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ABSTRACT

Historically, cytotoxic therapies have provided the greatest advances in the 

treatment of malignant disease. Although some cancers are curable, many are not. 

Chemotherapeutic drugs rely upon the induction of a phylogenically old, cell suicide 

programme termed apoptosis for their efficacy. Apoptotic sensitivity is associated with 

curability, whereas, intrinsic resistance plays a major role in limiting therapeutic 

effectiveness. Mitochondria, the centres for aerobic respiration in the cell also play a 

pivotal role in regulating apoptosis. The anti-death proteins Bcl-2 and B c1-Xl localize to 

the outer mitochondrial membrane, and are expressed at high levels in many resistant 

malignacies compared with normal tissues. These proteins contribute to resistance by 

blocking apoptosis, and therefore represent valid targets for the development of novel 

inhibitory strategies.

This thesis presents two strategies with therapeutic potential for antagonizing the 

anti-death action of Bcl-2 and B c1-Xl in haematological and epithelial malignancies. The 

first, involves the suppression of Bcl-2 and B c1-Xl gene expression by antisense 

oligodeoxynucleotides in vitro and in vivo. Mathematical models of antisense 

pharmacology are presented. The second, targets the mitochondrial megachannel that is 

intimately involved in apoptosis, and is regulated by binding to Bcl-2 and B c1-Xl . In 

order to quantitatively measure the putative apoptosis sensitizing efficacy of these 

approaches at single cell resolution, stochastic models are described, enabling robust 

estimation of the distribution of tolerances and latency preceding apoptosis.

The peripheral benzodiazepine receptor interacts with the mitochondrial 

megachannel. Evidence is provided, that Bcl-2 resistant apoptosis sensitization is 

mediated in vitro, in vivo, and ex vivo, by the ligand PK11195, through a mechanism 

involving direct megachannel regulation. This occurs not via the peripheral 

benzodiazepine receptor as previously thought, but through de novo generation of 

reactive oxygen species. Investigations of PK11195 pharmacodynamics, and molecular 

structural studies using proton nuclear magnetic resonance spectroscopy support a novel 

mechanism of action.
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Chapter 1 : Introduction

It cannot but happen... That those will survive whose functions happen to be most nearly 

in equilibrium with the modified aggregate o f external forces.

Charles Darwin, Principles o f Biology (1865)

1.1 THE CLINICAL RELEVANCE OF APOPTOSIS RESISTANCE

1.1.1 Apoptosis is the transducer of cancer cytotoxic treatments

Since the beginning of the second half of the twentieth century, the systemic 

treatment of malignant disease has relied primarily on the use of cytotoxic chemotherapy. 

Yet, for some of the more prevalent cancers there has been little change in the rate of 

survival at five years following diagnosis. In 1946, Gilman and Philips published a 

review of their data on the use of nitrogen mustard for inducing regression in lymphomas. 

This agent, despite its documented haematological and gastrointestinal toxicity, became 

the first clinically used class of chemotherapeutic agent. Introduction of further cytotoxic 

agents followed swiftly, including the anti-folate aminopterin in 1947, methotrexate in 

1949, 6-mercaptopurine in 1952, and actinomycin D in 1954. Since the mid-1960s, a 

substantial number of anti-metabolites, alkalating agents and antibiotics have been 

introduced into clinical practice, which have been based on pharmacophores discovered 

up to two decades previously.

Cytotoxic chemotherapy has had profoundly positive results on many 

haematological malignancies and some solid tumours, particularly germ cell and some 

childhood malignancies. For many prevalent malignancies however, resistance to 

chemotherapy is a major problem. The majority of curable cancers have a low prevalence 

such as childhood cancers, leukaemias, lymphomas, and germ cell testicular tumours. 

Overall, the contribution of chemotherapy to the cure of malignancy has been low.

Accumulating evidence obtained in the last two decades of the twentieth century 

has established that cytotoxic agents employed for the treatment of malignancy owe their 

neoplastic cell killing efficacy to an ability to launch a process termed apoptosis or 

programmed cell death. This is a final common pathway, which has been shown be
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involved in toxicity mediated by chemotherapy, irrespective of the initial 

pharmacodynamic action of the drug e.g. topoisomerase inhibition, or DNA alkylation. 

The term apoptosis first appeared in the literature in 1972 (Kerr et al., 1972), and was 

first termed programmed cell death by Lockshin in 1974 (Lockshin & Beaulaton, 1974). 

Recognition that cell death could occur during a developmental programme had been 

described more than two decades earlier by Glücksmann in 1951 (Glucksmann, 1951).

Cells begin to show features of apoptosis by losing specialized membrane 

structures such as microvilli and desmosomes, which are involved in cell-cell contact; as 

a result, there is separation of neighbouring cells. The plasma lipid bilayer undergoes a 

period of blebbing involving organelle free extensions of membrane-enveloped cytosol 

that undergo reversible extrusion and resorption. Rapid and irreversible condensation of 

cytoplasm follows and this is accompanied by an increase in cell density, compaction of 

cytoplasmic organelles, and condensation of the nuclear chromatin to form dense 

granular caps or toroidal structures underlying the nuclear membrane. The nuclear pores 

disappear from the membrane adjacent to the chromatin condensations, and within the 

nucleus, the nucleolus separates. During these latter changes, the cell splits into a cluster 

of membrane bounded bodies, each containing a variety of organelles that are largely 

conserved.

These features contrast with necrosis in which dying cells swell, and cytosolic as 

well as nuclear structures alter, but the nuclear pores are maintained, as are the hetero- 

and euchromatin. The integrity of the plasma membrane is lost leading to dispersal of the 

cytoplasmic contents into the extracellular space, a process that triggers an inflammatory 

reaction including leucocyte chemotaxis.

1.1.2 Cancer chemotherapv and induction of Apoptosis

In a landmark study by Kaufman in 1989, intemucleosomal DNA fragmentation 

was shown to be induced in HL60 and KGIA leukaemia cells by a variety of cytotoxic 

drugs including etoposide, campothecin, cis-platinum, ara-C, methotrexate, and colcemid 

(Eastman, 1990; Kaufmann, 1989). DNA fragmentation measured by agarose gel 

electrophoresis was shown to be energy dependent (inhibited by 2,4 dinitrophenol), but 

was not blocked by inhibitors of RNA (5,6-dichloro-1 -beta-ribofuranosylbenzimidazole)
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nor protein synthesis (cycloheximide). This led Kaufman to postulate an early and 

general involvement for endonucleolytic cleavage in the pharmacodynamics of cytotoxic 

chemotherapy induced cell death. Since these early studies, the spectrum of cytotoxic 

agents known to be inducers of apoptosis has increased dramatically.

Accumulating evidence supports a role for chemotherapy-induced apoptosis in 

vivo. Thus, Su et al in 1993 demonstrated the ability of retinoic acid treated T cells to 

undergo apoptosis in vivo (Su et al., 1993). Irradiation of the mouse has been shown to 

induce significant amounts of apoptosis in the thymus and in splenocytes (Midgley et al.,

1995), as well as in the epithelial crypts of the small intestine and colon (Potten, 1992). 

Using morphometric analysis of histological sections, Meyn and colleagues demonstrated 

the in vivo apoptosis inducing potency of cis-platinum and cyclophosphamide in murine 

tumour models, including mammary and ovarian adenocarcinomas, squamous cell 

carcinoma, and lymphoma (Meyn et al., 1995). Direct evidence for induction of 

apoptotic cell death in vivo induced by etoposide, m-AMSA and cytosine arabinoside was 

obtained by Darzynkiewicz and colleagues in 1993 in patients undergoing anti-leukaemia 

chemotherapy (Gorczyca et al., 1993). In this study, intemucleosomal DNA 

fragmentation was identified in the leukaemia cells of eleven patients by labelling the 3’- 

OH termini of DNA strand breaks with biotinylated dUTP, a reaction catalysed by 

exogenous terminal deoxynucleotidyl transferase.

Susceptibility to apoptosis has been implicated in the underlying sensitivity of 

tumours to cytotoxic chemo- and radiotherapy. For example, several studies indicate that 

cell lines derived from germ cell tumours undergo apoptosis following exposure to 

relatively low doses of radiation and chemotherapy (Langley et al., 1994; Lutzker & 

Barnard, 1998). Clinically, metastatic testicular germ cell tumours were recognized as 

curable shortly after the introduction of cytotoxic chemotherapy. In the 1960’s the DNA 

intercalator dactinomycin was used to treat patients, with a response rate of 50% and a 

cure rate of 5% being achieved using this single agent. This is in stark contrast to the low 

response rates associated with high-dose and multiple agent chemotherapy used currently 

to treat common solid malignancies such as cancer of the colon and breast.
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1.1.3 Many oncogene mutations arising during clonal evolution confer apoptosis 

sensitivity

Apoptosis is regulated by the expression of certain genes, which determine the 

susceptibility to toxin induced cell death (Thompson, 1995). There is now general 

acceptance that cancer is a genetic disease resulting from the accumulation of mutations 

in the genes that directly control cell birth or cell death. The last two decades of the 

twentieth century saw an explosive growth of cancer genetics with the discovery of many 

genetic alterations, ranging from subtle changes in DNA sequence, to cytogenetically 

identifiable changes such as chromosomal translocations, gains and losses. Genome 

instability has become recognized as a hallmark of oncogenic transformation and is 

reflected in the phenotypical heterogeneity seen within individual tumours and among 

tumours of the same type (Cahill et al., 1999).

Several completely distinct forms of genetic instability have been identified. 

Inactivation of DNA mismatch repair (MMR) genes such as MSH2 or MLHl (Peltomaki 

& Vasen, 1997) represents the best-understood mechanism (Cahill et a i, 1999). 

Inactivation of MMR genes results in nucleotide level instability, most easily observed at 

short sequences of DNA repeat scattered throughout the genome, termed microsatellites. 

Consequently, microsatellite instability (MIN) arises, that is associated with an increased 

rate of mutation (Ionov et al., 1997; Thibodeau et at., 1993). Chromosomal instability 

(CIN) is associated with an aneuploid karyotype (variations in chromosome number) in 

contrast to MIN tumours, which have a diploid karyotype, and appear to be associated 

with mutations in CIN genes (Cahill etal., 1993).

Tumour initiation arises as a result of a single gene mutation in a progenitor cell, 

leading to subsequent mutations and waves of clonal expansion driven by Darwinian 

selection, and giving rise to daughter cells that exhibit a growth advantage (Nowell, 

1976). This evolutionary process depends upon the mutation of oncogenes and tumour 

suppressor genes that directly affect the rate of cell growth or apoptosis (Kinzler & 

Vogelstein, 1996). Mutation of nucleotide excision repair genes, and MMR genes 

accelerate clonal evolution by increasing mutational rate, thus generating the population 

heterogeneity for selective forces to act upon within abnormal tumour 

microenvironments.
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Several oncogenes involved in the dysregulation of the cell cycle and promotion of 

proliferation, are known to promote apoptosis. C-myc, a transcription factor and member 

of the bHLH-zip family is expressed in proliferating cells but not in quiescent cells. 

Ectopic expression of c-myc drive cells into the cell cycle in the absence of external 

mitogens, but also promotes apoptosis. This property is also exhibited by adenovirus 

encoded oncoprotein El A that induces growth promoting and apoptotic function through 

its NH2 terminal domain, via interaction with pocket proteins such as the cell cycle 

regulator, retinoblastoma protein (Rb) and the transcriptional corepressor p300 (CBP).

Inactivation of growth-suppressive pathways is a ubiquitous finding in several 

malignancies, and is associated with apoptosis. For example, mutation of Rb is common 

in cancer (Sherr, 1996), and restrains activation of genes necessary for transition from Gi 

into S phase (Mymryk et a l, 1994; Samuelson & Lowe, 1997). The growth inhibiting 

action of Rb is blocked because of phosphorylation by a pathway involving cyclin D, 

CDK4 and the CDK inhibitor pl6INK4, resulting in entry into the cell cycle. Rb binds to 

and inactivates E2F transcription factors (an evolutionarily conserved family of five 

proteins). E2F proteins heterodimerize with their DPI partners, regulating the expression 

of genes required for the Gi-S transition (Johnson & Schneider-Broussard, 1998). As 

with c-myc, and El A, ectopic expression of E2F forces entry into the S phase obviating 

the need for extrinsic mitogens, and induces apoptosis (Adams & Kaelin, 1996). 

Mutations that prevent antagonism of E2F by Rb, accelerate cell cycle progression (Shan 

et a l, 1996); similarly, loss-of-function mutations of Rb also lead to deregulated entry 

into the cell cycle and apoptosis (Hurford et al., 1996).

Waldman et al showed that cells undergoing p21^'^'^^^°'^ mediated cell cycle arrest 

following induced of DNA damage by chemotherapy or X-irradiation in vitro and in 

vivo, exhibit a markedly different response compared to cells with either loss of p21 or a 

defective p21 response due to an inactivating p53 mutation (Waldman et a l, 1996; 

Waldman et al., 1997). Chemotherapy and X-irradiation cure rates for xenografts of 

HCT1116 diploid colorectal cancer cell lines were lower compared with their isogenic 

p21-deleted derivatives (that were established by homologous recombination).
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Figure 1.1.1 The G/-S restraining function of the pocket protein Rb, its inhibition by cyclin Dl, CDK4 

and pl6(lNK4), and its antagonism of the cell cycle promoting factor E2F.

Mutation of mitotic checkpoint genes has been shown by Cahill et al to be involved 

in CIN, leading to aneuploidy, with hBUBl (the human homologue of the yeast BUBl 

gene) being identified as a mutated target. The observation that some oncogenes involved 

in the control of proliferation can induce apoptosis suggests that growth and apoptosis are 

coupled processes (Harrington et at., 1994). In the dual signal model postulated by 

Gerard Evan and co-workers, activation of cell proliferation primes the cellular apoptotic 

program unless it is prevented by antagonistic survival signals. The exquisite apoptosis 

sensitivity exhibited by many primary tumours following treatment with cytotoxic 

chemotherapy (Evan & Littlewood, 1998; Waldman et a l, 1997) supports an 

involvement of cell cycle deregulating oncogene mutations during the earlier stages of 

neoplastic evolution.

Conversely, evidence suggests that apoptosis regulatory proteins can directly impinge 

on the cell cycle machinery (Brady et at., 1996; Linette et a l, 1996; O'Reilly et at., 

1996). Thus, overexpression of the pro-apoptotic protein Bax promotes entry into the cell 

cycle by accelerating entry into the S phase (Brady et a l, 1996) whereas the anti- 

apoptosis protein Bcl-2 delays entry into S phase (Brady et a l, 1996; Linette et al,

1996). This activity has been shown to correlate with the levels of a negative

regulator of cyclin dependent kinase (CDK) activity (Polyak et a l, 1994; Toyoshima &
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Hunter, 1994), whereby Bcl-2 delays its degradation and Bax accelerates it. The CDKs 

are positively regulated by cyclins and are required for cell cycle progression (Morgan, 

1995; Norbury & Nurse, 1992). Gill Gomez et al, showed that CDK2 activity is 

modulated by Bax and Bcl-2 (Gil-Gomez et al., 1998), such that its activation results in 

apoptosis. Furthermore, inhibition of CDK2 by roscovitine can inhibit various apoptosis 

pathways (Meijer et al., 1997), whereas its overexpression accelerates it.

Box 1.1 Synopsis of Cyclin-Cyclin Dependent Kinase Regulation of Cell Cycle 

Progression

Background

The central and rate limiting control function in most transitions of the cell cycle is performed by 

protein kinase complexes between two protein species present in equimolar amounts. The catalytic 

subunit is a member of t h e family, first identified in fission and budding yeast as the product 

of genes required to commit cells from the Gi to the S-phase and the rest of the mitotic cell cycle, 

and then again in Gj to determine the cell cycle timing of mitosis (Hayles & Nurse, 1986). The 

second component is a member of the more divergent cyclin family, first discovered in fertilized 

marine invertebrate eggs and originally defined as proteins synthesized in each cell cycle and 

destroyed at every mitosis (Hunt, 1991; Morgan, 1995).

