal function [112,132,133].

1.5.6 Other Inducible Systems

1.5.6.1 The Tetracycline Inducible System

The tetracycline inducible system is made up of the tet transactivator protein (tTA) 

which is a chimeric protein containing the VP 16 activation domain fused to the tet repressor 

(tetR) of Escherichia coli [134]. In the absence of tetracycline (tet) or its derivative 

doxycyclin, tTA binds to the tet resistance operator (tetO) while in the presence of 

tetracycline, a conformational change in the repressor prevents tTA from binding to tetO. 

This is known as the Tet-Off system [135-137]. This system has been used in vitro and in 

vivo.

The major disadvantage of this system is the fact that tet must be present to repress 

gene expression, and tTA protein is toxic to mammalian cells [138]. To eliminate the need of 

tet, an auto regulatory system was designed by inserting multiple tetO sequences within tTA 

promoter [139]. This alteration causes constitutive expression of tTA in the absence of tet 

[135,136,140].

In order to eliminate the need of continuous availability of doxycycline to drive gene 

expression, a reverse transactivator (rtTA) was introduced. rtTA binds tetO in the presence 

of doxycycline. Thus, gene expression is induced by treatment with doxycycline and not in 

its absence. This system is known as Tet-On [134,138,141] (Fig 1.12). A disadvantage for
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this is that long-term antibiotic treatment has major side effects in vivo and there is slow 

antibiotic clearance in the bone and liver of transgenic animals [135,137]. High basal levels 

have also been reported in some experiments [142,143].

Tet-Off

iilI

4

v yOene of Interest /  /-

Tet-On

+ D oxycycline

: or tell)
i

Gene of Interestmin CMV

Fig 1.12 Gene expression using the tetracycline system. Addition of doxycycline is needed to 
drive gene expression in the tet-On but not in the tet-Off system (modified from [144]).

1.5.6.2 CID-based Regulatory System (Rapamycin-inducible System or Dimeriser System) 

This system uses chimeric inducers of dimerisation (CIDS) to regulate gene 

expression. The system is based on the ability of rapamycin to induce dimerisation of two 

cellular proteins, FKB12 and FRAP. A DNA binding domain (ZFHD1) that binds to a novel 

DNA response element and is not recognised by any endogenous transcription factors was 

fused to FKBP12 [135,136,140].
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The activation domain of p65 was added to FRAP to be able to activate target gene 

expression. Therefore, in response to rapamycin, FKBP12 and FRAP dimerise, and activate 

transcription of a down stream target gene (Fig 1.13).

A disadvantage of this system is that rapamycin is involved in many signaling 

pathways and thus can induce other possible side effects in eukaryotic cells [135,136,140].

FRAP
P65 domain a ZFHD1

FKBP12 Gene of Interest

+ Rapamycin

FRAP
P65 domain FKBP12

ZFHD1
jjfcae of latent r M

Fig 1.13 Induction of gene expression using the CID based regulatory system. In the 
presence of rapamycin, FRAP amd FKBP12 dimerise in order to drive gene expression.

1.5.6.3 Estrogen-based Inducible Systems

This system is based on a chimeric molecule containing the estrogen receptor, the 

yeast GAL 4 DNA binding domain and the VP 16 activation domain. In response to estrogen, 

the chimeric molecule dimerises, binds to GAL 4- responsive promoters and leads to 

activation of target gene expression (Fig 1.14) [135,136].

A 100-fold induction has been achieved with this system in vitro. However, 

endogenous estrogen may activate basal transgene expression resulting in leaky expression 

[135,136]. Moreover, it is not ideal to control iNOS expression using this system as estrgen is 

known to regulate endogenous iNOS [145].
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GALA

+ Estrogen O

GAL4

Fig 1.14 Upon estrogen administration, ER and GAL4 bind in order to drive gene expression.

1.5.6.4 Progesterone-based Inducible Systems

This system uses a chimeric regulator GLVP which is a hybrid protein consisting of 

the GAL 4 DNA binding domain, VP 16, and a truncated form of the human progesterone 

receptor that retains the ability to bind the ligand. When a progesterone antagonist, RU486 is 

added, GLVP forms a functional dimer that binds to promoters containing GAL 4 up stream 

activator sequences and activates gene transcription [135,136] (Fig 1.15).

A possible disadvantage of this system could be the generation of immune response 

because of the yeast origin of GAL 4 DNA binding domain [135,136]. Again, it is not ideal 

to use this system to regulate iNOS expression as progesterone can interact with NO [146].

+
(RU468)

GAL 4 
DBD PR-LBDA

Regulator ♦

PR-
LBDA

GAL 4 
DBD VP16

PR-
LBDA

GAL 4 
DBD

y V  |1----------------- ►

T A T A

Fig 1.15 Induction of gene expression using the progesterone-based inducible system [135].
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1.5.6.5 IPTG-based Regulatory Systems

This system is based on the bacterial lactose repressor protein (lacR). lacR binds to a 

specific DNA element, the lac operator (lacO) in the presence of isopropyl-p-D- 

thiogalactoside (IPTG). To be used for regulation of eukaryotic genes, the lac operon was 

inserted up stream of a TATA box. lacR was also modified by excision of its repressor 

function and fusion of the active domain of the herpes simplex virus protein VP 16 to the 

IPTG- and DNA- binding site for lacR. Thus creating a lacl activator protein (LAP) that can 

drive the expression of lacO- bearing genes. Administration of IPTG causes the chimeric 

regulator to bind to lacO and activate the TATA box coupled reporter gene (Fig 1.16).

Very high induction levels (up to 1200 fold induction within 24 h) can be achieved; 

however, IPTG is toxic to mammalian cells thus limiting the scope of application of this 

system [135,136].

LAP

VP16i
lacR

DBD

+ IPTG

VP16
Gene of 
interest

lacR

DBD

Fig 1.16 Induction of gene expression using the IPTG based regulatory system.

1.5.6.6 Cumate System

The Cumate inducible system (Q-mate™) is based on the cym operon that in

Pseudomonas putida FI regulates the expression of genes intervening the transformation of

p-cymene into p-cumate. A cmt operon is located downstream from the cym operon and

controls the further degradation of the cumate molecule. The cymR gene located up stream of
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the cym operon encodes a repressor molecule CymR, which monitors the expression of the 

cym and cmt operons. CymR is induced by p-cumate [147,148] (Fig 1.17).

cym  operon cmt operon
Cymere t: cuma:e Clinch? ccgredativa anzyntis

R L B C A1 A2 M N Da Cc Dd F E Db G 0 H 1 K J P
H U U i. y \  s i __l l i — 4 . 1 _ _ _ _ 1 _ _ _ i  i i  -■... — +  -1

C y m R  P1 (cym operon promoter) ?2 (cmt operon promoter)

i A

Fig 1.17 Regulation of the degradation of cymene by the repressor CymR mediated by the 
cym and cymt operons [147].

Normally, the cumate repressor CymR is bound to the operator site and represses 

gene expression. Only in the presence of cumate will CymR bind to this inducer (cumate) 

and undergo a conformational change making it unable to bind to the operator site. Hence, 

gene expression is driven in the presence of cumate [147] (Fig 1.18).

OFF (no cumate) CymR

Strong CMV or

very strong CMV5 
promoter

ON (cumate)

CuO Gen# X or 
reporter

CymR.cumate

Strong CMV or

very strong CMV5 
promoter CuO Gene X or 

reporter

Fig 1.18 Components of the Cumate System. In the presence of the inducer, CymR binds to 
cumate instead of the operator site and gene expression is driven [147].
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This system promises tight gene regulation and dose dependent expression in 

response to cumate [147]. However, little research has been conducted using this system to 

date.

1.5.7 Comparative Studies Using Several Inducible Systems

A study using glioma cells compared three inducible systems: tetracycline (tet-off), 

dimeriser, and the ecdysone system. Cells were transiently transfected with the Lac Z 

reporter gene and it was found that the ecdysone system had the highest induction activity 

followed by tet-off and dimeriser systems [149]. On the other hand, Xiao et al. (2003) 

observed only a moderate 15 fold induction of the Lac Z reporter gene when measured 24 h 

after addition of 24 pM Pon A. However, it is noteworthy to mention that in this case, the 

CMV promoter was replaced with a tissue specific promoter, which may have implications 

on the reduction of both basal and induction levels [150]. Moreover, when the cassettes of 

the tetracycline, ecdysone, antiprogestin, and dimeriser-based systems were expressed using 

adenoviruses in order to compare these systems using several parameters, the dimeriser 

system proved to be the best. However, the nearly undetectable basal level was the advantage 

of the ecdysone system allowing its use to study the gene function and therapy of toxic 

proteins where leakiness should be avoided. On the other hand, insensitivity to its inducer 

and relatively low induced expression seemed to be the drawbacks of this system in this 

study [151].

1.6 Gene Therapy Vectors

1.6.1 Viral Vectors

1.6.1.1 Adenoviruses

Adenoviruses are non-enveloped double-stranded DNA viruses (Fig 1.19), which are 

usually associated with mild human infections including those of the respiratory tract [152]. 

They deliver target genes to a wide variety of cell types, including dividing and non-dividing
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cells, with high efficiency and minimum toxicity [140,152]. Adenoviruses do not provoke 

insertional mutagenesis because they do not integrate their DNA into the cellular 

chromosome. However, the disadvantage of adenoviruses is the inflammatory immune 

response that they cause in response to the production of their continuous viral proteins even 

in the absence of the disease causing genes [153].

The adenovirus genome is 36 Kb in length. It has inverted terminal repeat (ITR) 

sequences at both ends, and the gene transcripts can be divided into 2 phases of gene 

expression: early genes (E) and late genes (L) expressed before or after the onset of viral 

DNA replication respectively [152].

Fig 1.19 Adenoviruses have non-enveloped double stranded DNA.

1.6.1.2 Replication-deficient Ad-based Vectors (rAds)

First generation recombinant adenoviruses (rAds) are mainly based on the human 

adenovirus serotypes 2 and 5. The El gene region has been deleted so that the virus becomes 

replication defective and to allow insertion of the gene of interest. In some cases, the E3 gene 

region is also deleted to allow insertion of a larger gene of interest. The size of inserted DNA 

into rAds can be a total of 7-8 Kb only [140]. Because these adenoviruses have lost the El 

gene and thus can no longer replicate, they must be propagated in a cell line that stably 

expresses the El region [152].
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The disadvantages of these rAds are the immune response and limited capacity for 

foreign DNA. Because of an immune response being generated in vivo, rAds have been 

shown to be relatively short in the periphery being optimal at 3-4 days and disappearing 

around 1-2 weeks [152],

Less immunogenic second generation rAds have been developed whereby they are 

deficient in E2, E3, or E4 gene regions. These rAds can be propagated on trans- 

complementary cell lines [152]. However, the small size of insert remains a disadvantage 

[140].

“Gutless” vectors are another type of rAds whereby all viral genes have been deleted. 

Their genome contains only the inverted terminal repeats (ITR) and packaging signal of the 

wild-type virus. Thus, they can theoretically accommodate a 35 Kb DNA insert [152]. In 

order to be propagated, the gutless vector needs a helper virus to provide, in trans, all the 

genes needed for virion assembly [152]. Gutless adenoviruses give more prolonged gene 

expression than first generation adenoviruses [152]. However, it is difficult to produce high 

titres of gutless adenovirus and preparations are often contaminated with the helper virus.

Examples on the use of rAds in gene therapy include the promising clinical trials 

currently being performed on the administration of adenoviruses encoding for the herpes 

simplex virus-1-thymidine kinase (HSV-l-TK) expression followed by administration of 

ganciclover for the treatment of brain tumours [154-157]. Moreover, currently at phase I 

clinical trials is the TNFerade viral vector. TNFerade is a replication deficient adenovirus 

that encodes for TNF-a under the control of a radiation inducible -Egr-1 promoter. After 

treatment with an external beam of radiation, TNF-a is expressed. This expression system 

aims at using the beneficial effects of TNF-a only. Preliminary data indicate that 43-70 % of 

patients showed positive response to this treatment but it is unknown how much of a positive
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response would have been achieved with radiation alone. Side effects include fever, pain at 

the injection site, and chills [158,159].

1.6.1.3 Adeno-associated Vectors (AAV)

In humans, AAV are not associated with any disease. The structure of AAV is simple, 

made up of a short linear, single-stranded DNA composed of 2 open reading frames (ORFs), 

rep (regulation) and cap (structure), and 2 small (145 bp) inverted terminal repeats (ITR). 

The ITRs are responsible for the encapsidation and stable integration of the viral genome into 

a special locus on human chromosome 19. AAV infect both dividing and non-dividing cells. 

However, AAV also need the presence of a helper virus (example: adenovirus or Herpes 

simplex virus) in order to replicate and the insert gene is limited to 4-5 Kb in size [152,153].

1.6.1.4 Herpes Simplex Virus Vectors (HSV)

HSV-1 is an enveloped, double-stranded DNA virus with a 152 Kb genome encoding 

more than 80 genes [160], HSV-1 has a wide host range and can express genes for a 

significant period of time. Its large genome allows the cloning of more than one therapeutic 

gene in the same virus [153]. There are two types of HSV vectors: recombinant HSV vectors 

and amplicon vectors. Recombinant HSV vectors are generated by the insertion of 

transcription units directly into the HSV genome through homologous recombination events. 

Amplicon vectors are based on plasmids bearing the transcription unit of choice, an origin of 

replication, and a packaging signal. The plasmid is transfected into a cell line, which is also 

infected with a helper virus. The latter provides replication and packaging function in trans, 

enabling the amplicon to be packaged into infectious HSV-1 virions [160].

1.6.1.5 Vaccina Virus

The vaccina virus is a smallpox virus used for immunisation. It is a large virus that 

can infect a variety of hosts. This virus, however, can only be used to treat patients who were
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not vaccinated against smallpox or have a compromised immune system. Little research has 

focused on using this virus [153].

1.6.1.6 Retroviruses

The first developed recombinant viral vector for gene delivery was the retrovirus 

[161]. Retroviruses are enveloped single stranded-RNA viruses [152]. Many retroviral 

vectors have been engineered from the mouse leukaemia virus and the adult T-leukaemia 

virus. In order to be beneficial, the genetic material needed for viral production should be 

removed. These include the genes necessary for viral replication, encapsulation, infection, 

and reverse transcription. Instead, a packaging cell line provides those genes in order to 

produce replication deficient viruses. The disadvantage of retroviruses is their ability of 

infecting only dividing cells but lentiviruses -which are retroviruses- are currently being 

engineered from the human immunodeficiency virus such that they do not require dividing 

cells for infection [152,153,162]. Moreover, their ability to randomly integrate their DNA 

into the host chromosome might disturb the cell cycle regulation [153] or cause oncogene 

activation or tumour-suppressor gene inactivation [152]. However, retroviruses have high 

transfection efficiency [153].

1.6.2 Non-viral Vectors

The non-viral vectors use physical methods for gene transfer. Although they do not 

cause an immune response like viral vectors, but they are more difficult in the targeting of 

specific cells and tissues [153]. Non-viral vectors include: naked DNA whereby gene length 

is not a limitation, lipid or liposome (fatty acids) coating of the DNA, electroporation 

technique which is based on DNA transfer using high electric voltage, ballistic DNA 

injection whereby plasmid DNA is coated by tungsten or gold and transferred using a gene 

gun; however, this method causes a large amount of cell damage. All of these methods aim at
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protecting the DNA from degradation by the endosome, the cell, and the nuclear membranes 

before reaching the nucleus [153].

1.6.3 Examples on the Use of Adenoviruses Encoding for the iNOS Gene

The iNOS gene has been inserted in adenoviruses and has been successfully used in a 

variety of in vivo experiments. For example, Kibbe et al. (1998, 1999, 2001) used AdiNOS in 

porcine vein grafts to inhibit intimal hyperplasia [160,163,164] and Li et al. (2003) as well as 

Zanetti et al. (2003) used AdiNOS to study heart diseases [165,166]. While Tzeng et al. 

(1997, 1998) used AdiNOS to inhibit hepatocyte and endothelial apoptosis [167,168], Wang 

et al. (2004) used AdiNOS to study the role of iNOS on radiation in human colorectal cell 

lines and have found a 63 % tumour regression when AdiNOS and radiation (2 Gy x 3 

fractions) were used compared with 6 % when radiation alone was used. Apoptosis was also 

significantly higher in the combined therapy (22 ± 4 %) as compared to each of radiation and 

a control vector ( 9 + 1  %), AdiNOS only (9 + 3 %), or no treatment (2 + 1 %) [169], In 

addition, Weller et al. (2003) used AdiNOS to study the role of NO in UVB-induced 

keratinocyte apoptosis and found that iNOS reduced apoptosis in this case [170]. Gunnett et 

al. (2002) used the same vehicle to show that gene transfer of iNOS impairs vascular 

relaxation in the cerebral arteries of rabbits and humans [171].

1.6.4 Examples on the Use of Adenoviruses Encoding for the Ecdysone Cassettes

The ecdysone system has been previously used in a gene therapy approach by cloning 

its receptor and reporter cassettes into adenoviruses [133,172-174], The cells were then 

infected with these adenoviruses at varying multiplicity of infection (moi) and gene 

expression was induced after Pon A administration (Fig 1.20),
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Fig 1.20 The ecdysone reporter and receptor cassettes are cloned in the viral backbone to 
generate 2 viruses. These viruses are then used to infect a variety of cell lines, and only upon 
administration of Pon A, gene expression should be driven.

For example, Johns et al. (1999) used the ecdysone system to transfer “electrical 

silencing” genes into neurons in order to suppress neuronal excitability which is a causative 

agent for epilepsy and intractable pain. The expression cassettes of each of pVgRXR and 

pIND-1 (with the gene of interest) were cloned into the adenovirus vector pAdLox and were 

then used to infect primary neuron cells. Expression was induced by muresterone A 24 h post 

viral infection. Their results demonstrated the ability to modify neuronal excitability 

genetically in an inducible and reversible manner and that the ecdysone has low basal and 

high inducible activities [133] (Fig 1.21). It is noteworthy to mention that the ratio of 

receptor: reporter viral particles should be monitored as excess receptor virus could increase 

basal levels as well as slightly decrease fold induction [133].
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Fig 1.21 Infection of neurons with variable mois of both an adenovirus that contains an 
ecdysone-inducible promoter controlling expression of a cassette containing GFP, an IRES, 
and a multiple cloning site (AdEGI) and an adenovirus that expresses the modified ecdysone 
receptor and the retinoid X receptor (AdVgRXR) resulted in muristerone A-dependent and - 
inducible expression of GFP. In the absence of AdVgRXR, background expression was 
minimal, and such cells were entirely refractory to muristerone A [133].

In another study, the ecdysone system was used in an adenoviral context to study the 

role of PI 3-kinase, a cytoplasmic signalling molecule. Again several mois of the viruses 

were used and Pon A was added 24 h post-infection and gene expression was measured after 

a further 24 h. Low basal levels and 2-3 fold induction was observed with 3 pM Pon A [172]. 

Other examples using a combined ecdysone system and adenovirus approach include studies 

to suppress oxygen sensitive K+ current in chemoreceptor cells [173], and studies aiming at 

expressing genes in mammalian sensory hairs [174].

1.6.5 Conclusion

The importance of tightly regulating the level of iNOS in order to achieve therapeutic 

benefit as well as the ability of the ecdysone system to precisely regulate gene expression 

with low basal level and high fold induction encouraged us to control the expression of iNOS 

using this inducible system. Moreover, the previous use of adenoviruses to express iNOS or 

the ecdysone cassettes prompted us to use this therapeutic vehicle as a tool to further control 

and deliver this therapeutic gene.
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1.7 Aims and Objectives

The role of iNOS in tumourigenesis and cancer therapy cannot be underestimated. 

The conflicting opinions towards whether iNOS plays a pro- or anti-tumourigenic effect 

emphasised the importance of tightly controlling its expression in order to obtain therapeutic 

benefit. Moreover, since the natural iNOS promoter has an HRE-binding site, this indicates 

that iNOS is over expressed under hypoxic conditions and so could be tailored for use in a 

gene-directed-enzyme-prodrug-therapy (GDEPT). The ability of NO to radiosensitise 

hypoxic cells similarly to aerobic cells and its availability in areas of reduced oxygen tension 

as well as its ability to mediate vascularisation leading to increased oxygenation adds to its 

therapeutic benefits. Finally, HIF-1 plays a key role under hypoxic conditions and the 

potential ability of NO to inhibit HIF-1 might hold an interesting therapeutic future.

This study aims to precisely control iNOS gene expression using an inducible 

mammalian expression system as well as deliver this gene using adenoviruses in order to 

optimise the use of iNOS in cancer gene therapy. Therefore, these specific objectives were 

set:

• Evaluation of the ecdysone inducible system in vitro and in vivo using the Lac Z reporter 

gene

• Generation of stable clones that express ecdysone inducible iNOS and the evaluation of 

these clones in vitro and in vivo

• Generation of type 5 adenoviruses that encode for the expression of iNOS

• Study the role of iNOS on tumour vascularisation using the established iNOS clone

• Measure the effect of iNOS mediated hypoxic cytotoxicity to the bioreductive drug, TPZ

• Decipher the effect of NO on HIF-mediated gene expression using NO donors and the 

generated adenoviruses
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CHAPTER 2 MATERIALS AND METHODS 

2.1 Water and Chemicals

2.1.1 Water

Deionised water (dlLO) was prepared by reverse osmosis using Millipore distillation 

system and was used for general purposes. In the nucleic acid experiments, double distilled 

water (ddH20) was used (Sigma, UK), which was prepared by reverse osmosis followed by 

autoclaving at 121 °C for 15 min.

2.1.2 Chemicals

All the chemicals were purchased from Sigma, UK unless otherwise stated.

2.2 Plasmid Cloning Techniques

All experiments involving recombinant DNA technology were performed in Category 

II containment laboratories.

2.2.1 Preparation of LB (Luria-Bertani) Media and LB-agar plates

LB media was prepared using LB broth (Sigma, UK) (2 g/100 ml distilled water). 

LB-agar solution (Agar: Gibco BRL, Paisley, UK) was prepared by adding agar (1.5 g/100 

ml LB media). LB Low Salt medium was made up by mixing 10 g/1 Tryptone (Becton 

Dickinson, San Jose, California, USA) 5 g/1 NaCl (BDH, Merck Ltd, Poole, Dorset, UK), and 

5 g/1 Yeast Extract (Gibco BRL, Paisley, UK). The pH was adjusted to 7.5. This media was 

recommended by the manufacturer to keep Zeocin active in order to grow the pVgRXR 

plasmids.

The solutions were autoclaved and stored at room temperature. The desired antibiotic 

selection was added in the recommended concentration (Table 2.1) to the LB media that was 

then stored at 4 °C once opened. In order to prepare the LB-agar plates, the LB-agar solution 

was microwaved until completely dissolved and left to cool to 50 °C and then any antibiotic
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selection was added. The solution was poured into sterile plastic petri dishes and allowed to 

settle before storing at 4 °C. The plates were pre-warmed at 37 °C before use.

pVgRXR LB Low Salt Zeocin 25 Jig/ml

pShuttle vectors LB Medium Kanamycin 50 pg/ml

All Others LB Medium Ampicillin 100 pg/ml

Table 2.1 Transformation and culture requirements for different vectors

2.2.2 Preparation of E. coli stocks

Stocks of competent E. coli DH5oc were prepared by streaking previously purchased 

DH5a (Gibco BRL, Paisley, UK) onto LB-agar plates without selection followed by 

incubating at 37 °C overnight. One colony was then picked and left to grow with agitation in 

5 ml LB medium overnight at 37 °C. Then, 1:100 (v/v) of this culture was added to 400 ml 

LB medium placed in conical flasks and left to grow with agitation (225 rpm) for 3 h to reach 

the exponential growth phase. This was determined by measuring the optical density (OD600) 

using a spectrophotometer (DU650, Beckman). Once the OD600 value reached 0.6-0.8, the 

culture was left to cool on ice for 15 min and then spun down at 6 g for 5 min at 4 °C. The 

pellet was resuspended in 34 ml cold sterile calcium chloride (CaCL at 50 mM) and 6 ml of 

glycerol (BDH Limited Poole, England). The preparation was divided into 1 ml aliquots and 

placed in freezing tubes (Nalgene), snap frozen in liquid nitrogen, and then stored at -80 °C.

2.3 DNA Manipulation and Cloning

2.3.1 iNOS cDNA Source

EcoR I-linked iNOS cDNA (GenBank accession no. X73029) cloned as a Not I 

fragment into pBluescript SKII (+), was kindly provided by Prof. Ian Charles (The Rayne 

Institute, University of London, UK). The iNOS cDNA was then isolated by partial EcoR I
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digestion followed by restriction with Xho I /Not I and then cloned into a mammalian 

expression vector, F373 (kindly provided by Dr. Stephen Hobbs, CRUK Centre for Cancer 

Therapeutics, ICR, London, UK) cut with the same enzymes. The resultant plasmid (pEF- 

iNOS-puro) encoded a bicistronic message driven by the human elongation factor 1« 

promoter. This allowed the translation of both iNOS and pac (the gene responsible for 

puromycin resistance) from a single transcript by virtue of an internal ribosomal entry site 

upstream of the pac gene [97].

2.3.2 DNA Digests

Plasmid DNA were cut using type II restriction endonucleases (New England 

Biolabs, Hertfordshire, UK). In an eppendorf, 1-5 pg of DNA was digested with 1 (ill of the 

enzyme (10-20 Units) in a total volume of 20 pi containing lx enzyme buffer and lx BSA 

(bovine serum albumin) (the enzyme buffer and BSA are provided with each enzyme and 

diluted to lx using ddH20). The total volume was adjusted by adding ddH20. The reaction 

was incubated overnight at 37 °C (or the optimum temperature for other enzymes). The 

digested DNA fragments were separated on a 1 % agarose gel and the fragments of 

appropriate sizes were excised and gel extracted using the QIAquick Gel Extraction Kit 

(Qiagen LTD, Crawley, UK). The DNA was eluted in 30 pi ddH20.

2.3.3 Blunting

In some cases, the vector and the insert were digested with enzymes that generate 

incompatible cohesive ends and therefore they had to be blunt in order for a ligation to occur. 

So, to the digested DNA preparation, lx thermopol buffer (supplied as lOx), 1.5 pi (3 Units) 

Vent enzyme (New England Biolabs, Hertfordshire, UK) and 2.5 pi nucleotide mixture 

(dNTPs 1:1:1:1 dTTP:dCTP:dATP:dGTP, each dNTP was supplied at 100 mM making the 

final concentration at 25 mM for each dNTP) were added. The volume was adjusted to 40 pi
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by adding ddHaO. The Vent enzyme was used to blunt the generated DNA ends as it digests 

the hanging nucleotides in a 3’-5’ direction. The nucleotides were used to fill in the gaps 

generated by enzymes that create a 5’ overhang. The reaction was incubated at 75 °C for 30 

min and then column extracted using the QIAquick Gel Extraction Kit. The DNA was eluted 

in 50 |dl ddH2 0 .

2.3.4 Dephosphorylation

In order to prevent the religation of a vector digested with an enzyme that generates 

compatible ends, a dephosphorylation step was performed on the digested vector only. 

Alkaline dephosphorylation removes the 5’ phosphate group from the linearised plasmid. A 

volume of 1 jil CIP (calf intestinal alkaline phosphatase- 10 Units) and lx enzyme buffer 

(supplied as lOx), (New England Biolabs, Hertfordshire, UK) were added to 5 |ig DNA. The 

reaction was incubated at 37 °C for 1 h and then column extracted using the QIAquick Gel 

Extraction Kit. The DNA was eluted in 30 jil ddH2 0 .

2.3.5 DNA Ligation

The linearised DNA fragments were run on a 1 % agarose gel against a 1 Kb DNA

ladder to compare the DNA concentrations. For each ligation, 100 ng of the vector was added

to different ratios of the insert (1:1, 1:3, 1:6 vector: insert). A sample of the vector only was

also included to control for any religated vector. In each ligation mixture, lx DNA ligase

buffer (supplied as lOx) and 1 Jill (20 Units) T4 DNA ligase enzyme (New England Biolabs,

Hertfordshire, UK) were added. The volume was adjusted to 20 |il by ddH2 0 . The ligation

mixture was set up on ice and the reaction was initiated by the addition of the T4 DNA ligase

and then allowed to proceed at 16 °C for 18-20 h. The ligations were then transformed into

DH5a or BJ5183 Electroporation Competent Cells (Stratagene, The Netherlands). BJ5183

Electroporation Competent Cells are a bacterial strain and were used for DNA transformation

using electroporation. They were utilised to generate adenoviruses as they have the
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components needed to allow the homologous recombination between a vector that contains 

the gene of interest and a second vector that contains the adenoviral genome, provided that 

sites of homology are shared between these two vectors.

2.4 Transformation of Plasmid DNA into Competent E. coli

2.4.1 Using Heat-shock Techniques

2.4.1.1 Into DH5oc

Transformations were performed into competent DH5a E. coli. A vial of DH5a was 

thawed slowly over ice. Then, 100 ng of the plasmid was added to 100 j l l I  of DH5a and left 

10 min on ice. Samples were heat shocked at 42 °C for 45 s and then 900 j l l I  S.O.C. Ultra 

Pure Medium (2 % Tryptone, 0.5 % yeast extract, 10 mM NaCl, 2.5 mM KC1, 10 mM 

MgCl2, 10 mM MgSC>4, and 20 mM glucose) (Gibco BRL, Paisley, UK) was added. After 

shaking in a 37 °C incubator for 1 h, 200 pi of the transformation mixture was plated onto LB 

agar plates containing the appropriate antibiotic selection marker (Table 2.1) and left 

overnight in a 37 °C incubator.

2.4.1.2 Into SCS 110

Transformation into non-methylating SCS 110 (Stratagene, The Netherlands) was

performed when a certain digest was methylation sensitive. This is due to the presence of a

methylase enzyme encoded by the Dam, Dcm, or Mec gene in some E. coli. This enzyme

causes the addition of a methyl group to certain nucleotides in certain sequences thus causing

resistance to digestion by the restriction enzymes that target these sites [175]. To allow these

digests to occur, the non-methylating SCS 110 E. coli were used.

A volume of 1.7 pi /7-mercaptoethanol (Stratagene, The Netherlands) was added to a

110 pi suspension of SCS 110 that was thawed slowly over ice. The samples were left on ice

for 10 min. Then, 10 ng of DNA was added to each sample and left on ice for 30 min. The

samples were heat shocked at 42 °C for 45 s and incubated on ice for 2 min. Then, 900 pi
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S.O.C. Ultra Pure Medium was added. After shaking in a 37 °C incubator for 1 h, 200 pi of 

the transformation mixture was plated on LB-agar plates and incubated at 37 °C overnight.

2.4.2 Using Electroporation

The BJ 5183 Electroporation Competent Cells were used for DNA transformation 

using electroporation to generate adenoviruses. These cells have the components needed to 

allow the homologous recombination between a vector that contains the gene of interest and 

a second vector that contains the adenoviral genome, provided that regions of homology are 

shared between these two vectors.

The vector that contains the gene of interest was linearised and dephosphorylated in 

preparation for a homologous recombination with the second vector that contains the viral 

genome.

The linearised vector (1 pg) and the second vector (100 ng) were co-transformed into 

BJ 5183 Electroporation Competent Cells (40 pi) by electroporation. Each sample was 

mixed, placed in a cuvette, and tapped to remove air bubbles. The electroporation machine 

(EquiBio-Easyject, Middlesex, UK) was run until it reached 2500 V to allow for 

transformation of DNA into the electroporation competent cells. Then, 1 ml of S.O.C 

medium was added and the sample was shaken at 37 °C for 1 h. The transformants were 

plated on agar plates containing antibiotic selection.

2.5 DNA Separation and Sequencing

2.5.1 Agarose Gel Electrophoresis

2.5.1.1 Preparation of the Gel

Agarose gel electrophoresis was preformed in order to separate, quantify, and 

characterise the digested DNA. A 1 % agarose (Gibco BRL, Paisley, UK and Helena 

BioSciences Ltd, UK) gel was prepared in lx TAE buffer. Ethidium bromide at a final 

concentration of 0.5 pg/ml was added and the DNA was loaded using the DNA loading
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buffer (lx). A suitable DNA marker (10 (0,1) was run along side as a source of guidance for 

DNA size and quantity. The gel was run in lx TAE buffer at 90-100 V until the DNA bands 

were clearly separated. The gel was viewed using a UV transilluminator at 302 nm (T2201 

Sigma Chemical Company) and a photograph was taken using a Polaroid Gel camera and 

Polaroid 667 film.