Cyclin Dependent Kinases and their regulation

The founding member of the human CDK family (CDKl or CDC2), was discovered by Lee and 

Nurse in 1987 (Lee & Nurse, 1987), Cyclin dependent kinases (CDKs) are > 40% homologous, 35- 

40K proteins which associate with and are activated by a cyclin regulatory subunit. In the 

monomeric/unphosporylated form, CDKs are completely inactive. The cyclin subunit is the primary 

regulator of CDK activity, a family of proteins which share homology in a 100 amino acid cyclin 

box responsible for CDK binding and activation. CDKs interact with specific subsets of cyclins. 

Cyclin synthesis increases at a linear rate until mitosis when degradation rapidly produces a decline 

in concentration. Cyclin degradation involves the ubiquitin-dependent proteolytic machinery.

CDK activation by cyclin binding and CAK phosphorylation

Cyclin dependent kinases (CDKs) trigger the major transitions of the cell cycle and are catalytically 

regulated post-translationally at a conserved threonine phosphorylation by the CDK activating kinase 

(CAK). CAK contains the catalytic subunit CDK7 and is a multi-subunit enzyme; cyclin H is a 

major subunit required for CAK activity. CDK activation by CAK is not rate limiting during cell 

proliferation, but rises and falls in parallel with cyclin binding.
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CDK inactivation by phosphorylation: G2-M checkpoint associated with DNA damage

P3 4 CDC2 , is the universal M phase promoter (Riabowol et a i,  1989), and is regulated by 

phosphorylation of two NHz-terminus residues leading to inhibition of CDK-cyclin (A/B) complexes 

and block of G2-M transition (Draetta & Beach, 1988; Draetta & Beach, 1989). P34‘̂‘*'̂ -̂cyclin B is 

maintained in an inactive state by Thr 14/Tyr 15 phosphorylation, which delays entry into mitosis until 

the end of G2, when dephosphorylation activates p34^^^. Weel phosphorylates Tyrosine 15 (Y15), 

whereas Mytl phosphorylates Thr 14 (Fattaey & Booher, 1997) Mytl and Weel are therefore 

repressors of mitotic entry (Heald et a l,  1993). P34®'^ is dephosphorylated at Thr 14 and Tyr 15 by a 

dual specificity phosphatase termed CDC25 which increases in activity during mitosis due to NH2  

terminal phosphorylation.(Gautier et a l,  1991; Kumagal & Dunphy, 1991). P34‘̂‘*̂  ̂directly activates 

cdc25 providing a ballistic mechanism for the abrupt entry into mitosis (Izumi & Mailer, 1993).

Weel/Mytl

Cyclin B; CDKl/p3 4 CDC2 (p.Thr myris) Cyclin B: CDKl/p3 4 CDC2

Cdc25
CDC2 dephosphorylation

M

CDK-cyclin complex inhibitors (CKIs)

P21(WAF-l/CIP-l/CAP20/SDl 1) (Harper et a l, 1993) and p27(KIP-l) (Toyoshima & Hunter, 1994) 

are related proteins with preferential binding to CDK2 and CDK4-cyclin complexes. CDK2 binds to 

cyclin A, D and E and regulates Gl-S transition, P21 and P27. P16(INK4) and pl5(INK4B) are 

specific for CDK4 and CDK6-cyclin complexes.

Acquisition over time of mutations disabling the intrinsic apoptotic machinery, are 

necessary for tumour survival, and lead to a reduction in the efficacy of cytotoxic 

treatments, which in turn is associated with incurability. Strategies aimed at disarming
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intrinsic apoptosis resistance, should therefore provide a general strategy for unmasking 

oncogene mediated apoptosis sensitivity.

1.1.4 Transduction of DNA damage signals during cvtotoxic cancer therapv

DNA damage is the best-defined stimulus of p53-dependent responses in several 

cell types and is coupled to stabilization and accumulation of p53 protein, a nuclear DNA 

binding phosphoprotein that normally exists as a homotetramer or complex of tetramers. 

P53 is a transcriptional activator of a specific set of target genes and can exert 

transcriptional repression, via interaction with transcription factors. It exists in a 

biochemically labile form, which is rapidly degraded (ti/2  = 30 minutes) by ubiquitin. 

Structurally, p53 contains four main functional regions comprising a transcriptional- 

activation domain in amino acids 1-42 and a sequence-specific DNA-binding domain 

(residues 102-292 which are most frequently mutated in cancer). In addition, p53 

contains an oligomerization domain (residues 324-355), and a carboxy terminus of the 

protein (residues 367-393), which non-specifically binds nucleic acids and is important in 

allosterically regulating binding of the central region to DNA in response to diverse 

stimuli.

1 42  102 292 324 355 367 393

NHj D N A  binding domain C O O H

P53 binding

Six mutational hotspots 
> 40% of known missense mutations

Protein-protein
interactions

Figure 1.1.2 structural features of p53.

P53 is functionally inactivated in human cancers with high frequency, through either 

mutation or deletion of the p53 protein, or via gain-of-function leisions affecting the 

Mdm-2 protein which signals p53 for degradation. The tumour suppressor gene locus
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Ink4a encodes P I9"^^ which in turn targets Mdm-2, and is frequently mutated in human 

malignancies, reflecting the direct and indirect effects of somatic evolution on p53 

function (Haber, 1997; Kamijo et al., 1997). P53 mediates two well-described types of 

cellular response. Firstly, growth arrest at either the Gi to S (Gi- S) or G% to M (G2-M) 

checkpoints of the cell cycle, and secondly, apoptosis. Evidence suggests that p53 

induced cell cycle arrest is irreversible (Di Leonardo et al., 1994), resulting in 

metabolically active cells that are unable to undergo DNA replication and mitosis in the 

presence of unrepaired chromosomal alterations. Gi- S arrest results at least in part from 

the p53 regulated synthesis of the cell cycle inhibitor which leads to the

inhibition of cyclin-CDK complexes required to drive the cell from the Gi to the S phase 

(Brown et al., 1997; Brugarolas et al., 1995; Deng et al., 1995; Waldman et a l, 1995). 

However, p21^"^'^^^^^ and P53 independent G2 growth arrest occurs after DNA damage 

(Powell et a l, 1995), and results from the activation of a checkpoint protein kinase Chkl, 

that phosphorylates serine 216 of cdc25 leading to its inactivation and enforcement of the 

G2 -M checkpoint (Buolamwini, 2000; Mailand et a l, 2000; Peng et a l, 1997; Takai et 

a l, 2000). However, Bunz et al, have shown that p53 and p21 are required to sustain G2  

arrest after DNA damage; in the absence of p53 mutation, cells cannot respond normally 

to DNA damage and aberrantly enter mitosis.

Polyak et al have investigated the mechanisms underlying apoptosis induced by p53 

by examining the transcripts induced by p53 prior to the onset of apoptosis using serial 

analysis of gene expression (SAGE), a technique that enables quantitative evaluation of 

cellular messenger RNA populations (Polyak et a l, 1997; Velculescu et a l, 1995). The 

Colorectal cell line DLD-1, that undergoes apoptosis in response to p53 transfection, was 

infected with a replication defective adenovirus encoding the p53 gene (Ad-p53); RNA 

was extracted from these cells after 16 hours (8 hours prior to the onset of the 

morphological signs of apoptosis). Of the 7,202 transcripts analysed by SAGE, only 14 

transcripts exhibited a tenfold increase in expression in p53 transfected cells compared 

with control cells. These induced transcripts were termed P53 inducible genes (PIGs), 

and were upregulated early after transfection with Ad-p53. Several PIGs were shown to 

encode proteins with activities related to the redox status of the cell.
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Table 1.1.1 p53 inducible genes upregulated in apoptosis

P53 inducible gene upregulated prior to 

apoptosis

Identity

P21

PIGl

PIG2

PIG3

PIG4

PIG5

PIG6

PIG7

PIG8

PIG9 

PIG 10 

PIG 11 

PIG 12

PIG 13

CDK inhibitor 

Galectin 7

Guanidinoacetate N-methyl transferase 

A novel gene highly related to TED2 a plant 

NADPH oxidoreductase implicated in the 

apoptotic process in plant meristems. The closest 

relative in mammals is NADPH-quinone 

oxidoreductase (Greenberg, 1996).

A serum amyloid protein that can be induced by 

oxidative stress

A homologue of proline oxidoreductase, a mito

chondrial enzyme involved in the first step in the 

conversion of proline to glutamate 

Induced by TNF-a

Human homologue of the mouse Ei24 gene 

induced in a p53 dependent manner by etoposide 

(Gu et al., 2000; Lehar et a i, 1996)

Tax-1 binding protein 

Actin binding protein 

Unknown

A novel member of the microsomal glutathione-S-

transferase family of genes

Unknown

Since the PIG transcripts were shown by Polyak et al to be associated with redox 

status of cells, they investigated the reactive oxygen species inducing activity of p53. 

ROS was shown to be induced after transfection with Ad-P53 but not in control cells. 

The production of ROS was temporally associated with the loss of detectable cellular 

cardiolipin, implicating mitochondrial damage due to lipid peroxidation. Transcription 

and translation were not shown to be required for P53 to induce apoptosis, as evidenced
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by the lack of inhibitory activity of 5,6-dichlorobenimidazole riboside (DRB) and 

cycloheximide respectively. P53 induced apoptosis was shown by Polyak et al to depend 

on the generation of ROS and was confirmed by inhibiting P53 induced apoptosis with 

the antioxidant pyrrolidine dithiocarbamate (PDTC) (Orrenius et al., 1996). The specific 

inhibitor of flavin-dependent oxidoreductases, diphenyleneiodium chloride (DPI, 25pM) 

(Holland et al., 1973), inhibited both ROS generation and apoptosis. Bongkrekic acid 

(BA) however, the specific inhibitor of the ATP/ADP translocator of the mitochondrial 

membrane involved in apoptosis (Zamzami et al., 1996b), failed to inhibit ROS 

production following Ad-P53 transfection, but prevented apoptosis. Based on these 

findings, Polyak et al, proposed a three step model for P53 induced apoptosis:

Induction of PIG expression
(Specific gene subset including oxidoreductases)

PIG gene mediated increase in intracellular ROS

Mitochondrial toxicity mediated by ROS
(leakage of mitochondrial factors triggering apoptosis)

This model is consistent the observation that p53 dependent apoptosis in smooth 

muscle cells and irradiation induced apoptosis both involve ROS generation and 

mitochondrial damage (Borek, 1987; Johnson et al., 1996). A corroborative study by Li 

et al, demonstrated a sharp and transient increase in superoxide peaking at 8 hours after 

transfection of HeLa cells with Ad-p53 that was prevented by immediate post

transfection treatment with the anti-oxidants N-acetylcysteine, and 4,5-dihydroxy-1,3- 

benzenedisulphonic acid (tiron), (Li et al., 1999).

P53 belongs to a growing family of related proteins that include p73 and p63 

(Sheikh & Fomace, 2000). Evidence suggests that the transactivating function of P53 is 

not an absolute requirement for apoptosis induction. The identification of a death agonist 

protein of the BH3 death agonist family, NOXA capable of mediating P53 dependent 

apoptosis by Oda et al suggests a role for this protein as an intermediate in P53 apoptosis
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signal transduction (Oda et al., 2000). Further evidence for transactivation independent 

pro-apoptotic activity comes from Green and co-workers, who have demonstrated p53 

induced mitochondrial cytochrome c release and caspase activation (Schuler et ah, 2000).

1.1.5 Somatic Mutation of the Neoplastic Mitochondrial genome

Warburg originally suggested that defects in oxidative phosphorylation played a 

causative role in cancerous growth (Warburg, 1956). Mitochondria are now known to 

play a fundamental role in apoptosis (discussed in detail in section 1.2) and carry a 16 

kilobase circular, double stranded DNA that encodes 13 polypeptides of the 

mitochondrial respiratory chain, 22 transfer RNAs, and 2 ribosomal RNAs required for 

protein synthesis. Because the mitochondrial genome is particularly susceptible to DNA 

damage, being in a region with a high level of reactive species generation, and a low level 

of DNA repair (Beal, 1996; Croteau & Bohr, 2000), Polyak et al sequenced the 

mitochondrial genome (via sequencing of overlapping PCR fragments) from human 

colorectal tumours to examine the mitochondrial patterns of mutation (Polyak et a l, 

1999). In the first study of its kind, 12 somatic mutations affecting eight proteins and four 

RNAs were identified in 10 out of 12 primary tumours that were homoplasmic (present in 

every mitochondrial genome). G residues were preferentially mutated, as this nucleotide 

is preferentially affected by reactive oxygen species (Beckman & Ames, 1997; Cadet et 

a l, 1997; Khrapko et al., 1997). The homoplasmy was observed not only in primary 

tumours but also in cell lines, implicating a selective evolutionary advantage leading to 

predominance of a mutant mitochondrial genome distributed throughout hundreds of 

mitochondria per cell, and 1-10 mitochondrial genomes per mitochondria (Shay & Ishii, 

1990; Wallace etal., 1998).

The kinetics of mitochondrial genomic selection was investigated by Polyak et al, 

who fused DLD-1 cells possessing a T—>C nucleotide substitution at nucleotide 4,216 (C 

variant) with HCT116 cells to produce a fusion of genomes. This allowed selective 

proliferation of mitochondrial genomes leading to dominance in cell fusion studies. The 

initial skew in HCTl 16 mitochondria was reversed by day 5 following cell fusion, with a 

major shift occurring by day 15-60 associated with dominance of the C variant 

mitochondrial genome. Polyak et al proposed that the somatic mutations occurring in the
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mitochondrial genome conferred an increased replicative rate, providing a kinetic 

explanation for mitochondrial genomic selection. Once all of the mitochondrial genomes 

within the cell were replaced, the selective growth advantage conferred could lead to 

clonal selection at the population level

1.2 THE MITOCHONDRIAL REGULATION OF APOPTOSIS

1.2.1 A paradigm shift: from a nuclear to a mitochondrial view of cell death 

The last decade of the twentieth century saw an explosive growth in understanding of the 

underlying molecular physiology of programmed cell death in eukaryotic cells, its 

fundamental role in ontogeny, and its critical involvement in the mode of action of a wide 

range of cytotoxicity inducers. Phylogenetic conservation of this pathway has provided 

investigators with the ability to identify human apoptosis proteins that share homology in 

lower eukaryotes such as cenorrhabidis elegans (yeast).

The mitochondrion plays a critical role in the induction of programmed cell death, 

acting as an integrator of diverse biochemical signals within the cell. Studies in the early 

nineties from Martin Raff’s Laboratory at University College London provided the first 

evidence for the cytoplasmic control of apoptosis in cytoplasts devoid of a nucleus 

(Jacobson et al., 1994). Since those seminal experiments, the mitochondrion has become 

established as the principle integrating centre for death stimuli within the cell.

A tripartite model o f apoptosis

The process of apoptosis can be generally subdivided into three discrete phases. A 

stimulus phase may be defined in which either a toxic insult (such irradiation or chemical 

induced cellular damage), or a physiological stimulus such as ligation of cell surface 

death receptors, signal to an integrating centre (regulatory phase) beyond which, 

commitment to cell death becomes inevitable (the execution phase). In apoptosis, the 

mitochondrion has become recognized as the established control point; with the 

execution phase being dominated by a family of phylogenetically conserved serine 

proteases, known as caspases.
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Overview o f the apoptosis pathways: extrinsic and intrinsic signals

Two major pathways of programmed cell death have been elucidated which 

converge upon activation of caspases. Initiation of the caspase cascade can occur either as 

a direct consequence of extrinsic signalling via death receptor activation, or as a 

consequence of intrinsic signalling secondary to cell damaging events mediated by 

chemicals or ionizing radiation. Many aspects of the intrinsic signalling pathway remain 

to be elucidated. Death is not an inevitability following cell damage; cell cycle arrest and 

DNA repair are decisions available to the cell. Under conditions when a cell is 

overwhelmed by the degree of damage (dosage), the intrinsic signalling from this damage 

is directed into the apoptosis pathway.

A process which is common to both extrinsic and intrinsically signalled apoptotic 

programmes involves the translocation of death agonist proteins of the Bcl-2 family from 

the cytoplasm to the outer mitochondrial membrane following a change in conformation. 