2.5.1.2 Preparation of Gel Electrophoresis Reagents

• TAE is made up of 2 M Tris-acetate and 0.05 M EDTA pH 8.3 

(ethylenediaminetetraacetate Gibco BRL, Paisley, UK)

• DNA loading buffer: 40 % (w/v) sucrose, few crystals of bromophenol blue were added 

(until a deep purple colour was visualised). It was sterile filtered.

• DNA Ladders (K-Hind HI digest, 100 bp, and 1 Kb) were prepared by adding a ratio of 

1:2:7 of 500 ng purchased ladder (New Englands Biolabs, Hertfordshire, UK), DNA 

loading buffer, and ddH2 0  respectively. The mixture was stored at 4 °C.

2.5.2 Gel Extraction

Gel extraction was performed using the QIAquick Gel Extraction Kit (Qiagen LTD, 

Crawley, UK). After excising the DNA with a clean sharp scalpel and weighing it in an 

eppendorf, 3 volumes of buffer QG were added to 1 volume of the gel. This buffer helps in 

dissolving the agarose residues. The mixture was incubated at 50 °C for 10 min (until the gel 

dissolved completely). Then, 1 volume of isopropanol was added to the sample and mixed. 

To bind the DNA, the sample was applied to the QIAquick column and centrifuged at 16,060 

g for 1 min. The flow-through was discarded and 0.5 ml of buffer QG was added and the 

sample was respun at 16,060 g for 1 min. To wash, 0.75 ml of buffer PE was added and the 

mixture was respun at the same speed. The flow-through was discarded and the sample was 

respun another time. Then, the QIAquick column was placed into a clean eppedorf and the 

DNA was eluted by adding 50 pi of buffer EB or ddH20 , leaving the sample to stand for 1
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min, and centrifuging for 2 min at 16,060 g. This procedure allows the precipitation of the 

linearised DNA removing all buffers and enzymes or agarose gel residues. The above- 

mentioned buffers are all supplied in the QIAquick Gel Extraction Kit.

2.5.3 DNA Sequencing

2.5.3.1 Primer Annealing and DNA Extension

Sequencing was performed using the ABI Prism® Big Dye Terminator™ Cycle 

Sequencing method (ABI Prism, UK) method. To 250-500 ng of DNA, 8 pi Terminator 

Ready Reaction Mix (which contains the polymerase enzyme and dNTPs and is provided in 

the kit) (ABI Prism, UK) and 10 pmol pShuttle forward or reverse primer (Stratagene, UK) 

were added. The volume was adjusted to 20 pi by the addition of ddlUO. As a control, 2.5 pi 

of pGEM DNA at 0.2 pg/pl was used, 4 pi of M l3 primer at 0.8 pmol/pl and 8 pi of 

Terminator Ready Reaction Mix were added. The volume was adjusted to 20 pi by the 

addition of ddEUO. Then, 40 pi of mineral oil were added to each sample.

The tubes were spun for few seconds and were placed in a thermal cycler (Genius- 

Techne, Jepson Bolton and Co. Ltd - Watford, UK). The machine was pre-warmed at 96 °C 

for 1 min after which the samples were placed in the machine at this temperature for another 

1 min. Then, the following cycles were repeated 30 times. Rapid thermal ramp to 96 °C, and 

left 30 s at 96 °C, rapid thermal ramp to 50 °C, and left 15 s at 50 °C, followed by rapid 

thermal ramp to 60 °C, and left 4 min at 60 °C. Then, rapid thermal ramp to 4 °C and held 

until ready to purify. This process ensures template denaturation at 96 °C, primer annealing at 

50 °C, and DNA extension and polymerisation at 60 °C. Then, the 20 pi reaction was 

removed from underneath the oil layer and placed into clean eppendorfs.

2.5.3.2 Polymerase Chain Reaction (PCR) Product Purification

To precipitate the PCR product using ethanol/ sodium acetate precipitation, 2 pi of 3

M sodium acetate at pH 4.6 and 50 pi of 100 % ethanol was added to each 20 pi reaction.
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The tubes were incubated on ice for 10 min and then spun for 30 min at 16,060 g. The 

supernatant was aspirated and discarded. Then, 250 pi of 70 % ethanol was added to wash 

the DNA and the tubes were spun at 16,060 g for 15 min. The supernatant was aspirated 

again. The samples were dried and stored at -20 °C until sequenced (Sequencing Service, 

University of Manchester).

2.6 Preparation of Plasmid DNA from E . coli

2.6.1 Mini Preparation

Colonies were picked using plastic loops and grown in 5 ml LB plus antibiotic and 

were left shaking at 225 rpm and 37 °C overnight. Then, 2 ml were centrifuged at 16,060 g 

for 10 min.

The plasmid DNA was extracted using a QIAGEN mini preparation kit (Qiagen LTD, 

Crawley, UK). Mini preparations (also called mini-prepped colonies) were performed in 

order to obtain pure plasmid DNA that could be digested with restriction enzymes or

sequenced to check the ligation of an insert DNA into a vector.

The pellet was resuspended in 250 pi buffer PI and mixed with 250 pi of buffer P2. 

The mixture was incubated at room temperature for 5 min to which 350 pi buffer P3 was 

added. The mixture was centrifuged at 16,060 g for 10 min at 4 °C. Then, the DNA lysate 

was transferred to a QIAGEN spin column and spun for 1 min at 16,060 g. The column was 

washed with 750 pi buffer PE and spun for another minute at 16,060 g. The eluant was

removed and the column was respun for 1 min at 16,060 g. Then, 50 pi of buffer TE or

sterile distilled water was added to the DNA. The mixture was left to stand for 1 min and 

then spun for 2 min at 16,060 g to elute the DNA. All of the above mentioned buffers 

constitute part of the QIAGEN mini preparation kit and are needed to purify the DNA 

preparations.
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2.6.2 Maxi Preparation

After being tested for the desired ligation, the positive colonies were grown in 5 ml 

LB plus antibiotic to maintain the selection. Colonies were left shaking overnight and 1:100 

(v/v) of the culture was transferred to conical flasks with 200 ml medium and antibiotic. The 

bacteria were left shaking overnight at 37 °C and 225 rpm.

The culture was centrifuged at 21.9 g for 15 min at 4 °C and the DNA was extracted 

using a QIAGEN Endofree plasmid maxi preparation kit (Qiagen LTD, Crawley, UK). The 

aim of this procedure is to obtain a pure plasmid preparation that is free of chromosomal 

DNA, RNA, protein, and any cellular debris. The bacterial pellet was resuspended in 8.5 ml 

buffer PI (50 mM Tris-HCl pH 8 , 10 mM EDTA, 100 pg/ml RNase A). A volume of 8.5 ml 

of buffer P2 was added in order to lyse the cells (Buffer P2: 200 mM NaOH, 1% SDS). SDS 

causes the solubilisation of the phospholipids and proteins in the cell membrane and thus the 

release of cell contents while NaOH denatures the chromosomal and plasmid DNA. Then,

8.5 ml of buffer P3 (acidic potassium acetate) was added to neutralise the mixture and 

precipitate the SDS with the cellular debris and chromosomal DNA only leaving the 

renatured plasmid DNA. The plasmid was separated by centrifugation at 15,522 g for 15 min. 

The supernatant was poured into QIAfilter cartridge to make sure all the excess SDS has 

been removed. A volume of 2.5 ml buffer EB (endotoxin removal buffer) was added to the 

filtrate and incubated on ice for 30 min. Buffer EB prevents the endotoxin molecules or 

lipopolysaccharides from binding to the DNA purification resin in the QIAGEN tip. 

Endotoxins are undesirable as they have strong, negative influence on the transfection 

efficiency in primary and sensitive cultured cells. To purify the plasmid DNA, a QIAGEN tip 

500 was used. The tip was pre-equilibrated with 10 ml buffer QBT (1 M NaCl, 50 mM 

MOPS, pH 7.0, 15 % isopropanol). The solution in the tip was washed with 2x 30 ml of 

buffer QC (1 M NaCl, 50 mM MOPS pH 7, 15 % isopropanol) to completely remove any
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remaining contaminants. The plasmid DNA was then eluted with 15 ml buffer QN (1.6 M 

NaCl, 50 mM MOPS pH 7.0, 15 % isopropanol) into a clean endo-free eppendorf. The DNA 

was precipitated by addition of 10.5 ml isopropanol and immediate centrifugation at 15,522 g 

and 4 °C. The pellet was washed with 5 ml endotoxin-free 70 % ethanol and centrifuged for 

10 min at 4 °C. The supernatant was aspirated in sterile conditions and the pellet was left to 

dry for 5 min. The pellet was then resuspended in 200 pi endotoxin-free TE buffer in an 

endotoxin-free eppendorf. All of the above mentioned buffers constitute part of the QIAGEN 

maxi preparation kit.

2.6.3 Quantification of Plasmid DNA using a UV Spectrophotometer

DNA concentration and purity was determined by diluting 10 pi of the plasmid DNA 

with 990 pi sterile distilled water and read on a spectrophotometer (DU650, Beckman) at 

OD260 and OD280 The concentration was calculated using the following formula:

[OD260X dilution factor (100) x 50 (DNA constant)/1000=pg/pl DNA]

(50 is the extinction coefficient since 50 pg/ml DNA gives an OD260 of 1)

A protein-free preparation should give an OD26o/OD28o of 1.8.

2.7 Tissue Culture

All tissue culture experiments were performed in Category I containment 

laboratories.

2.7.1 Cell lines

MDA-MB-231 (human breast adenocarcinoma), HT-1080 (human fibrosarcoma), 

CHO-K1 (Chinese hamster ovary), HCT-116 (human colorectal carcinoma), HEK 293 

(human embryonic kidney, transformed with adenovirus type 5 DNA), T47D (human breast 

carcinoma) were obtained from American Type Culture Collection (ATCC, VA, USA) and 

were grown in RPMI 1640 medium (Gibco BRL, Paisley, UK) with a final L-glutamine 

(Gibco BRL, Paisley, UK) concentration of 2 mM and 10 % v/v Foetal Calf Serum (FCS)
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(LabTech International) at 37 °C in a humidified air/5 % C 02 atmosphere. Unless otherwise 

mentioned, a media volume of 20 ml/T-75, 5 ml/T-25 flasks and 2 ml/well, 1 ml/well, 0.2 

ml/well in 6 , 24, and 96-well plates was used respectively.

2.7.2 Trypsinisation

The cells were detached by trypsinisation. The media was removed and the cells were 

washed with PBS (phosphate buffered-saline) and then enough trypsin-EDTA (0.05 % 

Trypsin and 0.53 mM EDTA-4Na) (Gibco BRL, Paisley, UK) was added to cover the cells. 

Both PBS and trypsin were pre-warmed at 37 °C. After incubating at 37 °C for 5 min, the 

cells were observed for detachment. Media (including L-glutamine and FCS) was added in 

order to inhibit the effect of trypsin and to allow for further culturing of the cells.

2.7.3 Freezing and Defrosting of the Cells

In order to freeze down, the cells were trypsinised and spun at 412.5 g for 5 min and 

then resuspended in a suitable volume of freezing media (made up of 50 % media, 40 % 

foetal calf serum, and 10 % DMSO). The media was filter sterilised and stored in aliquots at 

-20 °C). The cells were divided into 1 ml aliquots initially stored at -80 °C and then placed 

in liquid nitrogen for long-term storage.

To defrost, the cells were removed from liquid nitrogen and immediately thawed at 

37 °C. Fresh media was added to the defrosted cells and then spun at 412.5 g for 5 min in 

order to remove any DMSO residues present in the frozen media. The pellet was then 

resuspended in fresh media and placed in a T-75 flask. The media was changed the following 

day.

2.8 Transfection

2.8.1 Transient Transfection

Cells were seeded in 6 -well plates (Falcon, UK) at lxlO5 cells/well and incubated at 

37 °C overnight. On the second day, the cells were transfected using Lipofectin or
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Lipofectamine reagents (Gibco BRL, Paisley, UK) as described below. On the second or 

third day, the transfection medium was removed, the cells were washed with PBS, and fresh 

RPMI medium containing 10 % v/v foetal calf serum was added.

2.8.1.1 Using Lipofectin

Lipofectin is a 1:1 (w/w) liposome formulation of the cationic lipid N-[l-(2,3- 

dioleyloxy)proplyl]-n,n,n-trimethyl ammonium chloride (DOTMA), and dioleoyl 

phosphotidylethanolamine (DOPE) in membrane filtered water [176]. A mixture of 1 pg/well 

of each vector was added to 100 jul/well Opti-MEM® I reduced serum medium (Opti-MEM® 

I is a modification of Eagle’s Minimum Essential Medium and contains GlutaMAX™ I (L- 

Alanyl-L-Glutamine), 2.4 g/1 sodium bicarbonate, HEPES, sodium pyruvate, hypoxanthine, 

thymidine, trace elements, growth factors, and 1.1 mg/1 phenol red and has 50 % reduced 

serum with no cell adaptation needed [111]) (Gibco BRL, Paisley, UK). In another tube, 20 

Ill/well Lipofectin, and 100 pi/well Opti-MEM® I were used. The tubes were left seperate for 

30 min and then mixed together and incubated at room temperature for 15 min. The cells 

were washed with 2 ml/well Opti-MEM® I media followed by incubation with the 

transfection media for 4 -24 h.

2.8.1.2 Using Lipofectamine

Lipofectamine reagent is a 3:1 (w/w) liposome formulation of the polycationic lipid

2,3-dioleyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-dimethyl-l-propanaminium

trifluoroacetate (DOSPA) and the neutral lipid dioleoyl phosphatidylethanolamine (DOPE) in

membrane filtered water [177]. A mixture of 1 pg/well of each DNA was added to 100

pl/well Opti-MEM® I. In another tube, 10 jil/well Lipofectamine, and 100 pl/well Opti-

MEM® I were mixed. When Lipofectamine was used, the two tubes were immediately mixed

together and then incubated for 45 min at room temperature. The cells were washed with 2

ml/well Opti-MEM® I media followed by incubation with the transfection media for 4 -24 h.
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2.8.2 Stable Transfection

Cells were seeded at 1-2 xlO5 cells/well. The following day, they were transfected 

with Lipofectamine or Lipofectin as mentioned in the previous section. A concentration of 

0.5-2 pg/well of each vector as well as Opti-MEM® I media was used. The media was 

replaced 24 h post transfection with 10 % v/v foetal calf serum-containing media. After 

another 48 h, the media was replaced with antibiotic selection media. The cells were 

incubated until colonies formed. The colonies were picked using plastic loops and cultured in 

the same antibiotic selection media awaiting screening for positive gene expression.

2.9 Induction of Gene Expression

Ponasterone A (Pon A) (Invitrogen, Groningen, The Netherlands, Stratagene, The 

Netherlands, and A.G Scientific, UK) was reconstituted in 100 % ethanol. To prepare a 1 

mM stock, 250 p,g of Pon A powder were mixed with 500 pi ethanol and stored at -20 °C. 

Varying concentrations of Pon A were freshly made up in media and added to the transfected 

cells to induce gene expression. Pon A was left for 24 h (unless otherwise stated) and then 

the relevant assays were performed.

2.10 Lac Z Expression

2.10.1 X-gal Staining

The principle of this assay is based on the ability of transfected cells (coding for the 

/J-Galactosidase enzyme) to react with X-gal (5-bromo-4-chloro-3-indolyl-/?-D-galactoside) 

and give a blue insoluble compound.

The cells were washed with PBS, fixed with 10 % formalin (Sigma, UK) for 10 min 

and then washed with PBS again. The cells were stained for /TGalactosidase expression 

using the X-gal (Helena Bioscience Ltd, UK) solution (for 20 ml preparation: 40 pi of 1 M 

magnesium chloride (BDH Limited Poole, England), 100 pi of 1 M potassium ferricyanide,
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100 (0,1 1 M potassium ferrocyanide, 1 ml X-gal with a concentration of 20 pg/ml. The 

volume was adjusted to 20 ml by adding PBS).

After adding this mixture, the cells were incubated between 2-24 h at 37 °C, 5 % C 02. 

The properties of the blue cells were evaluated under the microscope.

In some experiments, 1 ml DMSO/well was added in order to dissolve the blue 

colouring of the cells and the absorbance was read at 650 nm to allow quantification [178].

2.10.2 /?-Galactosidase Enzyme Activity Assay

The principle of this assay is based on the ability of transfected cells (expressing the 

Lac Z reporter gene) to undergo the following reaction:

/5-galactosidase
Ortho-nitrophenyl-P-galactoside (ONPG) ________________». Ortho-nitrophenyl (ONP)

ONPG is colourless while ONP is yellow. The colour absorbance was measured using 

a spectrophotometer (DU650, Beckman, USA). It is noteworthy to mention that since human 

cells do not have the /2-Galactosidase enzyme, no background should be observed.

Transfected cells were lysed with 200 pi lysis buffer [12.5 ml 100 mM Tris-HCl (pH 

7.8), 7.5 ml glycerol, 500 pi 1 M MgCl2, 500 pi Triton X-100, 100 pi 0.5 M EDTA (pH 8). 

The volume was adjusted to 50 ml by adding sterile distilled water]. Then, the supernatant 

was transferred to a clean tube and 45 pi of 10 mM MgCl2/0.45 M /7-mercaptoethanol [0.02 g 

MgCl2, 320 pi y5-mercaptoethanol, 9.68 ml distilled water], 100 pi substrate solution (o- 

nitrophenol-/?-D-galactopyranoside 4 mg/ml in PBS), and 345 pi PBS were added. The 

mixture was left on ice for 5 min and then incubated at 37 °C for 1 h until a yellow colour 

developed. The tubes were placed on ice and the reaction was stopped by the addition of 510 

pi 1 M sodium carbonate (Na2CC>3). The absorbance was read at 420 nm (DU650, Beckman). 

The enzyme activity in the sample was determined according to the formula:
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Enzyme Activity (Units) = 380 x A^n x dilution factor
T (min)

(380 is a constant needed in this equation)

2.11 The Luciferase Assay

Firefly luciferase is a protein that does not require post-transcriptional processing for 

enzymatic activity [179] [180] and thus functions as a genetic reporter immediately upon 

translation. Photon emission is achieved through oxidation of beetle luciferin in a reaction 

that requires ATP, Mg2+, and 0 2. This reaction produces Oxyluciferin and light that is 

detected using a luminometer [181].

Renilla luciferase is another protein that originates from Renilla reniformis [182]. 

Like Firefly luciferase, Renilla luciferase does not requires post-translational modifications 

for its activity and thus functions as a genetic reporter immediately after translation. The 

luminescent reaction catalysed by Renilla luciferase utilises 0 2 and coelenterate-luciferin 

(coelenterazine). In the DLR™ assay Chemistry (Promega, UK), the kinetics of the Renilla 

luciferase reaction provide a stabilised luminescent signal that decays slowly over the course 

of the measurement [181]. The Renilla luciferase was used as a control reporter to check for 

variability in the experiments that could be caused by toxic compunds.

Luciferase expressing cells were placed in anoxic or aerobic conditions for 18 h after 

which the cells were reoxygenated for 3 h. The media was then removed, the cells were 

washed with PBS, and lysed using 50 [ll/well of the Lysis Buffer (diluted to lx in ddH20) 

provided by the Luciferase Kit (Promega, UK) The plates were mixed on a plate shaker for 

15 min and 20 |nl/well were read using a Luciferase plate reader (Titertex- Multiskan 

MCC/340, UK). The substrates provided by the Luciferase Kit were used to initiate the 

enzymatic reactions.
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2.12 Protein Quantification

The protein assay was performed in order to quantify the amount of protein in a 

sample. A 1:50 dilution of copper sulphate (4 % w/v) (Sigma, UK) in bicinchoninic acid 

(Sigma, UK) was prepared [183], A volume of 200 pil of this reagent was added to 10 pi of 

each unknown sample or standard in a 96 well micro-titre plate. The following Bovine Serum 

Albumin (BSA) (New England Biolabs, Hertfordshire, UK) concentrations were prepared 

(4000, 3000, 2000, 1000, 500, 100, 10, 0 pg/ml) as a set of protein standards. The plate was 

incubated at 37 °C for 60 min until a deep purple colour developed at the higher standard 

concentrations and the absorbance was read at 540 nm using a micro-titre plate reader 

(Titertek Multiskan MCC/340, UK).

A standard curve was obtained by plotting the absorbance versus protein 

concentration for the BSA standards. The curve was used to determine the protein 

concentration for each unknown protein sample.

2.13 Staining for iNOS Protein Expression

2.13.1 Immunocytochemistry

Upon staining with a primary antibody that binds to iNOS followed by a FITC 

(Fluorescein isothiocyanate) conjugated secondary antibody that binds to the primary anti­

body, the cells that code for the iNOS gene should fluoresce when examined under a 

fluorescent microscope.

The cells were fixed with 10 % formaldehyde for 20 min and then permeabilised by 

the addition of 0.1 % (v/v) Triton X-100 (Sigma, UK) in PBS for 10-15 min. Then, 10 % 

horse serum (Gibco BRL, Paisley, UK) in PBS (blocking solution) was added to the cells and 

left at room temperature for 30 min. This was followed by the addition of a primary rabbit 

anti-iNOS antibody (raised against human iNOS) (ZYMED, San Francisco, USA) that was 

diluted at 1:500 in 0.1 % blocking solution and incubated at room temperature for 1 h. After
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washing with PBS, the cells were incubated in the dark for 30-60 min at room temperature 

with the secondary goat anti-rabbit FITC conjugated antibody (Sigma, UK) that was diluted 

at 1:100 in 0.1 % blocking solution. Then, DAPI (4,6-diamidino-2-phenylindole) stain (1:500 

dilution in distilled water) was added to stain the nuclei and each cover slip was mounted 

with Mowiol (12 % Mowiol, 34.5 % glycerol, 0.12M Tris-HCl pH 8.5) onto a microscope 

slide.

Cells were observed under the fluorescence microscope (Eclipse E800, Japan), nuclei 

stained blue by DAPI stain and NOS protein stained green due to FITC present in the 

secondary antibody. FITC is excited at 488 nm and the emission is collected at 530 nm [147].

2.13.2 Flow Cytometry

Another method used to monitor the percentage of cells that express the iNOS gene 

was by flow cytometry. Cells that were expressing iNOS were first stained by a primary anti­

body that binds to the iNOS protein followed by a FITC conjugated secondary antibody that 

binds to the primary anti-body. The samples were then analysed using the FACS machine 

(Becton Dickinson, San Jose, California, USA) with the FL-1 channel that detects light at 

530 nm.

The cells were fixed with 4 % paraformaldehyde (Sigma, UK) for 15 min at 4 °C and 

permeabilised using a permeabilisation buffer [1% Heat Inactivated FCS, 0.1% sodium azide 

solution, 0.1% Triton X-100, and the total volume was adjusted to 50 ml with PBS at pH 7]. 

The cells were washed gently with PBS and pelleted. The primary rabbit anti-iNOS antibody 

was diluted (1:500) in 1 % BSA and the samples were incubated with the primary antibody at 

room temperature for 1 h. They were then washed with PBS containing 1 % BSA. Then, the 

secondary goat anti-rabbit FITC conjugated antibody was diluted (1:100) in PBS containing 

1 % BSA and the cells were incubated with the secondary antibody in the dark for 30 min at
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room temperature. The samples were washed with PBS and analysed using the FACS 

machine.

2.13.3 Measuring Apoptosis by PI staining

In order to study the extent of apoptosis, the cells were stained with propidium iodide 

(PI), which binds to DNA. The percentage of fluorescence due to PI staining was measured 

using the FACS machine. PI is excited at 536 nm and the emission is collected at 617 nm in 

the FL-3 channel that detects light at 650 nm.

The cells were fixed with 4 % paraformaldehyde for 15 min at 4 °C and 

permeabilised using a permeabilisation buffer [1 % Heat Inactivated FCS, 0.1 % sodium 

azide, 0.1 % Triton X-100, and the total volume was adjusted to 50 ml with PBS at pH 7]. 

The cells were washed gently with PBS and pelleted. The cells were stained for iNOS in 

order to compare the percentage of apoptosis relative to the iNOS expression in the sample. 

Hence, the same antibodies and the same protocol were followed as mentioned in the flow 

cytometry experiment with the addition of PI (10 pg/ml) in PBS in the final step.

2.14 Quantification of the Activity of the iNOS enzyme

In order to measure the activity of the iNOS enzyme in the cells, three distinct 

methods were used.

2.14.1 The L-citrulline Assay

This assay is based on the ability of NOS to convert L-arginine to citrulline. 14C- 

radio-labelled arginine (Specific Activity =50.5 MBq/mg) (Amershampharmacia biotech, 

UK) was added to cell extracts and the amount of radio-labelled citrulline was measured. 

Any endogenous unlabelled arginine was removed by resin (Dowex-50WX8-400) (Sigma, 

UK).
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2.14.1.1 Preparation of Cell Extracts

Exponentially growing cells were washed in cold PBS and harvested with trypsin- 

EDTA solution. The cells were then pelleted in cold PBS by centrifuging at 264 g for 10 min. 

The resulting cell pellet was re-suspended in 0.5 ml ice-cold buffer containing HEPES (10 

mM, pH 7.4), sucrose (320 mM), EDTA (100 pM), dithiothreitol (0.05 mM), leupeptin (10 

Jig/ml), soybean trypsin inhibitor (10 Jig/ml), and aprotinin (2 pg/ml) and sonicated using an 

MSE Soniprep 150 for 3x5 s at a nominal frequency of 23 KHz and an oscillation amplitude 

of between 5 and 10 pm. The samples were placed on ice between each sonication. These 

suspensions were allowed to stand on ice for a further 10 min, and then centrifuged at 9,500 

g for 15 min at 4 °C.

2.14.1.2 The Assay

The resultant pellet was discarded and the post-mitochondrial supernatant (cytosol

and microsomes) was treated with a strong cation exchange resin to remove the endogenous

arginine. The supernatant was incubated with the resin for 5 min and centrifuged at 9,500 g

for 5 min in order to pellet the resin. This process was repeated twice, after which the cytosol

was considered to be free of endogenous arginine.

NOS activity was measured by monitoring the conversion of L-[UI4-C]-arginine to L-

[U14-C]-citrulline. The reaction mixture (final volume 150 pi) consisted of HEPES buffer (20

mM, pH 7.4), L-valine (150 mM), L-citrulline (100 pM), 10 pM L-arginine and 50 pCi/ml

L-[U14-C]-arginine, tetrahydrobiopterin (10 pM), calmodulin (400 U/ml), dithiothreitol (2.5

mM), calcium chloride (250 pM), BSA (75 mg/ml) and 1 mM NADPH. The reaction was

initiated by the addition of 50 pi of cell extract (100-300 pg protein) and incubated at 37 °C

for 10 min. The reaction was terminated by the addition of 1.5 ml of 50 % (v/v) Dowex-

50WX8-400 resin in water (to bind any remaining arginine in the incubation mixture). A

volume of 5 ml of water was then added to the resin-incubate mix and then left to settle for
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2 0  min before taking an aliquot of the supernatant for analysis by scintillation counting 

machine (Wallac 1409 Liquid Scintillation Counter). The enzyme activity associated with 

iNOS (calcium-independent activity) was measured as a difference in activity in the absence 

and presence of 1 mM ethylene-bis-(oxyethylenenitrilo) tetra-acetic acid (EGTA, a calcium 

chelating agent) and NOS inhibitor (100 pM L-NNA) [184] [185].

2.14.1.3 Calculation of Specific NOS activity

To calculate the activity of NOS, the background dpm (B) (B is the background count 

with resin added and no enzyme) was subtracted from the dpm for the 100  pi assay buffer 

(A) (A is the total count without the resin and no enzyme). So, A-B=C for 100 pi assay 

buffer. Next D was calculated as follows: [C/1500]x[3.325/2]=D (dpm/pmol). In this case, 

1500 pmol is the number of pmol of arginine in 100 pi assay buffer and 2 ml is the volume 

counted of a total 3.325 ml in the assay protocol. So, with the specific activity D known, the 

pmol of radio-labelled arginine converted to radio-labelled citrulline for each sample was 

calculated by dividing this value by D. As the incubation time was 20 min for 50 pi of 

enzyme, D was divided by 20 and multiplied by 20 to express the activity in pmol min' 1 ml'1. 

Then, the value was divided by the protein content to express the unit of NOS activity as 

pmol of 14C-citrulline formed/min/mg protein.

2.14.2 The Griess Assay

After it is produced by NOS, NO is converted into nitrite and nitrate. This assay 

measures the total nitrite in the media and thus indirectly quantifies iNOS expression in the 

samples.

Stably transfected cells were seeded in RPMI 1640 medium. On the second day, the 

media was replaced with Pon A in DMEM (Serum Free) medium (Gibco BRL, Paisley, UK) 

with 1 % volume by volume 2 M L-glutamine. The medium was changed because RPMI 

1640 as well as foetal calf serum have shown high background of nitrite and nitrate. On the
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third day, the griess assay was performed according to the manufacturer’s protocol (R&D 

Systems, Abingdon, Oxon, UK). This assay is based on the conversion of NO into nitrate and 

nitrite. Nitrate reductase was used to reduce the nitrate back to nitrite and thus the total 

amount of nitrite was measured. This detection was determined as a coloured azo-compound 

product of the Griess reaction that absorbs visible light at 540 nm.

The medium of the cells was aspirated and mixed with 2-fold reaction buffer 

(detergent) and filtered or centrifuged for 10 min at 16,060 g to ensure that no cells were 

present. In a 96 well plate, 100 pi of medium was loaded per well. To each sample, 25 pi 

nitrate reductase (diluted in the reaction buffer) and 25 pi NADH (diluted 1:2 in dlUO) was 

added. Nitrite standards (50 pl/well) were also prepared and 200 pi of the reaction buffer, 50 

pi of nitrate reductase and 25 pi NADH were added to each well. The plate was then 

incubated at 37 °C for 30 min.

A volume of 50 pi of Griess reagent I and 50 pi of Griess reagent II were added to 

each well and left at room temperature for 10 min. The plate was then read at 540 nm using a 

micro-titre plate reader (Titertek Multiskan MCC/340, UK) and the amount of nitrite was 

deduced from the standard curve. All the reagents were supplied in the Nitric Oxide (NO2" 

/ N O 3 ' )  Kit (R&D Systems, Abingdon, Oxon, UK).

2.14.3 The iNOS Reductase Assay

The NOS enzyme has an oxidative and a reductase domain. This assay measures the 

activity of the reductase domain and thus provides an indirect measure of the activity of the 

iNOS enzyme.

2.14.3.1 Preparation of Cell Extracts

The cells were split into T-75 flasks and left until confluent. Then, they were induced 

with 20 pM Pon A (5 ml of media/flask) and left for 24 h. The cells were later trypsinised 

and cell lysates were prepared [as mentioned for the L-citrulline assay but by replacing the
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buffer mentioned above with Nuclear buffer A that is made up of 100 mM HEPES, 150 mM 

MgCb, 1 M KC1 (potassium chloride), and 1 M KOH (potassium hydroxide)].

2.14.3.2 The Assay

The following reagents were also prepared: 100 mM phosphate buffer containing 3 

pM Ca2+ (prepared from CaCE), 10 mM KCN (potassium cyanide) freshly prepared in

distilled water, 400 pM cytochrome c (prepared freshly in phosphate buffer), 7.5 pM

tetrahydrobiopterin (THB4), 250 U/ml calmodulin, and 10 mM NADPH (freshly prepared in 

phosphate buffer). Then the assay was performed as follows. Into each cuvette, 0.5 ml of 

cytochrome c (final concentration 200 pM), 0.1 ml 10 mM KCN (final concentration 1 mM), 

5 pi 1.5 mM THB4 (final concentration 7.5 pM), and 5 pi of 50,000 U/ml calmodulin (final 

concentration 250 U/ml) were added. A suitable concentration of protein (0.1-0.3 mg/ml) 

was added to the mixture. Then, the total volume was adjusted to 1 ml using the phosphate 

buffer (containing 3 pM Ca2+). The contents were mixed well and the cuvettes were 

transferred to the 37 °C thermostatted cell compartment of the spectrophotometer (DU650, 

Beckman). The baseline was recorded and the reaction was initiated by adding 20 pi of 10 

mM NADPH (final concentration 200 pM) to the sample cuvette only. The increase in 

absorbance with time at 550 nm for 2 min was recorded.