Docking of death agonists induce an increase in permeability in both the outer and the 

inner mitochondrial membranes. An increase in the permeability of the outer membrane 

is accompanied by a release of proteins located within the intermembrane space that 

possess apoptosis inducing activity, termed apoptogenic factors. These proteins include 

the electron transport protein cytochrome C, apoptosis inducing factor (AIF), and 

caspases.

Permeabilization of the inner mitochondrial membrane by death agonist proteins 

of the Bcl-2 family results in the diffusion of solutes with a maximum cut-off of 1500 

Dalton mediated by the formation of a mitochondrial megachannel(permeability 

transition, or PT). This conduit is produced by a multimeric protein structure spanning 

the inner and outer mitochondrial membranes termed the permeability transition pore 

complex (PTPC). The PTPC is localized at sites of contact between the inner and the 

outer mitochondrial membrane, and plays an important physiological role in facilitating 

the import and export of ATP to and from the mitochondrion. In addition, it provides a 

locus enabling kinases to exploit their topographical advantage afforded by localizing to 

regions with high local concentrations of ATP newly exported from the mitochondrial 

matrix.
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Death receptor agonist

C A SPA SE
A CTIV ATIO N

I Death receptor 
activation

i  I
Nuclear Apoptosis

DEATH AGONIST 
TRANSLOCATION

NUCLEUS

MITOCHONDRION

APOPTOGENIC FACTOR  
RELEASE

Figure 1.2.1 A. Extrinsic signalling to the apoptosis pathway involves death receptor activation.

Cell damage

DEATH AGONIST 
TRANSLOCATION

Nuclear apoptosis
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MITOCHONDRION

APOPTOGENIC FACTOR  
RELEASE

Figure 1.2. IB. Intrinsic signalling to the apoptosis pathway involves cellular damage.
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The consequence of opening of the PTPC is a collapse of the inner mitochondrial 

proton gradient. The inner mitochondrial membrane is normally impermeable to solutes, 

in order to provide a barrier to proton diffusion required to establish the electrochemical 

proton gradient that is fundamental for oxidative phosphorylation. Collapse of this 

gradient occurs early during apoptosis and prevents the cell from being able to generate 

ATP, leading ultimately to bioenergetic crisis and cell death.

Caspases target a large number of substrates, which in turn ensure the rapid 

demise of the cell and include the degradation of genomic DNA the destruction of the 

nuclear envelope, and cell shrinkage. Caspases induce cell surface expression of 

phosphotidylserine (Fadok et ah, 1992). This process plays an important role in vivo, 

enabling the recognition and removal of apoptotic cells by macrophages at an early stage 

before loss of plasma membrane integrity. This ensures that cell loss in vivo is a non

inflammatory process (Ashman et al., 1995; Fadok et al., 1993).

The caspase family

Caspase 1 (interleukin-p converting enzyme, ICE) was the first member of the 

caspase family to be identified as a novel cysteine protease. Its homology with the death 

protein CBD3 in caenorhabditis elegans, initiated studies into its involvement in 

programmed cell death (Yuan et al., 1993). ICE cleaves pro-interleukin-p at A spll6  Ala 

117 to give the mature form, and has been shown to be involved in the regulation of pro- 

inflammatory cytokines. Caspase 2 (Nedd2/Ichl) was next discovered as a homologue of 

ICE and found to be able to induce apoptosis by overexpression in fibroblasts (Kumar et 

al., 1994). Caspase 3 (CPP32), a key executioner of apoptosis was next discovered as a 

homologue of ICE and Nedd2, that is highly expressed in lymphocyte cell lines, and was 

shown to be a complex of two subunits p22 and p l l  forming the active enzyme 

(Fernandes-Alnemri et al., 1994). Since the discovery of ICE, 14 members of the caspase 

family have been discovered (shown in the table below).
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Table 1.2.1 Members of the caspase family

CASPASE SYNONYMS FUNCTIONAL PROPERTIES

Caspase 1 Interleukin-P 

converting 

enzyme, ICE

Key mediator of inflammatory cytokines. Knockouts develop 

normally. No major role in apoptosis. Structure defines a subfamily of 

caspases (Yuan et al., 1993).

Caspase 2 Nedd2, Ichl Overexpression of IchL, induces apoptosis. Caspase 2 splice variant 

(ichS) inhibits apoptosis induced by serum withdrawal. Activated by 

caspase 1, caspase 3 and neutral serum granzyme B (Wang et a i, 

1994).

Caspase 3 CPP32 Non-redundant executioner caspase activated by caspase 9 (see 

section 1.2.3). Recognises the DXXD motif. Caspase 3 mice die at 1- 

3 weeks of age with failure of neuronal apoptosis with hyperplasia, 

ectopic masses, and duplicated brain structures (Kumar et al., 1994).

Caspase 4 ICErelll, TX Member of the caspase I subfamily. RNA found in most tissues 

except the brain. Overexpression results in apoptosis (Faucheu et al., 

1995; Kamens et al., 1995).

Caspase 5 ICE rellll Member of the caspase I subfamily. Overexpression results in 

apoptosis (Faucheu et al., 1996).

Caspase 6 Mch2 Can activate pro-caspase 3 and is a substrate for caspase 3 (and 

granzyme B) thus forming an amplification loop (Kamens et al., 

1994).

Caspase 7 Mch 3 Bifunctional regulator of apoptosis with low expression in the brain. 

The Long form (without its prodomain) can induce apoptosis; the 

short form inhibits apoptosis (Juan et al., 1997; Wang et al., 1997).
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Caspase 8 Mch5, FLICE, Apical caspase of the extrinsic death pathway can activate all family

MACH members (see section 1.2.2) triggered by the DED domain of the

adaptor protein MORTl/FADD (via N terminal domain homologous 

to DED) that binds activated CD95 or CD 120a (TNF receptor). The 

active site has a QACQG motif (Muzio et al., 1997).

Caspase 9 Mch 6 Apical caspase of the intrinsic death pathway with multiple mRNA

forms. Has a QACGG active site pentapeptide and can cleave PARP. 

Induces apoptosis when overexpressed. Caspase 9 is activated by 

caspase 3 and granzyme B in vitro, forming a ballistic loop (Kuida et 

al., 1998).

Caspase 10 Mch 4, FLICE2 Has a QACQG active site, and contains two FADD like DED

stretches in the N terminal domain. Caspase 10 processes all caspases 

and lies near the apex of the cascade (Fernandes-Alnemri et al., 

1996).

Caspase 11 A proinflammatory cytokine of the ICE subfamily (Schotte et al.,

1998)

Caspase 12 Mediates endoplasmic reticulum specific apoptosis. Deficiency does

not prevent apoptosis by other stimuli. Activated by calcium-activated 

m-calpain (Nakagawa & Yuan, 1999; Nakagawa et al., 2000).

Caspase 13 ERICE Member of the caspase I subfamily. Cleaved by caspase 8, involved

in CD95 mediated cell death (Humke et al., 2000).

CASH Can interact with MORTl/FADD via an N terminal DED like

domain. Lacks conserved active site residues, involved in the 

regulation of CD95 and CD 120a (Goltsev et al., 1997).

Phytogeny o f the caspase family

Human caspases fall into two families related to either the ICE or CED 3 subfamilies 

based on the full-length proenzyme structure (figure 1.2.2).
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ICE subfamily

CED 3 subfamily

Caspase-5 (QACRG)

Caspase-4 (QACRG)

Caspase-1 (QACRG)

■ Caspase-7 (QACRG)

Caspase-3 (QACRG)

Caspase-6 (QACRG)

Caspase-8 (QACQG) 
Caspase-10 (QACQG)

Caspase-2 (QACRG) 
Caspase-9 (QACGG)

Figure 1.2.2 Dendrogram showing the distribution of caspase homology between the ICE and CED 3 

subfamilies. The active site pentamer motifs are shown in brackets.

Caspase structure and activation

The inactive pro-enzymes of the caspase cascade possess an N terminal pro

domain that is cleaved at an Asp-X cleavage site (aspartate residue). The proenzyme 

possesses two subunits, a large (approximately 20 kilodalton) N terminal subunit with 

catalytic activity, and a smaller (approximately 10 kilodalton), C terminal non-catalytic 

subunit. The active caspase is formed from the association of two small and two large 

subunits, forming a tetrameric functional protein (see figure 1.2.3).
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Figure 1.2.3 Structure and activation of caspases.

Inhibitors of apoptosis (lAPs): caspase targeting survival factors

The lAP family of proteins act by inhibiting the activity and/or activation of 

caspases, and were originally identified based on homology with the insect baculovirus, 

which upon infection of cells, prevents apoptosis (Deveraux & Reed, 1999). The lAPs 

are structurally characterized by three baculovirus inhibitory repeats (BIRs), and a zinc 

finger domain, which are involved in protein-protein interactions associated with death 

antagonizing function.

Human LAPs include NIAP (Liston et at., 1996), X-chromosome linked lAP 

(XLAP) (Holcik et al., 1996) and survivin (Tamm et a l, 1998). NIAP was discovered as 

the gene that is deleted in the disease spinal muscular atrophy (a neurodegenerative 

condition associated with muscular atrophy and premature death in newborn children) 

(Chang et al., 1997b). Survivin, NIAP and XIAP bind to effector caspases 3 and 7, but 

not the apical caspase 8, and their overexpression can block apoptosis induced by 

anticancer drugs, CD95, bax and caspases (Tamm et al., 1998). Because of the potent 

anti-death activity of LAPs, it has been proposed that these proteins may play an 

important role in the prognosis of several malignancies (Tamm et al., 2000).
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Inhibitors o f lAPs

The regulation of caspases has been recently shown to possess a further level of 

complexity, namely regulation of lAPs by specific protein inhibitors. The mitochondrial 

protein SMAC is a mitochondrial lAP inhibitor that is normally localized to the outer 

mitochondrial membrane, but is released during apoptosis; it requires mitochondrial 

import and cleavage of signal peptide (Du et a i, 2000). The XIAP binding protein 

DIABLO is a cytosolic and membrane bound lAP inhibitor that has been shown to 

promote apoptosis induced by UV light, by directly binding lAPs (Verhagen et al., 2000).

Apoptosis regulation by an death/anti-death protein rheostat

The permeability transition pore complex provides a locus for regulating the 

mitochondrial phase of cell death, whether initiated by the intrinsic or extrinsic signalling 

pathways. Death agonists are inhibited by mitochondrial anti-death proteins of the Bcl-2 

family, which functionally antagonize outer and inner mitochondrial permeabilization, 

effectively preventing the activation of caspases and its sequelae. Bcl-2 and its anti-death 

homologues are localized to the outer mitochondrial membrane. The opposing functions 

of death agonist versus anti-death Bcl-2 related protein homologues, effectively tunes the 

cell’s threshold for apoptosis such that an imbalance in the level of anti-death protein can 

reduce apoptosis sensitivity, whereas an increase in the level of even a single death 

agonist protein can enhance the apoptosis susceptibility. The stoichiometric relationship 

between pro- and anti-death proteins of the Bcl-2 family have been likened to a life-death 

rheostat, enforcing a variable set point, when surpassed can trigger the execution phase of 

apoptosis (Korsmeyer er a/., 1993).

1.2.2 The BH3 domain containing proteins:Death agonists of the Bcl-2 familv

Structural homology o f Bcl-2 related death agonist proteins

The Bcl-2 related death agonist proteins share structural homology in one of up to 

four regions designated Bcl-2 homology (BH) regions (Cory, 1995; Sato et a l, 1994; 

Yang & Korsmeyer, 1996). An additional region of homology located at the C terminus
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is a transmembrane signal sequence that targets the outer mitochondrial membrane, 

endoplasmic reticulum membrane and the outer nuclear envelope (Akao et a l, 1994). 

Bad and Bid are examples of death agonist proteins lacking this membrane targeting 

sequence and are diffusely localized in the cytoplasm. However, TM deficient death 

agonists such as Bad can still localize to membranes by virtue of their ability to 

heterodimerize and antagonize the survival function of membrane bound antiapoptotic 

Bcl-2 related homologues (Yang et al., 1995). Bad and Bid therefore differ significantly 

from their pro-apoptotic counterparts, in that they function through inhibition of their 

anti-apoptotic Bcl-2 related counterparts rather than possessing direct apoptosis inducing 

activity in their own right.

The BHl and BH2 domains are only found in one class of death agonist that 

includes Bax and Bak. The minimum requirement for death agonist function is the 

presence of a BH3 domain. This stretch of 16 amino acids was originally determined as a 

domain in Bak required for heterodimerization with Bcl-2 related anti-apoptotic members 

(Chittenden et al., 1995a; Sattler et al., 1997). The solution structure of a complex 

between B c1-Xl and a 16 amino acid peptide from Bak encompassing the BH3 domain 

reveals an amphipathic a-helix that binds with high affinity via electrostatic and 

hydrophobic interactions to the hydrophobic cleft created by the BHl, BH2, and BH3 

domains of Bcl-Xb (Sattler ef a/., 1997).

This BH3 dependent heterodimerization is abrogated by mutations within the 16 

amino acid stretch that effectively blocks the death-promoting efficacy of Bak. 

Comprehensive structure function analysis of the BH3 domain has revealed two residues, 

leucine 1 and aspartate 6 of an eight amino acid core within the BH3 domain, that are 

cmcial to heterodimerization and death promotion.
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Table 1.2.2 Death agonist proteins of the Bcl-2 family

ACRONYM DESCRIPTION EXPRESSION/FUNCTIONAL PROPERTIES

Bad Bcl-2 associated X protein BH3 only pro-apoptotic protein lacking a C terminal 

TM domain. A high affinity heterodimeric partner for 

B c1-Xl and Bcl-2 that displaces Bax (Yang et a i ,  

1995). Bad is unable to exert proapoptotic influence in 

the absence of heterodimerization and is inhibited by 

B c1-Xl mutants failing to bind to Bad (Kelekar et a i ,  

1997).

Bak Bcl-2 antagonist/killer BHl, BH2, BH3, BH4 and TM containing death 

agonist which requires a conformational change to 

undergo translocation (Chittenden et a i ,  1995b; Farrow 

et a i ,  1995; Griffiths et al., 1999; Ulrich et al., 1997).

Bax Bcl-2 antagonist/killer Bax a  (21kDa), the prototypical death agonist (Oltvai 

et a i ,  1993) encoded by a Ikb mRNA transcript with 

several splice variants (truncated C terminal end), Bax 

P (24kDa) , Bax y, Bax Q

Bel-Xs Pro-apoptotic short form of Bc1-Xl with BHl and BH2 

spliced out

Bid Bcl-2 interacting domain BH3 only death agonist lacking a C terminal TM 

death agonist domain (Wang et a i ,  1996) can uniquely

heterodimerize with anti-apoptotic proteins Bcl-2 and 

Bc1-Xl, as well as Bax, thus exhibiting dual regulatory 

function. Caspase 8 directly activates Bid.
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Bik BH-3 interacting killer, also 

known as BP4, BIPl and 

NBK (Han e ta l ,  1996)

First example of a BH3 only protein. Can complex ElB  

19K and Epstein-Barr BHRF proteins (Boyd et al., 

1995). Its rodent counterpart is Bik (Bik like killer 

protein) and is expressed predominantly in the liver and 

kidney (Hegde et al., 1998).

Bim BH3/TM only pro-apoptotic protein expressed 

predominantly in cells of lymphoid lineage possessing 

three isoforms BimgL , BimL , Bim* products of 

progressive splicing and shortening of the N-terminal. 

Bim, is the most potent death agonist (O'Connor et at., 

1998)

Bod Bcl-2 related ovarian death 

gene

(Hsu et al., 1998)

Bok Bcl-2 related ovarian killer Restricted expression to reproductive tissues and 

preferential binding to Mcl-l and Bfl-1 but not Bcl-2, 

Bc1-Xl nor Bcl-w (Hsu et al., 1997a)

BNIP3 (Yasuda & Chinnadurai, 2000; Yasuda et al., 1998)

Diva Binds APAF-1 and induces apoptosis (Inohara et al., 

1998b)

Hrk A product of Harakiri 91 amino acid BH3/TM only protein expressed in 

haemopoietic (lymphoid tissues), particularly bone 

marrow and spleen (Inohara et a l ,  1997). Its rodent 

counterpart is DPS which is predominantly expressed 

in the nervous system (Imaizumi e ta l ,  1997)

Mtd Induces apoptosis independently of heterodimerization 

with Bcl-2 or Bcl-X^ (inohara ef o/.. 1998a)

NOXA BH3 domain only containing death agonist which may 

mediate PS3 induced apoptosis (Oda et a l ,  2000)
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Death agonist regulation I  : transcriptional activation and repression o f death agonists 

Increased levels of Bax mRNA and protein are induced by ionizing radiation 

mediated by genotoxic stress, depending on the tissue or cell line and the status of the 

tumour suppressor p53 (Kitada et al., 1996; Miyasbita et al., 1994; Miyasbita & Reed, 

1995; Zban et al., 1994). Irradiation induced activity of p53 turns on a consensus site in 

the bax promoter located in the 5’ untranslated region, leading to the transactivation of 

bax gene expression (Miyasbita & Reed, 1995). Mutation of p53 (Ala-143, His-175 or 

Trp- 248) abrogates its ability to bind to the bax promoter site and inhibits its ability to 

induce apoptosis (Friedlander et al., 1996). Vousden and colleagues have shown that p53 

mutant p53-175P a tumour derived point mutant, retains the ability to transcriptionally 

activate the cyclin dependent kinase inhibitor p21 CIP-lAVAF-1, correlating with its 

ability to generate cell cycle arrest. This mutant however, is unable to transactivate 

transcription of neither bax nor insulin-like growth factor binding protein 3, and this 

defective binding and regulation of the bax p53 responsive promoter correlates with 

defective cellular activation of apoptosis (Ludwig et a l, 1996).

Conversely Gfi-1, a zinc finger oncoprotein with six Cys2 ,His2 type zinc finger 

motifs at the C-terminal has been shown to bind to several sites in the bax promoter and 

function as a transcriptional repressor in T cell apoptosis (Grimes et al., 1996). 

Transcriptional repression is mediated by a 20 amino acid N terminal domain (SNAG) 

that is canonical with a nuclear localization domain. The bax promoter contains a TATA 

element and four CACGTG sequences which are potential regulatory sites for c-myc

Somatic mutations mediating repression of Bax expression have been detected in 

colon and stomach adenocarcinomas with the microsatellite mutator phenotype (MMP); a 

cause of exacerbated genomic instability arising from mononucleotide repeats occurring 

in both hereditary and sporadic gastrointestinal malignancies, and resulting in DNA 

replication errors (Rampino etal., 1997; Yamamoto etal., 1999; Yamamoto et al., 1998). 

Frameshift mutations in the bax gene arising from G(8), A(8) and C(8) tracts have been 

shown to account for 50%, 30% and 20% respectively of MMP+ colon tumours. These 

mutations lead to inactivation of the protein by causing a reading frame shift early in the 

coding region prior to the BH3 domain. Other Bax gene mutations such as recurrent
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missense mutations, also occur in gastrointestinal cancers without the MMP (Gil et a l, 

1999; Yamamoto etaL, 1997)

Death agonist regulation II: phosphorylation

The BH3 only death agonist Bad provides a prototypical example of post- 

translational modification and regulation, as a mechanism of anti-apoptotic signalling 

involving growth factor receptors. Bad can be phosphorylated in response to the cell 

growth and survival cytokine interleukin 3 at serine residues located within the consensus 

binding site for the cytosolic protein 14-3-3 (del Peso et al., 1997; Zha et al., 1996). 

Interleukin 3 binds to its receptor at the plasma membrane resulting in the activation of 

class Ia phosphoinositide 3-kinases (PI3 kinases), a family of lipid kinases which 

phosphorylate phosphoinositide, phosphoinositide (4) phosphate, and phosphoinositide 

4,5 diphosphate, to generate their D3 phosphorylated inositide second messengers 

(Vanhaesebroeck et al., 1997). PI3 kinases have been implicated in anti-apoptotic 

signalling in different systems including neuronal and haemopoietic cells, and can block 

apoptosis induced by c-myc (Kauffmann-Zeh et al., 1997; Scheid et a l, 1995; Yao & 

Cooper, 1995). The non-receptor tyrosine kinase ppl25FAK ( a Focal Adhesion Kinase) 

has a central role in regulating a number of signalling pathways from the extracellular 

matrix. Autophosphorylation of ppl25FAK leads to recruitment of several proteins 

including PI3 kinase (Chen & Guan, 1994).

PI3 kinase indirectly phosphorylates the serine-threonine kinase, Akt (or protein 

kinase B/ RAK-PK) at critical regulatory residues. Akt contains a pleckstrin homology 

(PH) domain, which binds phosphotidylinositols. Binding of PIP2  recruits Akt to the 

plasma membrane where it is partially activated via the PH domain due to a PIP2 induced 

conformational change; mutations of Akt leading to loss of the PH domain, prevent its 

activation (Klippel et a l, 1997). If the PH domain is however, substituted with a 

myristoylation site, Akt is constitutively targeted to the plasma membrane leading to P13 

kinase independent Akt activation (Franke et a l, 1997). Phosphorylation of Akt at Thr 

308 and Ser 403 by phosphoinositide dependent kinase 1 (PDKl) represents one of a 

group of kinases, which fully activate Akt (Alessi et a l, 1997; Belham et al., 1999; Meier 

& Hemmings, 1999). Activated Akt/PKB then phosphorylates Bad at ser 136 within the
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BH3 domain, preventing it from heterodimerizing with Bcl-2 or B c1-Xl and ensuring its 

cytosolic sequestration to 14-3-3 (Zhaera/., 1996).

IL3

i

Plasm a m em brane
IL3R

inactive

Bad

PDK-1
M em brane recruitm ent o f A K T by PIP, phosphatase

AKT phosphorylation

Bcl-X
Heterodimerization and antagonism of Bel

Mitochondrial outer membrane

F igure.! .2 .6  Inactivation o f  B ad by cytokine regu la ted  phosphorylation .

PI-3 kinase independent Bad phosphorylation

Scheid and Duronio have provided evidence that Bad can still be phosphorylated in 

the absence of functional PI-3 kinase that has been specifically inhibited with LY294002, 

during anti-apoptotic signalling via the granulocyte macrophage colony stimulating factor 

(GM-CSF) receptor. Using PD98059, a specific inhibitor of mitogen activated protein 

kinase/ERK kinase 1 (MEKl) and MEK2, they showed that GM-CSF induced Bad 

phosphorylation could be inhibited, thus supporting a PI-3 kinase independent, MEK 

dependent regulation of Bad activity (Scheid et a i, 1995)

Death agonist regulation III: death receptors signal to mitochondria and caspase 

pathways

Metazoan cells have evolved a system for triggering apoptosis directly from an 

external trigger, a process particularly important during ontogeny of the immune system.
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Ligation of death receptors by death ligands specifically transmits apoptosis signals upon 

ligation leading to the rapid activation of caspases. Death receptors are members of the 

tumour necrosis factor receptor (TNF-R) family and possess two homologous intra- and 

extra-cellular domains. Similarity among the death receptors exists in the homologous 

cysteine rich extracellular domains and cytoplasmic sequence, termed the death domain. 

CD95 (Fas,Apo 1) binds CD95 ligand, a homotrimeric molecule which simultaneously 

binds three CD95 molecules. NMR and mutagenesis studies have shown that CD95 

ligation leads to a clustering of the receptor’s death domains. CD95 and CD95L are 

involved, as are members of the tumour necrosis factor receptor (TNF-R) family. 

Homologous death receptors include TNFRl (p55 or CD 120a) which is bound by TNF 

and lymphotoxin alpha, death receptor 3 (DR3, Apo3, WSL-1, TRAMP or LARD) bound 

by Apo 3 (Apo 3L, TWEAK), death receptor 4, and death receptor 5 (DR5, Apo-2, 

TRAIL R2, TRICK 3 or KILLER) which binds Apo 2 ligand (Apo 2L, TRAIL).

Adaptor proteins associate to clustered death domains

Adaptor protein termed FADD (Fas associated death domain, Mort-1) binds 

through its death domain to the clustered death receptor domains. FADD contains a death 

effector domain that in turn, binds to an analogous domain repeated in tandem within the 

zymogen form of caspase-8 (FLICE or MAC). The death effector domain interaction 

between FADD and caspase 8 is a prototypical example of the homophilic interaction 

between caspase recruitment domains (CARDs) found in several caspases with large 

prodomains such as caspases -2,-8,-9,and -10. Once recruited to FADD, caspase-8 

oligomerizes driving its own activation through self-cleavage.

A change in death agonist conformation precedes mitochondrial translocation

Bax moves from the cytosol to the outer mitochondrial membrane during thymocyte 

apoptosis (Hsu et a l, 1997b) suggesting regulation of bax localization during apoptosis. 

Using a green fluorescent protein-Bax fusion gene construct and confocal microscopy to 

image COST kidney cells and L929 fibroblasts, Youle and colleagues have shown that 

GFP-Bax fusion protein constitutively localizes within the cytosol. On induction of 

apoptosis with staurosporin however, movement of GFP-Bax to mitochondria occurs
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rapidly, being complete within 30 minutes (Wolter et al., 1997). This group demonstrated 

that mutagenic elimination of the C terminal anchor sequence prevents translocation and 

blocks the proapoptotic action of bax, supporting an essential functional role for the 

transmembrane domain. In contrast, Vallette and colleagues have shown that the C- 

terminus is not an essential addressing/anchor signal during apoptosis, rather, a 

conformational change associated with loss of protease sensitivity (Tremblais et a l, 

1999).

Exposure o f an N  terminal epitope is associated with Bax conformational change

Conformational changes in Bax can be induced by different detergents, which expose 

parts of the protein (Bennett et a l, 1994). Four conformational states have been 

described. In the absence of detergent or in the presence of Chaps, Bax assumes a 

monomeric soluble state without exposure of the 6A7 epitope in the amino acid sequence 

PTSSEQI in the N terminal (residues 13-19). In the presence of detergents W-1 or Tween 

20, Bax can undergo heterodimerization but not homodimerization nor exposure of the 

6A7 epitope. In the third state, exposure to sodium cholate leads to heterodimerization 

with exposure of the 6A7 epitope. In the fourth state, in the presence of triton X-100, 

triton X I14, or Nonidet NP40, Bax is able to undergo homodimerization, 

heterodimerization and exposure of the 6A7 epitope.

The monoclonal antibody 6A7 does not bind the N terminus of Bax in healthy cells, 

but does so after the conformational change associated with membrane insertion. Youle 

and colleagues have suggested that the C-terminus fits into the N terminus leading to a 

concealing of the N terminal 6A7 epitope. In the Bax homologue Bc1-Xl, the X ray 

structure has been determined up to residue 197, beyond which the structure of the C 

terminal is unknown. However, the C and N termini lie in close proximity (figure), and it 

has been postulated that the C terminus lies across both the BH3 domain and part of the 

N terminus (containing the PTSSEQI tract).

John Hickman’s group has shown that Bak also exposes an N terminal epitope 

recognized by a monoclonal antibody termed Abl during apoptosis, which is otherwise 

completely concealed prior to stimulation with the agents dexamethasone, etoposide or 

staurosporin (Griffiths et a l, 1999). This finding provides further evidence for a
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constitutive interaction between C and the N termini, which is lost upon triggering of 

apoptosis due to a change in conformation.

Enforced homodimerization of Bax is sufficient to induce mitochondrial translocation 

and induction of apoptosis (Gross et al., 1998). Durum and colleagues have shown that 

an increase in pH to 7.8 or higher induces a conformational change in Bax that is 

associated with increased protease sensitivity, exposure of a hydrophobic domain in the C 

terminus, and exposure of N terminal epitopes (Khaled et al., 1999). Mutagenesis of bax 

leading to the elimination of acidic amino acids in the C and N termini induces the 

conformational change similar to that of alkaline pH.

A critical serine residue determines C-terminus conformation during Bax translocation

Youle’s group in National Institutes of Health have shown that point mutations in the 

hydrophobic C-terminus of Bax can dramatically modify the mitochondrial targeting 

activity of this protein (Nechushtan et al., 1999). Selective deletion of as few as five 

amino acids from the hydrophobic region (comprising 21 amino acids) is sufficient to 

inhibit GFP-Bax translocation to mitochondria, with Ser 184 being the most important 

residue in controlling Bax subcellular localization. Conversion of Ser 184 to Valine 

(containing an aliphatic side chain) or deletion leads to complete translocation of Bax to 

mitochondria in healthy cells. On the other hand, substitution of Ser 184 with either 

positively charged (histidine, lysine), or negatively charged amino acids (glutamate or 

aspartate, with acidic side chains), produces constitutively cytosolic Bax localization. 

Alanine substitution has an intermediate effect with a partially diffuse and localized 

subcellular distribution of GFP-Bax, whereas charged amino acid substitutions of Ser 184 

prevent staurosporin induced mitochondrial localization.

Youle’s group constructed a 21 amino acid Bax hydrophobic tail-GFP fusion protein 

(GFP-21), which exhibited a diffuse cytosolic distribution. This was converted to a 

punctate mitochondrial distribution for the Seri84 mutated form (GFP-20) in the absence 

of an apoptotic stimulus (Nechushtan et al., 1999). The cytotoxic effects of Ser 184 

mutated Bax proteins correlated with their ability to localize to mitochondria, thus 

mutants with no mitochondrial association failed to exhibit toxicity in transfected cell 

lines. Furthermore, no evidence of saturable binding to mitochondria was identified that
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could be competed with the truncated GFP-20 constructs. Histidine was able to 

functionally substitute for serine, and no evidence of serine phosphoi-ylation was found 

before or after cell death.

N-terminal
B c 1 -X l ,

'“’v .

/
Hydrophobic C terminal

Figure 1.2.7 P repared  with the program m e Cn3D (version 2.5) view ing the X  ray structure o f Bcl-Xi, 

showing the rela tive adjacent proximit}- o f  the C and N  termini

Bid effects apoptosis via induction o f a conformational changes in Bax and Bak

Jean-Claude Martinou's group in Switzerland have reported that during staurosporin 

induced apoptosis in He La and cerebellar granule cells, the exposure of the NH2 terminal 

domain of Bax by Bid occurs, which is prevented by Bcl-2 and Bcl-Xi, but not by caspase 

inhibitors (Desagher et al., 1999). A monoclonal antibody against N terminal amino acids 

1-21 of Bax (encompassing the 6A7 tract) exhibited Bid concentration dependent 

immunofluorescence that was reduced one log-fold by the Bid mutant BidMlll-3 

(Gy4 ^ A ) , which exhibits reduced binding to Bax but not Bcl-2 nor Bcl-Xi. The mutant 

BidMlll-1 (My7 ,D9 8^A ,A ) that retains wild type affinity for Bax was as effective as wild 

type Bid in inducing exposure of the NH2 terminal epitope of Bax.
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Desagher et al showed that Bcl-2 and B c1-Xl can block Bid induced N terminal 

conformational changes in Bax. The effect is mediated through direct interaction with 

Bax, since a mutant of B c1-Xl in which glycine was substituted for an alanine (Bcl- 

Xijm:Gi3 8 ->A), allowed binding to Bid but not to Bax, and was unable to prevent Bid 

induced cytochrome C release (Desagher et al., 1999). The ability of Bid to induce 

cytochrome C release in HeLa cells was reduced but not abolished in the Bax deficient 

tumour cell line, LSI80. Release of cytochrome C by Bid was reduced one log fold, but 

not abolished, suggesting possible interaction with another pro-apoptotic protein. 

Exposure of an NH2 epitope in Bak (amino acids 1-52) was induced by Bid confirming 

the multiple targeting of Bcl-2 related death agonists by Bid during the induction 

apoptosis (Desagher et al., 1999). Bax oligomerization following the binding of Bid has 

been shown to precede Bax integration into the mitochondrial membrane (Eskes et al., 

2000).