2.14.3.3 Calculation of iNOS Activity

The results were calculated by first reading the initial rate of cytochrome c reduction 

in units of A A550 nm/min from the spectrophotometric chart recording. The extinction 

coefficient of reduced cytochrome c at 550 nm has been determined to be 21.0 cm2/mmol 

[186]. Hence, NADPH-cytochrome c reductase activity (nmol/min/ml lysate) was calculated 

by the formula:

A A550 nm/min x 10 0 0  x Total cuvette volume (mil
1 2 1 .0  volume of suspension (ml)
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The enzyme activity was expressed as nmol/min/mg protein at 37 °C by dividing by 

the protein content of the suspension.

2.15 Cell Survival Assays

2.15.1 The MTT Assay

The MTT Assay is a colourimetric assay that measures the level of cell proliferation 

of drug treated cells as a percentage of untreated control cells. After having administered the 

drug and exposed to anoxic and then to aerobic conditions, MTT [(3-(4,-5 Dimethylthiazole 

-2-yl)—2,5-diphenyltetrazolium bromide] (stock concentration prepared at 5 mg/ml in PBS) 

was added at a final concentration of 0.5 mg/ml. This assay is based on the cleavage of the 

yellow tetrazolium salt (MTT) to produce a dark formazan derivative (Thiazolyly blue) 

[187,188] as MTT is actively transported into the cell and reduced to the formazan by­

product via mitochondrial dehydrogenases [188,189]. After MTT addition, the plate was 

incubated at 37 °C for 4 h. The media was fully aspirated without disturbing the purple- 

formed crystals that were afterwards dissolved in 500 pl/well DMSO when a 24-well plate 

was used and 200 [ll/well when a 96-well plate was used. The plate was shaken on the plate 

shaker (Heidolph TITRAMAX 1000-Germany) for 10 min. When the 24-well plate was 

used, 200 |il/well was transferred into a 96-well plate. The absorbance at 540 nm was read 

using the plate reader (Titertek Multiskan MCC/340, UK). A curve representing the 

percentage survival (determined from the absorbance readings at 540 nm for the sample and 

untreated control) versus the drug concentration was plotted and the I C 5 0  (the value of the 

drug concentration that corresponds to 50 % cell survival) was calculated.

2.15.2 Clonogenic Assay

This assay was used to study the colony forming effeciency after drug treatment and 

incubation under aerobic and anoxic conditions. The cells were seeded in 60 mm-plastic 

dishes (5 ml/dish) and treated with the drug and incubated under the required oxygen
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conditions. After 8 days, the cells were PBS washed and fixed with 70 % ethanol. They were 

PBS washed again and stained with 0.5 % methylene blue (prepared in 70 % ethanol) for 2-3 

min. The plates were washed with tap water 2 min after staining and were left to air dry. The 

colonies (each colony is defined to be about 50 cells)-now stained blue- were counted in each 

plate [190]. The plating efficiency was calculated by dividing the number of counted 

colonies/plate by the seeding number. This value was multiplied by 100.

2.16 Virus Generation

All experiments involving adenoviruses were performed in Category I containment 

laboratories.

In order to generate recombinant adenoviruses, two main methods exist. The first 

involves direct ligation of the gene of interest into the adenoviral genome. However, this 

method is extremely difficult because the adenovirus genome is large (36 Kb) and contains 

few useful restriction sites [147]. The second method, which is more commonly used 

involves cloning the gene of interest into a shuttle vector and transferring the gene into the 

adenovirus genome by means of homologous recombination in an adenovirus packaging cell 

line [191]. This homologous recombination step was further adjusted and now occurs in 

certain E. coli that employ the efficient homologous recombination machinery [192] 

(example: the BJ 5183 Electroporation Competent cells). Thus, a recombinant adenovirus is 

produced by a double-recombination event between co-transformed adenoviral backbone 

plasmid vector (pAdEasy-1) and a pshuttle vector carrying the gene of interest [147] (Fig 2.1).
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Fig 2.1 Production of Recombinant adenovirus using the pAdeasy system.

2.16.1 Preparation of the Primary Inoculum

In order to prepare a primary inoculum of the virus, HEK 293 cells were transfected 

with the pAdeasy vector containing the cassette of interest. The HEK 293 cell line was 

chosen because it provides the E sites needed for viral replication. For each viral preparation, 

10 pg of the pAdeasy vector containing the cassette of interest was digested with 1 pi (10 

Units) Pac I enzyme in a reaction containing lx BSA and lx restriction enzyme buffer 

(supplied as lOx). The digest was left overnight at 37 °C. Then, the digested plasmid was
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column extracted (Section 2.5.2) to a final volume of 30 pi in ddH^O and used to transfect 

the HEK 293 cells that were seeded in a T-75 flask until 40 % confluent. The transfection 

was performed using Lipofectamine at 30 |il/flask. The cells were incubated at 37 °C until 

100  % cytopathic effect was observed indicating that all of the cells were infected with the 

virus formed. It is noteworthy to mention that the pAdeasy-iNOS virus was grown in 

presence of 100 pM L-NNA inhibitor to avoid any possible NO-induced cell-toxicity. Then, 

the media from each flask was collected and spun at 412.5 g for 5 min. The pellet was 

resuspended in 1 ml PBS. After 3 cycles of thaw-freezing in a 37 °C water bath and liquid 

nitrogen, the samples were spun at 16,060 g for 10 min. The supernatants were then frozen 

down at -80 °C.

2.16.2 Virus Replication

To scale up the virus stocks, 10-15 T-175 flasks of HEK 293 were grown until 80 % 

confluent and were then infected with 30-50 pi viral primary inoculum. The cells were 

incubated at 37 °C until 100 % cytopathic effect was observed. Then, the media was poured 

into 50 ml tubes and was either stored immediately at -80 °C or was spun at 412.5 g for 30 

min and the pellets were stored at -80 °C for later viral purification.

2.16.3 Virus Purification

The 50 ml media (or pellet) from the flasks was freeze-thawed 3 times using liquid 

nitrogen and a 37 °C water bath to release all the adenovirus particles from the HEK 293 

cells. The media was spun at 412.5 g for 30 min. The virus purification kit (BD Biosciences 

Kit, CA, USA) was used. The following procedure was performed based on the 

manufacturer’s protocol. A 0.45 pm Millipore filter available in the kit was pre-wet with 

PBS. The supernatant was filtered and an equal volume of lx Dilution Buffer was passed 

through the filter so that the colour of the eluant turned pink due to a pH change. Another 

small filter was then pre-wet with PBS and attached to the given plastic wire. The pink
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filtrate was aspirated slowly through this wire so that the virus was allowed to stick on the 

small filter. A 50 ml of lx Wash Buffer was also passed through the filter to make sure no 

residue was left (Fig 2.2). The virus was then eluted using 1ml of lx Elution Buffer into a 

small bijou. The eluant was either aliquoted in small volumes and stored at -80 °C or 

concentrated by spinning at 16,060 g for 30 min at 4 °C. The supernatant was then 

immediately removed and the pellet was resuspended using 1 x Formulation Buffer, aliquoted 

and stored at -80 °C.
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Fig 2.2 Overview of the BD Adeno-X™ Virus Purification Kit protocol [193].
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2.16.4 Virus Titration

The titration was performed in order to calculate the number of plaque forming units 

(pfu/ml) in a viral stock. HEK 293 cells were seeded at 5xl03 cells/well in a 96-well plate 

leaving the upper and the lower rows empty (Fig 2.4). The plate was incubated at 37 °C. The

9 19following day, a triplicate-well serial dilution of the virus ranging from 10' to 7.63x10' was 

performed in a 24-well plate leaving the last 2 wells empty as a control (Fig 2.3). Then, from 

each well in the 24-well plate, 300 pi were taken and added to the 3 wells in the 96-well plate 

(100 pl/well in triplicates). After 2 days, the media was replaced with 200 pi fresh media. 

After 8-10 days, the last well that was infected was recorded and used to calculate the pfu/ml 

of the virus vial (Fig 2.4).

*>

990 900 900 900 900 500

1 I 2 3 f 4 5 1 6

500 500 j~ 500 | 500 p 0 0 | 500

7 8 9 I 10 11
1 “

1 500 500 500 500 500 [ 500

; 13 14 15 16 17 18
500 I 500 500 500 500 p o o

19 20 21 22 23 24

Fig 2.3 A 24-well plate format used for the viral dilutions. A volume of 10 pi of the virus 
was added to 990 pi of media to the first well. Then, 100 pi (wells 1 to 4) or 500 pi (wells 5- 
22) - as per the table- was taken from each well to the following to perform the needed serial 
dilutions. The last 2 wells were left empty as a control.
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n r

Fig 2.4 HEK 293 cells were seeded at 5xl03 cells/well. Then, 100 j l l I  of the diluted virus (24 
well-plate) was added to the wells of this plate in triplicates.

W ell 1 2 I 4 5 *
D ilution 10'2 10'3 10"4 105 io-6 5x1 O'7
Pfu/m l l.OxlO3 l.OxlO4 l.OxlO5 l.OxlO6 l.OxlO7 2.0x107
W ell 7 8 2 10 11 12

D ilution 2.5x1 O'7 1.25x10'7 6.25x10-* 3.12x10-* 1.56x10* 7.81X10-9
Pfu/ml 4.0x107 8.0x107 1.6x10* 3.2x10* 6.4x10* 1.28xl09
W ell 13 14 15 16 1 1 i s
D ilution 3.91xl0'9 1.95xl0"9 9.77x10"'° 4.88x10'° 2.44x10" 1.22x10'°
Pfu/m l 2.56x109 5.12xl09 1.02xl010 2.05x1010 4.10x10'° 8.19x10'°
W ell 1 2 20 21 22 23 24

D ilution 6.10x10" 3.05x10" 1.53x10" 7.63xl0"12 Uninfected Uninfected
Pfu/m l 1.64x10" 3.28x10" 6.55x10" 1.32xl012 Controls Controls

Fig 2.5 This figure represents the calculations based on the above dilutions. Example: if the 
last infected well was number 12 in the 96-well plate, then the virus would have a pfu/ml of 
1.28xl09.

2.17 In vivo Experiments

For all the in vivo studies, the experiments were performed in 8-week-old female 

nude (nu /nu cba) mice. All procedures were carried out by approved protocols (Home Office 

Project License 40-1770) in accordance with the Scientific Procedures Act 1986 and in line 

with the United Kingdom Coordinating Committee on Cancer Research guidelines on the 

Welfare of Animals in Experimental Neoplasia [194].

Tumour implantation, drug injections, animal care, animal sacrifice, and tumour 

excision were performed by Brian Telfer and David Garvey.
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2.17.1 Tumour Implantation and Pon A Treatment

Cells were injected subcutaneously (s.c) at 2-5x106 cells/implant in 0.1 ml from a 

suspension of 2-5x107 cells/ml in PBS into the nude mice. Once a tumour volume of 200-400 

mm3 was achieved, Pon A concentrations of 1 or 2 mg/mouse dissolved in 30 pi DMSO and 

270 pi of pre-warmed olive oil were injected intraperitoneally (i.p). The mice were sacrificed 

by neck dislocation 12-48 h post Pon A injection and the tumours were excised, fixed (10 % 

formalin for 24 h followed by 70 % ethanol) and stained or frozen (in liquid nitrogen) and ft- 

galactosidase (Section 2.10.2) and iNOS enzyme (Section 2.14.1) activity assays were 

performed.

2.17.2 Injection of Hypoxia and Blood Perfusion Markers

In order to monitor certain aspects of tumour growth, some markers were injected 

into the tumour bearing mice. To stain for hypoxic regions, 0.2 ml of Pimonidazole (Natural 

Pharmacia International, RTP, NC, USA) (66 mg/kg) was administered i.p 2 h before 

sacrificing. Hoechst 33342, a blood perfusion marker, was injected intravenously (i.v) at 0.1 

ml (3 mg/0.5 ml-dissolved in 0.9 % saline) 1 min before sacrificing. The tumours were 

collected and stored half fixed and half frozen waiting for sectioning and immunostaining.

2.18 Sectioning and Staining of Tumours

2.18.1 Tumour Sectioning

The tumours were formalin-fixed and then wax embedded (Histology, Stopford Bldg, 

Manchester University). They were then sectioned at 5 pm/section (unless stated otherwise) 

using a microtombe. The sections were placed on either APES (3-aminopropyl- 

triethoxysilane) coated slides or on Polylysine slides (BDH SuperFrost, UK).

Cryostat sections were performed on frozen tumours at 5 pm/section using a cryostat- 

microtome (Bright, Starlet 2212, Instrument Company LTD, UK).
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2.18.2 APES Coating

APES coating provides a better attachment of the sample to the slide compared to 

non-coated slides. Non-coated slides (BDH SuperFrost, UK) were placed in 95 % alcohol for 

at least 2 min. The slides were then rinsed 3 times with tap water followed by one rinse in 

distilled water and one rinse in acid alcohol (1 % HC1, Sigma, UK in 70 % IMS-industrial 

methylated solvents made up of a 99 % ethanol mixture Chemix, UK). The slides were left to 

dry and were then placed in 3 % APES (freshly prepared in acetone) for 2 min and rinsed by 

emersion in acetone for 2 min. They were later washed in distilled water and dried at 37 °C 

overnight.

2.18.3 Immimostaining of the Tumours

The sectioned tumours were immunostained using the suitable antibodies that bind to 

the injected markers. The slides were placed for 10 min in xylene (Fisher Scientific, UK) to 

remove the wax. They were then rinsed with an ethanol gradient (6 min in each of 100 %, 90 

%, and 70 % ethanol). This was followed by rinsing in a solution made up of distilled water 

and 0.1 % Tween 20 for 3 min. The slides were then washed with PBS and 0.1 % Tween 20 

for another 3 min. A PAP pen was used to draw a circle around the sectioned tumour. 

Hydrogen peroxide (H2O2) drops -used as a blocking agent- (0.03 % H2O2 containing sodium 

azide) (provided in the DAKO EnVision Kit, DAKO Corporation, CA, USA) were added to 

the sections and left for 5 min. The slides were then washed for 3 min in PBS and 0.1 % 

Tween 20. Then, they were incubated in 0.05 % pronase diluted down in PBS for 20 min and 

washed for 3 min in PBS and 0.1 % Tween 20. The sections were incubated with horse 

serum (Sigma, UK) at a dilution of 10 % in PBS and 0.1 % Tween 20 PBS for 1 h. This step 

as well as the pronase addition is important to block non-specific binding. The sections were 

again washed with PBS and 0.1 % Tween 20. The primary antibody diluted in 1 % horse 

serum in PBS and 0.1 % Tween 20 was added to the sections and left for 45 min. A negative
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control with no primary antibody was included. Either a 1/50 dilution of Pimonidazole 

(hydroxyprobe) or a 1:500 dilution of rabbit-anti-iNOS antibody was used. After incubation 

with the primary antibody, the sections were washed with PBS and 0.1 % Tween 20 for 3 

min after which the secondary antibody was added and left for 30 min. In the case of 

Pimonidazole staining, the drops of secondary antibody from DAKO EnVision Kit were used 

while in the case of iNOS staining; goat anti-rabbit IgG horse- radish peroxidase (Sigma, 

UK) was used at a dilution of 1:100. Again a negative control slide with no secondary 

antibody was included. The slides were then washed with PBS and 0.1 % Tween 20 for 5 

min. This step was repeated 3 times. Then, DAB (DAB + Chromogen: 3,3’-diaminobezidine 

chromogen solution) from the DAKO EnVision kit was added to the sections until a brown 

stain developed. Later, the slides were washed with PBS and 0.1 % Tween 20. The slides 

were then quickly dipped in haematoxylin solution (2 g/1 haemtoxylin, 17.6 g/1 aluminium 

sulphate, 0.2 g/1 sodium iodide -Sigma, UK) to counter stain followed by washing in running 

tap water until the water became clear. Then, they were dipped 6 times in tap water, after 

which they were washed with PBS and 0.1 % Tween 20. The slides were placed in xylene for 

5-10 min and then dipped 6 times through the reverse of the ethanol series (70 %, 90 %, 100 

%). The slides were finally mounted using DPX mountant (BDH SuperFrost, UK).

2.19 Microscopy and Software

Fluorescent microscopy was used to view fluorescent staining. All other samples 

were viewed using light microscopy. Images were captured using a digital camera attached to 

a fluorescent microscope and later adjusted on Adobe Photoshop. DNA sequencing was 

analysed using Chromas software.

The Endnote software was used to organise the references and the statistics were 

performed on Excel (t-test).
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CHAPTER 3

Results 1 EVALUATION OF THE ECDYSONE INDUCIBLE SYSTEM

3.1 Introduction

To study the role of iNOS in tumour growth, precise control of gene expression is 

vital. The ecdysone mammalian inducible system was chosen to regulate gene expression 

because it has demonstrated low basal level, high fold induction, and inducer-dose dependent 

gene expression [112,120,121]. The ecdysone inducible system is comprised of 2 vectors: 

pVgRXR and pIND SP1. The gene of interest was cloned in the multiple cloning site of 

pIND SP1. Only upon addition of the inducer (Pon A) should gene expression be driven 

[110].

Prior to regulating iNOS gene expression using the ecdysone system, this inducible 

system was evaluated using the Lac Z reporter gene. Preliminary experiments were 

conducted using transient transfections and then stable clones encoding for Lac Z in the 

ecdysone cassette were generated to evaluate the ecdysone system in vitro and in vivo. The 

following parameters were studied: basal levels, fold induction, inducer-dose dependence, 

effect of time on induced gene expression, as well as reversibility of gene expression after 

Pon A removal.
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3.2 Evaluation of the Ecdysone System Using Transient Expression of the Lac Z 

Reporter Gene

In order to evaluate the ecdysone system, the Lac Z reporter gene was used. The 

ecdysone inducible plasmids pVgRXR and pIND SP1 were purchased from Invitrogen 

(Invitrogen, Groningen, The Netherlands). The pIND SP1 vector into which a Lac Z gene has 

already been inserted was also purchased (Invitrogen, Groningen, The Netherlands). Initially, 

the ecdysone system was evaluated in vitro by transiently transfecting a range of cell lines 

with both vectors of the ecdysone system (pVgRXR and pIND SP1 Lac Z) and Lac Z gene 

expression was monitored.

MDA-MB-231 (human breast cancer), HT-1080 (human fibrosarcoma), and CHO-K1 

(chinese hamster ovary) were transiently transfected with pVgRXR and pIND SP1 Lac Z 

(Section 2.8.1). The cells were seeded at lxlO5 cells/well in a 6-well plate. The following 

day, 1 jlg/well of each vector was mixed with 10 pl/well Lipofectamine in the MDA-MB- 

231 and HT-1080 cell lines. The same DNA concentration was mixed with 20 (ll/well 

Lipofectin in the CHO-K1 cell line in an attempt to improve the transfection efficiency. After 

24 h, the cells were exposed to varying concentrations of Pon A. Following a further 24 h, 

the cells were formalin-fixed and X-gal stained. Cells successfully expressing the Lac Z gene 

which encodes for /^-galactosidase, produce a blue coloured product upon addition of X-gal. 

The number of blue cells in each well was counted.
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Fig 3.1 In the three cell lines, an 
increase in the number of p- 
galactosidase expressing cells per 
well was observed as Pon A 
concentration increased.

Fig 3.1 shows that with increased Pon A concentration, an increase in Lac Z gene 

expression was observed. The Pon A doses were chosen based on the manufacturer’s 

suggestion of a maximal 10 pM dose and an induction period of 24 h. Gene expression was 

detected even at 0.5 pM Pon A and reached 20-26 fold induction at 10 pM (fold induction 

was calculated by dividing the number of blue cells observed at 10 pM Pon A by the number 

of blue cells observed in the absence of Pon A). Although the number of blue cells varied 

between cell lines, the fold induction remained similar (24.3 fold in MDA-MB-231, 25.8 fold 

in HT-1080, and 20.3 fold in CHO-K1 at 10 pM Pon A). This could be due to the different 

transfection efficiency, which is dependent on each cell line. It is noteworthy to mention that 

the MDA-MB-231 and HT-1080 cell lines showed better Pon A-dose dependent gene 

expression than the CHO-K1 cell line in this case. Moreover, in the absence of Pon A, very 

minimal expression was observed especially in the MDA-MB-231 cell line (7 blue cells/well)
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indicating that the ecdysone system shows tight regulation of reporter gene expression in the 

human tumour cell line and in the rodent cell line at least in vitro.

3.3 Generation of Stable Clones Expressing the Ecdysone Cassettes

To eliminate the need to control for transfection efficiency and to evaluate the system 

in vivo, stable clones expressing both ecdysone vectors pVgRXR and pIND SP1 Lac Z were 

generated.

3.3.1 Antibiotic-dose Tolerance of Wild-type Cells

In order to generate stable clones containing the vector of interest, antibiotic 

administration was used to select for the positively transfected clones.

The pVgRXR vector has a Zeocin resistance marker for mammalian selection while 

the pIND SP1 vector has a neomycin resistance marker (G418.Sulphate antibiotic-PAA Lab, 

GmbH, Weiner Strasse, Austria). To select for transfected clones, the extent to which wild- 

type cells tolerate each antibiotic was measured. Wild-type cells were seeded at lxlO3 

cells/well in a 24-well plate and grown in selection medium with a range of antibiotic 

concentration (0, 100, 250, 500, 750, 100 fig/ml for Zeocin and 0, 100, 250, 500, 750, 1000, 

2500, 500 fig/ml for G418.Sulphate). The cells were observed daily. The concentration and 

the time that caused the death of all the cells (as visualised under the microscope) were 

recorded. (Table 3.1)

Zeocin (|ig/ml) 
§ (pVgRXR)

MDA-MB-231

HT-1080

1 G418. Sulphate ((ig/ml) 
fplNDSPll

100 (10 days)

| 100 (10 days)

1000 (8 days) 

500 (8 days)

. Both Antibiotics (jag/ml)

G418.Sulphate 1000 (|ig/ml)
! Zeocin 100(|ig/ml) (10 days)

G41 S.Sulphate 250 (M-g/ml) 
j Zeocin 50 (pg/ml) (10 days)^

Table 3.1 Cell lines grown with varying antibiotic concentration. The concentration and time 
corresponding to complete death were recorded.
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3.3.2 Stable Transfection to Generate Ecdysone Inducible Lac Z Clones

The aim of this experiment was to stably transfect the HT-1080 and MDA-MB-231 

cell lines with both pVgRXR and pIND SP1 Lac Z. Initially, the cells were transfected with 

pVgRXR.

HT-1080 cells were seeded in 6-well plates at lxlO5 cells/well and incubated at 37 °C 

overnight. The following day, transfections were performed using Lipofectin reagent 

(Section 2.8.2). In the first 50 ml Falcon tube, 2 pg/well pVgRXR vector was diluted with 

100 jul/well Opti-MEM® I medium. Opti-MEM® I is a modification of Eagle’s Minimum 

Essential Medium purchased with reduced serum and was used to optimise the transfection 

effeciency [111]. A volume of 20 pl/well Lipofectin and 100 pl/well Opti-MEM® I were 

mixed in another tube. Each tube was left separate for 30 min after which they were both 

mixed and incubated at room temperature for 10-15 min. The transfection medium was added 

to the cells and left overnight. On the third day, the medium was replaced with RPMI 

medium containing 10 % v/v foetal calf serum. After 48 h, the medium was replaced with 

antibiotic selection medium (Zeocin-Table 3.1) and the cells were trypsinised and placed in 

culture plates and left 10-14 days to allow for colony formation. Colonies were then picked 

using plastic loops and placed into 24-well plates and subsequently transferred to 6-well 

plates, T-25, and T-75 flasks for culturing under continued selection pressure until screened.

3.3.3 Screening for Clones Expressing the pVgRXR Plasmid

From the cells that were transfected with pVgRXR, 14 MDA-MB-231 clones and 9 

HT-1080 clones were able to grow in the presence of selection medium. Some of these 

clones were then transiently transfected with pIND SP1 Lac Z to screen for expression of the 

ecdysone receptor. Wild-type MDA-MB-231 and HT-1080 were transiently transfected with 

both pVgRXR and pIND SP1 Lac Z and acted as a positive control. The cells were seeded at
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lxlO5 cells/well and induced with Pon A concentrations of 0,1, or 5 pM. After 24 h, the 

samples were formalin-fixed, X-gal stained, and the blue cells were counted (Fig 3.2).

s o uM
■ 1 uM
□ 5 uM

160 
140 
120 
100 

80 
60 
40 
20 

0
Control C8

MDA-MB-231

C9 C10 C11 C12 C14

C lo n es

HT-1080
160
140
120
100

80
60
40
20

Control C9 C10 C15 C16 C18

B0 uM
■ 1 uM
□ 5 uM

C lo n es

Fig 3.2 To select for positive clones, the cells were transiently transfected with pIND SP1 
Lac Z, induced with Pon A (0,1,5 pM), fixed, and X-gal stained. Then, the number of blue 
cells was counted.

Based on tight gene expression in response to Pon A, promising clones from each cell 

line were chosen (MDA-MB-231: C9, C12 and HT-1080: C l6). High-uninduced gene
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expression was observed in some MDA-MB-231 clones. This could be due to the ecdysone 

promoter being inserted downstream of a stronger promoter in the host genome hence 

allowing for gene expression in the absence of Pon A. These clones were discarded. Gene 

expression in the control samples were almost similar to those observed in Fig 3.1 with 

differences being attributed to variation in the transfection efficiency.

3.3.4 Stable Transfection of the pVgRXR Clones with pIND SP1 Lac Z to Generate 

Double Stable Ecdysone Inducible Clones

MDA-MB-231 clones 9 and 12 and HT-1080 clone 16 that stably express pVgRXR 

were used for stable transfection with pIND SP1 Lac Z. The transfection was performed 

using 1 pg/well pIND SP 1 Lac Z DNA and 20 plAvell Lipofectin. The cells were allowed to 

recover from the transfection process for 3 days after which selection media containing 

G418.Sulphate and Zeocin was added (Table 3.1). After 10-13 days, 24 colonies were picked 

from each cell line, cultured, and screened for ecdysone-inducible Lac Z expression. In order 

to test for gene expression, the cells were seeded at lxlO5 cells/well in a 6-well plate and 

induced with 5 pM Pon A. The cells were formalin-fixed and X-gal stained. None of the 

MDA-MB-231 clones showed inducible gene expression but the HT-1080 clone that showed 

the highest ecdysone inducible Lac Z gene expression represented by the number of blue 

cells/well was picked (Fig 3.3) and used to further evaluate the ecdysone system.

Clone 16.3 Clone 16.1

With 
Pon A

Without 
Pon A

Fig 3.3 Blue cells were observed in 
the presence of 5 pM Pon A in clone
16.3 (positive clone) while no blue 
cells were observed in clone 16.1 
(negative clone).

109



Results 1
Rana S. Al-Assah

Stability o f  the HT-1080 Lac Z Clone

To confirm that clone HT-1080 16.3 (that expresses pVgRXR and pIND SP1 Lac Z) 

is a stable clone, it was grown either in the presence or absence of antibiotic selection for 2 

weeks and then tested with the /^-galactosidase colour assay after adding 5 jiM Pon A for 24 

h. The cells gave the same intensity of blue colour/well in both cases indicating that this 

clone was stable.

3.4 In vitro Evaluation of the Ecdysone System Using the HT-1080 Lac Z Stable 

Clone

3.4.1 X-gal Staining of the HT-1080 Inducible Lac Z Clone

In order to evaluate the ecdysone system, cells from the HT-1080 Lac Z clone 16.3 

were seeded at 1x10s cells/well in a 6-well plate and exposed to varying concentrations of 

Pon A for 24 h. Then, the cells were formalin-fixed and stained with X-gal. Blue cells were 

counted. An increase in number of blue cells as the concentration of Pon A increased was 

observed which indicated a tight dose response relationship as well as low basal expression 

(Fig 3.4).

Lac Z G e n e  E x p re s s io n  in R e s p o n s e  to  P o n  A

=  500

J  400
« 350
a> 300
3
5  250
3  200

Pon A (}lM)

■  n=1 

□  n=2
a  150
g 100
■2 50

Fig 3.4 The ecdysone system was evaluated using the HT-1080 pVgRXR and pIND SP1 Lac 
Z double stable clone. After inducing with Pon A and staining with X-gal, blue cells were 
counted. At 0 jaM Pon A, 1 blue cell was observed in n=l and no blue cells were observed in 
n=2 (duplicate wells were used in this experiment and hence the results for n=l and n=2 are 
shown).
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Although the number of Lac Z expressing cells was lower, a higher fold induction 

was obtained in this experiment (578 fold at 10 pM Pon A) compared to the same experiment 

conducted in the HT-1080 cell line but using transient transfection (26 fold at 10 pM Pon A) 

(Fig 3.1). This was due to the lower basal levels obtained in this case. Higher Pon A doses 

were also used in this experiment to try to increase the level of gene expression further.

3.4.2 Measuring the y#-Galactosidase Activity of the HT-1080 Lac Z Clone

Another method to evaluate the ecdysone system is to measure the /?-galactosidase 

activity of the HT-1080 ecdysone inducible Lac Z clone. This activity reflected the 

expression of the Lac Z reporter gene that encodes for /?-galactosidase. Cells were seeded at 

lxlO5 cells/well in a 6-well plate and induced with varying concentrations of Pon A for 24 h. 

Then, the cells were lysed and the /?-galactosidase enzyme assay was performed. An increase 

in activity as the concentration of Pon A increased was shown (Fig 3.5). This experiment was 

performed separately from the X-gal staining experiment.

y^-Galactosidase Activity Assay

cn 60

> 30

0 0 .5  1 10 15 20

Pon A (uM)

H n=1 

□  n=2

Fig 3.5 The /?-galactosidase activity of the HT-1080 pVgRXR- pIND SP1 Lac Z double 
stable clone was measured. Cells showed an increase in activity as the Pon A concentration 
increased (this experiment was performed in duplicate wells and hence the results for n=l 
and n=2 are shown).
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This assay measured the activity of each cell expressing the /Tgalactosidase gene and 

therefore gave the extent to which the induced cells/well expressed the inserted gene rather 

than the positive/negative result obtained upon X-gal staining whereby cells that express Lac 

Z were stained blue upon X-gal addition regardless of the degree of gene expression. This 

assay also eliminated the human error in counting blue-stained cells. In this case, a 13.7 fold 

induction was obtained at 10 pM Pon A. This lower fold induction could be attributed to the 

different assays used and to the higher basal levels compared to the X-gal experiment.

3.4.3 Effect of Pon A Availabilty Over Time

To study the effect of Pon A availability over time, the HT-1080 clone 16.3 Lac Z 

was used. The cells were seeded at 5xl04 cells/well in a 6-well plate and induced with Pon A 

the following day. The cells were left without changing the media for 18, 24, 48, or 72 h and 

were then lysed and assayed using the ^-galactosidase activity assay (Fig 3.6).
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Fig 3.6 y^-galactosidase activity in response to increasing time of Pon A exposure. The cells 
were induced with Pon A for 18-72 h (this experiment was performed in duplicate wells and 
hence results for n=l and n=2 are shown).

This experiment shows that the /?-galactosidase protein expression still increases even 

72 h post Pon A exposure, which indicates that Pon A is not a limiting factor for Lac Z gene 

expression. Moreover, in order to obtain a clear dose-response effect, gene expression should 

be monitored at least 24 h after inducer administration.
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3.4.4 Effect of Pon A Removal Over Time

The ecdysone inducible Lac Z clone 16.3 was also used to study the rate at which 

gene expression returns back to basal levels after Pon A removal. After seeding the cells at 

5xl04 cells/well in a 6-well plate and inducing with Pon A for 24 h, the cells were washed 

with PBS and fresh Pon A-free RPMI media was added. The cells were lysed either 

immediately or after 24, or 48 h and were then assayed using the /?-galactosidase activity 

assay (Fig 3.7).
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Fig 3.7 This graph shows that after Pon A was removed (time 0 h), gene expression 
decreased. The cells were exposed to Pon A for 24 h after which the media was replaced by 
Pon A -free RPMI media. The cells were lysed 0, 24, or 48 h after Pon A removal and the fi- 
galactosidase activity assay was performed (duplicate wells were performed in this 
experiment and hence results for n=l and n=2 are shown).