Proteinaceous cytosolic factor facilitates Bax translocation

Considerable evidence exists supporting a role for conformational change in the 

translocation of Bax to the outer mitochondrial membrane. The role for cytosol in the 

regulation of death agonist trafficking to membranes has been revealed in independent 

studies from the Labs of Yoshihide Tsujimoto and Donald Newmeyer (Kluck et a l, 

1999; Nomura et al., 1999b). Tsujimoto’s group showed that etoposide, anti-FAS 

antibody, hydrogen peroxide, and nitric oxide donor, all induce Bcl-2 inhibitable and 

caspase inhibitor resistant translocation of Bax to mitochondrial membranes (Nomura et 

a l, 1999b). The cytosol from HeLa and Bcl-2 hyperexpressing HeLa cells were used for 

cell free studies of Bax translocation to isolated rat liver mitochondria. Bax showed more 

efficient translocation to mitochondria in the presence of apoptotic cytosol, whereas 

HeLa Bcl-2 cytosol inhibited translocation. Furthermore, immunodepletion of Bid did not 

affect the ability of cytosol to modulate Bax induction of cytochrome C release 

suggesting a novel cytosolic factor. Murphy et al, have shown that overexpression of Bcl- 

2 can prevent the N-terminal conformational change and translocation of Bax, implying 

that the antagonism of death function by Bcl-2 is in part exerted in a non physically
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interacting pathway that interferes with the events that lead to the conformational change 

in Bax (Murphy et a l, 2000a; Murphy et a l, 2000b).

1.2.3 Initiation of the Apoptotic programme I: loss of the inner mitochondrial 

membrane potential

Cytochrome C is an apoptotic protease activating factor released from mitochondria

The role for cytochrome c in the induction of the apoptotic programme was 

elucidated by Wang’s group in 1996 who simultaneously demonstrated a requirement for 

dATP and a 15kDa apoptotic protease-activating factor 2 (apaf-2) (Liu et a l, 1996). They 

prepared 100,000g cytosolic supernatant (s-100) from suspension cultures of HeLa cells 

and initiated apoptosis by the addition of deoxyadenosine-5-triphosphate (dATP). 

Apoptosis was measured by caspase 3 cleavage (splitting of a 32k Dalton precursor 

protein into 10k Dalton NH2 -terminal and 20 kilodalton COOH terminal fragments 

measured using western blotting, and employing a 20kDa specific monoclonal antibody), 

and DNA fragmentation of hamster liver nuclei. Apoptosis was not induced 

spontaneously in HeLa S-100 or after addition of nucleotides except for dATP or dADP.

A 15 kilodalton protein, which purified from HeLa S I00 supernatant, exhibited a 

pink colour prompting measurement of its spectrophotometric absorbance, which 

exhibited peaks at 415, 520 and 549nm wavelengths, a spectrum shared by the reduced 

form of cytochrome c (Margoliash, 1967). Protein sequencing of tryptic peptides isolated 

from the 15kDa Apaf-2 showed 100% identity with human cytochrome c. Cytochrome c 

purified from bovine heart and rat liver were capable of initiating dATP dependent 

activation of caspase 3, and immunodepletion and reconstitution of cytochrome c in the 

cell free experimental system confirmed its functional requirement.

Cytochrome c is encoded by a single copy nuclear gene (Evans & Scarpulla, 1988) 

and is translated on cytoplasmic ribosomes as apocytochrome c. The haem group of 

cytochrome c is attached to apocytochrome c to form holocytochrome c upon its 

translocation into mitochondria (Gonzales & Neupert, 1990). Wang’s group realized that 

the cytosolic requirement for cytochrome c implied a rupture of the outer mitochondrial 

membrane. To test this hypothesis. He La cells were treated with staurosporine, a broad-
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spectrum protein kinase inhibitor and apoptosis inducer (Ruegg & Burgess, 1989). 

Cytosol prepared from the staurosporine treated HeLa and human monoblastic U937 cells 

(using 250mM sucrose to protect the mitochondria from hypotonic shock and outer 

membrane rupture), produced an elevated level of cytochrome c compared with that from 

non-treated cells, confirming for the first time the involvement of cytochrome c release in 

intact cells (Liu era/., 1996). Using a microinjection technique,it was shown that direct 

introduction of cytochrome c into the cytoplasm of various cell types (giving a 

concentration of approximately 20pM), induces apoptosis after 90 minutes (Zhivotovsky 

e ta l,  1998)_

Kinetics o f Cytochrome c release

Using GFP tagged cytochrome c, Douglas Green’s group based in La Jolla have 

demonstrated that the cytosolic release of cytochrome c occurs as a rapid event, 

irrespective of the type or duration of stimulus (Goldstein et a l, 2000). Once initiated, 

release of cytochrome c occurs until all of the mitochondrial content is released, a process 

lasting approximately five minutes. Release is temperature insensitive in the range 24-37° 

and is unaffected by caspase inhibitors (Goldstein et a l, 2000).

Jean-Claude Martinou’s group have shown however, that the mitochondria of nerve 

growth factor (NGF) deprived sympathetic neurons, release cytochrome c but can recover 

cytochrome c if re-exposed to NGF in the presence of an irreversible caspase inhibitor 

boc-aspartyl(Ome)-fluoromethylketone (BAF) (Martinou et a l, 1999). Kinetic analysis 

has shown that NGF dependent cytochrome c recovery period takes 4 days, and is 

blocked by the peptidyltransferase inhibitor cycloheximide, implying a requirement for 

de-novo protein synthesis.

Cytochrome c interacts withApaf-1 in the activation o f caspase-9

HeLa S-100 fractionation by Wang’s group led to the purification of Apaf-1 

(approximately lOpg isolated from 100 litres of HeLa cells) (Zou et a l, 1997). A 130kDa 

apaf-1 protein was trypsin digested into 17 peptides, which were sequenced by mass 

spectrometry and Edman degradation. Degenerate primers encoding two of the protein 

digests were used in polymerase chain reactions to probe a HeLa cDNA library. A 285bp
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DNA fragment encoding one peptide identified two overlapping cDNAs with an 1194 

amino acid encoding an open reading frame, with a calculated molecular mass of 136,088 

Daltons. Protein database analysis revealed 12 WD-40 repeats in the COOH terminal 

segment found in several regulatory proteins, and significant similarities between CED3 

and CED4, proteins required for the apoptotic programme in C.Elegans (Yuan & Horvitz,

1990). The NH2 terminal 85 amino acids of Apaf-1 showed 21% identity and 53% 

similarity with the NH2 terminal pro-domain of CED3, followed by a 320 amino acid 

stretch showing 22% identity and 48% similarity with CED4.

The two longest stretches of amino acids conserved with CED-4 lie at 141-15 and 

227-234 of Apaf-1 and correspond respectively to Walker’s A- and B-box consensus 

sequences for nucleotide binding sites (Walker et a l, 1982). Binding of nucleotides to 

Apaf-1 was confirmed by co-precipitation of y-^^P radiolabeled dATP and Apaf-1. Bound 

nucleotide was identified as dADP suggesting Apaf-1 associated hydrolysis (Zou et al., 

1999). Mutation of four amino acids in Walker’s consensus boxes A and B of Apaf-1, 

blocked dATP binding, confirming the role of this region in dATP binding. Several 

conserved amino acids in the region of CED-4 homology include two aspartate residues 

at positions 250-251 and the isoleucine at position 258 (Chinnaiyan et a i, 1997; Yuan & 

Horvitz, 1992).

NHj
terminal

85

CED 3

WD-40 Repeats
A B

CED 4

412

COOH
terminal

1194

21% identical 
53% conserved

22% identical 
48% conserved
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Figure 1.2.8 Structure of cytochrome C binding protein, APAF-1 showing the CED 3 and CED4

homologous regions.

The interaction between Apaf-1 and cytochrome c was elucidated by Wang’s 

group by first allowing Apaf-1 and cytochrome c to form a complex, then 

immunoprecipitating the complex using a polyclonal antibody against Apaf-1; The 

identity of the complex was determined using immunoblot analysis (Zou et a l, 1997). 

The binding of Apaf-1 to cytochrome is increased by dATP consistent with a stabilizing 

role for dATP of the cytochrome-Apaf-1 complex (Zou et a l, 1999).

Caspase 9 forms a trimeric complex with cytochrome C and Apaf-1

A third apoptotic activation factor, Apaf-3 identified from HeLa S-100 extracts 

and shown to be involved in the activation of caspase 3 in vitro, was identified by 

Wang’s group. Apaf-3 was identified as a member of the caspase family (caspase 9). 

Activated caspase 9 in turn cleaves and activates caspase 3. Depletion of caspase 9 from 

HeLa S-100 cytosol reduced caspase 3 activation, and mutagenesis of the active site of 

caspase 9 (cys287 to ala) also attenuated caspase 3 activation (Li et at., 1997).

The proteolytic processing and activation of procaspase 9 occurs at Asp315 and 

involves an autocatalytic activity. Cytochrome c promotes multimerization of Apaf-1 into 

complexes comprising at least 8 molecules (with an estimated size of > 1.3 mega 

Daltons) (Zou et at., 1999). Once oligomerization has occurred, Apaf-1 can activate 

autocatalytic processing of procaspase 9. Cytochrome c functions to stabilize the 

conformation of Apaf-1 following the hydrolysis of dATP that is required to allow 

multimerization to occur (Zou et at., 1999).

Apaf-1 oligomers facilitate autocatalytic processing of caspase 9 by promoting 

procaspase 9 oligomerization (Srinivasula et at., 1998), such that the ratio of procaspase 

9 to Apaf-1 is 1:1. Caspase 9 can be constitutively activated by the deletion of the WD-40 

domains in Apaf-1, allowing processing of caspase 9 independently of cytochrome c and 

dATP (Srinivasula et at., 1998).

Bax induces release o f cytochrome C from isolated mitochondria

Concentration dependent release of cytochrome c and activation of caspases from 

isolated mitochondria has been shown to be induced by recombinant Bax protein up to a
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plateau concentration of 200pM. The basal physiological level of Bax is approximately 

0.1 pM and can rise one log fold following exposure to chemotherapeutic drugs or y- 

irradiation (Zhan et a l, 1994). The effect of Bax is as similar in its effect on cytochrome 

c release as 150pM Ca^^ (Jurgensmeier et al., 1998). John Reed’s group have 

demonstrated the cytochrome c releasing efficacy of a C terminal truncated Bax protein 

(with deletion of the last 20 amino acids) (Jurgensmeier et a l,  1998). A 16 amino acid 

peptide representing the BH3 domain of Bax was ineffective at releasing cytochrome c in 

isolated mitochondria although it was able to block Bax heterodimerization to B c1-Xl as 

measured by surface plasmon resonance (BIA-core) experiments (Xie et a l, 1998). 

Caspases are not required for the Bax induced release of cytochrome c from isolated 

mitochondria, since the irreversible broad spectrum peptidyl inhibitor Z-VAD.fmk, 

although effective in blocking the processing of caspase 3, does not attenuate cytochrome 

c release. Caspase inhibition by approximately 0.2mM recombinant X-IAP protein, 

(which binds to and inhibits caspases) also fails to block Bax induced release of 

cytochrome c from isolated mitochondria (Jurgensmeier et al., 1998).

Permeability enhancing factor facilitates Bax mediated apoptogenic factor release

Using a xenopus oocyte system, Newmeyer’s group demonstrated Bid and Bax 

induced limited permeabilization of the outer mitochondrial membrane. This Bcl-2 

inhibitable process, leading to the non-specific co-release of several intermembrane space 

proteins, was dramatically enhanced by a macromolecular cytosolic factor, termed 

permeability enhancing factor (PEF) (Kluck et al., 1999). PEF is not able to induce 

permeabilization of the outer mitochondrial membrane by itself, but enhances the outer 

membrane permeability after a pro-apoptotic factor has caused the release of cytochrome 

C. PEF is a large protein greater than 3(X)k Daltons, and is a substrate for caspases.

Apoptosis inducing factor is a novel factor released from mitochondria

Guido Kroemer and colleagues have purified an apoptosis inducing factor (AIF) that 

is maintained in the presence of the caspase inhibitor Z-VAD.fmk (Susin et al., 1999). 

AIF is a protein of molecular mass 57 kilodalton that comprises three domains. The 

cleaved NH2  terminal region carries the mitochondrial import domain. A 27 amino acid
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spacer separating this domain from its carboxy terminal portion shares significant 

homology with several bacterial ferredoxin or NADH-oxidoreductases, but does not 

share homology with any of the components of the mitochondrial respiratory chain. 

Strong phylogenetic conservation exists in vertebrates and non-vertebrate animals, plants, 

fungi, eubacteria and archebacteria (Lorenzo et al., 1999).

AIF immunoreactivity is mitochondrial until loss of outer membrane integrity during 

induction of apoptosis and translocation into the cytosol. Immunodepletion of AIF from 

the pool of intermembrane space proteins blocks AIF induced loss of DNA and 

chromatin condensation from HeLa nuclei. Deletion mutant Al-120 is still functional, but 

not deletions involving more extensive truncation of the NH2 terminal such as A1-351, 

A155-612 (Susin et at., 1999). The effect of AIF on isolated nuclei occurs independently 

of other cytoplasmic factors and is conformation dependent.

1 120

PRO spacer

M ito c h o n d ra ]  lo c a lis a tio n  se q u e n c e B a c te ria l F e rro re d o x in  
N A D H  o x id o re d u c ta se

Figure 1.2.9 Structural features of AIF

Mass spectroscopy reveals a panoply o f proteins released during apoptosis

Patterson et al have shown that loss of outer mitochondrial membrane integrity is 

associated the release of a large number of proteins from the intermembrane space during 

FT (Patterson et al., 2000). Using mass spectroscopy to measure the soluble protein 

composition of supernatants of isolated mitochondria undergoing PT, 79 soluble proteins 

were identified including mitochondrial import proteins (X-linked deafness dystonia
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protein, glucose regulated import protein75), endozepine (an endogenous ligand of the 

peripheral benzodiazepine receptor), catabolic enzymes (arginase 1, sulphite oxidase, 

epoxide hydrolase). In addition, 21 expressed sequence tag matches were identified 

corresponding to undefined transcribed proteins.

1.2.4 Initiation of the Apoptotic programme H: uncoupling of oxidative

phosphorylation during preapoptosis

Cells undergoing apoptosis exhibit a decrease in the mitochondrial 

transmembrane potential (A'Fm) that is generated from the asymmetrical distribution of 

protons and ions on both sides of the inner mitochondrial membrane. This 

electrochemical gradient is indispensable for cellular respiration and mitochondrial 

function (Deckwerth & Johnson, 1993; Vayssiere et al., 1994; Zamzami et a l, 1995a; 

Zamzami et al., 1995b). Collapse of AYm has been observed in different cell types and 

under different apoptosis inducing protocols including deprivation of nerve growth factor 

in sympathetic neurons, as well as exposure to glucocorticoids, tumour necrosis factor 

and HIV (Cossarizza et al., 1995; Deckwerth & Johnson, 1993; Macho et al., 1995; Petit 

et al., 1995). Loss of mitochondrial function is observed in cells enucleated by treatment 

with cytochalasin B, that have been induced to undergo apoptosis by either treatment 

with menadione or via triggering of the Fas pathway (Jacobson et al., 1994; Schulze- 

Osthoff et al., 1994). Such observations have strongly suggested an important role for 

mitochondrial dysfunction in early apoptosis.

Generation o f the proton gradient across the inner mitochondrial membrane

The proton gradient established across the inner mitochondrial membrane 

provides a source of free energy, which is ultimately used by ATP synthase (respiratory 

complex V) to generate ATP, the major energy currency of the respiring cell. The 

electrochemical gradient set up across the inner mitochondrial membrane produces a 

potential difference with a magnitude defined by the Nemst equation (Box 1.2.1).
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BOX 1.2.1 THE NERNST EQUATION

The Nemst equation describes the potential necessary to balance an ionic concentration gradient 

across the membrane such that the net flux of the ion is zero, i.e. the equilibrium potential for that 

ionic species.

RT
zF

log.
H + o

H + i

where R is the gas constant, T is the absolute temperature, z is the valence of the proton (+1), and F is 

the Faraday constant (the number of Coulombs of charge carried by one mole of univalent ion).

In addition to the vital role in ATP synthesis, this potential difference is utilized 

for mitochondrial protein import, maintenance of calcium ion homeostasis, and 

metabolite transport. The total energy of the proton gradient is considerable; it is thought 

to be as high as 250mV across the 5nm thick inner mitochondrial membrane, equivalent 

to 480,000V across one centimetre. This potential difference of the inner mitochondrial 

membrane is termed A'Fm- The passage of electrons between protein complexes within 

the respiratory transport chain localized to the inner mitochondrial membrane, release 

free energy, which is utilized to pump protons into the mitochondrial matrix by passage 

across the inner mitochondrial membrane. The respiratory enzyme complexes differ in 

their affinity for electrons or redox potential (E’o). Conjugate redox pairs (oxidized and 

reduced forms) with the most negative E’o , have the weakest affinity for electrons and 

have a tendency to donate electrons. Conversely, positive redox potentials are associated 

with electron acceptors. Proton-motive force is exploited from the release of free energy 

associated obtained from the passage of electrons along the respiratory chain from 

complex I to oxygen, i.e. along a gradient of successively more positive E'o.
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BOX 1.2.2 The Gibbs free energy release associated with substrate oxidation

The overall standard redox potential of the respiratory chain can be estimated from the partial 

reactions associated with oxidation of NADH by molecular oxygen (0%)

Oxidant Reductant n E'o(mV)

I 0 2  +  2 H +  
2

NAD+

H2O 2 + 820

NADH + I f 2 -420

The net redox potential, is calculated from the difference: A E q =  + 1 1 4 0 n iV

The free energy of oxidation of the reaction is therefore:

AG‘”=~nFAEn =-220kJ

Electrons that are initially donated to the electron transport chain arise from 

reduced nicotinamide adenine dinucleotide (NADH) and reduced flavin adenine 

dinucleotide (FADH). These reduced co-factors are generated from the oxidation of 

metabolic intermediates during carbohydrate metabolism (glycolysis and the 

tricarboxylic acid cycle). Three key enzymes are involved in generating the proton- 

motive force underlying the maintenance of AYm; these are complex I (the 

NADH:ubiquinone oxidoreductase), complex IQ (cytochrome bci), and complex IV 

(cytochrome oxidase). Complex II, the succinateiubiquinone reductase is a component of 

the tricarboxylic acid cycle and transfers electrons from succinate to the ubiquinone pool 

but is not involved in translocation of proteins.
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Molecular mechanisms underlying proton translocation

The mechanism of active proton pumping across the inner mitochondrial 

membrane is best under stood for complex m  and IV. Cytochrome bci has been the most 

extensively investigated cytochrome involved in the delivery of electrons from ubiquinol 

to cytochrome C. This transfer is coupled to proton translocation by a process known as 

Mitchell’s Q cycle mechanism in which the oxidation and reduction of quinols are 

topographically organized within the inner mitochondrial membrane enabling active 

transport of protons into the intermembrane space from the matrix. Cytochrome bCi 

possesses two active sites; the Qi site which receives protons from the matrix side of the 

inner mitochondrial membrane with the concomitant reduction of ubiquinone. The 

second active site termed Qo is involved in the oxidation of ubiquinol and protons are 

released into the intermembrane space facing side of the inner mitochondrial membrane. 

Intramolecular Qi-Qo electron transfer is required to allow this translocation. The Qi site 

is orientated towards the matrix side and the Qo site towards the cytoplasmic side. The Qi 

(acceptor) active site is adjacent to a haem possessing a high redox potential haem (bh 

haem), and in the Qo site, a low redox potential haem (bb haem).

Reduced quinols in complex II transfer two electrons, which are in turn 

transferred via bifurcating pathways (of high and low potentials respectively) within 

cytochrome bci before ultimately reaching soluble cytochrome c. The high potential 

chain involves electron transfer to a membrane anchored iron-sulphur protein (ISP) 

possessing a Reiske type centre (FezSi), and onto cytochrome Ci before being finally 

transferred to soluble cytochrome c. The low potential pathway involves electron transfer 

to the Qi active site via the two haems bL and bn of the cytochrome b subunit. This 

transfer is an electrogenic step, which provides the proton motive force from the released 

free energy. Structural evidence suggests that the Reiske FeS centre moves 

approximately 60° (20 Â) away from the Qo site after its reduction with the first electron, 

bringing it into closer contact with the acceptor cytochrome c, ensuring that the second 

electron passes down the low potential path to the Qi site.
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Figure 1.2.10 Utilization o f the free energy o f electron Transfer fo r proton translocation by cytochrome

bC l

The mechanism of proton translocation mediated by cytochrome oxidase is less 

well understood, but is associated the electrogenic transfer of an electron from soluble 

cytochrome c to the active site containing a haem iron and a copper which reduces 

molecular oxygen to yield two water molecules.

De novo permeability transition produces mitochondrial volume dysregulation

A wide variety of apoptosis inducers produce breakages in the outer 

mitochondrial membrane of Jurkat cells undergoing apoptosis as observed by electron 

microscopy, and this loss of outer membrane integrity is accompanied by matrix swelling 

(Vander Heiden et al., 1997). The mitochondrial matrix is hyperosmolar, and opening of 

a non-specific communication results in influx of water into the mitochondrial matrix due 

to osmosis. The inner mitochondrial membrane contains a large surface area of folded 

cristae, and as a consequence, the osmotic expansion of the matrix leads to swelling and 

relatively greater tension in the outer mitochondrial membrane which possesses relatively 

less surface area, and eventually ruptures leading to the non-specific leakage of 

intermembrane space proteins into the cytosol.
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Mitochondrial membrane potential collapse can occur as late event in apoptosis

GEM cells treated with either staurosporine or ultraviolet light (UVB), release 

cytochrome c prior to collapse of the inner mitochondrial membrane potential (Bossy 

Wetzel et al., 1998) The release of cytochrome c is caspase independent, whereas the 

consequent mitochondrial depolarization is inhibited by the irreversible caspase inhibitor 

Z-VAD.fmk and following initiation of caspase dependent DNA fragmentation, an 

observation that strongly suggests that colloidosmotic swelling and outer membrane 

rupture due to mitochondrial permeability transition, is not a general mechanism 

underlying apoptogenic factor release from mitochondria. However, substantial evidence 

from Guido Kroemer’s group and others, has suggested that mitochondrial depolarization 

can occur as an early event in vitro and in vivo (Zamzami et al., 1995b), and is closely 

associated with apoptogenic factor release, lies upstream of nuclear apoptosis, and as a 

precursor to apoptogenic factor release. Such studies strongly suggest that the temporal 

relationship between inner and outer mitochondrial membrane permeabilization may 

relate to the nature of the inducing stimulus and/or the cell phenotype undergoing 

apoptosis.

Isolated mitochondria that have not been stimulated are incapable of inducing 

signs of DNA fragmentation in isolated nuclei in a cell free experimental model of 

apoptosis. Mitochondrial depolarization and colloidosmotic swelling by treatment with 

one of the PT inducers atractyloside, carbonylcyanide m-chlorophenylhydrazone 

(FCCP/MCICCP), tertbutylhydroperoxide, or diamide, is followed by the appearance of 

DNA fragmentation. Ligands known to inhibit permeability transition such as 

cyclosporin A, monochlorobimane, bongkrekic acid, phosphotyrosine, zinc chloride, and 

aluminium fluoride prevent both atractyloside induced permeability transition and 

nuclear apoptosis (Zamzami et al., 1996a; Zamzami et al., 1996b). Furthermore, 

bongkrekic acid is an efficient inhibitor of apoptosis in thymocytes exposed to 

dexamethasone, irradiation and inhibition of topoisomerase (Marchetti et al., 1996; 

Zamzami etal., 1996b).
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Selective Cytochrome C release can occur in the absence o f PT

Evidence suggests that the opening of the permeability transition pore can occur 

either transiently through repetitive opening-closing (low conductance state), as well as 

for long periods (high conductance state). Halestrap has postulated that the consequence 

of repetitive opening and closing of the pore, is the maintenance of oxidative 

phosphorylation, which provides the ATP required for caspase activation and apoptosis; 

whilst the osmotic shift in water into the hypertonic mitochondrial matrix across the inner 

membrane leads to loss of outer membrane integrity and cytochrome c release (Halestrap 

et al., 2000). Such a process would occur in the absence of mitochondrial depolarization. 

Evidence suggests however, that cytochrome c release can occur independently of other 

intermembrane space proteins; thus, Doran and Halestrap have shown that Bax induces a 

dextran inhibitable release of cytochrome c in the absence of adenylate kinase release, 

that is facilitated by polyaspartate (Doran & Halestrap, 2000). This suggests that protein- 

protein interactions are involved within the contact site, that enables selective release of 

cytochrome c.

1.2.5 Core composition of the Permeabilitv transition pore complex 

Electrophysiology

The permeability transition (PT) pore was originally identified through its 

physiological involvement in calcium cycling. Respiring mitochondria take up Ca^  ̂

indefinitely in the presence of phosphate and external adenine nucleotides, but in the 

absence of these cofactors, undergo permeabilization of the inner and outer mitochondrial 

membranes leading to a release of calcium and matrix solutes; a process that depends 

upon the opening of a calcium dependent pore (Crompton, 1999). The PT was first 

observed by Howarth & Hunter in 1979 (Haworth & Hunter, 1979; Hunter & Haworth, 

1979a; Hunter & Haworth, 1979b). The osmotic behaviour of Câ "̂  and pi treated 

mitochondria suspended in poly(ethylene)glycols showed a sharp cut-off in permeability 

at a molecular weight of 1500 (Hunter & Haworth, 1979b). This had a hydrodynamic 

radius of approximately 1.2nm; the size cut-off of the PT was confirmed subsequently by 

the direct measurement of isotope labelled solute fluxes using a rapid pulsed-flow
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technique as l-1.3nm by Martin Crompton at University College London (Crompton & 

Costi, 1988; Crompton & Costi, 1990).

PT pores appear to function physiologically in a low conductance state that 

involves flickering or transient opening (Crompton & Costi, 1988); the calcium chelator 

EGTA can close PT pores within 50 milliseconds trapping the EGTA in the 

mitochondrial matrix. The frequency of PT pore flicker is determined by matrix Câ '̂  

concentration (Al-Nasser & Crompton, 1986a; Al-Nasser & Crompton, 1986b) with the 

membrane potential unaffected due to the opening of only a small fraction of pores, 

although sucrose can enter the entire mitochondrial population during this state. 

Cyclosporin A and glutathione inhibitable PT pore flicker has been demonstrated in 

single mitochondria using the fluorescent dye tetra-methyl-rhodamine methyl ester 

(TMRME) as a membrane potential indicator. To achieve this. Blatter’s group isolated 

individual mitochondria on coverslips and imaged stochastic, transient depolarizations by 

confocal microscopy lasting from seconds to minutes (Huser et al., 1998).

The PT pore inhibition by the immunosuppressant peptide cyclosporin A was 

originally observed in 1989 by measurement of its inhibitory effects on large amplitude 

mitochondrial swelling (Broekemeier et al., 1989), and corroborated two years later by 

Szabo and Zoratti using electrophysiological (patch clamp) recording (Szabo & Zoratti,

1991). The high affinity of cyclosporin A suggested by the nanomolar concentrations 

required to inhibit PT implicated a specific binding site for cyclosporin A. The target of 

binding of cyclosporin was subsequently discovered to be a 17kDa cytosolic protein, 

which possesses peptidyl-prolyl cis-trans isomerase activity, a member of the cyclophilin 

family (Galat, 1993; Schreiber & Crabtree, 1992). Connem and Halestrap provided 

strong evidence that the mitochondrial matrix contains a specific isoform encoded by a 

separate gene.

Cyclophilin D

Studies from Andrew Halestrap's group suggested that mitochondrial cyclophilin is 

an integral membrane protein that binds to another integral membrane protein, the 

adenine nucleotide translocator (ANT) (Connem & Halestrap, 1994). Connem and 

Halestrap showed that binding of cyclophilin measured by immunoblot analysis of a
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polyclonal antibody raised against the N terminal of CyP using mitochondrial membrane 

after treatment with the PT inducers tert-butyl hydroperoxide, phenylarsine oxide, and 

diamide. A large increase in CyP was noted after this treatment suggesting an increase in 

binding. CyP binding was antagonized by CsA provided that it was added prior to the 

addition of the PT inducer. CyP has a very high affinity for mitochondrial membranes 

with a dissociation constant of 5nM and a second order association rate constant of 

0.9pM’̂  s-̂  consistent with a dissociation half-life of 2.3 x 10̂  ̂ s.

The binding of CyP is not covalent since the SDS PAGE band reacting with the anti- 

CyP antibody is identical in size to that of isolated protein. Once bound to the inner 

mitochondrial membrane, CyP loses its catalytic activity implying binding at the active 

site. The binding of cyclophilin is rapid, occurring within 30 seconds and is not affected 

by PT inhibitors or activators such as bongkrekic acid or atractyloside respectively. It has 

been suggested that CyP binding activates a calcium trigger site.

Cyclosporin A (CsA) is a cyclic undecapeptide with largely unmodified side chains, 

which sits in a hydrophobic pocket in CyP corresponding to the active site (Crompton, 

1999). Residues 1,2,3,9,10 and 11 of CsA provide the CyP binding domain (Alberg & 

Schreiber, 1993; Mikol et ah, 1994). Modification of residue 8 (alanine to dansyl-lysine) 

inhibits binding to CyP and decreases potency as a pore inhibitor (Nicolli et ah, 1996). 

The target of CyP is the ANT via the active site, which is blocked by CsA. The PT 

inhibitory action of CsA is likely to be more complex than simply blocking the binding of 

CyP however, atractyloside induced PT is also blocked by CsA, whereas CyP binding to 

the ANT-voltage dependent anion channel(VDAC) complex is unaffected. One 

suggestion has been steric blockage of solute flux due to binding near the pore entrance. 

An alternative model involves CsA induced shift in the equilibrium of the PT pore 

towards the closed state by inducing a conformational change.

ANT

PT pore opening is highly susceptible to ligands of the ANT (Le Quoc & Le Quoc, 

1988). The ANT substrates ADP, dADP and ATP all interact with the PT pore. When the 

ANT is occupied by transportable substrate, it alternates between two conformations, 

which place the substrate binding on either the cytoplasmic site (c state) or the matrix site
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(m state). The ANT ligand bongkrekic acid binds to the m-state and inhibits the PT pore 

whereas atractyloside and pyridoxal phosphate bind to the c state conformation and 

activate the pore (Halestrap et al., 1998). In reconstituted liposomes, high Câ "̂  induces a 

change in the ANT from an antiporter to a non-selective pore. PT pore activity is rapidly 

reversed by calcium chelation (< 50nm). The conductance of the pore is inhibited at low 

pH with half maximal activity at pH 6.2, which is similar to the PT pore. The current 

voltage relationship (IV plot) shows a reversal potential of 150-180mv similar to the 

dependency of the PT pore on inner-membrane potential; ADP binding enables m to c 

conformational change increasing the rate of PT pore flicker.

Bauer et al have shown that ANT-1 cDNA is a dominant apoptosis inducer in a wide 

variety of transfected cell types (Bauer et al., 2000). ANT transfection increased 

permeability of both the inner mitochondrial membrane (reduced mitochondrial 

membrane potential measured as a reduction in the fluorescence of the potentiometric 

probe, CMX rosamine), and outer mitochondrial membrane (measured by the release of 

cytochrome c using immunoblot analysis). ANT-1 transfection effectively induced DNA 

degradation consistent with activation of caspases. Furthermore, CyP-D was able to 

inhibit apoptosis induced by ANT-1 overexpression.

The ANT is an abundant mitochondrial protein (10% of protein) and a member of a 

family of integral membrane/carrier proteins consisting of three 100 residue repeats 

comprising alternating regions of hydrophobic and hydrophilic residues. They span the 

membrane six times, interrupted by short amphipathic helices. Grimm's group generated 

deletion mutants of ANT in which loss of the TM domains 5, 6 and the last amphipathic 

helix had no effect on apoptosis induction. Reduction in TM domains 4,5 and 6 reduced 

activity by 50%, and removal of domains 3,4,5, and 6 completely eliminated apoptosis 

induction (ANT-1D102). Thus, over half of the ANT-1 protein in mitochondria is 

dispensable for apoptosis induction.

Grimm's group have argued three lines of evidence against the ANT forming a pore; 

firstly, the ability of a deletion mutant missing the COOH terminal half of the molecule, 

but retaining apoptosis inducing activity suggests that monomeric channel formation is 

unlikely. Secondly, ANT-2, which contains 90% homology to ANT-1, is without 

apoptosis inducing activity but should be capable of assembling into a pore. Thirdly,
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ANT-1 is unable to induce apoptosis in yeast, which would be unlikely if the protein 

formed an ion channel.