114



Results 1
Rana S. Al-Assah

The results indicated that 24 h after Pon A removal, /Tgalactosidase protein levels 

began to decrease but did not return to basal levels even after 48 h. Based on the experiments 

performed by Saez et al. (2000), it was expected that Pon A induced expression should return 

to basal levels 20 h after Pon A removal. The difference in the results could be due to the fact 

the Saez et al. (2000) used 1 pM Pon A whereas we have used 10 and 20 pM and hence Pon 

A was depleted earlier when the lower dose was used [112]. Moreover, Saez et a l (2000) 

used the Luciferase reporter gene to measure induction while in these experiments the Lac Z 

reporter gene was used. It could be that the degradation of the /7-galactosidase protein is 

slower than that of the Luciferase enzyme.

3.5 In vivo Evaluation of the Ecdysone System Using the HT-1080 Inducible Lac Z 

Clone

In order to evaluate the ecdysone system in vivo using the Lac Z  reporter gene, the 

ecdysone inducible clone HT-1080 Lac Z  16.3 was used. Cells were injected s.c at 2xl06 

cells/ 0.1 ml/mouse into nude mice. Once a tumour volume of 200-250 mm3 was achieved, 

Pon A was administered. Because of its steroidal nature, Pon A was dissolved in olive oil 

that was pre-warmed and mixed with DMSO to increase solubility [112]. A minimal volume 

of DMSO was used as this compound is toxic at high concentrations, and hence, Pon A 

concentrations of 1 and 2 mg/mouse dissolved in 30 pi DMSO and 270 pi of pre-warmed 

olive oil were injected i.p. The mice were sacrificed 17 h post Pon A injection and the 

tumours were excised, fixed and X-gal stained or frozen and the /?-galactosidase activity 

assay performed. Only very few experiments in the literature that use the ecdysone system in 

vivo describe the kinetics of Pon A in in vivo models. Initially, this experiment was 

performed to find the minimum Pon A dose needed for high gene expression as well as to try 

to find the time needed for gene induction after Pon A injection. Saez et al. (2000) have 

showed that Luciferase gene expression peaked 9-12 h post Pon A administration (3-5
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mg/mouse), dropped dramatically at 24 h and that Pon A was almost fully cleared from the 

body 48 h after its injection with gene expression returning to basal levels [112]. For this 

reason, a time point of 17 h was chosen to sacrifice the mice after Pon A administration and 

Lac Z gene expression was expected to be observed.

3.5.1 Growth Profile of the Ecdysone Inducible Lac Z clone

The volume of each tumour was measured every few days and the growth profile was 

plotted (Fig 3.8). The mice were injected with Pon A once the tumours reached a volume of 

200-250 mm3.

Mouse 1 Lac Z clone 

Mouse 2 Lac Z clone 

Mouse Wt (Ave)

In vivo Growth Profile of the Ecdysone Inducible Lac Z Clone

0 2 4 6 8 10 12 14 16 18 20

Days (number)

Fig 3.8 Tumour growth profile of the ecdysone inducible Lac Z clone (Wt: wild-type HT- 
1080 tumours).

The doubling time of the HT-1080 ecdysone inducible Lac Z clone was 3 days. This 

was compared to previous experiments performed in our laboratory using the wild-type HT- 

1080 cells whereby a doubling time of 2.5 days was obtained (unpublished data).

3.5.2 Measuring the Ecdysone Inducible Lac Z Expression in vivo

The fixed tumours were stained with X-gal for 48 h. The induced tumours turned blue 

indicating the switching on of gene expression. This is exemplified by the tumour that was
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induced with 1 mg/mouse Pon A (Fig 3.9) although the tumour stained from the 2 mg/mouse 

Pon A showed a slightly darker colour upon X-gal staining. The same tumour was also 

sectioned and stained with y^-galactosidase antibodies that are HRP (horse raddish 

peroxidase)-conjugated. Upon addition of the chromogen substrate (DAB + Chromogen), 

HRP reacts with this substrate to give a brown-coloured staining (Fig 3.10). The minimum 

Pon A dose (1 mg/mouse) that showed high gene expression was selected for future use.

The tumour take rate or the percentage of implanted mice that developed tumours was 

25 % in this experiment (2/8). An uninduced control was not included in this case due to the 

limited number of developed tumours. Instead, a dose of 2 mg Pon A was used to treat the 

second mouse. This experiment was not repeated due to ethical reasons especially that the 

outcome of high gene expression was clearly seen using 1 mg/ mouse Pon A.

General View- Xgal Staining (5 pm)

Fig 3.9 Upon injecting the mouse with 1 mg Pon A and excision of the tumour 17 h later, the 
tumour turned dark blue after X-gal staining (the darker region in the middle is due to a fold 
in the tumour section).
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/?-galactosidase antibody lOx /?-galactosidase antibody 4x

Fig 3.10 Staining of the tumour (induced with 1 mg/mouse Pon A) by /fgalactosidase 
antibodies. Stained regions produced a brown colour (5 pm section).

Upon X-gal staining of the fixed tumour half (Fig 3.9), homogenous dark blue colour 

was initially observed. The darker region in the middle of this figure is due to a fold in the 

tumour section. However, when the tumour was further stained with /?-galactosidase 

antibodies (Fig 3.10), some regions showed darker staining than the others. This suggested 

that Pon A reached the centre of the tumour as only half of the tumour was fixed and X-gal 

stained and the dark blue colour was observed at all the edges of this half. However, Pon A 

might be unable to reach regions that have reduced blood vessels as observed when stained 

with the y^-galactosidase antibodies.

3.5.3 y^-galactosidase Enzyme Activity Assay of the Tumour

The tumour was homogenised and sonicated to release the enzymes. After 

centrifuging at 16,060 g for 10 min, the /?-galactosidase enzyme activity assay was 

performed in order to measure the amount of /?-galactosidase enzyme present in the tumour. 

Increasing absorbance as volume of lysate increased indicated switching on of gene 

expression in response to Pon A (Fig 3.11). To control for the blood content, the absorbance 

of the same lysate volume was tested without the addition of the ONPG substrate. However, 

the activity of this tumour was only 0.002 U/mg. This value is an underestimation of the true
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activity due to the high amount of blood present in this tumour whereby the experiment 

appears to reach saturation (dark yellow colour) before the reaction is complete.

Ec
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■4 — T um ou r  + O NPG  

-■— T um ou r  - O NPG
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Volume of lysate (jj)

Fig 3.11 This graph shows increasing absorbance with increasing volume of tumour lysate in 
the presence and absence of substrate (ONPG), which was needed to drive the (3- 
galactosidase assay.

3.6 Conclusion

In this chapter, the ecdysone mammalian inducible system was evaluated using the 

Lac Z reporter gene. Transient transfection experiments showed an induction of 20-25 folds 

at 10 pM Pon A in the MDA-MB-231, HT-1080, and CHO-K1 cell lines.

A double stable clone expressing the Lac Z reporter gene in the ecdysone cassette 

was generated using the HT-1080 cell line. In vitro evaluation of the system showed low 

basal levels, high gene expression in response to Pon A (39.7 U/mg /?-galactosidase activity 

at 10 pM), and the existence of an inducer-dose dependent relationship. The fold inductions 

obtained were moderate (13.7 folds at 10 pM Pon A using the /?-galactosidase activity 

assay). A range of fold inductions have been reported in the literature depending on the Pon 

A dose, time of exposure to Pon A before testing for gene expression, and the type of 

therapeutic gene used. For example, 42-fold at 1 pM and 54-fold at 6 pM Pon A were

119



Results 1
Rana S. Al-Assah

observed 24 h after Pon A administration using the Luciferase reporter gene [120], while 

only 2-4 folds were observed by Welcsh et al. (2002) 12 h after 10 pM Pon A administration 

in the study of the role of BRCA1 [122]. Again, 2-4 fold induction was observed when 

MAD2 was studied 20 h after 5 pM Pon A addition [123]. Moreover, we observed that gene 

expression continues to increase even 72 h post Pon A addition provided that the media was 

unchanged. However, gene expression did not promptly return to basal levels when the 

inducer was removed in contrast to what was observed by Saez et a l (2000), yet in their 

experiment 1 pM Pon A was used [112] while these experiments utilise 10 and 20 pM. On 

the other hand, when cells from the inducible Lac Z clone were implanted into mice, high 

gene expression was observed 17 h after Pon A administration even at 1 mg/mouse.

In conclusion, the ecdysone system seems to be a suitable tool to regulate gene 

expression both in vitro and in vivo.
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CHAPTER 4

Results 2 IN  VITRO AND IN  VIVO REGULATION OF iNOS GENE EXPRESSION

USING THE ECDYSONE SYSTEM

4.1 Introduction

Stable clones that constitutively over express iNOS at high levels are difficult to 

culture because they generate high levels of cytotoxic NO. They are often cultured in the 

presence of iNOS inhibitors and only for short periods of time as their stability is difficult to 

maintain due to their high iNOS activity. Moreover, several clones need to be generated in 

order to obtain varying iNOS expression levels, which might result in clonal variation 

(Previous work done in our laboratory by Dr. Edwin Chinje). For this reason, an inducible 

approach to regulate gene expression was sought.

The ecdysone system was initially evaluated in vitro and in vivo using the Lac Z 

reporter gene. Low basal levels and tight gene regulation in response to the inducer suggested 

that this system was suitable for regulation of iNOS expression. After ligating the iNOS gene 

into the ecdysone response vector, gene expression was initially monitored using transient 

transfection experiments. Then, stable clones that express iNOS in the ecdysone cassette 

were generated. The expression of the iNOS gene was measured by determining nitrite 

levels, iNOS activity, as well as by immunostaining for the iNOS protein. Finally, this clone 

was implanted in vivo in order to study its stability and monitor the kinetics of iNOS 

induction in mice. Then, the tumour that showed highest iNOS expression was cultured ex 

vivo and a higher iNOS gene expression was obtained. This clone was established as 

xenografts in nude mice again and used to study the effect of iNOS over expression on 

hypoxia and blood perfusion.
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4.2 Ligation of the iNOS cDNA into the Ecdysone Inducible Vector pIND SP1

Having obtained a dose-dependent Lac Z gene expression in response to Pon A, 

similar experiments were performed using iNOS. Initially, the iNOS gene was ligated into 

the pIND SP1 vector. A source of iNOS cDNA was available from the plasmid vector pEF 

iNOS IRES-puro [97] and used for the ligation. The iNOS gene is 4164 bp long.

To regulate the expression of iNOS, the iNOS gene had to be inserted into the 

multiple cloning site of the pIND SP1 vector. Both, the iNOS gene (in pEF IRES-puro) and 

the pIND SP1 vector were cut by Nhe I and Not I enzymes (New England Biolabs, 

Hertfordshire, UK) and run on a 1 % agarose gel. The iNOS gene and the now linear pEND 

SP1 vector were excised from the gel and extracted. Then, the iNOS cDNA was ligated into 

the pIND SP1 vector using T4 DNA ligase. Since the same two enzymes cut both insert and 

vector, the cloning was directional (Fig 4.1).

pIND SP1 Vector:

5XE/GRE 3X SP1 j Nhe I...Not I B G H  p A

Multiple Cloning Site

pEF IRES- iNOS-puro:

IVS Nhe I iNOS Not I

Multiple C loning Site

Fig 4.1 Cloning of the iNOS gene into the pEND SP1 vector.

The ligated vector was transformed into E. coli (DH5a) as mentioned in Section 

2.4.1. Mini-preparations and maxi-preparations were performed using the Qiagen Kit
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(Section 2.6). To verify that the ligated vector was correct, the new plasmid was cut with Nhe 

I and Not I to release the iNOS gene. (Fig 4.2)

Kb
10 Kb 

6 Kb 

4 Kb 

3 Kb

A B

Fig 4.2 A Ligation: Digesting the iNOS gene (4.2 Kb) from pEF IRES puro (5.7 Kb). The 
iNOS gene is the lower fragment. B: Digesting the ligated pIND SP1 iNOS into pIND SP1 
(5.1 Kb) and iNOS gene (4.2 Kb) to test for the positive clone. Again the iNOS gene is the 
lower fragment.

4.3 Ecdysone Inducible iNOS Expression Using Transient Transfection

4.3.1 Flow Cytometry Analysis of Ecdysone Inducible iNOS Expression

To estimate the level of iNOS gene expression achievable using the ecdysone system,

HT-1080 and CHO-K1 cell lines were seeded at lxlO5 cells/well in a 6-well plate and

transiently transfected with pVgRXR and pIND SP1 iNOS (1 jig DNA/well of each vector

and 6 plAvell Lipofectin) (Section 2.8.1). After 24 h, varying Pon A concentrations were

added. After another 24 h, the cells were formalin-fixed then incubated with a primary rabbit

anti-iNOS antibody and secondary goat anti-rabbit FITC conjugated antibody. The samples

were assayed using flow cytometry. The cells that express iNOS fluoresced due to the

presence of FITC in the secondary antibody. This fluorescence was detected on the flow

cytometry machine as FITC is excited at 488 nm and the emission is collected at 530 nm

[147]. Fluorescence in each sample was measured by gating (or comparing) against the

fluorescence of the control. A gate (usually labelled M) was chosen to measure the
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background fluorescence in the control sample. The same gate was used to measure the 

fluorescence in the other samples. Fluorescence is detected by the percentage of cells that 

shift to the right hand side in the case of FITC staining. Then, the % fluorescence values 

(also known as % gated) of each sample and the control were compared. It is noteworthy to 

mention that in this experiment when the graph of the cells that underwent transfection but 

were uninduced with Pon A was compared with the control that did not undergo transfection, 

a shift in the peak (usually reflecting fluorescence due to gene expression) was observed. 

This could be due to the toxicity associated with the transfection process whereby some cells 

die because they cannot tolerate the penetration of DNA as well as the lipid carrier 

(Lipofectin in this case) or due to high iNOS basal expression (Fig 4.3).
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Fig 4.3 In this experiment, gating against wild-type HT-1080 cells (A) did not act as a true 
control because a shift in peak (FL1-H) was observed after transfection and in the absence of 
Pon A. Change in cell morphology (FSC-H) was also observed. Thus, the true control was 
the cells that were transfected but were uninduced with Pon A (B). Ml is the gate set at the 
background fluorescence of the control sample resulting in 0.46 %. The same gate was used 
to compare the fluorescence of the transfected cells. Fluorescence has increased from 0.46 % 
in the wild-type HT-1080 cells (A) to 12.62 % (B) in transfected but uninduced HT-1080 
cells. Again a shift in peak (from 2.62-7.07 %) was observed with the untransfected CHO-K1 
cells (C) and the transfected uninduced cells (D).

In order to find the % fluorescence due to iNOS gene expression, a new gate (M2) 

was set in the DNA transfected and uninduced cells. This gate was used as a reference to 

compare the % fluorescence of the other induced samples (Figs 4.4, 4.5, and 4.6).
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Fig 4.4 To measure the % fluorescence due to iNOS gene expression in the HT-1080 cell 
line, a new gate (M2) was set in the transfected uninduced (0 pM Pon A) cells as the old gate 
(Ml) did not act as a true gate due to the shift in peak after transfection.
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Fig 4.5 To measure the % fluorescence due to iNOS gene expression in the CHO-K1 cell 
line, a new gate (M2) was set in the transfected uninduced (0 pM Pon A) cells; as the old 
gate (Ml) did not act as a true gate due to the shift in peak after transfection
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Fig 4.6 The bar chart above shows the % of HT-1080 or CHO-K1 cells immunostaining 
positive for the iNOS protein as assessed by flow cytometry. The % of positive cells was 
determined by gating against uninduced transfected cells (M2 in Figs 4.4 and 4.5).

In this experiment, gene expression was not in an inducer-dose dependent manner in 

both cell lines. However, this could be attributed to the inability of the cells to tolerate the 

transfection process. This experiment was later repeated (using stable clones) and dose- 

dependent gene expression was observed (Section 4.5.2).

4.3.2 Immunocytochemical Analysis to Determine iNOS Expression

Immunocytochemical experiments were performed in order to detect iNOS 

expression. The principle behind this experiment was based on the fact that cells expressing 

iNOS would fluoresce (green) after staining them with the primary rabbit anti-iNOS antibody 

followed by the secondary goat anti-rabbit FITC conjugated antibody. In this case, the cells 

were grown on cover slips and staining was detected by fluorescent microscopy. NOS 

positive cells would fluoresce green whereas nuclei would stain blue due to DAPI stain.

The CHO-K1 cell line was seeded at lxlO5 cells/well in a 6-well plate and transiently 

transfected with pIND SP1 iNOS and pVgRXR (1 jig DNA/well of each vector and 20 

plAvell Lipofectin-Section 2.8.1). Pon A was added 24 h later for a period of 48 h. This 

timing was chosen in an attempt to increase gene expression. After staining, the samples 

were analysed using a fluorescent microscope (Fig 4.7). The same experiment was performed

127



Results 2
Rana S. Al-Assah

using the HT-1080 and MDA-MB-231 cell lines but iNOS expressing cells were not detected 

due to the low transfection efficiency.

CHO-K1

A B

Fig 4.7 A Green CHO-K1 cells were counted per cover slip (10 fields of view per cover slip) 
for varying Pon A concentrations. B Nuclei stain blue with the DAPI stain while cells 
expressing the iNOS protein stain green due to FITC.

Again, the results showed dose-dependent induction with minute basal expression and

7.4 fold induction at 10 pM Pon A. The above picture also shows that iNOS (green) is a 

cytosolic protein. The results were consistent with those of the X-gal stained cells that 

transiently express the Lac Z reporter gene in the ecdysone cassette (Section 3.2).

4.4 Generation of Stable Ecdysone Inducible iNOS Clones

Having confirmed the functionality of the pVgRXR and pIND SP1 iNOS plasmids 

and in order to obtain reproducible gene expression, a stable clone expressing the iNOS gene 

in the ecdysone cassette was generated. This allowed the study of the dual role of iNOS in 

tumourigenesis in vitro and in vivo.

4.4.1 Stable Transfection of the pVgRXR Clones with pIND SP1 iNOS

Previously established clones that stably express pVgRXR (namely MDA-MB-231 

clones 9 and 12 and HT-1080 clone 16) were stably transfected with pIND SP1 iNOS (1
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|ng/well) and using 20 plAvell Lipofectin (Section 2.8.2). The iNOS inhibitor L-NNA (100 

pM) was used to avoid any iNOS-mediated cell-toxicity which might be caused in case the 

ecdysone cassette integrates next to a promoter in the host genome that might result in 

unregulated switching on of gene expression. L-NNA competes with L-arginine to bind to 

the active site of NOS.

Potential clones were grown and induced with 5 pM Pon A to test for stable 

transfection with both pIND SP1 iNOS and pVgRXR. The griess assay was used to screen 

for positive clones.

4.4.2 Screening for Positive Clones Using the Griess Assay

The cells were seeded at 2.5x104 cells/well in a 96-well plate and dosed with 5 pM 

Pon A. After 24 h, the griess assay was performed. After it is produced by NOS, NO is 

converted into nitrite and nitrate. The griess assay measures the total nitrite in the media and 

thus indirectly quantifies NOS expression in the samples. Absorbance of the induced 

samples was measured at 540 nm and compared to that of the uninduced cells. Clone 16.10 

showed a positive result (Figs 4.8 and 4.9).

Minus 
Pon A

Plus 
Pon A

Negative clones Clone Negative clones 
16.10

Fig 4.8 In the presence of 5 pM 
Pon A, clone 16.10 produced 
more nitrite than in the absence of 
Pon A. This is due to the 
expression of the iNOS gene. All 
other clones were negative (B is 
the blank containing only the 
reaction buffer used in the assay).

B 0 3.12 6.25 12.5 25 50 100
Nitrite Standards 0-100 pM 129
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Fig 4.9 A standard curve that was used to calculate the concentration of nitrite from the 
unknown sample.

Clone 16.10 showed an average absorbance of 0.046 in the absence of Pon A and an 

average absorbance of 0.1 in the presence of 5 pM Pon A. This corresponds to a nitrite 

concentration of 4.36 pM and 13.85 pM respectively. Thus, a 3-fold induction was observed 

and this indicates that clone 16.10 is positive. Only one clone was positive in the HT-1080 

cell line and none in the MDA-MB-231. This could be due to the need to stably transfect the 

cells with 2 plasmids. The possibility of cell death due to NO production was unlikely due to 

the addition of L-NNA. Stocks of the HT-1080 clone 16.10 were frozen in liquid nitrogen for 

later use.

4.5 In vitro Evaluation of the Stable HT-1080 iNOS Clone

4.5.1 Quantification of NOS Activity Using the L-citrulline Assay

In order to evaluate the stable HT-1080 iNOS clone, the L-citrulline assay was 

performed. This assay provides functional analysis of the clone and measures NOS activity 

after inducing the cells with varying concentrations of Pon A.

The cells were split into T-75 falcon flasks and were induced with varying Pon A 

concentrations and left for 24 h. Then, the L-citrulline assay was performed.
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iNOS Activity in Response to Pon A

25

WT 0 5 10 20

Pon A (pM)

Fig 4.10 NOS activity measurements in the presence of increasing Pon A concentration. WT 
is HT-1080 wild-type and has an activity of 0 pmol/min/mg at 20 pM Pon A. All other 
samples are the stable clone HT-1080 16.10 iNOS induced with Pon A (this experiment was 
performed in duplicate wells and hence both results n=l and n=2 are showed). No activity 
was observed with the uninduced clone in n=l.

The L-citrulline assay showed an increase in NOS activity with increasing Pon A 

concentration (Fig 4.10). NOS activity reached a maximum of 21.5 pmol/min/mg with 20 

pM Pon A. At 10 pM, 7.4 pmol/min/mg was achieved. This activity was lower than that 

obtained by Xu et al. (2002) who generated stable human foetal kidney cells that express 

iNOS using the ecdysone system. At 10 pM Xu et al. (2002) obtained 33 ± 4 pmol/min/mg 

[56]. A reason for this difference in results could be due to the different cell lines used. It is 

expected from previous work in our laboratory that these levels of iNOS expression may 

cause pro-tumour effects [47].

4.5.2 Immunocytochemical Staining of the iNOS Protein

In order to observe whether all the cells are stimulated to over express iNOS at 20 pM 

Pon A, the ecdysone inducible iNOS clone was further evaluated using an 

immunocytochemical approach whereby iNOS protein was stained. The cells were seeded at
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1x10s cells/well on cover slips in a 6-well plate and induced with varying concentrations of 

Pon A the following day. After 24 h, the cells were fixed and stained using iNOS antibodies. 

The samples were then visualised using a fluorescent microscope (Fig 4.11)

iNOS G ene E x p re s s io n  in R e s p o n s e  to  
P o n  A

5 10
Pon A (pM)

A B

Fig 4.11 A As Pon A concentration increased, the number of iNOS expressing cells increased 
B An image showing fluorescence due to iNOS expression with 20 (iM Pon A. iNOS 
expressing cells were stained green and the nuclei were stained blue (20x magnification).

These results showed gene expression in response to Pon A administration. It was

also observed that even at 20 pM Pon A, many cells did not express iNOS. This could be due

to the impurity of the clone whereby some cells possibly retained the selection markers but

lost the iNOS cDNA due to its large size as compared to the backbone vector pIND SP1. On

the other hand, an increase in the dose of Pon A could drive higher gene expression.

However, it was noticed that at high Pon A concentration levels, cell death was observed

which might reflect some Pon A mediated toxicity, an effect that was similarly observed in

the inducible Lac Z clone.

4.5.3 Measuring Pon A Toxicity Using the MTT Assay

To monitor the toxic effects of Pon A, an MTT assay was performed. The HT-1080 

wild-type cells were seeded at 2.5x103 cells/well in a 96-well plate. After 2 h, the cells were 

induced with varying concentrations of Pon A (0,5,10,15,20,30,40,50,75,100 pM). After
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another 24 h, the media was replaced with fresh Pon A-free RPMI media. After 2 days, the 

MTT assay was performed (Fig 4.12).

Pon A

125

100

75

50

25
1001 10

P o n  A (log)

Fig 4.12 Measuring Pon A toxicity using the MTT Assay (average values of triplicate wells).

The results show 12 % cell death at 50 pM Pon A. However, because in this 

experiment the Pon A containing media was removed after 24 h and the cells were allowed to 

proliferate for 2 more days in the absence of Pon A, concentrations of less than 30 pM were 

used in further experiments to avoid any toxic effects of this inducer.

4.5.4 Flow Cytometric Analysis of iNOS Expression

This clone was also evaluated using flow cytometry to detect iNOS gene expression. 

The cells were seeded at lxlO5 cells/well in a 6-well plate and induced with varying 

concentrations of Pon A. After 24 h, the cells were formalin-fixed, immunostained with 

iNOS antibodies and the results were interpreted using flow cytometry (Fig 4.13). 

Fluorescence of the induced cells was compared to that of the uninduced cells.
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D etec tion  of iNOS E xpression  Using Flow C ytom etry

0 5 10 20 30
Pon A (jiM)

Fig 4.13 Detection of inducible iNOS expression using flow cytometry. As Pon A 
concentration increased, fluorescence increased reaching up to 20 % with 20 pM Pon A (this 
experiment was performed in duplicate wells and both results are shown: n=l and n=2).

As observed in the immunocytochemical staining experiment (Section 4.5.2), gene 

expression increases with increasing Pon A concentrations. In this experiment, iNOS gene 

expression was estimated to be 20 % when induced with 20 pM Pon A. In order to try to 

increase this expression, higher Pon A doses were used. However, cell death was 

microscopically viewed at 30 pM Pon A. This can also be observed in Fig 4.14 by the shift in 

peak in the wild-type cells that were treated with 20 pM Pon A (2.21 % fluorescence) as 

opposed to those untreated with Pon A (0.67 % fluorescence). This fluorescence could be 

caused by Pon A.
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Fig 4.14 Representative graphs showing the increase in fluorescence due to iNOS gene 
expression in response to increasing Pon A concentrations. M is the gate set at 0.67 % in the 
uninduced wild type (Wt) and at 0.70 % in the uninduced clone to account for the 
background fluorescence. The same gate was used to compare fluorescence of the induced 
cells. The last graph shows an overlay of fluorescence of the 30 pM-induced (green line) and 
uninduced (purple) clone.
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4.5.5 Growth Curves of the Wild type, Ecdysone Inducible Lac Z and iNOS HT-1080 

Clones

The growth curves of the HT-1080 wild-type cells, the ecdysone inducible Lac Z, and 

ecdysone inducible iNOS clones were determined in the presence and absence of Pon A. This 

allowed the comparison of the growth properties of the wild-type and the clones as well as 

monitor any effects caused by Pon A administration or NO generation.

The cells were seeded in 6-well plates at lxlO4 cells/well and induced with Pon A (0 

or 20 pM) after 4 h. Every day, the content of each well was trypsinised in 1 ml trypsin and 

counted in order to plot a growth curve (Fig 4.15).
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Fig 4.15 The above graphs show the growth curves of the wild-type HT-1080 and the 
ecdysone inducible Lac Z and iNOS HT-1080 clones in the presence and absence of Pon A 
(lxlO4 cells/well were seeded). The last curve is an overlay of all graphs (this experiment 
was performed in duplicate wells and the average values are shown).

In the absence of Pon A, the doubling time of the wild-type HT-1080 cell line was 2 

days. The doubling time for the Lac Z clone was 1 day and that of the iNOS clone was 2 

days. In the presence of Pon A, the doubling time was not affected and was 1 day for the 

wild-type cells and 2 days for each of the clones. However, Pon A caused a growth delay of 1 

day in the wild type and 3 days in each clone before the cells reach the logarithmic phase of 

growth. This experiment also indicated that NO did not cause toxicity in the iNOS clone 

since the growth delay in the iNOS and Lac Z clone was the same.

4.5.6 Effect of Multiple Pon A Dosing on Gene Expression

To study the effect of multiple Pon A dosing on iNOS expression, cells from the HT- 

1080 inducible iNOS clone were seeded at lxlO5 cells/well in a 6-well plate and induced 

with 20 pM Pon A. The cells were treated with either 1 dose of Pon A for 1 day, 2 doses for
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2 days, 3 doses for 3 days, 1 dose for 3 days or 2 doses for 3 days. The media was replaced 

each day. In addition, in one sample, 2 doses of Pon A were administered but the same Pon A 

containing medium was left till the third day. The samples were formalin-fixed on the 

second, third, or fourth day depending on the conditions mentioned above. Then, the cells 

were immunostained with iNOS antibodies and assayed using flow cytometry.

A No Pon A 3days 0.83

B ldose lday (media was changed on day 2) 22.14

C 2doses 2days (media was changed on day 2) 29.93

D 3doses 3days (media was changed on day 2 & 3) 24.60

E ldose 3days (media was changed on day 2) 6.87

F 2doses 3days (media was changed on day 2 & 3) 12.24

G 2doses 3days (media was unchanged on day 3) 30.52

Table 4.1 Values in this table represent gene expression in response to multiple Pon A 
dosing (average values of duplicate wells).

The results showed that dosing twice on 2 consecutive days increases gene expression 

the most indicating that Pon A does not reach saturation when given at 1 dose. Dosing for 

more days did not increase gene expression indicating that Pon A could have reached the 

saturation limit by which it can induce iNOS gene expression using this clone. Moreover, 

when the media was changed after 1 Pon A dose (E), gene expression was reduced by 3.2 

fold 48 h after Pon A removal but was still 8.3 fold higher than the basal level (Table 4.1).

4.5.7 Examining the Stability of the HT-1080 Inducible iNOS Clone Over Time

To study the stability of this clone (16.10), fresh vials of stored cells were defrosted 

from liquid nitrogen and used. The cells were grown in the presence or absence of antibiotic 

selection since defrosting and for a total period of 4 weeks. The cells were then split into T-
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75 falcon flasks and were treated with varying Pon A concentrations. After 24 h, the cells 

were assayed for iNOS activity using the L-citrulline assay (Fig 4.16).
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Fig 4.16 The cells were induced with Pon A for 24 h and then assayed using the L-citrulline 
assay (WT is the wild-type HT-1080, A is the clone cultured with selection, and B is the 
clone cultured without selection. Each sample was induced with 0, 10, and 20 pM Pon A. 
Note that the activities of the WT at 10 pM and clone A at 0 pM was 0 pmol/min/mg).

A Pon A-dose response relationship was observed in all the samples; however, the 

cells that were cultured out of selection (Fig 4.16 B) showed a decrease in fold induction 

indicating that the clone could lose activity if cultured for long periods of time.

In order to confirm this finding, new vials of the same clone (16.10) were defrosted 

from the stocks stored in liquid nitrogen and assayed for their activity using the L-citrulline 

assay. After defrosting, the cells were grown until confluent in T-75 flasks. Then, each 

sample was divided (1:10) into a T-75 flask, induced the following day with 20 pM Pon A, 

and assayed 24 h after induction. Again, the vial that was cultured least before freezing 

(approximately 2 weeks-designated as 16.10/2) showed higher NOS activity (33.8 

pmol/mg/min) as compared with the vial cultured longer before freezing (approximately 8 

weeks-designated 16.10/8) (24.8 pmol/mg/min). It was also observed in this experiment that
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the clone that was cultured for the longest period of time (approximately 12 weeks after 

defrosting -designated 16.10/2/12) lost almost all the activity (0.53 pmol/mg/min).

In order to monitor iNOS gene expression, the same vials were cultured and induced 

with 20 pM Pon A. They were immunostained with iNOS antibodies, and the % fluorescence 

due to iNOS expression was interpreted using flow cytometry. Once again, the least cultured 

clone (16.10/2) showed highest expression as compared with the other clones (16.10/8 and 

16.10/2/12) (Fig 4.17).

% Fluorescence Due to iNOS Gene Expression:

10*
FL1-H

16.10/2 16.10/8 16.10/2/12

- Pon A 0.70 0.45 0.16
+ Pon A 13.67 11.1 2.07

Fig 4.17 Three batches of the clone were tested for iNOS gene expression using flow 
cytometry. These graphs represent an overlay of the percentage fluorescence due to iNOS 
gene expression in the presence (green line) or absence (red graph) of Pon A. M 1 is the gate 
get set at the background fluorescence in each uninduced sample.

At the same time and in order to refine the ecdysone inducible iNOS clone and 

increase the percentage of iNOS expressing cells, the 16.10 clone that was in culture for 

approximately 10 weeks (16.10/2/10) was seeded at 100 cells/well in a 6-well plate and 

cultured to reach a T-75 flask. This dilution aims to kill any wild-type cells present in the 

clone due to the presence of antibiotic selection. It was expected that at this low cell density, 

the selection pressure was higher. However, only 2 sub-cultures survived and when they were

induced with 20 jiM Pon A for 24 h and tested using the L-citrulline assay, a very low
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activity of 0.5 and 0.16 pmol/mg/min was observed indicating that the wild-type cells had a 

better chance of survival even in the presence of antibiotic selection. This could be due to 

initially integrating the ecdysone plasmids that carry the resistance selection markers into the 

cells but the later loss of the iNOS gene possibly due to selection pressure. For this reason, in 

all the subsequent studies the 16.10/2 iNOS clone was used (unless mentioned otherwise) and 

was only allowed to remain in culture for a maximum period of 4 weeks after which it was 

replaced with fresh vials of the same stock.

4.5.8 Effect of the iNOS Inhibitor L-NNA on the Clone

Since some basal iNOS expression was observed in the absence of Pon A, the cells 

were cultured in the presence of the iNOS inhibitor L-NNA (100 pM). This inhibitor blocks 

the formation of NO and therefore should stop any basal NO-mediated toxicity that might be 

causing the clones to lose the iNOS cDNA even though the levels of NO seemed modest 

when uninduced.

In this experiment, the effect of culturing the cells in the presence or absence of the 

iNOS inhibitor L-NNA was studied. Fresh vials of the HT-1080 iNOS 16.10/8/1 clone were 

cultured either in the presence or absence of L-NNA for 4 weeks. After that, the cells were 

seeded at lxlO5 cells/well in a 6-well plate, induced with 20 pM Pon A for 24 h and 

immunostained with iNOS antibodies. Gene expression was assayed using flow cytometry 

(Table 4.2). The results indicate that cells cultured in the presence of L-NNA showed 

slightly higher levels of iNOS expression.

% Fluorescence Due to iNOS Exnression:

Sample 0 pM Pon A 2(1 pM Pon A

Without L-NNA 2.09 9.18

With L-NNA 2.05 14.23

Table 4.2 The effect of the iNOS inhibitor L-NNA on gene expression.
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Although this result was unexpected, culturing the cells in the presence of an inhibitor 

has shown better iNOS expression.

4.6 Stable Transfection of the Ecdysone-iNOS Cassettes in Other Cell lines

In order to produce higher iNOS activity for apoptotic studies, another attempt to 

generate stable clones using the MDA-MB-231 and HCT-116 cell lines was performed.

4.6.1 Stable Transfection

HCT-116 and MDA-MB-231 cell lines were transfected with both pVgRXR and 

pIND SP1 iNOS together in order to obtain stable clones (Section 2.8.2).

Some modifications to the protocol used to generate stable HT-1080 clones were 

performed in an attempt to obtain clones that express higher levels of iNOS. The cells were 

seeded in a 6-well plate at 2xl05 cells/well and incubated at 37 °C overnight. On the second 

day, the transfections were performed using Lipofectamine reagent instead of Lipofectin. In 

the first tube, 0.5 jig/well of pVgRXR and 0.5 pg pIND SP1 iNOS/well were mixed with 100 

pl/well Opti-MEM® I medium. In another tube, 10 (ll/well Lipofectamine were added to 100 

jil/well Opti-MEM® I medium. Both tubes were mixed immediately and then left for 45 min. 

After washing the cells with 2 ml/well Opti-MEM® I medium, the transfection medium was 

added to the cells and left overnight. Then, the medium was replaced with fresh RPMI 

medium that contains 10 % v/v foetal calf serum. After 48 h, the medium was replaced with 

selection medium (Table 3.1 and Table 4.3 in addition to 100 jiM L-NNA inhibitor) and the 

cells were placed in culture plates and left 12-14 days. Colonies were then picked and 

cultured while maintained under antibiotic selection.

A number of 48 colonies of HCT-116 and 11 colonies of MDA-MB-231 were picked 

from each experiment. It is noteworthy to mention that different antibiotic concentrations 

(Table 4.3) were used with the HCT-116 cell line in an attempt to get high gene expression.
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A 100 250

B 100 500

C 100 1000

D 200 500

Table 4.3 Concentration of antibiotics used in order to generate stable pVgRXR and pEND 
SP1 iNOS clones in the HCT-116 cell line. In each plate, Zeocin and G418.Sulphate were 
added.

The clones were induced with 20 pM Pon A and screened to find those that express 

high levels of iNOS.

4.6.2 Screening of the HCT-116 and MDA-MB-231 Transformants for Positive 

Ecdysone Inducible iNOS Clones

In order to screen for stable ecdysone inducible iNOS expression, 24 HCT-116 and 

11 MDA-MB-321 clones were tested using the L-citrulline assay, NOS reductase assay, and 

by immunostaining. Once enough cells were obtained for screening, the cells were induced 

with 20 pM Pon A for 24 h. The samples were then assayed for iNOS activity (Table 4.4). 

The NOS reductase assay was performed as it utilises a smaller number of cells (lxlO5 

cell/well) than the L-citrulline assay and therefore the clones could be screened at an earlier 

time point. Although some clones showed a high iNOS activity when measured using the L- 

citrulline assay, this activity was not observed using the reductase assay nor was a high iNOS 

expression level observed by immunostaining. Only the clones that gave the highest activities 

are shown in Table 4.4.
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MDA-MB-231-Wt 12.2 7.1

MDA-MB-231-3 13.6 9.6

HCT-116-Wt 1.49 8.2

HCT-116-1 34.0 9.1

HCT-116-22 18.82 11.6

Table 4.4 Potential MDA-MB-231 and HCT-116 clones were screened once using the L- 
citrulline and once using the NOS-reductase assays. In this experiment, the MDA-MB-231 
wt gave higher activity than the expected (0.87 pmol/min/mg-data previously generated in 
our laboratory by Dr. Edwin Chinje) (wt:wild type).

After screening with the L-citrulline and the NOS-reductase assays, the clones that 

gave the highest iNOS activity were immunostained with the iNOS antibodies and assayed 

using flow cytometry (Table 4.5). However, all of these clones confirmed lower gene 

expression than the already established HT-1080 ecdysone inducible iNOS clone that was 

used as a control in this experiment.

% Fluorescence due to iNOS Gene Expression:

HT-1080 iNOS clone 0.94 25.65

MDA-MB-231-3 3.95 7.4

HCT-116-1 4.15 5.55

HCT-116-22 6.84 13.16

Table 4.5 Gene expression in the absence and presence of Pon A as detected by 
immunostaining and flow cytometry.

After being screened with 3 differernt assays, the HCT-116 and the MDA-MB-231 

clones were found to express lower iNOS levels than the HT-1080 ecdysone inducible iNOS 

clone and were consequently discarded. The experiments were continued using the HT-1080
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ecdysone inducible iNOS clone (16.10/2). The inability to produce highly expressing iNOS 

clones might be due to the fact that 2 plasmids are needed for gene expression.

4.7 In Vivo and Ex Vivo Evaluation of the HT-1080 Ecdysone Inducible iNOS Clone

4.7.1 Implanting the Ecdysone Inducible iNOS Clone in vivo

Although the ecdysone inducible iNOS clone has shown an activity of 21.5 

pmol/min/mg and the percentage of iNOS fluorescing cells was 20 % when induced with 20 

pM Pon A, this clone (16.10/2) was evaluated in vivo in order to measure its tumour take 

rate, its stability in vivo, as well as study the kinetics of iNOS induction in mice. In order to 

maintain high activity, cells from the 16.10/2 iNOS clone were defrosted from liquid 

nitrogen and cultured for less than 1 week before implanting into mice. The ability of i.p- 

injected-Pon A to reach the tumour site at a minimal dose to drive iNOS gene expression was 

monitored. Cells were injected s.c at 2xl06 cells/0.1 ml/mouse into the nude mice. Once a 

tumour volume of 300-400 mm3 was achieved, Pon A concentrations of 1 and 2 mg/mouse 

dissolved in 30 pi DMSO and 270 pi of pre-warmed olive oil were injected i.p. (Control 

mice were injected with pre-warmed olive oil and DMSO only). The mice were sacrificed 

18-26 h after Pon A injection. These doses and time points were chosen based on the 

previous experiments conducted using the inducible Lac Z clone whereby high Lac Z gene 

expression was observed at 1 mg/mouse 17 h post Pon A injection. (Section 3.5)

The tumours were excised and stored frozen. Then, the L-citrulline assay was 

performed.

4.7.2 Tumour Take Rate

The take rate in this experiment was only 16.7 % (4 mice out of 24). Possible reasons 

include clonal characteristics and a possibility of some leakiness in the system whereby 

iNOS was expressed as the tumour was developing and thus high NO levels might have
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caused tumour death at an early stage although this was not expected from the in vitro 

characterisation of the clone.

4.7.3 Quantifying the iNOS Activity of the Tumour Lysates Using the L-CitruIIine

Assay

The mice were sacrificed 18-26 h post Pon A injection. The tumour xenografts were 

homogenised and the L-citrulline assay was performed on the lysates. It was observed that 

only the mouse that was treated with 1 mg Pon A had a measurable amount of NOS activity 

detected in the tumour lysate (Table 4.6).

Sample Pon A dose Activity

(nig/mouse) (pmol/min/mg)

Mouse-26 h after Pon A injection 0 0

Mouse-26 h after Pon A injection 1 6.57

Mouse-26 h after Pon A injection 2 0

Mouse-18 h after Pon A injection 2 0

Table 4.6 iNOS activity in response to i.p Pon A administration to mice bearing the 
ecdysone inducible HT-1080 iNOS clone. After inducing the mice with Pon A, the tumours 
were excised and homogenised. The lysates were assayed using the L-citrulline assay.

The fact that most of the obtained tumours showed undetectable NOS activity levels 

could reflect the difficulty to maintain stability of clones expressing 2 plasmids and a toxic 

gene in vivo. However, one tumour resulted in an iNOS activity of 6.57 pmol/min/mg 

indicating that in this case the clone was able to survive the stability pressure. This activity 

was compared to two previously established constitutive MDA-MB-231 iNOS clones that 

express 8.94 pmol/min/mg and 33.1 pmol/min/mg in vivo. These clones have an in vitro 

activity of 11.62 and 66.20 pmol/min/mg respectively. The wild-type MDA-MB-231 cell line
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has shown no activity in vivo (Dr. Edwin Chinje). The activity of any clone appears to be 

lower in vivo than in vitro as iNOS levels can accumulate in in vitro culture conditions [36].

4.7.4 Measuring the Activity of iNOS in the Ex Vivo Cultured Cells

Cells from the tumour that showed 6.57 pmol/mg/min iNOS activity were cultured ex 

vivo for 4 weeks. The cells were later dosed with 20 pM Pon A for 24 h. Then, cell-lysates 

were prepared and analysed using the L-citrulline assay (Table 4.7).wmmm
0 pM Pon A 0 1.83 0.2

20 pM Pon A 6.68 21.9 21.5

Table 4.7 NOS activity (pmol/min/mg) of the ex vivo cultured tumour compared to that of 
the clone before being implanted in the mice (labelled pre-m vivo)

The unexpected high level of iNOS activity observed in the induced cells even after 

being implanted in vivo and cultured ex vivo indicated that this particular clone (designated 

16.10/T) was stable.

4.7.5 Flow Cytometry Analysis of the Ex Vivo Culture

iNOS gene expression in the ex vivo culture was also evaluated using flow cytometry. 

After being in culture for 4 weeks, the iNOS 16.10/T cells were seeded at lxlO5 cells/well in 

a 6-well plate. The following day, the cells were induced with 20 pM Pon A for 24 h, after 

which the cells were immunostained with iNOS antibodies and assayed using flow 

cytometry. A higher fold of induction was observed in the ex vivo culture as compared to the 

original 16.10/2 iNOS clone (Table 4.8 and Fig 4.18).
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% Fluorescence Due to iNOS Gene Exnression:
Sample -Pon A +Pon A

Ex-Vivo 1.61 27.08

Pre-in vivo 0.90 19.88

Table 4.8 Ex vivo cultured cells were induced with 20 |iM Pon A and immunostained with 
iNOS antibodies. Fluorescence due to iNOS gene expression was analysed using flow 
cytometry and compared to the pre-m vivo values (average values of 2 separate experiments).

HT1Q8P 16.5.QQS

HT1Q8Q 16.3.003

; mugmMlz.o

2 6 0 4 0 0 0 0 0 8 0 0 1 0 0 0
F3C-H

HT1Q8Q 16.5.QQ4

B

HT1080 16.3.004o

COo

LL

O

oo
FSC-H

B

10w 10’ 10‘ 10 
FL1-H

Fig 4.18 Cells from the tumour that was induced with 1 mg Pon A for 26 h were cultured ex 
vivo. These graphs represent the percentage of fluorescence due to iNOS gene expression 
detected with the flow cytometry. A Uninduced cells B Induced cells (20 |lM Pon A). C An 
overlay graph of the induced (green) and uninduced (red) cells. Ml is the gate set at the 
background fluorescence of 1.21 % in the uninduced sample and used to compare 
fluorescence of the induced sample (representative graphs of 2 separate experiments).
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This indicated that the clone was still expressing high levels of iNOS upon Pon A 

induction. It is noteworthy to mention that fluorescence of the clone increased when the clone 

was cultured ex vivo compared to the experiment performed before the clone was implanted 

in vivo. This flow cytometry experiment of the 16.10/T iNOS clone was repeated 3 weeks 

later and the same % of gene expression was observed (data combined in Table 4.8). This 

indicated that the clone seemed to have been slightly purified when implanted in vivo. Stocks 

of this 16.10/T iNOS clone were frozen and stored in liquid nitrogen. Future experiments 

were conducted using this ecdysone inducible HT-1080 iNOS 16.10/T clone.

4.8 Studying the Role of iNOS on Tumour Vascularisation Using the HT-1080 Purified 

Ecdysone Inducible iNOS Clone

This experiment aimed to evaluate the ecdysone system in vivo using the ecdysone 

inducible HT-1080 iNOS clone. In addition, the early effects of iNOS expression on tumour 

physiology, perfusion, and hypoxic fraction were studied.

4.8.1 Cell Implanting and Administration of Staining Markers

Cells from the HT-1080 ecdysone inducible iNOS clone (16.10/T) were grown as 

tumour xenografts. The cells were implanted s.c at 5xl06 cells/0.1 ml/mouse. Once a tumour 

volume of 200-250 mm was achieved, a Pon A concentration of either 0 or 1 mg/mouse was 

administered i.p. Pon A was dissolved in 270 Jil of pre-warmed olive oil and 30 pi DMSO 

(Control mice were injected with pre-warmed olive oil and DMSO only). The mice were 

sacrificed and the tumours were excised 12, 24, or 48 h post Pon A administration (Table 

4.9). The concentration and the duration of Pon A were chosen based on the experiments 

performed by Saez et al. (2000) [112] and the previous evaluation of the ecdysone system 

using the HT-1080 ecdysone inducible Lac Z clone (Section 3.5) whereby a high level of 

reporter gene expression was obtained with 1 mg/mouse Pon A, 17 h post Pon A 

administration. The purchase price of Pon A was a limiting factor.
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Hypoxic and blood perfusion markers were administered to all of the mice in order to 

study the effect of iNOS on tumour physiology. A volume of 0.2 ml of Pimonidazole (a 

marker for hypoxia) (Natural Pharmacia International, RTP, NC, USA) at 66 mg/kg was 

injected i.p 2 h before sacrificing and 0.1 ml of Hoechst 33342 (a blood perfusion marker) at 

3 mg/0.5 ml was injected intravenously (i.v) 1 min before sacrificing. After sacrificing the 

mice, the tumours were collected and stored half fixed and half frozen for later sectioning 

and immunostaining.

m w m u
Time to Excision (h) 12 24 48 12 24 48
Number of Tumours 1 1 2 2 2 2
Mouse Label G D E,H C,F B,J A,I

Table 4.9 Pon A dosage and excision time after Pon A administration for each mouse.

4.8.2 Tumour Growth Profile

In this experiment, the tumour take rate increased to 50 % (10/20). This might be 

explained due to trypsinising the cells and suspending them with serum free medium instead 

of serum containing medium. This higher tumour take rate could also be due to the purified 

clone (16.10/T) now being used. It was observed that 3 tumours required a longer period of 

time to start growing, but once they reached a volume of 50 mm3 they entered the log phase 

of growth. The tumour growth profiles of all the 10 tumours are plotted in Fig 4.19.
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Fig 4.19 A graph showing the growth of ecdysone inducible iNOS HT-1080 tumours in vivo.

151



Results 2
Rana S. Al-Assah

As soon as the tumours were established and reached a volume of 50 mm , the 

doubling time of the tumours was measured. The doubling time of this clone in vivo was an 

average of 2.2 days, which is similar to that of the wild-type (2.5 days) (Section 3.5.1).

4.8.3 Staining of the Tumours to Determine Hypoxic Regions

In order to study whether increased iNOS levels regulate the hypoxic fraction, mice 

implanted with the ecdysone inducible iNOS clone were first administered with Pon A to 

induce iNOS expression and then injected 2 h before sacrificing with Pimonidazole, which 

binds to hypoxic cells. Pimonidazole is well distributed to all tissues in the body including 

the brain but only binds to cells that have oxygen concentrations less than 14 pM. This is 

equivalent to a pOz of 10 mm Hg at 37 °C [195,196].

After sectioning, the tumours were stained with the Hydroxyprobe™-l Mabl 

(Natural Pharmacia International, RTP, NC, USA), which is a primary antibody that binds to 

the protein adducts caused by the reduced Pimonidazole [197]. A secondary antibody 

provided by DAKO EnVision Kit was added. The secondary HRP-antibody binds to the 

primary antibody and stained regions produce a dark brown colour upon addition of the 

chromogen substrate (DAB + Chromogen). Control sections were stained with the secondary 

antibody only to control for non-specific binding.

Two sections/tumour were stained to detect hypoxic regions. For each tumour, the 

section that showed the highest intensity of staining was scored from 1-5 (1 being the least). 

(Table 4.10). Samples B, F, and G showed an increased intensity of Pimonidazole staining 

compared to the background, while sample E for example did not show any staining (Fig 

4.20). However, no correlation was observed between hypoxic staining and the pattern of 

Pon A injection in mice. This may be because Pon A could not reach the hypoxic regions due 

to the reduction in blood vessel functioning within these sites.
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Secondary Antibody Control Both Antibodies

Fig 4.20 Staining for hypoxic regions using Pimonidazole. Tumour sections shown in this 
figure were stained with both primary and secondary antibodies or simply the secondary 
antibody that acted as a background control for non-specific binding (lOx magnification).

Sample A B C D E F G H I J
Score (1-5) 3 5 2 1 1 5 3 1 2 1
Pon A 1 1 1 0 0 1 0 0 1 1
(mg/ mouse)
Time to 48 24 12 24 48 12 12 48 48 24
Excission

Score 12 h 24 h 48 h
0 mg Pon A 3 1 1,1
1 mg Pon A 2,5 1,5 2,3

Table 4.10 Score for Pimonidazole intensity for each sample.
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Previous experiments in our laboratory showed that the HT-1080 cell line has a hypoxic 

fraction, which is estimated to be 6.2 % in the wild-type tumours [198]. The ecdysone 

inducible HT-1080 clone has shown considerable amount of heterogeneity in hypoxic 

fraction, which was independent of Pon A dosing. Some studies suggest that low NO levels 

could promote hypoxia [199] and in that case an increase in the hypoxic fraction should have 

been observed in our experiment. However, other studies suggest that NO may have a pro- 

tumourigenic role [26] and therefore cause a decrease in hypoxia. For this matter and since 

the wild-type tumours have a small percentage area of hypoxic regions, locating tumours 

with even a lower percentage could be difficult and might explain our results.

4.8.4 Hoechst Staining as a Marker for Blood Perfusion

To study the effect of iNOS expression on vascular formation, a blood perfusion 

marker (Hoechst 33342) was used [200]. Mice implanted with the ecdysone inducible iNOS 

HT-1080 clone were injected with Pon A to induce iNOS expression and then injected with 

Hoechst 33342 i.v. 1 min before sacrificing.

After excision, frozen tumours were cryostat sectioned and visualised under a 

fluorescent microscope. Photographs of the regions with the highest brightness (coloured 

blue and correspond to blood perfusion) were captured from each section and were viewed 

on the computer. Then, a single and random threshold for brightness was set as a reference to 

compare the brightness of the samples (Fig 4.21). The percentage area of brightness/field of 

view above the defined threshold was calculated by the computer and was used to estimate 

blood perfusion (Table 4.11).
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I J

Fig 4.21 Hoechst staining photos of tumour sections. The bright blue represents blood 
perfusion (40x magnification).

■ ■ m■ ■
% Area 
Threshold

Above 7.25 8.88 p !o » 5.57 4.22 12.87 6.44 5.15 10.98

Average 12 h 24 h 48 h
% Area Above Threshold
0 mg Pon A 12.87 5.00 5.57, 6.44

1 mg Pon A 8.88, 4.22 7.25, 10.98 7.23,5.15

Table 4.11 These tables show the % area that is above the set threshold. The values represent 
blood perfusion.
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This experiment suggested a peak in % area-above-threshold at 24 h in the mice 

dosed with 1 mg Pon A. This hinted to a possibile increase in blood vessel perfusion in 

response to iNOS up-regulation at this time point. The only exception to this was the mouse 

excised after 12 h and untreated with Pon A (mouse G). However, because this was only one 

sample and since the other untreated mice (n=3) showed a minimal degree of hoescht 

staining, mouse G was excluded in this case.

In this experiment, different sections were used to stain for hypoxic regions and blood 

perfusion. Therefore, a clear correlation was not observed between the Pimonidazole and 

Hoechst staining. However, the results hinted that only in the presence of Pon A, and when 

iNOS expression was expected to be at its maximum levels (24 h), the highest degree of 

blood perfusion was observed (9.12 %). This correlated with lowering the degree of hypoxic 

fraction (3 on the scoring system).

4.8.5 Detection of iNOS Expression

Tumour sections were stained with iNOS antibodies using varying antibody 

concentrations in order to improve the staining protocol, yet no iNOS expression was 

detected in any of the samples (performed at least 3 separate times in duplicate sections).

4.9 Conclusion

In this chapter, the ecdysone system was used to tightly regulate iNOS gene 

expression. Initially, the iNOS gene was ligated into the ecdysone response vector. Then, 

preliminary iNOS-immunostaining experiments showed inducer-dose dependent gene 

expression. To avoid the low transfection efficiency obtained in transient experiments and in 

order to be able to use this system in vivo, ecdysone inducible iNOS stable clones were 

generated. However, after careful screening, only one HT-1080 clone showed reasonable 

gene expression. An iNOS activity of 21.5 pmol/min/mg was obtained at 20 \lM Pon A. 

Moreover, a 20 % shift in fluorescence due to iNOS over expression at the same Pon A dose
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was observed when assayed by flow cytometry. Since high doses of Pon A (20 pM) showed 

delayed cell growth as observed by the growth curve, using higher Pon A concentrations was 

inappropriate. This toxicity was further proven to be due to Pon A and not due to NO because 

the growth delay was also observed in the wild-type cells and the ecdysone inducible Lac Z 

HT-1080 clone.

The ecdysone inducible iNOS clone initially showed a decrease in activity over time. 

However, when this clone was implanted in vivo, an activity of 6.57 pmol/min/mg was 

achieved in the tumour that was induced with 1 mg/mouse Pon A for 26 h. This activity was 

significant especially as NOS activity in vivo is known to be lower than that in vitro [47], 

After culturing the tumour ex vivo, an activity of 21.9 pmol/min/mg was obtained when 

induced with 20 pM Pon A. This activity was similar to that of the clone before being 

implanted in vivo (21.5 pmol/min/mg). Moreover, when immunostained, a 27.08 % shift in 

fluorescence due to iNOS expression was observed at 20 pM (compared to a pre-in vivo 

19.88 % shift in fluorescence). Even when repeated 3 weeks later, the same fluorescence was 

obtained indicating that this particular clone was stable. This clone was used in all the 

forthcoming experiments to study vascular formation and to study the role of iNOS on cell 

sensitivity to TPZ.

When implanted in vivo again to study the relationship of iNOS with hypoxia and 

blood perfusion, a trend was observed between iNOS expression and blood perfusion. The 

highest blood perfusion staining occured 24 h after administration of 1 mg/mouse Pon A and 

declined at 48 h possibly due to Pon A being cleared by the body.
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CHAPTER 5

Results 3 GENERATION AND EVALUATION OF iNOS-ENCODING

ADENOVIRUSES

5.1 Introduction

In order to be able to use iNOS in a gene therapy approach, type 5 adenoviruses were 

used as a delivery vehicle. The original aim was to generate adenoviruses that express iNOS 

(and Lac Z) in the ecdysone system, an approach that was previously documented in the 

literature [133,172-174] without disruption of ecdysone inducible gene regulation. This 

showed that the genes present in the viral backbone did not interfere with the inducible 

promoter.

The required cassettes were digested and ligated into the pShuttle vector. 

Homologous recombination between this vector and pAdeasy vector inserted the gene of 

interest into the viral genome. These potential viruses were then allowed to replicate in a cell 

line that provides the E l gene products in a trans configuration (which was needed for viral 

replication) to produce the recombinant adenoviruses. The viruses were then examined for 

functionality.

However, after careful evaluation of gene expression, it became clear that the 

generated adenoviruses had a constitutive (CMV) promoter instead of the ecdysone inducible 

one. Yet, these adenoviruses were also used to precisely regulate gene expression through 

varying the multiplicity of infection (moi) in the cells rather than by Pon A induction.

Gene expression generated by the established adenoviruses was measured and 

compared to the ecdysone inducible iNOS clone and another iNOS clone that constitutively 

expresses iNOS (previously generated in our laboratory by Dr. Edwin Chinje). The viruses 

and the iNOS clones were then used to study the impact of iNOS over expression on 

apoptosis since some studies have shown different effects of iNOS over expression on cell
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death. For example, iNOS was found to be over expressed in human pancreatic cancer and its 

presence positively correlated with apoptosis [54]. Cytokine induced iNOS also showed a 

positive correlation with the degree of apoptosis in ovarian cancer [55], On the other hand, 

apoptosis was observed by Xu et al. (2002) in colorectal cells that were cocultured with 

iNOS expressing cells [56].
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5.2 Generation of Recombinant Adenoviruses

In order to generate recombinant adenoviruses, the gene of interest was ligated in the 

multiple cloning site of the pShuttle vector. The pShuttle vector was needed because it 

contains regions of homology with another vector-pAdeasy, This second vector expresses the 

viral genome. The homologous recombination between the 2 vectors allowed the gene of 

interest to be integrated into the viral cassette.

5.2.1 Ligation of the pVgRXR cassette into pShuttle

The ecdysone receptor cassette was cut from the pVgRXR vector by Dm  III enzyme 

and ligated into the pShuttle vector that was cut by Bgl II enzyme. Both pVgRXR and 

pShuttle were blunted and pShuttle was dephosphorylated. Then, the pVgRXR fragment was 

ligated into pShuttle using T4 DNA ligase (Section 2.3) (Fig 5.1). It is noteworthy to 

mention that the pVgRXR cassette is 7402 bp and this is the size limit of the insert that can 

be inserted into these adenoviruses [140].

After transforming into DH5a (Section 2.4.1) and plating on kanamycin-containing 

plates (which is the selection marker for the pShuttle vector), 17 colonies were picked, mini- 

prepped (Section 2.6.1), and digested by Hind III to check for the correct ligation (Fig 5.2). 

Results showed that colony 17 was ligated in the forward direction while colonies 12 and 13 

were ligated in the reverse direction. All the other colonies did not contain the correct insert. 

The direction of ligation is not important in this case, as the entire ecdysone receptor cassette 

has been ligated into the pShuttle vector. Moreover, cloning a full cassette in the opposite 

direction in adenoviruses has the advantage of reduced viral interference on gene expression 

[201].
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B g lU
378

BGHft ori 
(part)

Dra III 
8612

pShuttle-pVgRXR
(6568+7402)

13970 bp

Dra III 
1210

B gl II
378+7402=7780

Fig 5.1 Map of the pVgRXR cassette ligated into pShuttle.
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Fig 5.2 A DNA digest confirming the 
ligation of pVgRXR cassette into the 
pShuttle vector in the reverse orientation. 
The expected bands sizes were 339 bp, 5355 
bp, and 8276 bp. The smallest band was 
detected at an earlier time point (N: negative 
colony, L: 1 Kb ladder).

5.2.2 Ligation of the pIND SP1 cassette into pShuttle

In order to express genes using the ecdysone system, a second virus encoding for the 

ecdysone reporter had to be generated. The pEND SP1 vector was cut by Nhe I and Sal I to 

release a 547 bp fragment constituting the ecdysone promoter. The pShuttle vector was 

linearised using Not I. Both vector and insert were blunted and pShuttle was 

dephosphorylated. Then, the pIND SP1 fragment was ligated into pShuttle using T4 DNA 

ligase (Section 2.3) (Fig 5.3). In this case, pShuttle-pIND SP1 promoter vector was 

developed as it was not possible to digest the full pIND SP1 cassette (which included the 

multiple cloning site and the poly A) due to the presence of Pme I recognition sites in this 

cassette. The presence of these sites will interfere later on in the process of homologous 

recombination and would result in the loss of part of the insert.
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Not I
330

Not I 877 
(330+547)

3 X S P 1

547

Sal I
5070..0 Nhe I

535

pShuttle-pIND SP1 
(6568+547)

7115 bp

Fig 5.3 Map of the constructed pShuttle-pEND SP1

After transforming into DH5a (Section 2.4.1) and plating on kanamycin-containing 

plates, 17 colonies were picked and mini-prepped (Section 2.6.1). Since the inserted cassette 

was only 547 bp, finding enzymes that would confirm the orientation of the insert was 

difficult. So, the mini-prepreparations were linearised using Sal I enzyme and colonies with 

the correct total size were sequenced. The forward primer of pShuttle vector was used (5’
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GAAGTGAAATCTGAATAAT TTTGT 3’). Colony number 8 had the correct ligation in the 

correct orientation (Fig 5.4). All other colonies were negative.
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Fig 5.4 Sequence of pShuttle-pIND SP1 (colony 8) using the forward pShuttle primer. This 
showed the sequence of the insert read from Sal I to Nhe I in the correct forward orientation. 
The sequence continued reading the region after the insert until it reached the end of the 
multiple cloning site (MCS) of the pShuttle backbone. The sequence shows peaks for each 
nucleotide as follows: green A (adenine), black G (guanine), blue C (cytoseine), and red T 
(thymine). Broad bands result due to non-specific binding and could therefore be corrected 
for by comparing to the literature sequence.
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5.2.3 Ligation of Lac Z-poly A into the pShuttle-pIND SP1 Vector

To generate adenoviruses that encode for the inducible Lac Z gene, the previously 

established pShuttle-pIND SP1 vector was linearised by Hind III and a Lac Z-poly A 

fragment (from pShuttle CMV Lac Z-purchased from Stratagene, The Netherlands) was 

digested by Sal I and Sph I. Both vector and insert were blunted and the pShuttle-pIND SP1 

vector was dephosphorylated. Then, the Lac Z-poly A fragment was ligated into pShuttle- 

pIND SP1 using T4 DNA ligase (Section 2.3) (Fig 5.5).

Not I

Not I 877 
(330+547)

3XSP1
Hind III 909
(362+547)

547

Sail 
5070..0 NheI 959 

535

pShuttle-pIND SP1- Lac Z 

(6568+547+3634) 

10749 bp

Hind III 4543 
(909+ 3634)Sph I 

4593

Fig 5.5 Map of the constructed pShuttle-pIND SP1 Lac Z vector

After transforming into DH5a (Section 2.4.1) and plating on kanamycin -containing

plates, 33 colonies were picked, mini-prepped (Section 2.6.1), and digested by Kpn I and

Hind III to check for the correct ligation. Three colonies showed sizes similar but not exact to
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the expected band sizes. For this reason, another digest was performed using Not I and Hind 

III but this digest confirmed the size and not the orientation of the insert. The colonies that 

showed the required sizes were sequenced using the pShuttle reverse primer (5’ 

GTGGGGGTCTTATGTAGTTTTG 3’) to confirm directionality. This sequence confirmed 

the existence of the Poly A as well as part of the Lac Z gene. The promoter region was 

previously sequenced when cloning the pShuttle pIND SP1 promoter vector (Section 5.1.2). 

The sequencing showed that colony number 14 had both a Lac Z fragment and Poly A (Fig 

5.7). Fig 5.6 shows the test digest of colony number 14.