Despite this argument, compelling evidence exists for the channel activity of the 

ANT. Brustovetsky and Klingenberg showed in 1996 that the ANT could be converted 

into a large cation specific ion channel in the presence of calcium, with multiple 

conductance levels varying from 300-600pS (Brustovetsky & Klingenberg, 1996). This 

channel activity could be reversed upon removal of Câ "̂ , and blocked in the presence of 

bongkrekate. Furthermore, the electrophysiological properties of the channel activity 

described by Brustovetsky and Klingenberg, were shown to coincide with those 

properties of the PT pore (Hunter & Haworth, 1979a; Kinnally et a l, 1989; Petronilli et 

a l, 1989); a finding that has been reproduced by Kroemer and colleagues who have 

shown that purified ANT that has been reconstituted into planar lipid bilayers, responds 

to atractyloside by mediating a low conductance (30pS) channel activity (Brenner et a l, 

2000).

VDAC

A membrane associated CsA binding component of the PT pore was identified by 

Crompton et al, using a Glutathione S transferase CyP-D fusion protein as an affinity 

matrix (Crompton et a l, 1998). Using detergent extracted heart membranes, the affinity 

matrix bound ANT and the voltage dependent anion channel in a 1:1 ratio. The ratio of 

ANT to VDAC was 10:1 in mitochondria suggesting that the CyP-D selectively bound a 

1:1 complex of ANT and VDAC. This suggested a ternary complex of CyP-D-ANT- 

VDAC. When Crompton et al reconstituted the ternary complex of proteins into 

liposomes, addition of calcium and phosphate brought about pore activity (permeability 

to fluorescein sulphonate) which was blocked by CsA suggesting that the core of the PT 

pore comprises the VDAC, ANT and CyP-D (Crompton et a l, 1998).

The voltage dependent anion channel originally described by Colombini in 1979 

controls the flux of metabolites across the outer mitochondrial membrane (Colombini, 

1979). On closure, the channel retains 50% conductance with a diameter of 1.7-1.8nm 

(3.6-3.8nm in the open state) (Colombini et a l, 1987). Rostovtsea and Colombini have 

shown that VDAC reconstituted into phospholipid bilayers is impermeable to ATP in the
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closed state (maintained by voltage clamping), providing a mechanism for the control of 

adenine nucleotide flux. The closed pore is large enough to permit ATP flux, and 

involves a net change in the wall of the pore which changes from +3 to -3 on gating, 

effectively inverting ion selectivity (Zambrowicz & Colombini, 1993). ATP is an anion, 

and is therefore gated not by the physical constraint of pore closure but the electrostatic 

effect of pore charge inversion. The ability to gate ATP appears to be important for the 

regulation of respiration through the supply of small metabolites required for oxidative 

phosphorylation (ADP). In mouse VDAC deficient embryonic stem cells, the absence of 

VDAC reduces respiration by 30% but does not confer lethality (Wu et a/., 1999).

Forte et al originally proposed the beta barrel pore structure of VDAC from 

Saccharomyces cerevisiae (yeast) based on its alternating polar and non-polar residues in 

the primary structure (Forte et at., 1996). The amphipathic patterns represent a common 

structural motif, with homology to bacterial porins and exhibit considerable beta sheet 

secondary structure (Shao et al., 1996). Unlike porins, however which are extremely, 

stable structures, VDAC exhibits conformation transitions in the presence of small 

voltages. It has been suggested that neisserial porin, which can induce apoptosis by 

inducing rapid calcium influx in target cells may be an analogue or precursor of the 

ancient PT pore (Muller et al., 1996).

The peripheral benzodiazepine receptor

Studies in the late 1970s using the benzodiazepine ^H-diazepam identified high 

affinity binding sites within the central nervous system where they were found to be 

associated with the gamma aminobutyric acid receptor chloride ion channel complex 

within synapses (Braestrup & Squires, 1977; Tallman et al., 1980). Binding sites 

exhibiting low affinity for ^H-diazepam were also identified in several peripheral tissues 

including the kidney. The benzodiazepine 4-chlorodiazepam (R05-4864) was shown to 

be 30,000 times more potent at displacing ^H-diazepam in the kidney than the brain 

(Braestrup & Squires, 1977). Gamma-aminobutyric acid and beta carboline which bind 

the central benzodiazepine receptor (CBR) failed to displace R05-4864 from peripheral 

sites in the kidney, implicating a distinct physical site with physiological function 

different from the CBR (Marangos et al., 1982).
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Peripheral benzodiazepine receptor (PER) binding is restricted to mammals 

whereas the CBR is found in reptilian, avian, fish, and amphibian species. PBRs have a 

wide tissue distribution with the highest densities being detected in the adrenal glands, 

yet are virtually undetectable in muscle and gastrointestinal tissue (De Souza et a l, 

1985). The distribution of PER in the adrenal gland shows a striking and restricted 

distribution to the adrenal cortex, with virtual absence in the medulla. (De Souza et a l, 

1985). There have been several reports describing increased expression of PBRs in a 

wide range of malignancies.

Table 1.2.4. Malignancies exhibiting increased expression of the PER

Malignancy References

Hepatic tumours (Venturini etal., 1999) (Venturini etal., 1998)

Breast tumours (Eeinlich et al., 1999; Hardwick et a l, 1999)

Endometrial carcinoma (Eatra & Iosif, 2000)

Ovarian tumours (Eatra & Iosif, 1998)

Prostate carcinoma (Landau et a l, 1998)

Glioma (Ferrarese e ta l,  1994)

Subcellular fractionation studies suggested that the PER might be associated with 

mitochondria (Hirsch, 1984; Marangos et al., 1982; Schoemaker et al., 1983). This was 

also suggested by autoradiographic studies of whole-body sections of neonatal rats 

(Anholt et al., 1985). These studies prompted detailed subcellular fractionation studies on 

adrenal glands by assaying the binding of the radiolabeled PER ligand ^H-PKl 1195 in 

nuclear, mitochondrial, microsomal and cytosolic fractions along with marker enzymes 

for these compartments. A strong correlation between cytochrome oxidase and PER 

expression indicated an association with mitochondria (Anholt et al., 1986). Separation 

of the outer and inner membranes by treatment with digitonin demonstrated that the 

PK11195 binding site was released with monoamine oxidase indicating an outer 

mitochondrial membrane location of the PER (Anholt et al., 1986). Furthermore, the
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behaviour of the PER during solubilization and reassembly suggested that it was an 

integral protein of the outer mitochondrial membrane.

Photoaffinity labelling of the PER with the isoquinoline carboxamide ^H- 

PK14105 labelled a single protein with a molecular weight of 18,000-daltons (Doble et 

a l, 1987). Eecause the outer mitochondrial membrane contains relatively few proteins, 

and VDAC is one of the most abundant proteins, Snyder’s group simultaneously 

photolabelled VDAC (which is photoaffinity labelled by ^"^C-DCCD (N,N’-dicyclohexyl 

carbodiimide)) and the PER (which is photolabelled by ^H-flunitrazepam) and 

demonstrated co-localization (Snyder et a l, 1987). McEnery et al demonstrated a 

functional association between the PER, VDAC and ANT (McEnery et a l,  1992). The 

binding of ^H-PK11195 to the PER was inhibited by eosin-5-maleimide and mercury, 

protein modifying reagents that bind with reduced sulphydryl groups to cysteine. The 

PER contains no cysteine residues to interact with eosin-5-maleimide nor mercury; these 

compounds only label the ANT and VDAC, suggesting an interaction between these 

proteins and the conformation of the PER binding site.

Eenzodiazepines are recognized by VDAC and the ANT, whereas the 18kDa 

PER primarily recognizes isoquinoline carboxamides. The PER is a 169 amino acid 

polypeptide with five potential transmembrane domains predicted by hydrophobicity 

analysis. The 3D structure was predicted using molecular dynamics simulations to be a 

monomeric pore protein (Eemassau et a l, 1993). Papadopoulos et al, used atomic force 

and transmission electron microscopic procedures to investigate the topography and 

organization of the PER labelled with anti-PER anti-serum coupled to gold-labelled 

secondary antibodies (Papadopoulos et a l, 1994). Clustering of the PER into groups of 5 

immunogold particles (that recognized a single epitope on the PER) organized in a ring 

configuration was observed delimiting an area indicative of a single pore with a radial 

diameter of < 50nm. A topographical model was postulated by Papodopoulos et al, in 

which five 18,000 Dalton subunits, one 34,000 Dalton VDAC subunit, and associated 

lipids formed a predicted 140,000 Dalton molecular weight structure; this suggested 

value was close to the 170,000 Dalton digitonin solubilized, photolabelled PER that 

migrated on gel filtration columns (Doble et aL, 1985; Parola et al., 1989).
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Isoquinoline carboxamides compete with nanomolar potency for 3H R05-4864 

binding, suggesting a close interaction between the isoquinoline carboxamide and 

benzodiazepine binding sites. The terminal amino acids have been implicated in 

PKl 1195 binding (Riond et a l, 1991). Riond et al showed that a small region near the 

carboxy terminus of the PER is necessary for R05-4864 binding, by systematically 

replacing segments of the human receptor with segments of bovine receptor. Farges et al 

systematically mutated the PER by PGR using mutated oligonucleotide primers and by 

site directed mutagenesis, in order to determine the topology in the outer mitochondrial 

membrane and regions of the receptor interacting with PKl 1195 and R05-4864 (Farges et 

al., 1994). They showed that a conserved acidic residue in the carboxy terminal and 

valine within the fifth putative transmembrane domain was required for R05-4864 

binding. Three residues in the first cytoplasmic domain were found to be also required for 

R05-4864 binding. PKl 1195 was not affected by mutagenesis of these critical residues 

affecting R05-4864 binding.
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c y to p la s m

m ito c h o n d r ia
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binding

Figure 1.2.11 Residues im plica ted  in ligand binding to the periph era l benzodiazepine recep tor

Cloning and isolation of the 18,000 Dalton PER by incorporation into liposomes has 

revealed that this protein is sufficient for isoquinoline carboxamide binding, but not
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benzodiazepine binding which requires the presence of VDAC, but which by itself does 

not exhibit any drug binding (Gamier et a l, 1994)

Prompted by the observation by Schoemaker et al that benzodiazepine binding in 

the kidney was augmented by perfusion, implicating an endogenous ligand in blood 

(Schoemaker et at., 1983), Snyder’s group in 1987, showed that porphyrins are 

endogenous ligands of the PER displaying inhibition constants (Ki) for competition with 

benzodiazepines, in the nanomolar range. Differential binding to the CBR was shown to 

be associated with 1000 times lower affinity (Snyder et at., 1987; Verma et a i, 1987). 

Protoporphyrin IX exhibited the lowest Ki of around 15nM compared with 

coproporphyrin ID with a Ki of around 1500nM. The structure activity profile indicated 

that the number of carboxylic acids was critical for affinity, with dicarcarboxylic acid 

porphyrins having the highest affinity through to octacarboxylic acids being inactive. 

Furthermore, evolutionary conservation of porphyrin recognition was demonstrated for 

protoporphyrin IX, which exhibited identical binding affinity across a wide range of 

species, compared with R05-4864, which varied markedly. The membrane bound form of 

glutathione-S-transferase is a 15,000-dalton protein in the outer mitochondrial membrane, 

which binds porphyrins with nanomolar affinity.

A 9,000 Dalton protein termed diazepam binding inhibitor (DEI) or endozepine 

was isolated from rat brain by Guidotti et al in 1983 (Guidotti et a i, 1983). DEI inhibits 

benzodiazepine receptor binding, displaying micromolar affinity for the PER (some 500 

times lower than protoporphyrin IX), and similar activity for the CER to which it also 

binds (Guidotti et a i, 1986). The cDNA for DEI was cloned by independent laboratories 

in 1986 (Gray et al., 1986; Marquardt et al., 1986; Shoyab et a l, 1986). Phospholipase 

A2 isoenzyme and its product arachadonic acid were shown to inhibit the binding of 

benzodiazepines to the PER (Mantione et al., 1988).

The strongest functional assignment for the PER has been in relation to steroid 

biosynthesis, and accounts for the extremely high density of PERs in steroidogenic cells. 

The first step in steroidogenesis is the C27 side chain cleavage producing pregnenolone. 

This reaction is catalysed by the cholesterol side chain cleavage by cytochrome P450 

(P450scc) and auxiliary electron transferring proteins localized to the inner mitochondrial 

membrane. However, the rate-limiting step of the entire chain of catalytic events leading
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to pregnenolone, lies in the delivery of the precursor cholesterol from intracellular 

sources to the inner mitochondrial membrane and cytochrome P450. In a search for 

cytoplasmic steroidogenesis stimulating factors, Yanagibashi et al isolated an 8,200 

Dalton protein from bovine adrenals able to stimulate the transport of cholesterol from 

the outer to the inner mitochondrial membrane (Yanagibashi et al., 1988). This protein 

was shown to be identical to DBI in all but two amino acids (glycine -isoleucine) at the 

carboxy terminus (des Gly-De)-DBI (Besman et al., 1989). Using isolated mitochondria 

DBI was shown to stimulate intramitochondrial cholesterol transport and increase 

pregnenolone formation by isolated adrenocortical and Leydig cell mitochondria 

(Papadopoulos et al., 1991; Yanagibashi et al., 1989). The bioactive sequence was shown 

to be in amino acids 17-50, and both recombinant and native DBI were shown by Brown 

and Hall to be able to stimulate the loading of P450ssc with cholesterol in an in vitro 

reconstituted enzyme system (Brown & Hall, 1991).

PBR ligands were shown to stimulate pregnenolone biosynthesis by isolated 

mitochondria in a dose-dependent manner, by a mechanism not involving direct 

stimulation of the P450ssc, and that was not observed in mitoplasts lacking the outer 

mitochondrial membrane (Papadopoulos et al., 1990). Papadopoulos and co-workers 

provided evidence that the PBR is implicated in the acute stimulation of adrenocortical 

and Leidig cell steroidogenesis by effecting the transport of cholesterol from the outer to 

the inner mitochondrial membrane that has been confirmed by different laboratories 

(Bamea et al., 1989; Krueger & Papadopoulos, 1990; Ritta & Calandra, 1989; 

Yanagibashi etal., 1989).

PBR ligands mediate a diverse range of phenomena in addition to stimulation of 

steroidogenesis including inhibition of cell proliferation (Bruce et al., 1992) (Camins et 

al., 1995b; Crocker & Niles, 1998; Kunert-Radek et al., 1994) (Wang et al., 1998) 

(Landau et al., 1998), induction of differentiation (Nakajima et al., 1996), alteration of 

cardiac action potentials, alteration of convulsive thresholds, inhibition of respiration, and 

protection against oxidative stress (Carayon et al., 1996). However, several reports have 

failed to show a correlation between the rank order potency and affinity of PBR ligands 

implicating receptor-independent effects (Zisterer et al., 2000; Zisterer et al., 1992; 

Zisterer gf a/., 1998).

Page 93



Chapter 1 : Introduction

PTPC associated kinases

By interacting with the permeability transition pore, enzymes involved in 

intermediary metabolism can regulate proliferative energy metabolism in malignant cells. 

The N terminal of type II isoenzyme of hexokinase (HKH) binds to a conserved C 

terminal region of VDAC under the influence of insulin, and is inhibited by 

dicyclohexylcarbodiimide (DCCD) (Azoulay-Zohar & Aflalo, 2000; De Pinto et al., 

1993; Nakashima, 1989; Nakashima et al., 1986) and the sulphonylurea glimepride 

(Muller et a i, 1994). VDAC bound HKQ exploits its proximity to exported ATP, which 

is used to phosphorylate glucose as it moves out into the cytosol. The ADP formed 

during HKH catalysed phosphorylation of glucose re-enters the mitochondrion via 

VDAC where it acts as a phosphoryl acceptor. By providing an acceptor effect, insulin 

accelerates mitochondrial respiration.