Negative colonies

A B

Fig 5.6 Test digests performed after colonies were picked to check for the pShuttle pIND 
SP1 Lac Z ligation. A Kpn I and Hind III digests; the expected sizes were 3814 bp and 6935 
bp. Colony number 14 (C l4) was picked as it showed similar but not the exact band sizes. To 
confirm the ligation, C14 was digested using Not I and Hind III (B). This digest confirmed 
that the ligation was correct (expected sizes: 3223 bp and 7526 bp) but did not confirm 
orientation hence the need to sequence using the reverse pShuttle primer (L: 1Kb ladder).
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Fig 5.7 Sequence of pShuttle-pIND SP1 Lac Z using the reverse pShuttle primer. The regions 
from the end of Poly A to part of the Lac Z cDNA were sequenced.

To further confirm the constructs, a functionality test was performed. T47D cells 

were seeded at 2xl05 cells/well in a 6-well plate and transiently transfected with the 

pVgRXR original plasmid (1 pgAvell) and the pShuttle-pIND SP1 -Lac Z colony number 14 

(10 pi of the mini prep/well) using Lipofectamine (20 pl/well). The following day, the cells 

were induced with 20 pM Pon A for 24 h. Then, the cells were formalin-fixed and X-gal 

stained. Blue cells were observed indicating that this colony was functional. Colony number 

14 was maxi-prepped (Section 2.6.2) and later used.

5.2.4 Ligation of iNOS cDNA into the pShuttle-pIND SP1 vector

Having obtained a pShuttle-pIND SP1 Lac Z vector, the Lac Z cDNA was replaced 

by the iNOS gene. The Lac Z fragment was excised by Hind III and Not I enzymes. The 

iNOS cDNA was derived from the previously ligated pINDSPl iNOS vector, which was
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digested with Nhe I and Not I to release the iNOS fragment. Then, both vector and insert 

were blunted and the vector was dephosphorylated using the CIP enzyme. The ligation was 

performed at 16 °C overnight using T4- DNA ligase (Section 2.3) (Fig 5.8).

Not I

Not I 877 
(330+547)

3 X S P 1
Hind III 909 
(362+547)

547
Nhe I

Sal I
5070.. 0 /  959 

Nhe I *
535 Not Ij

965
.Not 1

Hind III 
4188

pShuttle-pIND SPl-iNOS 

(6568+547+4164+405+6) 

11690 bp
Sph I 
4593

Fig 5.8 Map of the constructed pShuttle-pIND SP1 iNOS (regions coloured in green 
constitute backbone pieces from the pShuttle-pEND SP1 Lac Z vector).

After transforming into DH5a (Section 2.4.1), and plating on kanamycin-containing 

plates, 26 colonies were picked, mini-prepped (Section 2.6.1), and digested with EcoR I to 

test for the correct ligation. The colonies with the correct band sizes (5758 and 5932 bp) were 

sequenced using the pShuttle reverse primer (5’ GTGGGGGTCTTATGTAGTTTTG 3’) 

vector for further confirmation (Fig 5.9). The right colony (number 3) was then grown and 

maxi-prepped (Section 2.6.2).
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Fig 5.9 Sequence of pShuttle-pIND SP1 iNOS by the reverse pShuttle primer. In this 
sequence the Poly A and part of the iNOS gene were observed.

5.3 Co-transformation of the pShuttle Vectors with pAdeasy

Each of the following vectors: pshuttle-pVgRXR, pshuttle-pIND SP1 Lac Z, and

pshuttle- pEND SP1 iNOS was cotransformed with pAdeasy in order to allow homologous

recombination between pAdeasy and each of the other vectors to occur. Each vector was

linearised with Pme I and dephosphorylated by the CIP enzyme to ease the homologous

recombination process (Section 2.16).

The linearised cassette (1 |lg), and pAdeasy (100 ng) were co-transformed into BJ

5183 Electroporation Competent Cells (40 pi) by electroporation (Section 2.4.2). Each

sample was mixed, placed in a cuvette, and tapped to remove air bubbles. The

electroporation machine (EquiBio-Easyject, Middlesex, UK) was run until it reached 2500 V

to allow for transformation of DNA into the electroporation competent cells. Then, 1 ml of

S.O.C medium was added and the sample was shaken at 37 °C for 1 h. The transformants

were plated on kanamycin-containing plates.

The colonies were mini-prepped (Section 2.6.1) and digested with Pac I enzyme to

check for the recombination. Two bands should be observed, the first at around 23 Kb and
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the second at 3 to 4 Kb (depending on the site of homologous recombination). These sizes 

correspond to the viral and insert genes upon digestion with Pac I enzyme (Fig 5.10) The 

colonies with the correct band sizes were transformed using heat-shock into competent 

DH5a E. coli (Section 2.4.1) and plated on kanamycin-containing plates. Colonies were 

picked, mini-prepped and digested with Pac I to confirm the band sizes again. After that, 

maxi-preparations (Section 2.6.2) were established.

. 1 1 1 11

23.1 Kb r T i ^ ___  23.1 Kb

4.36 Kb < -----

^ __

2.3 Kb 2.3 Kb

pAd pVgRXR

23.1 Kb
10 Kb

4.36 Kb

2.3 Kb

1.5 Kb

1 Kb

pAd pIND SP1 Lac Z

Fig 5.10 The pAdvectors digested 
with Pac I enzyme. Two bands 
were observed the first at 23 Kb and 
the second at either 3 or 4 Kb 
(depending on the site of 
homologous recombination). The 
colonies indicated with arrows have 
been picked. (XX-Hind III digested 
ladder L: 1 Kb Ladder, unlabelled 
columns are other digested colonies 
that were later discarded).

pAd pIND SP1 iNOS
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5.4 Virus Replication and Purification

Having obtained viral genomes that contain each of the cassettes and in order to allow 

the viral DNA to be expressed and packaged, the pAd vectors were linearised using Pac I 

enzyme and used to transfect HEK 293 cells. This cell line was chosen as it provides the El 

gene products in a trans configuration and thus allows the generation of the replication 

deficient adenoviruses. When a 100 % cytopathic effect was observed, the cells were 

harvested and subjected to thaw-freezing to release the viral particles in order to obtain a 

primary inoculum. Then, this inoculum was used to generate larger volumes of viruses that 

were purified using a virus purification kit (BD Biosciences, CA, USA) (Section 2.16). Then 

the viruses were titred (Section 2.16.4) and stored at -80 °C for later use.

5.5 Testing the Functionality of the Generated Viruses

The purpose of this experiment was to test that the newly generated viruses were 

functional. So, before being quantified, the viruses were used to infect HCT-116 wild-type 

cells. These cells were split into 2 T-25 flasks and incubated for 24 h. Then, in the first flask, 

10 pi of each of pAdpVgRXR and pAdpIND SP1 Lac Z were added. In the second flask, 10 

pi of each of pAdpVgRXR and pAdpIND SP1 iNOS were added. The next day, the flasks 

were treated with 20 pM Pon A. After 24 h, the cells were either formalin-fixed and stained 

with X-gal to test for Lac Z expression or immunostained with iNOS antibodies and iNOS 

expression was detected using flow cytometry. In both cases, gene expression was compared 

to uninfected wild-type cells. More than 90 % of the cells turned blue indicating Lac Z gene 

expression (data not shown). High gene expression was also detected with the cells infected 

with the iNOS viruses (Fig 5.11).
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Fig 5.11 A shift in peak was observed due 
to iNOS expression when treated with 20 
pM Pon A (green line) as compared to the 
uninfected wild type cells (grey).

FL1-H

5.6 Regulation of Gene Expression Using the Established Adenoviruses

5.6.1 Determining the Optimum Conditions for Highest Ecdysone Inducible Lac Z

Expression with Minimal Leakiness

In order to find the best conditions to achieve regulatable gene expression, the 

number of viral particles/cell or multiplicity of infection (moi) and the ideal ratio of 

pAdpVgRXR to pAdpIND SP1 were studied. HT-1080 wild-type cells were seeded in a 24- 

well plate at lxlO4 cells/well. After 4 h, the cells were infected with varying moi of both 

pAdpVgRXR and pAdpIND SP1 Lac Z to give a total moi of 30. The following day, the 

infected cells were dosed with Pon A and left for 24 h after which the y^-galactosidase 

activity assay was performed (Table 5.1 and Fig 5.12).

Unexpectedly, this experiment indicated that Lac Z gene expression increased as the 

moi of pAdpVgRXR decreased. High basal expression was also observed. Morever, even in 

the absence of pAdpVgRXR, Pon A caused an increase in Lac Z gene expression.

0 4.3 5.6 4.9

10 6.0 6.4 8.8
20 5.5 6.9 9.7

Table 5.1 /?-galactosidase activity (U/mg) measurement in response to cellular infection with 
adenoviruses encoding for ecdysone inducible Lac Z expression. The following moi ratio of 
pAdpVgRXR to pAd pIND SP1 Lac Z were used: 3:27, 1.5:28.5, and a control sample with 
moi 30 of pAd pIND SP1 Lac Z only.

S i

kio° 'io1'
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/9-Galactosidase Activity

12

10
-♦— virus 3:27

-■— virus 1.5:28.5

-A—  virus Lac Z only 
(30)

2

0
0 10 20

Pon A (jlM)

Fig 5.12 A graph showing /?-galactosidase activity of wild-type HT-1080 cells infected with 
the adenoviruses encoding for Lac Z in the ecdysone cassette.(ratios of pAdpVgRXR: pAd 
pIND SP1 Lac Z)

5.6.2 Using an External pVgRXR Source to Retrieve Inducible Gene Expression

From these results, it was suspected that the pAdpVgRXR was non-functional. 

Although previously tested, yet another source of pVgRXR was sought in order to confirm 

the functionality status of this virus. Hence, the HT-1080 inducible iNOS clone 16.10/T was 

used solely as a source of pVgRXR and was therefore infected with pAdpIND SP1 Lac Z. 

The HT-1080 wild-type cells were used as a control.

Cells were seeded at lxlO4 cells/well in a 24-well plate and infected 4 h later with 

pAdpIND SP1 Lac Z only or both pAdpVgRXR and pAdpIND SP1 Lac Z. The moi of 

pAdpIND SP1 Lac Z in this experiment was fixed at 30. The following day, the infected cells 

were induced with Pon A and left for 24 h after which the y^-galactosidase activity assay was 

performed (Table 5.2).
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m m m
0 A 3.72 3.54 5.05 11.74 11.17
OB 4.16 2.99 5.05 8.42 10.59
0 Ave 3.94 3.27 5.05 10.08 10.88
5 B 4.81 8.04 9.77 7.54 7.28
5 A 9.40 7.42 8.67 7.66 4.32
5 Ave 7.11 7.73 9.22 7.6 5.80

10 A 6.90 6.37 8.33 10.33 8.92
10 B 5.90 8.25 11.02 7.36 7.63
10 Ave 6.40 7.31 9.68 8.85 8.25

Table 5.2 /Tgalactosidase activity measurement (U/mg) using different sources of pVgRXR. 
The moi of pAdpIND SP1 Lac Z was fixed at 30 (this experiment was performed in duplicate 
wells -A  and B, the average was also calculated) (Wt:wild-type).

If the pAdpVgRXR virus was non functional, highest gene expression would have 

been expected in the iNOS clone that was infected with pAdpIND SP1 Lac Z. However, this 

was not the case and high Lac Z expression was observed in almost all samples with the 

highest occurring in the absence of pVgRXR regardless of its source. Moreover, gene 

expression did not seem to be responding to Pon A in some cases.

5.6.3 DNA Test Digests to Re-confirm the Ligation of the pVgRXR Cassette

For further assurance of the functionality status of pAdpVgRXR, a test digest to 

reconfirm the cloning of the pVgRXR cassette into pShuttle and to make sure that this 

cassette was not lost when pShuttle-pVgRXR was cotransformed with pAdeasy was 

performed. pAdpVgRXR (2 pg) was digested with Hind III enzyme and run on a 1 % 

agarose gel. The following controls were also included in this experiment: the pVgRXR 

plasmid, 2 colonies of pShuttle- pVgRXR (forward and reverse orientation of ligation), and 

pShuttle empty vector. All digests showed the expected band sizes confirming that the 

ligation was correct (Fig 5.13).
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1 Kb A B C D  E X  1Kb

Fig 5.13 A DNA test digest to confirm the expected sizes 
of: A pVgRXR original plasmid (339 bp and 8464 bp) B 

10Kb pShuttle pVgRXR Forward cassette (339 bp, 1740 bp,
8 Kb 11891 bp) C pShuttle pVgRXR Reverse orientation (339
4 Kb bp, 5355 bp, 8276 bp) D pAdpVgRXR (several bands
3Kb including those of the pshuttle-pVgRXR plasmid) E
2 Kb pShuttle (6568 bp) X Ladder-Hind III digest: 23.1 Kb,

9.4Kb, 6.6 Kb, 4.4 Kb, 2.3 Kb, 2.0 Kb (small size bands
1.5 Kb

were clearly observed on the same gel at an earlier time 
point) (1 Kb=1000 bp).

1 Kb

is

5.6.4 Transient Transfections Using pVgRXR and pIND SP1 L ac Z Plasmids

Having realised that Lac Z was being expressed in the absence of pAdpVgRXR or 

pVgRXR when the viral pAdpIND SP1 Lac Z was used, it was important to reconfirm that 

this phenomenon does not occur when the plasmid pIND SP1 Lac Z is used. Therefore, a 

transient transfection experiment using the pVgRXR and pIND SP1 Lac Z plasmids was 

conducted.

HT-1080 wild-type cells were seeded at 2xl05 cells/well in a 6-well plate and 

transfected with the ecdysone plasmids (1 pg/well of each plasmid) using Lipofectamine (10 

pl/well). The following day, the cells were induced with Pon A for 24 h and the p- 

galactosidase activity was measured (Fig 5.14).
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^-Galactosidase Activity
1.2

1

? 0.8

0.6

0.4

0.2

0
0 5 10 20

Lac Z plasmid
only n=1

—■ — Lac Z plasmid only
n=2

—A— both plasmids n=1

—K— both plasmids n=2

Pon A (jlM)

Fig 5.14 /?-galactosidase activity measurements (U/mg) in HT-1080 cells transiently 
transfected with pVgRXR and pIND SP1 Lac Z (this experiment was performed in duplicate 
wells; so, n=l and n=2 are shown).

The results indicated that although activity values were modest (due to low 

transfection efficiency), gene expression in the absence of pVgRXR remained basal 

compared to that in the presence of pVgRXR.

5.6.5 Comparison of iNOS and Lac Z Expression Using the Adenoviruses

The pAdpIND SP1 iNOS virus was tested in order to compare the results with those 

of pAdpIND SP1 Lac Z. HT-1080 wild-type cells were seeded at 2.5x104 cells/well in a 24- 

well plate. The following day, the cells were infected with either pAdpIND SP1 iNOS alone 

(moi 30) or both pAdpEND SP1 iNOS (moi 30) and pAdpVgRXR (moi 3). After inducing 

with varying concentrations of Pon A for 24 h, the cells were immunostained with iNOS 

antibodies and assayed using flow cytometry (Fig 5.15).

181



Results 3
Rana S. Al-Assah

p A dpIN D  S P U N  O S  
a lo n e  (30)

pAd pVgRXR and  
pA dpIN D  S P I i N O S
(3:30)

c0
1  50

S. 45
liu 40 

O 35
-  300
« 25 
q  20
S 15 

§ 10 
<S 5

1  ou.
S'

iNOS E x p re s s io n

0 10 20 
P on A (pM )

Fig 5.15 iNOS gene expression as determined by flow cytometry. Wild-type HT-1080 cells 
were infected with pAdpVgRXR and pAdpIND SP1 iNOS or the latter alone and induced 
with varying concentrations of Pon A.

In another experiment, HT-1080 wild-type cells were seeded at lxlO5 cells/well in a 

6-well plate and infected after 3 h with varying moi of either pAdpIND SP1 iNOS alone (moi 

0,20,50) or both pAdpIND SP1 iNOS (moi 0,20,50) and pAdpVgRXR (moi 0,2,5). The cells 

were induced the following day with 20 jaM Pon A for 24 h after which the cells were 

immunostained with iNOS antibodies and assayed using flow cytometry (Fig. 5.16).

- P o n A .+ p V g R X R  

+Pon A , + pV gR X R

- Pon A, - pV gR X R 

+ Pon A , -pV gR X R

Fig 5.16 iNOS gene expression as determined by flow cytometry. Wild-type HT-1080 cells 
were infected with varying moi of pAdpVgRXR and pAdpEND SP1 iNOS or the latter alone 
and induced with 0 or 20 jiM Pon A.
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Both results indicated that pAdpVgRXR was not needed to induce gene expression, 

which increased in response to Pon A and depended on the moi used.

5.6.6 Testing the Functionality of the Ecdysone pShuttle Vectors

In order to clarify whether the disruption in gene regulation occurred at the stage of 

plasmid ligation (pShuttle) or viral generation (pAd), HEK 293 cells were seeded at 2xl05 

cells/well in 6- well plates and transiently transfected with pShuttle pVgRXR and pShuttle 

pIND SP1 Lac Z vectors (1 |Hg/well of each vector) using Lipofectamine (10 p,l/well). The 

following day, the cells were induced with Pon A for 24 h after which the cells were 

formalin-fixed and X-gal stained. Blue cells were counted in each well (Fig 5.17 A). Then, 

the content of each well was dissolved in 1 ml DMSO and the absorbance was read at 650 

nm (Fig 5.17 B).
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X-gal Staining of yft-galactosidase Expressing Cells
3500

pV gR X R + pV gR X R + pShuttle  pS huttle pIND SP1 p shu ttle
p IN D S P I pS huttle  pV gR X R + p V g R X R + Lac Z only pIND SP1 

LacZ p IN D SPI p IN D S P I pShuttle  Lac Z only
Lac Z LacZ p IN D SPI 

Lac Z

V ectors

X-gal Absorbance of /?-galactosidase Expressing Cells
0.05

pVgRXR pVgRXR pS hutt le  p shu tt le  p I N D S P I  pShuttle
-tpIND -tpShuttle pVgRXR pVgRXR L a c Z  p I N D S P I

S P I L a c Z  p I N D S P I  -tpIND -tpShuttle Only L a c Z  only
L a c Z  S P I L a c Z  p I N D S P I

Lac Z

V ectors

Fig 5.17 HEK 293 cells were transfected with the pShuttle ecdysone cassettes. The cells were 
induced with varying concentrations of Pon A and then X-gal stained. Blue cells were 
counted (A) and then the contents of each well were dissolved in 1 ml DMSO. The 
absorbance was read at 650 nm (B).

In both cases, gene regulation was disrupted whenever pShuttle pIND SP1 Lac Z was 

used. Variations in the above results are due to human error in counting the blue cells/well. 

Moreover, several attempts were made to digest the ecdysone promoter out of the pShuttle
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pIND SP1 Lac Z and pShuttle pIND SP1 iNOS vectors but all of these attempts were 

unsuccessful. This led to examining the inducible promoter to understand why it was 

behaving as a constitutive one.

5.6.7 Running the Ecdysone Promoter on a Computer Database

The sequence generated upon ligating pShuttle (at Not I site) and pIND SP1 (at Sal I 

site) was run on a computer database (http://bimas.dcrt.nih.gov/cgi-bin/molbio/proscan) 

[202] in order to confirm that this ligation did not accidentally result in a new promoter that 

constitutively drives gene expression. Although this was highly unlikely, yet the ligation was 

checked for further assurance. The results indicated that the newly generated sequence (first 

29 bp that proceed the ecdysone promoter pIND SP1) did not code for any promoters (Fig

5.18).
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Not \ /S a l  \ PIND SP1 (1 bp)
Processed sequence:
1 GTAATATGGTACCGCTCGACGGATCGGGGAGATCTCGGCCGCATATTAAG
51 TGCATTGTTCTCGATACCGCTAAGTGCATTGTTCTCGTTAGCTCGATGGA
101 CAAGTGCATTGTTCTCTTGCTGAAAGCTCGATGGACAAGTGCATTGTTCT
151 TGCTGAAAGCTCGATGGACAAGTGCATTGTTCTCTTGCTGAAAGCTCAGT
2 01 ACCCGGGTCGGAGTACTGCCCCGCCCCTAGCGATTAGCCCCGGCCCCGCA
2 51 TAGCTCCGCCCCGGGAGTACCCTCGACCGCCGGAGTATAAATAGAGGCGC
3 01 TTCGTCTACGGAGCGACAATTCAATTCAAACAAGCAAAGTGAACACGTCG
3 51 CTAAGCGAAAGCTAAGCAAATAAACAAGCGCAGCTGAACAAGCTAAACAA
4 01 TCTGCAGTAAAGTG

Proscan: Version 1.7
Processed Sequence: 414 Base Pairs

Promoter region predicted on forward strand in 4 to 254 
Promoter Score: 62.37 (Promoter Cut-off = 53.000000)

Significant Signals:
Name TFD # Strand Location Weight

UCE.2 S00437 + 37 1 .278000
UCE.2 S00437 - 40 1 .216000
APRT-mouse US S00216 + 218 6 . 003000
EARLY-SEQ1 SO1081 + 219 6 . 322000
(Spl) S01187 + 219 8 . 117000
AP-2 S01936 + 219 1.108000
Spl S00801 + 220 2 . 755000
Spl S00802 + 221 3 .292000
GCF S01964 - 224 2 .284000
Spl S00781 - 225 2 . 772000
Spl SO 0 97 8 - 226 3 . 361000
JCV_repeated_sequenc S01193 - 226 1.658000
Spl S00979 - 227 6.023000
Spl S00645 - 227 7.170000
Spl S00064 - 227 5.934000
Spl SO1542 - 227 3.608000
UCE.2 S00437 - 245 1.216000

Fig 5.18 Running of the pIND SP1 promoter that was ligated into pShuttle on a database.

The database of the newly generated sequence showed that no new promoter has been

formed at the ligation site (first 29 bp that proceed the ecdysone promoter pEND SP1).

5.7 Deciphering the Cause for Gene Disruption

Since the cause for gene disruption seems to have started with the cloning of

pShuttle-pIND SP1 Lac Z, this vector as well as pShuttle-pIND SP1 iNOS vector and the

empty pShuttle-pEND SP1 vector were sequenced using the forward primer of the pShuttle

vector (5’ G AAGTG AA ATCTG A AT AATTTTGT 3’) (Fig 5.20, 5.21, 5.22). It is important
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to mention that pShuttle-pIND SP1 vector was previously sequenced using the forward 

primer and the ligation was confirmed (Section 5.2.2). The other 2 vectors were sequenced 

using the reverse pShuttle primer only (5’ GTGGGGGTCTTATGTAGTTTTG 3’) since 

DNA digests confirmed the ligation of the insert {Lac Z Poly A) into the pShuttle pIND SP1 

vector (Sections 5.2.3 and 5.2.4) but did not confirm the orientation and only upon using the 

reverse primer (that reads the Poly A) the orientation could be determined.

Upon careful sequence reading, it was realised that pShuttle-pIND SP1 Lac Z was not 

what it was thought to be. It was actually the pShuttle-CMV Lac Z. From the sequences, it 

was found that both the Lac Z and the iNOS vectors had a CMV promoter and no ecdysone 

promoter. It turned out that upon ligating the Lac Z Poly A (that was digested from the 

pShuttle CMV Lac Z vector) into the pShuttle pIND SP1, the colonies selected from the 

kanamycin-containing plates were religated pShuttle CMV Lac Z plasmids. This was 

possible since these plasmids also had a kanamycin resistance marker and upon digesting 

with restriction enzymes, they produced bands very similar in size to those expected with the 

pShuttle-pIND SP1 Lac Z vector. This was an extremely tricky case of ligation and the 

outcome was never predicted earlier. Since the iNOS cDNA was used to replace the Lac Z 

fragment, it was normal that the iNOS vector retained a CMV promoter. A second detailed 

analysis of the previously performed DNA digests confirmed the above explanation (Fig

5.19).
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Negative colonies 
C14 r ----------------^  N L

L C14

A B

Fig 5.19 Same as Fig 5.6. Test digests performed after colonies were picked to check for the 
pShuttle pIND SP1 Lac Z ligation. A Kpn I and Hind III digests; the expected sizes were 
3814 bp and 6935 bp. The marked colony was picked as it showed similar but not exactly the 
expected sizes. To confirm the ligation, that colony was digested using Not I and Hind III 
(B). This digest confirmed that the ligation was correct (expected sizes: 3223 bp and 7526 
bp) but did not confirm the orientation hence the need to sequence using the reverse pShuttle 
primer. The expected size of the relegated pShuttle CMV Lac Z were 3235 bp and 7356 bp 
upon digesting with Kpn I and Hind III. They were 3223 bp and 7368 bp if digested with Not 
I and Hind III. This similarity in expected sizes was not realised until after knowing that the 
cloned plasmid is the religated pShuttle CMV Lac Z.
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. C A A C C G C CC t e n  ( '  e e l

« 0  MO buo 670 680 i
G A T c l C C G f C T C G T l  G C G 1 G G C  C T 1 1 GG *GGGGG TCTT T G 1 0 H

1 C iA < C C T C G A T G G ' C * G T G C - T I C T T C 1 C T T G C T G  aaGCTCG t c c c  c t g c

' -ii'/ . i n  Iwa 1̂1 vwu-i*i \ctevr

TGTTCTCGT TaG C T C G aTGC AC C I CC T

15------------ J5--------------35------ r------ JC------------ T5------------ 55------------ 75-------------15 B
TTTTT G t c c  Q: CCC G T a 1 C 1 C 1 T - C C C f C C C  CWCC AC C C T CCCC C A T C T C 6 C  C C 6 C * T  M  T* * 6  I CC • T 1 CT T C 1 C C I ' C C G C  Ta G TGCa

T TCT TC TC T TGC T GAAACC TCACTAC CC C C  CT C C C AC T - C T CC CCC CC CCC TAGC CA T Ta CC

T (a (. c c  c c  • ■(. C C GC C GG C T T

Fig 5.20 Sequence of pShuttle-pIND SP1 using the forward pShuttle primer.
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Fig 5.21 Sequence of pShuttle-CMV Lac Z using the forward pShuttle primer.

190



Results 3
Rana S. Al-Assah

SvviiJvTiCv

C G C C C TCi t T4 C » 

'p̂ oV\'o„CtAM 
NJ ^»£? o

S t l 1 » 5 C C C 1 1 1 C . C l t ' C C C C C  1 T T ( (  t T [ 1 t C  C ( C t  I T t  it « I C A ‘ l C 6 S » t "  1 H  T T T t C C » C l

/ ■ C H  C C r|l C C CC C C I f
. 0Ion
\v»p

i h ' C C C l C C  klfa I C O  C C C  T TCCiT,'. C C t T C  I T C C C

 yUY* x C'NoV)
( l o o o

i W dI
Nt>V xŝWVU*.
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Fig 5.22 Sequence of pShuttle-CMV iNOS using the forward pShuttle primer.
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5.8 Measuring Gene Expression Obtained by Viral Infection

Having realised that the established adenoviruses contain a CMV promoter, the level 

of Lac Z and iNOS gene expression obtained by these viruses was measured.

5.8.1 Determination of the Viral Transfection Efficiency of the HT-1080 Cell line

Wild-type HT-1080 cells were seeded at 5xl04 cell/well in a 6-well plate. After 4 h, 

the cells were infected with pAd CMV Lac Z (moi 0,2,10,30). After another 48 h, the cells 

were formalin-fixed and X-gal stained. Blue cells were counted (Fig 5.23 and Table 5.3).

Moi 0 Moi 2

Moi 10 Moi 30

Fig 5.23 An image showing Xgal staining of HT-1080 wild type cells infected with varying 
moi of pAdCMV Lac Z (lOx magnification).

0 2 10 30
0 35 151 202

0.0 6.2 26.8 35.8

Table 5.3 Number of X-gal stained cells/field of view of HT-1080 wild-type cells infected 
with pAd CMV Lac Z. The % blue cells was calculated by dividing the number of blue cells 
per field view (for each moi) by the total number of cells in a single field view (each field 
view contains approximately 564 cells).
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The X-gal staining of HT-1080 wild-type cells infected with pAdCMV Lac Z showed 

that gene expression increases with viral moi. This was also expected to occur with the cells 

infected with pAdCMV iNOS.

5.8.2 Measuring iNOS Expression Using pAdCMV iNOS

iNOS expression generated from the constitutive iNOS adenoviruses was measured 

using flow cytometry. The HT-1080 wild-type cells were seeded at 5xl04 cells/well in 6-well 

plates and infected with adenoviruses at varying moi for 48 h. The Lac Z adenoviruses were 

used as a control for the effect of viral infection. The ecdysone inducible iNOS clone 

(16.10/T) was also included in this experiment and the cells were seeded at 5xl04 cells/well 

and induced with 20 pM Pon A the following day for 24 h. Then, the samples were formalin- 

fixed, permeabilised, and immunostained. A clone that was previously engineered to over 

express iNOS constitutively (MDA-MB-231 transfected with pEF iNOS- Dr. Edwin Chinje) 

was used as a positive control in this experiment. (Fig 5.24 and Tables 5.4 and 5.5).
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Fig 5.24 These graphs reflect the % fluorescence due to iNOS expression in HT-1080 and 
MDA-MB-231 cells. The % shift in peak is presented next to each sample. The graphs to the 
left indicate a shift in peak due to iNOS expression. Ml was set to gate for the background 
fluorescence in the control sample and was used to compare fluorescence of the other 
samples. The graphs to the right indicate (FL-1) versus side scatter (FSC). Cells exhibiting 
fluorescence due to high iNOS expression shift to the upper area of the quadrant.
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% Fluorescence Due to iNOS Expresion:__________________________________________m m m s x im  

i ! W 8 W
% Fluorescence 0.37 1.49 15.30 17.51 0.33 0.50 0.40

Fold 4.0 41.4 47.3 0.9 1.4 l.l

Table 5.4 % fluorescence and fold induction due to iNOS expression in the HT-1080 wild- 
type cells infected with pAdCMV iNOS.

Sample HT- clone 
0 (iM  
Pon A

HT-clone 
20 gM  
Pon A

M D A -
MB-231
W T

MDA-
MB-231
clone

n=l 0.24 2.93 2.39 87.02

n=2 0.21 3.31 1.71 88.37

A verage 0.23 3.12 2.05 87.7

Fold 13.6 42.8

Table 5.5 A summary of the % and fold fluorescence observed in the clones that over 
express iNOS.

After immunostaining for iNOS expression, a 47.3 fold increase in fluorescence due 

to iNOS expression was observed with the cells infected with pAdCMV iNOS at moi 30 as 

compared to the uninfected cells. This expression is much higher than that observed with the 

ecdysone inducible clone (13.6 fold at 20 |iM). When constitutively over expressed in the 

MDA-MB-231 cell line, iNOS showed a 42.8 fold increase as compared to the wild-type 

cells.

5.8.3 Studying the Effect of iNOS Over Expression on Apoptosis Using the iNOS 

Adenoviruses

The same samples that were tested for iNOS expression (Section 5.8.2) were also

tested for apoptosis using the PI stain, which was added after immunostaining with the iNOS

antibodies (Section 2.13.2). This stain binds to DNA and during apoptosis; DNA is

fragmented resulting in a shift in peak to the left handside [203]. The % shift in peak due to

PI staining was compared in the iNOS expressing cells to that of the wild-type cells (Figs
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5.25 and 5.26). PI is excited at 536 nm and the emission is collected at 617 nm in the FL-3 

channel.
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Fig 5.25 Apoptosis was measured by % fluorescence due to PI staining. HT-1080 wild-type 
cells were infected with pAdCMV iNOS (or pAdCMV Lac Z as a control). The graphs to the 
left represent a shift in peak indicating fluorescence due to PI staining. The Ml gate was set 
for background staining in the control sample and was used to compare fluorescence with the 
other samples. The graphs to the right represent a dot plot of the cells expressing iNOS and 
undergoing apoptosis. iNOS expressing cells shift to the right (FL-1), while those undergoing 
apoptosis shift downwards (FL-3). So, the cells that express iNOS and undergo apoptosis are 
represented in the lower right quadrant. Value A is the % fluorescence due to PI staining, 
value B represents the % of cells expressing iNOS and undergoing apoptosis.
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Fig 5.26 These graphs represent the % shift in peak due to PI staining in the iNOS expressing 
clones (representative graphs of n=2).

When examined for apoptosis using PI staining, there was almost no change in 

fluorescence due to PI staining with increasing iNOS expression. However, this was also 

observed with the MDA-MB-231 clone and the adenoviruses (moi 30) that express high 

levels of iNOS. It seems that at these levels of iNOS and under these experimental 

conditions, apoptosis cannot be detected.
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5.9 Conclusion

In this chapter, we aimed to generate recombinant adenoviruses that express iNOS or 

Lac Z in the ecdysone cassette. However, upon evaluating the adenoviruses to determine the 

optimal conditions needed for inducible gene expression, high basal levels and high gene 

expression in the absence of the ecdysone receptor were noticed. After careful examination 

of all of the adenoviruses, it was discovered that although the pAdpVgRXR virus was 

functional and the cloning of the ecdysone promoter into the pshuttle pIND SP1 vector was 

successful, the pShuttle pIND SP1 Lac Z vector had a CMV promoter instead of an ecdysone 

inducible one. This explained the results that were observed earlier indicating that 

constitutive gene expression rather than inducible expression was taking place. A possible 

reason for the increase in gene expression in the presence of increasing Pon A concentration 

might be attributed to the toxicity of the inducer thus driving the expression of stress genes 

and consequently increasing the Lac Z or iNOS expression.

The disadvantage remains to be the inability of producing adenoviruses encoding for 

genes in the ecdysone reporter as this was attempted again several times but only religated 

plasmids were obtained. However, the advantage is the construction of adenoviruses that 

express Lac Z and iNOS under a constitutive promoter. These viruses were later used to 

study the various roles of iNOS in cancer gene therapy including apoptosis, bioreductive 

drug metabolism, and the NO-HEF-1 feedback loop. By varying the moi, this system was 

utilised to tightly regulate gene expression without the need to use another vector or Pon A.

Gene expression using the established adenoviruses was measured. Then, the effect of 

iNOS over expression on apoptosis was studied using the ecdysone inducible iNOS clone, a 

constitutive iNOS clone, as well as the adenoviruses that constitutively express iNOS. 

Apoptosis was examined in vitro using PI staining. High iNOS expression was observed with 

the MDA-MB-231 constitutive clone (87.7 %) and moderate levels were observed in the HT-
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1080 cells infected with moi 30 of pAdCMV iNOS (17.51 %). Lower iNOS expression was 

observed in the other samples. Even though a range of iNOS expression was obtained, 

apoptosis was not observed in any sample including the constitutive iNOS clone. The fact 

that the ecdysone inducible and the constitutive iNOS clones produce NO (as observed from 

their activity monitored in the L-citrulline assay) indicated that these cells did not require 

cofactors for NO production. The reason for the inability to detect apoptosis in these samples 

could be due to the low level of NO generated in the ecdysone inducible clone or could be 

due to mutations occurring in the MDA-MB-231 clone (that constitutively generates high 

iNOS levels) which have lead to a blocking of the apoptotic pathway.
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CHAPTER 6

Results 4 THE EFFECT OF iNOS OVER EXPRESSION ON CELL

SENSITIVITY TO THE RIOREDUCTIVE DRUG TIRAPAZAMINE

6.1 Introduction

Tirapazamine is a bioreductive prodrug that upon reduction produces a toxic species, 

which can cause DNA damage. This drug is more toxic under hypoxic conditions as it reverts 

back to the non-toxic species in the presence of oxygen [72]. Studies have shown that P450 

reductase is the major enzyme responsible for the reduction of TPZ [98]. Since NOS and P450 

reductase share high sequence homology [7] and since some studies have found that iNOS 

has a higher affinity towards TPZ than the other NOSs or P450 reductase [69], the effect of 

iNOS over expression on cell sensitivity to TPZ was measured in this chapter. Previous 

studies in our laboratory have shown an increase in cell sensitivity towards TPZ by using 

clones that constitutively over express iNOS. As iNOS may be naturally over expressed in 

hypoxic tumours [20], it could be tailored for a therapeutic benefit by administering TPZ. A 

study of the effect of iNOS over expression on cell sensitivity to TPZ using the ecdysone 

inducible iNOS clone and the pAdCMV iNOS adenoviruses is detailed in this chapter.
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6.2 Measuring Cell Sensitivity to TPZ in Stable Clones that Constitutively Over 

Express iNOS

Stable MDA-MB-231 clones that constitutively express iNOS were previously 

utilised in our laboratory to show that iNOS over expression increases the sensitivity of 

hypoxic cells to the bioreductive drug TPZ (Dr. Edwin Chinje). This sensitivity is specific to 

hypoxic conditions because TPZ reverts back to the non-toxic species in the presence of 

oxygen [72]. The cells were seeded at 3xl03 cells/well in a 96-well plate under aerobic (21 % 

O2) or hypoxic (<0.1 % O2) conditions in the presence of 250 pM L-NMA. The inhibitor was 

added to block the production of NO generated in the oxygenase domain of iNOS. After 3 h, 

the cells were incubated with varying concentrations of TPZ for another 3 h under aerobic or 

hypoxic conditions after which the media was replaced with fresh TPZ-free media. After 4-5 

days, the cells were assayed using the MTT assay and the IC50 values were determined 

(Table 6.1). The IC50 is the value of the drug concentration that corresponds to 50 % cell 

survival.

Sensitivity of MDA-MB-231 iNOS Transfected Clones to TPZ:

CLONE NOS Activity (pmol/min/mg) TPZ ICso pM (STD) Aerobic TPZ IC50 /iM (STD) Hypoxic HCR
PARENTAL0.87 (0.11) 352.5 (27.2) 44.7 (4.6) 7.9
VECTOR 0.78 (0.17) 389.5(15.3) 39.0 (8.4) 10.0
NOS-9 11.62 (0.93) 321.0 (26.0) 26.6 (2.3) 12.1
NOS-12 32.30(1.57) 454.6 (76.0) 15.4 (3.2) 29.5
NOS-8 64.51 (1.41) 335.9(19.2) 14.8 (3.6) 22.7
NOS-10 66.20(3.11) 544.2 (86.0) 16.5 (5.1) 33.0

Table 6.1 Stable MDA-MB-231 clones constitutively expressing iNOS at different levels 
have been previously generated in our group. This table shows that sensitivity to TPZ 
increases with iNOS expression under hypoxic conditions. Cells have been exposed to 
hypoxic or aerobic conditions for 3 h. HCR (hypoxic cytotoxicity ratio) is the ratio of drug 
concentrations under normoxic to hypoxic conditions for the same level of cell kill [72]. 
(STD: standard deviation)

These results indicate that as iNOS expression increases, the hypoxic cytotoxicity 

ratio (HCR) increases. The IC50 values in air remain similar for the varying NOS activities 

whereas those of hypoxia decrease. This indicated that the cytotoxicity is occuring under
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hypoxic conditions and is due to the ability of iNOS to reduce TPZ to its toxic species that 

remains stable only under reduced oxygen conditions.

6.3 Measuring the Cell Sensitivity to XPZ Using the MTT Assay and the Ecdysone 

Inducible iNOS Clone

Cells from the ecdysone inducible iNOS clone (16.10/T) were seeded at lxlO4 

cells/well in 24-well plates and induced in air with 20 )iM Pon A for 48 h in order to increase 

iNOS expression. Then, the plates were placed in the hypoxic chamber (<0.1 % O2) or kept 

under aerobic conditions (21 % O2) and the medium was replaced with Pon A free medium 

that contained TPZ. Wild-type HT-1080 cells were used as a control and glass plates were 

used instead of plastic plates to avoid any residual oxygen that might be retained in plastic 

[204]. The cells were incubated with TPZ under aerobic or hypoxic conditions for 3 h after 

which the media was replaced with TPZ-free RPMI media. The cells were then kept under 

aerobic conditions until the untreated controls became confluent (5 days after seeding) and 

the MTT assay was performed (Fig 6.1 and Table 6.2).
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Fig 6.1 Graph showing the cytotoxicity to TPZ in air and hypoxia. Both wild-type HT-1080 
and ecdysone inducible iNOS clone were induced with 20 |i.M Pon A (wt: HT-1080 wild- 
type, clone: ecdysone inducible HT-1080 iNOS clone -16.10/T) A is a plot of each of the 2 
independent experiments (each in duplicate wells) and B shows the average of both 
experiments.

Sample TPZ ICso pM Aerobic TPZ ICso UM Hypoxic HCR
wt 0 gM Pon A 
wt 20 gM Pon A 
clone 0 gM Pon A 
clone 20 gM Pon A

1 4 7 5  ( 2 0 0 0 ,9 5 0 )  
1 3 5 5 .3  ( 1 5 0 0 ,  1 2 1 0 .5 )  

6 7 5 .3  ( 8 0 2 .5 ,  5 5 0 )  
7 0 0  ( 8 0 0 ,6 0 0 )

8 7 .2 (9 0 ,8 4 .4 )  1 6 . 9 ( 2 2 . 2 ,  1 1 .3 )  

9 7 .3 (8 5 , 109.5) 1 3 . 9 ( 1 7 . 6 ,  1 1 .1 )  

134.6 ( 1 15.4, 153.8) 5 .0  ( 6 .9 ,  3 .6 )  
6 2 .5 (4 5 ,8 0 )  1 1 . 2 ( 1 7 . 8 , 7 . 5 )

Table 6.2 Sensitivity of HT-1080 wild-type and ecdysone inducible iNOS cells to TPZ as 
measured by the MTT assay (average values of 2 separate experiments each in duplicate 
wells-shown in brackets).
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The results indicated a 2.2 fold increase in hypoxic cytotoxicity to TPZ when iNOS 

was over expressed in the inducible clone, but the HCR values remained lower than those of 

the wild-type cells to the same drug. The activity of this clone was previously determined to 

be 21.5 pmol/min/mg at 20 fiM Pon A. This slight increase in cytotoxicity could be attributed 

to the relatively low iNOS activity. In the MTT experiment performed using the MDA-MB- 

231 clones (Section 6.2), a 2.1 fold increase in sensitivity to TPZ was observed with an 

iNOS activity similar to that observed in the HT-1080 ecdysone inducible clone. The IC50 

values of the HT-1080 cell line appear to be higher than those of the MDA-MB-231 and this 

could be due to the different characteristics of the different cell lines [205]. It is noteworthy 

to mention that several attempts were perfomed prior to this experiment in order to optimise 

the experimental conditions including seeding the cells at a lower density of 2.5xl03 

cells/well, inducing with Pon A for 24 h, and incubation with TPZ for 18 h under aerobic or 

hypoxic conditions. However, none of these experiments showed any differential 

cytotoxicity, which could be due to the low iNOS activity of the ecdysone inducible clone.

6.4 Measuring TPZ-Mediated Cytotoxicity Using the Clonogenic Assay

6.4.1 Determining the Plating Efficiency of the HT-1080 Cell line

The clonogenic assay was performed as an alternative method to study the 

cytotoxicity to TPZ. Initially, the ideal plating efficiency was determined for the HT-1080 

wild- type and ecdysone inducible clone such that enough colonies form after a certain period 

of culturing. The cells were seeded in 60 mm dishes at varying concentrations and fixed after 

10 days with 70 % ethanol. The colonies were stained using methylene blue and counted 

(Table 6.3).
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Number of Cells Seeded/ plate Average Number of Colonies 
Formed (Wild-type)

Average Number of Colonies 
Formed (Inducible Clone)

250 19.5 (17, 22) 18.0 (20, 16)
500 50.5 (49, 52) 53.5 (50, 57)
750 56.5 (57, 56) 60.0 (63, 57)
1000 71.5 (83, 60) 82.5 (88, 77)

Table 6.3 Average number of colonies formed 10 days after seeding. A colony contains 
approximately 50 cells (average values of duplicate wells, the number of colonies in each 
well is shown in brackets).

Based on the above experiment, a seeding number of 500 cells/plate was chosen for 

both wild-type and clone. This should produce a 10.1 % and 10.7 % plating efficiency in the 

wild-type and clone respectively 10 days after seeding and in the cells untreated with drug.

6.4.2 Over Expressing iNOS Using the Inducible Clone to Measure Cell Sensitivity to 

TPZ

HT-1080 wild-type and ecdysone inducible iNOS cells (16.10/T) were seeded at 500 

cells /60 mm plate under aerobic (21 % O2) or hypoxic (<0.1 % O2) conditions. After 4 h, the 

cells were induced with 20 jiM Pon A for 24 h under the same oxygen conditions. Then, the 

media was replaced with Pon A-free TPZ containing media. The cells were incubated with 

TPZ for 3 h following which all plates were placed under aerobic conditions and the TPZ 

containing media was replaced with fresh RPMI media (TPZ-free). After 7 days, the cells 

were fixed with 70 % ethanol, stained using methylene blue, and the colonies were counted 

(Fig 6.2).
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Fig 6.2 Graphs showing the survival fraction of cells that over express iNOS using the 
ecdysone system in comparison with uninduced cells or wild-type HT-1080. wt: wild type 
HT-1080, clone: ecdysone inducible iNOS HT-1080 clone-16.10/T (average values of 3 
independent experiments).

Under aerobic conditions, the clone appears to be slightly more sensitive to TPZ

especially when induced with Pon A. Under hypoxic conditions, a similar trend was observed

with the differences being minimal.

An increase in cytotoxicity in the inducible clone under aerobic conditions was

expected because upon Pon A administration, these cells can express iNOS and generate NO.

However, the same cells induced with Pon A under hypoxic conditions cannot generate NO

due to the absence of oxygen in this environment. This is different to the MTT experiment

(Section 6.3) because these cells were seeded under aerobic or hypoxic conditions whereas in
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the MTT experiment all the cells were seeded under aerobic conditions. The fact that the 

uninduced clone showed higher sensitivity than the wild-type cells could either be due to 

leakiness of the ecdysone system whereby even in the absence of Pon A some gene 

expression was observed or due to a clonal variation. Therefore, the decrease in IC50 

observed with the Pon A induced clone under aerobic conditions may be due to NO 

generation, while that observed under hypxic conditions is due to TPZ cytotoxicity mediated 

by iNOS over expression. The HCR values for this experiment were calculated below (Table 

6.4):

Sample TPZ ICso uM Aerobic TPZ ICso uM Hypoxic HCR
wt 0 gM Pon A 1 7 5 .0 8 .0 2 1 .9 0

wt 20 gM Pon A 1 6 2 .5 8 .0 2 0 .3 0

clone 0 gM Pon A 7 5 .0 6.3 1 1 .9 0

clone 20 gM Pon A 6 3 .0 4.6 1 3 .7 0

Table 6.4 Hypoxic cytotoxicity to TPZ in iNOS over expressing HT-1080 cells.

Again, an increase in cytotoxicity was observed in the Pon A induced clone as 

compared to the uninduced; however, due to the low iNOS activity of this clone, the 

difference was modest.

6.4.3 Studying the Effect of Viral Mediated iNOS Over Expression on TPZ Cell 

Sensitivity

In order to study the same effect using the established adenoviruses that constitutively 

express iNOS, wild-type HT-1080 were seeded at 500 cells /60 mm dish under aerobic 

conditions. After 4 h, the cells were infected with varying moi of the pAd CMV iNOS virus 

or the pAd CMV Lac Z virus that was used as a control for viral infection. The cells were 

kept under aerobic conditions for 24 h and were then incubated under aerobic (21 % O2) or 

hypoxic (<0.1 % O2) conditions for another 24 h to maximise gene expression. The media 

was then replaced with TPZ-containing media and the cells were incubated under the same
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oxygen conditions for 3 h. Then, the media was replaced with fresh RPMI (TPZ-free) and the 

cells were incubated under aerobic conditions for 7 additional days after which they were 

fixed with 70 % ethanol, stained using methylene blue, and the colonies were counted (Fig 

6.3).
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Fig 6.3 Graphs showing the survival fraction under aerobic and hypoxic conditions of cells 
over expressing iNOS by infecting them with pAdCMV iNOS. pAdCMV Lac Z was used as 
a control vehicle (average values of duplicate wells).

The results indicated a slight increase in sensitivity to TPZ (especially at 500 pM) 

upon infecting with pAd CMV iNOS in an moi dose dependent manner under aerobic 

conditions. However, this was not the case under hypoxic conditions. This minor difference 

in sensitivity might be explained by the low probability of a viral-cell encounter, as the
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number of cells seeded was only 500 cells/plate in a relatively large volume of media, into 

which the viral inoculum was then placed. This experimental procedure could be modified 

such that larger numbers of cells are infected with adenoviruses in 6-well plates prior to 

seeding in the 60 mm plates.

6.5 Conclusion

Previous studies in our laboratory have shown that clones which constitutively over 

express iNOS demonstrate an increase in cell sensitivity to TPZ under hypoxic conditions. In 

this chapter, we have further studied this phenomenon using the ecdysone inducible iNOS 

clone and the pAdCMV iNOS adenoviruses. When an MTT assay was performed, a 2.2 fold 

increase in cytotoxicity towards TPZ was observed in the 20 jiM Pon A-induced clone as 

compared to the uninduced clone. This low fold in the hypoxic cytotoxicity ratio could be 

due to the low iNOS expression observed in this clone. In addition, the clonogenic assay was 

performed as a second method to study the cytotoxicity of TPZ. Initially, the plating 

efficiency for the HT-1080 and ecdysone inducible iNOS HT-1080 clone was determined 

and therefore a seeding density of 500 cells/60 mm plate was chosen as it showed 10.1 % and 

10.7 % plating efficiency respectively 10 days after seeding. Then, the sensitivity of iNOS 

over expressing cells towards TPZ was measured. Some sensitivity towards TPZ was 

observed using the iNOS inducible clone in the presence of 20 pM Pon A as compared to the 

uninduced clone; however, the fold increase in sensitivity remained modest. The increase in 

cytotoxicity observed under aerobic conditions could be attributed to NO production. On the 

other hand, an increase in cell sensitivity to TPZ should be observed using the pAdCMV 

iNOS adenoviruses if the cells are infected with the viruses before seeding and exposing to 

TPZ. These results suggest that iNOS can increase the sensitivity of cells towards TPZ and 

since iNOS levels are increased in clinical tumours, iNOS could be used in a therapeutic 

approach.
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CHAPTER 7

Results 5 ROLE OF iNOS AND NO ON HIF-MEDIATED GENE EXPRESSION

7.1 Introduction

Hypoxia-inducible factor 1 (HEF-1) is a transcription factor that functions as a master 

regulator of oxygen homeostasis [73]. It is expressed in most cancers in response to hypoxia 

and it activates the transcription of genes whose protein products either increase O2 delivery 

or provide metabolic adaptation under conditions of reduced O2 availability [74]. Hypoxia 

regulates the expression of many genes by the interaction of HUM with its DNA recognition 

site known as the hypoxia responsive elements (HRE) present within the the promoter region 

of these genes [71]. Although studies have shown that iNOS expression is up regulated under 

hypoxic conditions due to the HRE site available in its promoter [20], the feed back effect of 

NO on HIF remains largely controversial. Several studies have focused on using NO donors 

to study this effect and detected HIF-1 accumulation under aerobic conditions in response to 

the NO donor GSNO [87-89]. On the other hand, Sogawa et a l  (1998), found that HIF 

mediated gene expression is reduced significantly in anoxia when GSNO was administered 

[93]. Deciphering the feed back effect of NO on HIF-mediated gene expression is of key 

importance. If NO is able to reduce HIF accumulation, this could have high therapeutic value 

whereby hypoxic tumours should no longer retain the ability of expressing genes that encode 

for growth under reduced oxygen conditions. Moreover, by over expressing iNOS in the 

hypoxic tumours, this enzyme could have other therapeutic benefits by combining it with 

TPZ administration and radiation.

In this chapter, the NO donor GSNO was used to study the effect of exogenous NO 

on HIF-mediated gene expression by measuring the Luciferase activity of a previously 

established stable clone that expresses an HRE-driven Luciferase gene. Plasmids and
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adenoviruses that drive iNOS expression constitutively were then used in order to study the 

same effect using an endogenous, non-chemical NO sources.

7.2 Stable Expression of the Luciferase Reporter Gene in Response to Hypoxia

In order to study the effect of NO on HIF regulation, the expression of a Luciferase 

reporter gene in response to hypoxia was monitored. Two stable clones that were previously 

generated in our laboratory using the HCT-116 cell line (Dr. Rachel Cowen) were utilised. 

The first clone (firefly clone) had an HRE-driven luciferase cassette and therefore expresses 

the reporter gene firefly luciferase (luc+) under hypoxic conditions. In addition to the HRE- 

driven luciferase expression, the second clone encodes for the constitutive expression of the 

renilla luciferase gene (and so called the dual luciferase clone). Renilla was used to monitor 

non-specific effects on transcription that are not HIF-mediated. Initially, the experiments 

were performed using the HRE-luciferase clone and when changes in luciferase expression 

were observed, the experiments were repeated using the dual clone to test for non-specific 

effects.

These stable clones were generated by integrating a firefly expression cassette whose 

promoter comprises a trimer of the hypoxia responsive element (HRE) of mouse lactate 

dehydrogenase A (LDH-A) upstream of the SV40 minimal promoter followed by integration 

of a renilla luciferase cassette (in the dual luciferase clone) with expression driven by the 

human elongation factor 1 (EF1) promoter (Fig 7.1).
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Hypoxia driven firefly luc cassette A

[LDH]3rcvmin SV40 Firefly luc+ pA SV40 NEO pA

s  >
HIF-1 SITE ChoRE

CGGACGTGCGGGAACC CACGTGTA

Constitutive EF1 driven renilla luc cassette B

EF1 Renilla luc+ PURO PA

Fig 7.1 Generation of the firefly and dual luciferase clones.

The cells were transfected with plasmid A and antibiotic selection was obtained using 

0.5 mg/ml G418.Sulphate. For dual luciferase expression, the selected clone was transfected 

again by plasmid B and the clones were selected using 5 pg/ml puromycin.

Clone 22 (firefly luciferase) and clone 16 (dual luciferase) were used as they showed 

an average firefly luciferase anoxic induction of 10 folds after 18 h of hypoxic exposure 

followed by 3 h of reoxygenation.

7.3 Measuring the Effect of Exogenous NO on HIF Regulation Using NO Donors

The effect of exogenous availability of NO on HIF regulation was studied using the

NO donor S-Nitrosoglutathione (GSNO). In addition to the HCT-116 cell lines, the HEK 293

cell line was also included in order to compare the results to those obtained by Metzen et al.

(2003) who have observed that GSNO causes accumulation of H IF-la under normoxic

conditions using this cell line [89]. Initially, the HEK 293 cells were seeded at 2xl05

cells/well in a 6-well plate and transiently transfected by the HRE-driven luciferase cassette

(2 (ig/well and 10 pl/well Lipofectamine-Section 2.8.1) in order to express this reporter gene

in this cell line. Then, each of the firefly clone, the dual luciferase clone, and HEK 293-HRE-

luciferase transfected cells were seeded at 5xl03 cells/well in a 96-well plate under aerobic

conditions (21 % Oo). After 3 h incubation under normoxic conditions, a range of GSNO
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concentrations (0-1 mM) was added to the cells. The plates were immediately placed in 1 % 

(hypoxia) or <0.1 % (anoxia) oxygen conditions after GSNO addition. Control plates were 

left under aerobic conditions After 18 h, the plates were removed and reoxygenated for 3 h. 

The cells were then lysed and the luciferase activity was measured (Section 2.7). (Figs 7.2, 

7.3, and 7.4)

The Firefly Luciferase Clone:
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Fig 7.2 The effect of the NO donor GSNO on HIF regulated gene expression was measured 
using the luciferase assay. The anoxic induction was also calculated (average of 2 
independent experiments each performed in triplicate wells).
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The results in Fig 7.2 indicate that GSNO causes HIF-1 accumulation under aerobic 

conditions especially at 500 and 1000 pM with luciferase expression reaching 2.5 and 8.5 

fold above basal respectively. However, although initially a similar increase in luciferase 

expression was observed under 1 % and <0.1 % oxygen conditions, this expression remained 

constant under hypoxic conditions and appeared to decrease under anoxic conditions at 

concentrations of 100-1000 pM GSNO reaching levels lower than the basal. The anoxic 

induction in this experiment was 11.7 folds when untreated with GSNO. This induction 

decreased to 0.6 fold at 1000 pM GSNO. On the other hand, the hypoxic induction in this 

experiment was 2.3 folds and decreased to 0.7 folds when treated with the highest GSNO 

concentration. In order to be able to explain whether this luciferase expression was HIF- 

mediated or was non specific possibly due to toxicity of the drug (especially at high 

concentrations), this experiment was performed using the dual luciferase clone (Fig 7.3).

Dual Luciferase Clone
Renilla Firefly
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1000

■O 0.80
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2 8.0
I Anoxic 
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Fig 7.3 Luciferase and renilla expression under aerobic, hypoxic, and anoxic conditions after 
treatment with GSNO. The anoxic and hypoxic inductions are also plotted (average values of 
2 independent experiments performed in triplicate wells).
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Similar results were observed in the expression of the luciferase gene when the dual 

clone was used. This was expected because both clones contain the same HRE-driven 

luciferase cassette. Since the dual clone contains the renilla reporter gene, the expression of 

this gene was monitored (Fig 7.3). The Renilla values show that high concentrations of 

GSNO (>100 pM) are toxic which could explain the reason for HIF stabilisation to be due to 

stress factors in the cell mediated by this toxicity. This explains the reason for lack of aerobic 

HIF stabilisation at GSNO concentrations lower than 100 pM. It was also documented that 

GSNO produces GSSG as a by-product that at high levels could itself cause oxygen stress 

[92].

Luciferase gene expression was also measured in the HEK 293 cells that were 

transfected with the HRE-driven luciferase cassette (2 pg/well) prior to treating with GSNO 

(Fig. 7.4). This cell line was chosen in order to compare the results to those observed by 

Metzen et al. [89] who measured HIF accumulation under normoxic conditions using this 

cell line.

HEK 293
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Fig 7.4 Luciferase and renilla expression measurements of the HEK 293 cells that have been 
transfected with 2 pg/well HRE-driven Luciferase, treated with varying concentrations of 
GSNO and incubated in different oxygen conditions (average of 2 independent experiments 
performed in triplicate wells).
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Again, similar results were achieved using the HEK 293 cell line. Under aerobic 

conditions, the luciferase gene expression increased by 1.6 folds at 1 mM GSNO and 

decreased by 3.2 folds under anoxic conditions. Under hypoxic conditions, GSNO showed 

little effect on gene expression. So, it was suggested that the effect of GSNO on HIF- 

mediated gene expression depended on the concentration of the drug used as well as the 

oxygen gradient whereby high doses of GSNO (100-1000 pM) caused HIF stabilisation 

under aerobic conditions but promoted HIF degradation under anoxic conditions. The anoxic 

fold inductions were inversely proportional to the concentration of GSNO. This may be due 

to the increase of gene expression under aerobic conditions and its decrease under anoxic 

conditions at high GSNO concentrations. A similar trend was observed in the hypoxic 

inductions.

7.4 Transient Transfection of the Luciferase Clones with iNOS Plasmids

Since NO donors produce by-products that themselves could have effects on HIF 

regulation, an endogenous and non-chemical NO source was used to study the phenomenon 

of NO-HIF regulation. In this experiment, plasmids that encoded for constitutive iNOS 

expression were used. The firefly clone, dual luciferase clone, and HEK 293 wild-type cells 

were seeded at 2xl05 cells/well in a 6-well plate in the presence or absence of the iNOS 

inhibitor L-NNA (100 pM). The following day, the cells were transiently transfected 

(Section 2.8.1) with varying concentrations of pEF IRES iNOS puro or pEF IRES puro 

(empty vector) (0-1 pg DNA/well) using Lipofectamine (10 pl/well). The HEK 293 cells 

were also transfected by the HRE-driven Luciferase cassette (LDH-A SV40 at 1 pg/well). 

After 24 h, the cells were scraped and split equally into triplicate wells of a 96-well plate. 

After 4 h, the plates were placed in 1 % or <0.1 % oxygen conditions. Control plates were 

left under aerobic conditions. After another 18 h, the plates were removed and reoxygenated
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for 3 h. The cells were then lysed and the Luciferase activity was measured. The protein 

content/well was measured using the protein assay (Figs 7.5,7.6, and 7.7).
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Fig 7.5 Luciferase measurements of HRE-driven luciferase expressing cells transfected with 
pEF IRES iNOS puro or an empty pEF IRES puro vector (representative of 3 independent 
experiments each performed in triplicate wells).
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The Luciferase activity decreased in the cells transfected with the iNOS plasmid in a 

DNA-dose dependent manner. This effect was seen under all oxygen conditions but was most 

prominent under anoxic conditions. For example, under anoxic conditions, when 0.4 pg/well 

DNA was transfected, a 28.8 fold decrease was observed in the presence of the iNOS vector 

compared to the empty vector (p=0.0004, 2 tail t-test) and increased again by 19.9 fold 

(p=0.018, 2 tail t-test) in the presence of the iNOS inhibitor. Moreover, there appeared to be 

no HIF stabilisation in air. The decrease in luciferase gene expression that was observed in 

air was explained to be due to the residual HIF present in this oxygen condition; however, 

gene expression remained basal compared to that obtained under hypoxic and anoxic 

conditions. On the other hand, a decrease in gene expression was only observed at high DNA 

concentrations when the empty vector was used. Gene expression reverted at least partially in 

the presence of the NOS inhibitor L-NNA indicating that it was NO mediated. It is 

noteworthy to mention that NO is not generated under anoxic conditions due to lack of 

oxygen; however, in this experiment the cells were transfected with the iNOS plasmid under 

aerobic conditions to allow for NO formation prior to incubation under anoxic or hypoxic 

conditions. The anoxic and hypoxic inductions were calculated in this experiment (Fig 7.6).

Firefly Induction 1 %
30 

250tj 20
1 is
2  10 

5 

0
urn

C 0.00 0.20 0.40 1.00 
DNA (jig)

■  pEF 

B  p E F iN O S  

□  pEF iNOS + lnh

Firefly Induction Anoxia
0.8

.2 0.6 o
g  0.4 
2O0.2

0.0
l i l l l

c 0.00 0.20 0.40 1.00
DNA (jig)

B p E F  

B p E F  iNOS 

□  pE F  iNOS + inh

Fig 7.6 Hypoxic and anoxic inductions of the luciferase clone. The cells were transfeted with 
pEF IRES iNOS puro or pEF IRES puro (control vector) at varying concentrations. The cells 
were cultured in the presence or absence of the iNOS inhibitir L-NNA (C: untreated control, 
all other samples were transfected with DNA using Lipfectamine) (representative values of 3 
independent experiments each performed in triplicate wells).
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The induction data showed that in the presence of iNOS, HIF-driven luciferase 

induction was diminished (p=0.05 for anoxic induction when 0.4 pg/well DNA was used, 2 

tail t-test) and was reversed in the presence of L-NNA (p=0.37 for the same DNA 

concentration and oxygen conditions, 2 tail, t-test). This could suggest that this effect is NO 

mediated. It was also observed that Lipofectamine itself caused a decrease in induction 

probably due to its toxic nature.

Similar results were obtained in the dual Luciferase clone with the greatest effect 

occurring at 0.2 pg/well of pEF IRES iNOS puro. It was also observed from the renilla 

expression that Lipofectamine and high DNA concentrations increased the toxicity in all the 

samples with the highest effect caused by pEF IRES iNOS puro and explained to be due to 

NO production (Fig 7.7).
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Fig 7.7 Renilla expression and induction values of the dual luciferase clone that was 
transiently transfected with the pEF IRES (iNOS) puro plasmids (average values of 3 
independent experiments each performed in triplicate wells) (C: untreated control, all other 
samples were transfected with DNA using Lipfectamine).
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It can be concluded from the above results that the decrease in HIF-mediated 

luciferase expression under anoxic conditions was caused by NO and was not due to the 

toxicity that accompanied the transfection process. This is because the luciferase expression 

was reduced by 28.8 fold under anoxic conditions whereas the renilla values were reduced by 

only 1.2 fold when 0.4 (xg/well pEF iNOS was used. Under anoxic conditions and at 0.4 

(ig/well DNA, the anoxic induction dropped by 1.3 fold in the presence of iNOS (p=0.027, 2 

tail t-test) and increased in the presence of the iNOS inhibitor 1.2 fold (p=0.50, 2 tail t-test).

No trend was observed using the HEK 293 cells, which could be due to the low 

transfection efficiency especially as this cell line was transfected with both the HRE-driven 

Luciferase cassette and the pEF IRES (iNOS) puro plasmids.

7.5 Studying the Effect of NO on HIF Regulation by Infecting the Luciferase Clone 

with pAdCMV iNOS Viruses

The effect of iNOS over expression on HIF-mediated gene expression was studied 

using the HCT-116 Firefly and dual luciferase clones. In this case, the previously established 

adenoviruses were used to allow the delivery of iNOS in a gene therapy vehicle. The cells 

were seeded at 5xl03 cells/well in a 96-well plate and infected after 4 h with varying viral 

moi (pAdCMV iNOS and pAdCMV Lac Z-as a control). After 48 h, the plates were exposed 

to either 18 h of anoxia or air and followed by 3 h reoxygenation. The cells were then lysed 

and the Luciferase expression was measured (Figs 7.8, 7.9,7.10).
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Fig 7.8 These graphs show the Luciferase activity and anoxic induction of the firefly clone 
after infection with pAdCMV iNOS or pAdCMV Lac Z (average values of duplicate wells).