The HK-mitochondrial acceptor theory of insulin action was postulated by 

Bessman in the 1960s (Bessman, 1966), and the localization of hexokinase to the outer 

mitochondrial membrane adjacent to VDAC was established through numerous 

investigations in rat liver, brain and kidney (Adams et al., 1989; Kottke et al., 1988). The 

requirement of insulin for binding of hexokinase to the outer mitochondrial membrane, 

was demonstrated by Walters and McClean in lactating mammary glands in which HK 

was released from mitochondria upon exposure to anti-insulin antibodies (Walters & 

McLean, 1968). Conversely, increased HK binding to mitochondria occurs in fat pads 

incubated with insulin.

Proliferating malignant cells exploit HKH binding to mitochondria, which 

stimulates protein synthesis by stimulating ATP production from glycolysis and the 

tricarboxylic acid (TCA) cycle, and also by facilitating the provision of amino acids 

obtained from pyruvate and the intermediates of the TCA cycle (alanine, aspartate, and 

glutamate are reduced or partially oxidized transaminated products of pyruvate, 

oxaloacetate and a-ketoglutarate respectively). The partial oxidation of TCA cycle 

intermediates into amino acids, results in a reduction of oxygen utilization by the cell even 

though the TCA cycle intermediates are being consumed.

The high rate of aerobic glycolysis in neoplastic cells has long been recognized 

since the observations by Warburg that tumour cells have a high rate of lactate
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production. This phenomenon was originally postulated as arising from a defect in 

respiration associated with an inability to fully oxidize glucose to CO2 . However, 

Crabtree in 1929 showed that addition of glucose to tumour cells produced a 10% 

reduction in oxygen consumption, assumed to be a switch from oxidative to glycolytic 

metabolism (The Crabtree Effect) (Golshani-Hebroni & Bessman, 1997). Greiner et al 

have reported that glucose uiiXization and lactate production increase 18 fold and 38 fold, 

respectively with proliferation (Greiner et a l, 1994). The amount of ^^C-C02 produced 

by pyruvate dehydrogenase has been shown to remain constant during transition from 

rest to proliferation of mitogen induced thymocyte proliferation, whereas the amount of 

^^C-C02 produced by the TCA cycle decreases, consistent with a shift from oxidative to 

glycolytic energy production. This phenomenon results from the increase in the anabolic 

partial oxidation of TCA cycle intermediates associated with HKH binding to VDAC, 

resulting in lower CO2 production from pyruvate, and a consequent diminution in oxygen 

consumption (Golshani-Hebroni & Bessman, 1997).

Mitochondrial creatine kinase (M-CK) localizes to contact sites where it 

associates with VDAC and ANT (Adams et a l, 1989; Biermans et a l, 1991; Kottke et 

a l, 1988) (Beutner et a l, 1998; Beutner et a l, 1996). M-CK simultaneously interacts 

with both the inner and the outer mitochondrial membranes, thus mediating contact 

between the mitochondrial membranes (Rojo et a l, 1992). It assembles into an octameric 

structure with a central channel, which inhibits the permeability transition pore function 

of the VDAC-ANT complex suggesting a conformational constraint imposed by M-CK 

on ANT locking it in its antiporter state (Brdiczka et a l, 1999). Octameric M-CK is 

constitutively involved in the export of phosphocreatine via ANT and VDAC into the 

cytosol, and is regulated by cyclic AMP activated protein kinase via 

creatine/phosphocreatine, and ATP/AMP ratios (Wallimann e ta l,  1998).

1.2.6 Phvsiological regulation of the PTPC

Bax cooperates with the PT pore

John Farber's group in Philadelphia showed that sustained overexpression of Bax in 

stably transfected Jurkat cells induces PT, and that this is completely prevented by a
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combination of CsA and the phospholipase inhibitor aristolochic acid, whereas the 

caspase 3 inhibitor Z.DEVD.fmk had no effect on the loss of viability. In the absence of 

caspase inhibitor, Bax induced release of cytochrome c, caspase activation and DNA 

fragmentation (Pastorino et al., 1998). Pastorino et al, have shown that recombinant Bax 

(1 pM) induces PT measured by release of entrapped calcein from isolated mitochondria. 

This was accompanied by rapid, complete swelling and release of both cytochrome c and 

adenylate kinase (another intermembrane space protein). At lower concentrations, 

mitochondrial swelling and membrane depolarization were not detected, but cytochrome 

c was released; changes that were prevented by CsA. Furthermore, calcium greatly 

enhanced PT induced by recombinant Bax (Pastorino et al., 1999).

Bax regulates the ion channel forming activity o f the ANT.

Kroemer and colleagues have shown that the ANT and Bax cooperate to form a 

composite ion channel (Brenner et al., 2000; Marzo et al., 1998a). Using a cell free 

system in which the ANT was reconstituted into planar lipid bilayers, Brenner et al, 

showed that addition of recombinant Bax and atractyloside greatly increases the 

probability of ANT forming a much more efficient membrane permeabilizing channel 

than the combinations of ANT + Atractyloside, ANT + Bax, or Bax + Atractyloside. This 

enhancement of ANT conductance is lost when Bax is mutated to either lose the 

homodimerization domain in BH3, or the central a5/a6 helices, neither of which possess 

pro-apoptotic efficacy. Brenner et al showed that the channel formed by ANT + Bax is 

cation (K“̂) specific which resembles the conductance specificity of ANT (Brustovetsky 

& Klingenberg, 1996), but not of Bax (which conducts chloride, (Schendel et al., 1997)). 

These findings suggest that Bax may interact with ANT to facilitate pore formation in an 

ANT conformation-dependent manner, to effect collapse of the inner mitochondrial 

membrane proton gradient.

Oxidative stress and regulation o f the PTPC

A diverse number of stimuli known to induce apoptosis, compromize the balance 

between intracellular oxidants and their defence systems. Under aerobic conditions, 

molecular oxygen participates in cellular respiration as the ultimate electron acceptor
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during oxidative phosphorylation. Approximately 98-99% of oxygen taken up by human 

cells is reduced to water by cytochrome oxidase involving addition of four electrons to 

each oxygen molecule. This electron transfer occurs one electron at a time. Two electron 

(incompletely) reduced metabolites of oxygen termed reactive oxygen intermediates or 

ROI, are normally held tightly in the active site of cytochrome oxidase and are not 

allowed to escape into free solution. Under conditions of increased generation, ROI are 

highly reactive and detrimental to numerous cellular components, a phenomenon known 

as “the oxygen paradox” (Chance et a l, 1979).

Single electron transfer to oxygen results in the formation of the superoxide radical 

and is associated with mitochondrial electron transport activity (Boveris et a l, 1972). 

Hydrogen peroxide (H2 O2 ) is directly generated by two electron transfers or through the 

catalytic conversion of to H2 O2 by superoxide dismutases (SOD) located either in the 

cytosol (Cu/Zn-SOD) or in the mitochondrial matrix (MnSOD). It was the discovery of 

CuSOD by McCord and Fridovich in 1969, which provided the first indirect evidence for 

the existence of free radicals in vivo, something that had been considered impossible by 

chemists (McCord & Fridovich, 1969). H2O2 generated by dismutation is then neutralized 

by glutathione peroxidase or catalase (Chance et a l, 1979). When H2O2 comes into 

contact with copper(I) ions (Cu"̂ ) or iron(II) ions (Fe^^), hydroxyl radicals are formed 

(OH ), which are extremely reactive species, combining with most molecules at nearly 

diffusion controlled rates (Halliwell & Gutteridge, 1984).

Oxidative stress is a condition implying a state in which there is a shift in the 

intracellular antioxidant defence/oxidant (redox) balance of the cell, with the potential for 

modifying cellular physiology (Dorward et al., 1997). A large number of proteins have 

been reported to be regulated by redox balance, that contain free sulphydryl groups 

primarily supplied by cysteine residues (Hwang et a l, 1992). Examples include 

transcription factors (AP-1 and NFkB), kinases of the mitogenic signalling pathways, the 

cell cycle/apoptosis regulator p53, and the permeability transition pore complex.

Mitochondria utilize the tripeptide non-protein thiol glutathione (Glu-Cys-Gly) as the 

sole defence against oxidative stress (Femandez-Checa et al., 1998; Femandez-Checa et 

al., 1997a). This low molecular weight sulphydryl is abundant within cells (up to 5mM), 

most of which is reduced glutathione (GSH); levels of GSH can vary up to 400 fold
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between different cells. The oxidation of GSH results in the formation of the disulphide 

(GSSG), which is toxic to cells if it is not excreted or recycled to GSH. Hydrogen 

peroxide reduction by GSH is catalysed by selenium dependent glutathione peroxidase 

(GSH-Px), (Prohaska et al., 1977). The hexose monophosphate shunt (HMPS) provides 

reducing equivalents in the form of nicotinamide adenine dinucleotide phosphate 

(NADPH) for the reduction of oxidized glutathione (GSSG), such that under conditions 

of oxidative stress, the HMPS is activated in order to regenerate GSSG and can be used 

to monitor redox cycling of GSH catalysed by GSH-Px (Yeh et a l, 1987).

Mitochondrial GSH represents only a small fraction of total cellular GSH; because it 

is not synthesized within the mitochondria de novo, it must therefore be imported into the 

mitochondrial matrix via a carrier, which uses glycine as the recognition site (Femandez- 

Checa et a l, 1999; Schnellmann, 1991). Femandez-Checha et al have identified a hepatic 

mitochondrial GSH transporter (RmGshT) in the inner mitochondrial membrane 

(Femandez-Checa et al., 1997b). Although Chen et al, reported evidence supporting a 

role for the dicarboxylate and 2- oxoglutarate carriers as the specific transporters of 

mitochondrial GSH (Chen & Lash, 1998), a high affinity mitochondrial transporter has 

not been cloned. Bourbouloux et al recently cloned for the first time, a high affinity 

plasma membrane GSH transporter from the yeast Saccharomyces cerevisiae, termed 

Hdtlp (Bourbouloux etal., 2000).

Box 1.2.4 REDOX CYCLING OF GSH

Glutathione reductase is a 50K-dalton dimer which transfers electrons from NADPH to GSH firstly, via a tightly 
bound flavin adenine dinucleotide (FAD), then to a disulphide bridge between two cysteine residues in the subunit, 
and finally on to GSSG (Schulz et a l,  1978). Two molecules of NADPH are generated by the HMPS by the 

sequential conversion of glucose 6-phosphate (G6P) into ribulose 5-phosphate. G6P is dehydrogenated by G6P 

dehydrogenase (with a for NAD  ̂ a thousand times as great as that for NADP^. One NAPH molecule is 

generated by conversion of G6P to 6 phosphoglucono 8-lactone,, which is then hydrolysed to 6-phosphogluconate. 

This six-carbon sugar is then oxidatively decarboxylated by 6-phosphogluconate dehydrogenase to yield ribulose 5- 
phosphate (yielding the second NAPH). The dehydrogenation of G6P is irreversible and rate limiting under 
physiological conditions thus serving as a NADP  ̂control site for flux through the HMPS.
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GSH mediated protection from reactive oxygen species plays an important role in 

multidrug resistance (MDR), a problematic form of resistance in which tumour cells 

become refractory to treatment with one dmg and develop cross resistance to a broad 

range of agents (Sobel et a l, 1971). Kramer et al showed that an increase in cellular GSH 

redox capacity (reflected by an increase in selenium dependent GSH-Px activity) is 

involved in a form of aquired and de novo drug resistance (Kramer et al., 1988), distinct 

from that mediated by ATP dependent transporters related to P-170 (MDRl), which act 

as efflux pumps for anti-cancer drugs provided GSH is available (Jedlitschky et al., 1996; 

Ucda. et al., 1988).

Glucose

I  I  MnSOD

G-6-P  ̂ , NADP .  _ GSH . . H2O2

G6PDH GSH-red I GSH-Px

R-5-P NADPH GSSG H,0

Figure 1.2.12. The Glutathione redox cycle

Veresci and coworkers showed in the late 1970’s, around the same time Hunter and 

Howorth identified the permeability transition pore complex, that mitochondria isolated 

from heart, liver, and Erhlich ascites tumour cells, released matrix Ca2+ upon oxidation 

of internal pyridine nucleotides (Lehninger et al., 1978; Vercesi et a l, 1978). This 

calcium release was mediated via Ca2+ binding to internal sites of the inner membrane 

and the production of protein aggregates due to disulphide formation, inducing a non

specific increase in permeability (Bemardes et al., 1986). A role for inner membrane thiol 

groups was suggested by several independent groups (Chavez & Holguin, 1988; Chavez 

et al, 1989; Jewell et al., 1982; Le-Quoc & Le-Quoc, 1982). Fagian et al showed that the
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disulphide reductant dithiothreitol could prevent Ca^^ plus prooxidant induced membrane 

permeabilization, and that the thiol oxidant diamide was able to dissipate in sub- 

mitochondrial particles, implicating a crucial role for thiol oxidation in permeability 

transition (Fagian et aL, 1990).

The voltage dependence of the PTPC was shown by Petronilli et al to be regulated by 

the redox state of vicinal thiols such that oxidation promoted an increased open 

probability, whereas reduced thiols promoted pore closure (Petronilli et at., 1994a). Two 

sites were identified in the PTPC by Bemardi’s group in 1996 involved in the oxidative 

stress regulation of pore opening probability (Costantini et at., 1996). The first site 

(named the P site) was shown to be in redox equilibrium with the pyridine nucleotide 

(PN) pool (NADH/NAD+NADPH/NADP). Under conditions where the glutathione pool 

was maintained in a fully reduced state, PN oxidation was associated with a 

corresponding increase in the opening probability of the PTPC. Bemardi’s group showed 

that this site could be blocked by N-ethylmaleimide but not by monobromobimane (a 

thiol selective reagent). The second site (the S site) was shown to coincide with an 

oxidation-reduction sensitive dithiol which when crosslinked (oxidized) by arsenite or 

phenylarsine oxide, was linked to a corresponding increase in PTPC open probability 

under conditions where the PN pool was maintained in the fully reduced state. This 

second site, is in equilibrium with the glutathione pool, and is blocked by both 

monobromobimane and N-ethylmaleimide.

Halestrap and co-workers provided evidence suggesting that the ANT was the voltage 

sensor of the PTPC bearing regulatory thiol groups; two regulatory sites were 

characterized, associated with a change in cyclophilin binding and nucleotide binding 

respectively (Halestrap et ai., 1997b). The conserved residue Cys^^ (Cozens et al., 1989) 

was suggested by Halestrap to be responsible for regulating cyclophilin binding to ANT, 

which is adjacent to Pro^  ̂ a residue also implicated in cyclophilin binding. Matrix ADP 

decreases the sensitivity of the Ca^^ trigger site via the high affinity-binding site that is 

blocked by carboxyatractyloside, and a lower affinity binding site. Halestrap et al, 

therefore postulated that oxidative stress mediated by thiol reagents regulates pore 

opening by reducing ADP binding, and implicated Cys^^  ̂ as the critical thiol mediating 

this effect (Halestrap et aL, 1997b).
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Oxidation of the residue Cys^  ̂ of ANT has been shown by Costantini et al, to be 

important in pore formation by the PTPC (Costantini et aL, 2000). Using purified ANT, 

the thiol crosslinking agents diamide, bis-maleimido-hexane (BMH), or dithiopyridine 

(DTDP) were shown to be able specifically increase the permeability of ANT containing 

phosphotidylcholine/cardiolipin liposomes loaded with the 300-dalton 4-MUP 

(methylumbelliferrylphosphate disodium salt), which is converted into the fluorochrome 

4-MU by alkaline phosphatase. Permeabilization of ANT liposomes was inhibited by 

ADP or ATP. Using PYM (N-(l-pryenil)maleimide), an agent which reacts specifically 

with Cys^^ of ANT (Beyer & Nuscher, ) and fluoresces on reaction with cysteine 

residues, it was shown by Costantini et al that diamide-like thiol reactive agents oxidize 

Cys^  ̂(located between the first two membrane spanning domains of ANT, (Nelson et a l, 

1993),(Majima et a l, 1995; Nelson et a l, 1993; Palmieri, 1994)), causing disappearance 

of the PYM fluorescent signal (Costantini et aL, 2000). Cys^  ̂ faces the matrix side of 

ANT, and is inaccessible to the hydrophilic thiol crosslinker

monobromotrimethylamminiobimane, consistent with its lack of effect on the redox 

sensitive thiol as described by