The results indicated that iNOS expression caused HIF down regulation under anoxic 

conditions. Moreover, the fold induction was seen to decrease in a viral dose dependent 

manner reaching 2.2 folds in the presence of iNOS as compared to 7.9 fold in the presence of 

the control virus at moi 15. There was no HIF stabilisation under aerobic conditions.

The same experiment was repeated using the dual luciferase clone in order to monitor 

the effect of toxicity on the cells (Figs 7.9 and 7.10). The dual clone cells were cultured for 

24 h prior to seeding in the presence or absence of the iNOS inhibitor L-NNA (100 pM) in 

order to monitor the ability to reverse this effect.
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Fig 7.9 Luciferase gene expression and hypoxic induction in response to adenoviral-mediated 
iNOS delivery (average values for 2 independent experiments each performed in duplicate 
wells).

The luciferase results showed that HIF-mediated gene expression decreased in the 

presence of iNOS in anoxia reaching 7.3 folds at moi 15. This effect was partially reversed in 

the presence of L-NNA. The same effect was observed by measuring the hypoxic induction 

with the exception of the highest moi, which could be due to the low iNOS expression 

observed under normoxic conditions at this moi. In order to measure non-specific effects that 

could cause HIF expression, the renilla values were examined (Fig 7.10)
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Fig 7.10 Renilla measurements of the luciferase clones infected with the pAdCMV iNOS or 
pAdCMV Lac Z (average values for 2 independent experiments each performed in duplicate 
wells).

The renilla hypoxic induction was higher at moi 10 and 15 compared with the other 

samples, particularly in the presence of iNOS expression. This was not the case in the other 

control samples, which could indicate that HIF-mediated gene expression was caused by NO 

generation. Moi 30 seems particularly toxic both under aerobic and anoxic conditions.

These experiments cannot be performed in the HEK 293 cells because these cells 

contain the El sites that will allow viral replication following infection. In addition, in this 

case the cells would have to be transfected with the HRE-driven Luciferase cassette followed 

by viral administration.
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7.6 Conclusion

The importance of HIF-mediated gene expression and the controversy about the role 

of NO on HIF regulation prompted us to study this effect using an NO donor, an iNOS 

plasmid, and iNOS expressing adenoviruses. The results suggested a negative feedback loop 

whereby NO appeared to down regulate HIF expression especially under anoxic conditions. 

When high concentrations of the NO donor GSNO were used, HIF stabilisation was observed 

only under aerobic conditions which is in agreement with Metzen et a l (2003) [89]. However, 

we postulate that this effect is due to the toxic nature of the NO donor or its by-product 

GSSG. Moreover, the effect of GSNO on HIF regulation under anoxic conditions was 

studied in this chapter and it was observed that HIF stabilisation was reversed and that HIF- 

mediated luciferase expression was diminished.

In order to avoid chemical and exogenous sources of NO, the feed back effect of NO 

on HIF using plasmids and adenoviruses that constitutively express iNOS was studied. 

Again, a negative effect of NO on HIF-mediated gene expression especially under hypoxic 

and anoxic conditions was observed. Moreover, this effect was at least partially reversed 

using the iNOS inhibitor L-NNA.

The mechanism for this NO-mediated HIF down regulation remains unknown but one 

explanation could be due to the ability of NO to bind to heme with a higher affinity than 0 2, 

thus binding to a heme sensor localised in the cell membrane. This binding of NO to the 

sensor would cause a conformational change that shuts down signal transduction even under 

hypoxic conditions [92]. Finally, the effects of iNOS over expression in cancer therapy 

appear to be promising whereby in addition to reducing tumour growth, high levels of iNOS 

sensitise hypoxic cells to bioreductive drugs, radiosensitise hypoxic cells, and might have a 

negative effect on HIF-mediated gene expression.
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CHAPTER 8 DISCUSSION

8.1 Introduction

Inducible nitric oxide synthase has shown a dual effect on tumourigenesis [12]. In 

some cases, iNOS expression was observed in the diagnosed cancers [25-28] and was 

correlated with angiogenesis [41,43] and metastasis [30,31]. In other cases, however, higher 

levels of iNOS expression showed pro-apoptotic [54,55] and anti-metastatic [33] effects. 

Moreover, some studies demonstrated the ability of iNOS to sensitise cells to TPZ [97] and 

other bioreductive drugs including doxorubicin and menadione [69]. Other studies showed 

that iNOS is up regulated under hypoxic conditions [20] but failed to determine its feedback 

effects on HIF-mediated gene expression. All of these findings indicated that iNOS could be 

used in cancer therapy only if its expression levels were tightly regulated. This study focuses 

on the effects of iNOS rather than cNOS as the former is capable of producing higher NO 

levels for longer periods of time and is produced by macrophages in response to 

inflammatory signals. Since previous experiments performed in our laboratory showed that 

cells constitutively expressing high levels of iNOS are difficult to culture due to the 

continuous production of NO, an inducible approach to regulate iNOS expression was 

sought.

In this study, several strategies have been presented to optimise the therapeutic 

potential of iNOS for the use in cancer gene therapy. Inintially, tools were developed to 

control the expression of iNOS by establishing stable clones expressing the iNOS gene in the 

ecdysone system and adenoviruses that encode for constitutive expression of iNOS. Then, the 

generated systems were evaluated and their benefits and limitations were discussed. Finally, 

the established tools as well as NO donors and other available plasmids and clones (that 

constitutively express iNOS) were used to study the role of iNOS and NO on tumourigenesis, 

hypoxic sensitivity to TPZ, and HIF mediated gene expression.
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8.2 Establishing and Evaluating the Therapeutic Tools

Initially, the ecdysone system was evaluated in vitro and in vivo using the Lac Z 

reporter gene. This system was chosen as it has showed strict tight regulation patterns 

[56,149]. Low basal levels and a relatively high fold induction (5-8 fold) were observed in 

our experiments yet the fold induction was not as high as documented in some studies 

[112,120]. Gene expression was observed to be dependent on the dose of the inducer and had 

to be measured at least 24 h after Pon A addition in order to clearly observe this dose 

dependent characteristic. Lac Z expression increased with time in the presence of the inducer 

and began to decrease 24 h after removal of Pon A. However, gene expression did not 

promptly return to basal levels as documented by Saez et a l (2000) yet in their experiment 1 

pM Pon A was used while here 10 and 20 jlM Pon A was administered and the contrast 

could be due to the availability of Pon A residues at the higher concentrations even when the 

media was washed out [112]. Moreover, Saez et a l (2000) used the Luciferase reporter gene 

to measure induction while we have used Lac Z. It could be that the degradation of the p- 

galactosidase protein is slower than that of the Luciferase enzyme. In addition, administration 

of high Pon A doses (>30 pM) was correlated with cell death and caused a shift in the FL-1 

peak when the wild-type cells were assayed using flow cytometry. At 50 pM, Pon A resulted 

in 12 % cell death when measured using the MTT assay. Hence, high doses of Pon A were 

inappropriate to use. On the other hand, pilot in vivo studies using i.p administration of 1 or 2 

mg/mouse Pon A were conducted and high Lac Z gene expression 17 h post administration 

even at the lower Pon A dose was observed.

In order to improve this inducible system, the ecdysone receptor (pVgRXR) has been 

modified such that it expresses both components VgECR and RXR using a bicistronic 

cassette (Stratagene, USA) [206]. This is expected to allow a more uniform expression in the 

cells now that both components are expressed using the same promoter (CMV in this case),
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thus further optimising the production of transgenic animals. Moreover, the CMV promoter 

in the (modified or unmodified) pVgRXR cassette could be replaced by a tissue specific 

promoter in order to allow for the genes to be inducibly expressed only in the tissues of 

interest [150], Other modifications include creating a chimeric Drosophila!Bombyx ecdysone 

receptor (DB-EcR) instead of the Mammalian (Vg in VgEcR) that preserves the ability to 

bind to the modified ecdysone promoter even without the need of exogenous (RXR). 

Addition of exogenous (RXR) increases gene expression as well as basal level in this system. 

This system is functional using steroidal (Pon A) and non-steroidal ecdysone analogues (GS- 

E) Hence, this modification shall decrease the number of genes needed to be transfected in 

the cells as well as limit any possible side effects of over expressing (RXR) [207].

After evaluating the ecdysone system using the Lac Z reporter gene, an HT-1080 

clone that stably expressed iNOS in the ecdysone cassette was generated. The NOS activity 

in this clone was 21.5 pmol/min/mg when induced with 20 pM Pon A and measured using 

the L-citrulline assay. After immunostaining with iNOS antibodies, the iNOS cytosolic 

protein was clearly visualised using the fluorescent microscope. Moreover, gene expression 

was observed to be Pon A dose dependent with only a minority of cells expressing iNOS at 

20 pM. This observation was further confirmed upon obtaining 20 % fluorescence using flow 

cytometryic analysis. Higher Pon A doses could not be used in order to obtain higher levels 

of iNOS expression due to the toxicity observed with this ecdysone inducer, which was 

reflected by growth delay in the induced as compared to the uninduced wild-type and 

ecdysone inducible Lac Z and iNOS cells. Thus, new attempts were performed to generate 

more inducible iNOS clones using other cell lines and a range of antibiotic concentrations 

was used in order to increase the selection pressure. It is important to note that only few 

studies have generated stable clones expressing toxic genes like iNOS using the ecdysone 

system. After detailed screening of the generated ecdysone inducible iNOS clones, it became
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clear that all the obtained clones showed lower gene expression than the previously generated 

ecdysone inducible HT-1080 iNOS clone (16.10/2), The inability to produce clones that 

highly express iNOS could be due to the fact that 2 plasmids have to be expressed in every 

cell as per the requirements of this system, and although different selection markers are 

needed for each plasmid, the cells seem to be able to survive under the selection pressure 

even when the antibiotic doses were increased. This is possibly because the cells initially 

contain the ecdysone plasmids and the iNOS cDNA but later manage to remove the iNOS 

gene from the ecdysone receptor, probably due to the toxic product of iNOS thus causing a 

survival pressure and also from the relatively large iNOS insert size (4.2 Kb) compared to the 

ecdysone receptor (5.1 Kb). The ability of wild-type cells to over grow the iNOS clone cells 

in the same culture could also explain both the lower gene expression obtained with the 

iNOS clone than the Lac Z clone and the observed decrease in gene expression when the 

iNOS clone was cultured for long periods of time, which was slightly improved by the 

addition of iNOS inhibitors. In order to overcome this decrease in gene expression, the clone 

was not cultured for more than 4 weeks. Other methods that can be used in order to optimise 

the technique of generating stable clones and produce cells that fully express iNOS at 20 jiM 

Pon A, include ligating an IRES-GFP cDNA next to the iNOS gene in the pIND SP1 iNOS 

vector. This method allows the expression of the GFP protein from the same ecdysone 

promoter that expresses iNOS without the need of fixing and immunostaining the cells. 

Hence, after inducing the cells with 20 jiM Pon A, flow cytometry techniques could be used 

to sort out and collect the cells that fluoresce due to iNOS and GFP expression from the ones 

that do not without the need to fix the cells in the process. The iNOS expressing cells can 

then be cultured. These cells should therefore give 100 % expression at 20 pM Pon A.
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In addition, in order to facilitate the screening for positive clones, an IRES-Luc (or 

GFP) gene could be ligated next to the iNOS gene in the ecdysone reporter vector. Hence, 

iNOS gene expression could be monitored indirectly through Luc or GFP expression without 

the need for immunostaining and antibody binding. Since varying the 

Lipofectin/Lipofectamine transfection protocol did not benefit the final outcome, another 

transfection technique such as calcium phosphate could be used. Finally, instead of 

generating stable clones, viral delivery vehicles could be produced in order to integrate the 

gene of interest in the cells.

The inducible iNOS clone was implanted in vivo and induced with Pon A. Only the 

tumour that was induced with 1 mg/mouse Pon A showed NOS activity when measured 

using the L-citrulline assay. The fact that the other 2 tumours that were even induced with 

higher doses of Pon A did not show any activity could indicate the loss of gene expression in 

these tumours. Moreover, the take rate was extremely low which could hint to some leakiness 

of the ecdysone system in vivo whereby the implanted cells possibly died due to the 

unexpected production of NO in the absence of the inducer. When cultured ex vivo, cells 

derived from the 1 mg/mouse Pon A tumour (16.10/T) showed similar gene expression 

patterns when induced to those observed with the pre-m vivo clone (16.10/2) indicating that 

this particular clone was able to maintain stability during the full in vivo and ex vivo process.

It is noteworthy to mention that the techniques used to measure the activity of iNOS 

have some limitations. In order to use the L-citrulline assay large cell numbers were needed 

(at least a T-75 flask) to detect any activity, which in some experiments may be inconvenient 

(particularly when high viral moi was used). In addition, the detection limit of the griess 

assay seemed very minimal in our experiments as even when high activity was observed with 

the L-citrulline assay, barely any nitrite was detected. It is important to note that many 

studies have used this assay but also used FCS-containing media and experiments performed
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in our group have shown that FCS contains high nitrite levels and hence when the cells were 

induced with Pon A, the FCS-free media was used. Other techniques to quantify iNOS 

expression include western blotting. The flow cytometry technique is semi-quantitative but 

was used in experiments where the L-citrulline assay could not be utilised.

In order to deliver iNOS in a gene therapy vehicle, the ecdysone cassettes were cloned 

in type 5 adenoviruses. This approach was chosen as adenoviruses constitute a good gene 

therapeutic tool. The advantages of adenoviruses are their high titres, ability to infect 

dividing and non-dividing cells, as well as their large host tropism. Moreover, they do not 

integrate their DNA in the host genome and although they cause some immune reaction, this 

might be therapeutically beneficial if directed towards viral-infected tumour cells. Generating 

adenoviruses encoding for the ecdysone cassettes has been reported in the literature 

[133,172-174] and no disruption of inducible gene regulation by the viral backbone was 

documented. Some studies have also reported the use of adenoviruses encoding for iNOS 

controlled by a CMV promoter [208]. Here, the ecdysone receptor cassette (pVgRXR) was 

successfully cloned in the pShuttle vector and adenoviruses were generated although the size 

of the insert was 7.4 Kb and the vector can only accommodate 7-8 Kb. However, after 

detailed examination, the plasmids that were expected to be encoding for the ecdysone 

reporter turned out to contain a CMV promoter instead of an inducible one. Although the 

outcome was unexpected, the obtained viruses were still used to over express iNOS. Gene 

expression was controlled using the multiplicity of infection (moi) instead of Pon A 

induction. This approach was also useful as it excluded the toxicity of Pon A and minimised 

the number of adenoviruses that are needed to infect each cell. High titres of adenoviruses 

encoding for the iNOS gene were particularly difficult to generate probably due to the 

constitutive generation of NO at high levels thus killing the HEK 293 cells that were used for
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viral replication. This was optimised by the addition of the iNOS inhibitor L-NNA (100 fiM). 

Cesium chloride purification could also be used to increase the titre.

8.3 Studying the Therapeutic Effects of iNOS Using the Established Tools

Having generated tools that can tightly regulate iNOS expression, the role of iNOS on 

hypoxia and blood perfusion was studied. Cells from the inducible clone were implanted in 

nude mice and dosed with Pon A when the tumours reached 200-250 mm3. The mice were 

also injected with markers to study the hypoxic fraction and blood perfusion. Pimonidazole 

stainining of hypoxic regions did not show any correlation with iNOS expression; however, a 

slight increase in Hoechst 33342 staining was observed with the mice induced with 1 mg Pon 

A for 24 h. This hinted to an increase in blood perfusion under these experimental conditions. 

Higher doses of Pon A could not be administered in order to monitor these effects further due 

to the high cost of the inducer.

In order to evaluate the effect of iNOS in a gene-directed-enzyme-prodrug therapy 

(GDEPT), the previously generated tools were used to measure the ability of iNOS to 

increase the sensitivity of hypoxic cells to the bioreductive drug TPZ. These experiments 

were conducted as previous studies showed that iNOS and P450 Reductase share high 

sequence homology [7] and that the latter reduces TPZ [98]. Cell cytotoxicity to TPZ was 

primarily measured in the iNOS inducible clone using the MTT assay. Several attempts were 

performed to optimise the experimental conditions and the final results showed a slight 

increase in sensitivity to TPZ in the induced cells as compared to the uninduced clone cells. 

In order to study the effect of iNOS over expression on cell sensitivity to TPZ further, a 

clonogenic assay was performed. Initially, the plating efficiency for the HT-1080 and 

ecdysone inducible iNOS HT-1080 clone was determined, and then the sensitivity of iNOS 

over expressing cells towards TPZ was measured. When the inducible clone was assessed, an 

increase in cytotoxicity was observed in the Pon A induced clone cells as compared to the
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uninduced; however, due to the low iNOS activity of this clone, the difference was modest. 

In addition, the observed increase in cytotoxicity under aerobic conditions could be attributed 

to NO production under this oxygen condition. This is because the cells seeded under aerobic 

conditions produce NO in the presence of oxygen whereas those seeded under anoxic 

conditions cannot produce NO due to the lack of oxygen, which is an essential cofactor. This 

cytotoxicity cannot be due to TPZ as the toxic species of this drug reverts back to the non­

toxic prodrug in the presence of oxygen. This experiment can be further optimised by 

culturing the cells in the epresence of an iNOS inhibitor to block the production of NO in the 

oxygenase monomer of iNOS. When the adenoviruses were used, very little difference in 

sensitivity was observed. This could be further optimised by decreased drug concentrations 

under aerobic or increased viral moi but more importantly by infecting a larger number of 

cells with the adenoviruses prior to seeding to allow a higher probability of viral-cell 

encounter, as with the current design, the small cell number and large container volume 

reduces this probability. These results indicated that iNOS can increase the sensitivity of 

hypoxic cells towards TPZ and since iNOS levels are increased in clinical tumours, iNOS 

could be used in a therapeutic approach. Moreover, studies have shown that TPZ can inhibit 

iNOS activity and because NO is implicated in maintaining tumour vascular homeostasis, 

TPZ could therefore potentiate its own toxicity by increasing the degree of hypoxia [69].

In the last chapter, the role of NO on HIF-mediated gene expression was studied. A 

previously established clone that expresses Luciferase in response to hypoxic conditions was 

used. This effect was studied because HIF constitutes a key molecule in the regulation of 

gene expression promoting cell survival under reduced oxygen conditions. HIF down 

regulation could result in a breakthrough in cancer therapy. The NO donor GSNO was used 

as an exogenous source of NO and particularly because studies by Metzan et al. (2003) have 

postulated a mechanism by which GSNO-derived NO causes HIF stabilisation under aerobic
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conditions at a 1 mM concentration using the HEK 293 cell line [89]. The results in this 

study indicated that NO down regulates HIF-mediated Luciferase expression under anoxic 

conditions. Some increase in Luciferase expression under aerobic conditions was observed 

but only at high GSNO concentrations (0.5 and 1 mM). This was later explained by using an 

internal constitutive renilla control to be due to the toxic nature of the compound. These 

experiments were also repeated using the HEK 293 cell line that was transfected with HRE- 

driven Luciferase cassette prior to GSNO addition and the same conclusions were made. To 

avoid the toxic nature of NO donors, the effect of endogenous NO on HIF-mediated gene 

expression was studied using the Luciferase clones and the HEK 293 cells-HRE Luciferase. 

These HRE-Luciferase expressing cells were either transiently transfected with plasmids that 

constitutively express iNOS or infected with the previously established adenoviruses. Similar 

results were obtained and the effect was partly reversed by the addition of the iNOS inhibitor 

L-NNA.

The use of NO donors appears to be far from ideal. GSNO produces GSSG as a by­

product and this compound is toxic and has shown oxidative stress at high doses [92]. 

Another donor SNP also produces cyanide by-products that have their own effects on HIF-1 

binding activity [92]. Moreover, these donors are chemical compounds that have shown 

extremely contradictory results based on the time of incubation of the cells with these donors, 

the concentration of these donors, the rate of NO release, and the oxygen concentrations 

used. In order to optimise the study of the effect of NO on HIF-mediated gene expression, 

cells were transiently transfected with iNOS plasmids to provide an endogenous non­

chemical source of NO. To overcome any Lipofectamine toxicity and low transfection 

efficiency, the cells reporting the luciferase gene were infected with the pAdCMV iNOS 

adenoviruses in a gene therapeutic approach. It was concluded from the obtained results that 

the down regulation of the HIF-mediated gene expression is due to NO and that this effect
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was partially inhibited using the iNOS inhibitor L-NNA. The NO scavanger carboxy PTIO or 

the N-acetyl-L-cysteine (NAC) which is an antioxidant could also be used to reverse these 

effects. The mechanism for this NO mediated HIF down regulation remains unknown but one 

explanation could be due to the ability of NO to bind to heme with a higher affinity than O2, 

thus binding to a heme protein localised in the cell membrane. The binding of NO to the 

sensor would cause a conformational change that shuts down signal transduction even under 

hypoxic conditions [93].

8.4 Conclusion

In this study, new tools that tightly regulate the expression of iNOS to achieve 

therapeutic benefit for the treatment of cancer were generated. These tools were then used to 

study some therapeutic effects of iNOS on tumour growth, to explore the potentials of iNOS 

to reduce TPZ under hypoxic conditions in a GDEPT approach, and finally to down regulate 

HIF-mediated gene expression by NO over production.
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CHAPTER 9 FUTURE DIRECTIONS

9.1 Further Optimisation of the Gene Expression Tools

Although this study presented tools that can tightly regulate gene expression, these 

vehicles should be further optimised for the use in the clinic. The administration of Pon A 

has been limited due to its toxicity and high price and therefore cheaper and less toxic 

replacements should be found. Moreover, the ability of Pon A to be quickly washed out of 

the body could be useful in the cases where only a single dose is needed but becomes a 

disadvantage when longer intervals are a must and for this case Pon A pellets could be used. 

The ecdysone receptor consists of two cassettes encoded by different promoters, so the use of 

the bicistronic cassette could be more useful especially if the CMV promoter is replaced with 

a tissue specific one. Since the ecdysone system requires the infection (or transfection) of 

each cell with 2 vectors, it would be ideal to generate a single adenovirus that expresses both 

cassettes. This has been performed by Mizuguchi and Hayakawa (2002) but using the 

tetracycline system and adenoviruses that have the El and E3 site deleted to allow for the 

cloning of large inserts [209]. This is expected to increase gene expression further. So, 

although adenoviruses that constitutively express iNOS were generated, it would also be 

beneficial to generate adenoviruses that encode iNOS in the ecdysone cassette. This will 

allow increasing the gene expression further using a high moi and a high Pon A dose. This 

approach could also be compared to stable clones or adenoviruses that express iNOS in the 

tetracycline system, as we have already cloned the iNOS cDNA in the tetracycline cassette.

9.2 Tissue Targeting of iNOS Expression

Nitric Oxide is known to play pleiotropic roles in the body. For example, the role of 

NO as a pro-angiogenic factor cannot be underestimated in cases were blood vessels need to 

form such as in heart diseases and foetal development. Therefore, it is crucial to target the 

over expression of iNOS to the tissues of interest. Although iNOS is naturally over expressed
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in hypoxic regions, this is not the case in our system as the iNOS cDNA was cloned in the 

ecdysone cassette or in adenoviruses that have an ecdysone or a CMV promoter respectively. 

In order to target the therapeutic effects of iNOS to hypoxic regions for example, the CMV 

promoter in the pVgRXR cassette or in the adenoviral cassette could be replaced with HRE 

promoters. Moreover, the adenoviruses themselves can be modified so that they contain a 

tumour specific promoter instead of the viral E l promoter that will then allow them to grow 

in hypoxic cells only [210]. This will decrease the toxicity to other tissues dramatically when 

using a GDEPT approach because the viral vehicle, the iNOS gene, as well as the prodrug 

TPZ will only be active under hypoxic conditions.

9.3 Other Studies to Demonstrate the Use of iNOS in Cancer Therapy

9.3.1 Angiogenesis

To study the role of iNOS on angiogenesis in vitro, the inducible clone could be co­

cultured with the endothelial HUVEC cell line to monitor endothelial cell migration. The 

previous in vivo experiments could also be repeated using the adenoviruses. Window 

chamber techniques [211] could be utilised for this purpose. Moreover, the tumours can be 

injected with Hoescht 33342 and Carbocyanin in order to study vasodilation. BrdU could 

also be administered to the tumours to study cell cycle characteristics and ELISA assays 

could be preformed to stain for VEGF in vitro and on the tumour sections.

9.3.2 Sensitisation to TPZ

The mechanism whereby iNOS sensitises the cells to TPZ can be further analysed 

using the High Performance Liquid Chromatography (HPLC) technique. This will monitor 

the formation of TPZ radicals that cause chromosome abrogation. In addition, the inducible 

clone as well as the adenoviruses can be used in combination with drug treatment in vivo to 

obtain reduced tumour growth.
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9.3.3 Radiation

iNOS has also shown an ability to radiosensitise hypoxic cells [107]. This effect 

could be studied using the established tools in vitro and in vivo. Some preliminary studies 

were conducted, but the experimental conditions need to be optimised in order to obtain 

higher substance enhancement ratios.

9.3.4 HIF-mediated Gene Expression

The role of NO on HIF-mediated gene expression can be further explored by using 

cytokines to over express iNOS and also by co-culturing the constitutive stable iNOS clone 

with the Luciferase clone and monitor any bystander NO effects. Preliminary results using 

the latter approach in our lab (Dr. Kaye Williams and Dr. Edwin Chinje) indicate that NO 

produced by the stable clones down regulate HIF-mediated Luciferase expression. Western 

blotting could also be performed to stain for HIF-la, HIF-lp, and HIF-2a on lysates 

obtained from NO-treated Luciferase clones in order to try to decipher the exact mechanism 

by which NO down regulates HIF-mediated gene expression.

Finally, the adenoviruses could be used to generalise the role of iNOS in cancer 

therapy using a variety of cell lines in vitro and in vivo.
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APPENDIX

Maps of purchased plasmids:

pVgRXR
8.8 kb

C o m m en ts for pVgRXR  
8803  n u c le o t id e s

SV 40 early promoter: b a se s  43-351
EM7 promoter: b a se s  778-855
Z eocin ’M resistance g e n e  (Sh  6 /e) ORF: b a se s  856-1230  
SV 40 late polyadenylation seq u en ce: b a se  1294-1424  
pUC origin: b a se s  1533-2206  
CMV promoter: b a se s  2 2 6 5 -2 8 8 3  
VgEcR fusion protein: b a se s  3035-5275  

modified VP16: b a se s  3038-3271  
EcR: b a s e s  3302-5275  

HSV-1 thymidine Kinase polyadenylation seq u en ce: b a se s  5 4 7 0 -5982  
RSV 5' long terminal repeat: b a se s  6 353-6614  
RXR ORF: b a se s  6 6 3 7 -8025  
BGH polyadenylation seq u en ce: b a ses  8108-8332  
f1 origin: b a se s  8 5 0 2 -8609
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plND(SP1)/
lacZ

, 8.2 kb

C om m ents  for plND(SP1)//acZ
8227 n u c leo t id es

Ecdysone/glucocorticoid R e sp o n se
E lem ents (5x E/G REs): b a s e s  1-174 

SP1 E nhancer (3x SP1): b a s e s  185-240 
Minimal H eat Shock Prom oter: b a s e s  241-533 
L ecZ O R F : b a s e s  559-3729 
BGH R ev erse  priming site: b a s e s  3807-3824 
BGH Polyadenylation se q u en ce : b a s e s  3806-4020 
f1 origin: b a s e s  4083-4497 
SV40 prom oter/origin: b a s e s  4561-4885  
Neom ycin ORF: b a s e s  4921-5715  
SV40 Polyadenylation se q u en ce : b a s e s  5731-5970 
pUC origin: b a se s  6402-7075
Ampicillin ORF: b a s e s  7220-8080 (C om plem entary strand)

@  Invitrogen
life technologies
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plND(SP1)
5.1 kb

C om m ents for plND(SP1)
5081 nucleotides

Ecdysone/glucocorticoid
R esponse Elements (5x E/GREs): b ases  1-174 

SP1 Enhancer (3x SP1): b ases 185-240 
Minimal Heat Shock Promoter: b ases 241-533 
Multiple Cloning Site, b a se s  534-659 
BGH Reverse priming site: b ases  661-678 
BGH Polyadenylation sequence: b ases  660-874 
f1 origin b ases 937-1351 
SV40 promoter/origin: b ases 1415-1739 
Neomycin ORF: b ases  1775-2569 
SV40 Polyadenylation sequence: b ases  2585-2824 
pUC origin: b a se s  3256-3929
Ampicillin ORF: b ases  4074-4934 (complementary strand)

@  I n v i t r o g e n
life technologies
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Biochemical and Biophysical Research Communications

Bqlll ( i f  Acct& ?*^(j

Hindlll

iNnei / s 4i 'V"
A m pR INTRON

MCS
p E F I R E S - P

Hindlll

BamHI

lefl Inverted term inal rep ea t 1-103  
encap»idation signal (IS) 163-331 
m ultiple cloning site 3-5-40**
Ad5 right arm  hom ology 4 la -2 6 5 2  
Ad5 left arm  hom ology 27C 1-3560  k a n a m y c i n

right inverted term inal rep ea t 3 3 8 1 -3 6 8 3  
plR 322  origin 336”- i3 3 4  
kanam ycin resistance ORP 53 6 3 -6 1 3 *

pBR322 ori

p S h utt le  M u lt ip le  C lo n in g  Site R e g io n  
(sequence show n 299-d59)
Fonward p rtm * ' binding  t*U
GAAGTGAAATCTGAA*AATTTTQT3TTACTCATAGCGC3TAATACT

L-l IK

pShuttle
6 . 6  kb

right arm homology

R -IT R

Pm * I

eft arm ho m o lo g y

Ke-1 Noll X*io I Xbs I EeoRV Hindlll Sol I i|i i  i i i  i i  r
. . .03TACCGCGGCCGCCTCQA3TC-AGAGATATC0AATTCAAGCTTGTCQACTCGAAGATCT.. .

R*v»r>» pnm *r binding  tir*
. GGGC3T33TTAAGGG~GGGAAA3AATATATAAGGTGGG3GTCTTA~GTAG~TTT3
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left inverted term inal re p e a t ' —103 
encap sid a tio n  signal (CS) 183-331 
CMV prom ote r 3 4 5 -9 3 2  
P-galactosidaoe (lacZ) ORP 9 6 7 -4 0 1 4  
SV40 polyA 4 2 1 7 -4 4 4 4  
Ad5 right arm  hom ology  4 4 5 3 -6 6 9 2  
Ad5 left a rm  hom ology  6 7 4 0 -7 6 1 9  
righl inverted  term ina l re p e a t 7 6 2 0 -7 7 2 2  
pBR322 origin 7 9 2 6 -8 5 9 3  
kanam ycin  resis tance  ORP 9 4 0 2 -1 0 1 9 3

L-ITR

kanamycin
P CMV

pBR322 ori
pShutt le-CMV-lacZ

1 0 . 7  k b

lacZ

left amn h o m o lo g y  

Pme I

right arm h o m o lo g y

S V 40  pA

pBR322 origin 1854-2521  
ampici llin res is tance  (bfa) ORF 2 6 6 9 -3 5 2 9  
A d5 right arm  h o m o lo g y  3 6 9 5 -5 7 0 0  
Ad5 left arm  h o m o lo g y  3 2 4 6 2 -3 3 4 5 0

pBR322 on 
rompicillin

lA /Cla f
left orm hom ology]/P oe I1

right arm homology

pAdEasy-1
3 3 .5  kb

Ad5 (E 1/L3-deleted!
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DNA Ladders:

1 kb 
DNA Ladder

1 0 .0  kb 4 2  ng

8 .0  4 2  ng

no
B.O

4 .0

50  ng 
42  ng 

3 3  ng

3 .0  1 26  nil

• 2 ,0  4 8  ng

1,5  3 0  ng

1.0

1.0% tae
A g n ro tn  G#l

4 2  ng

4 2  n g

A, Hind Ill-d ig ested  
D N A  Ladder

23,130

-  y.4i6
-  6.557

-  4 .3 6 !

-  am
-  2 027

262


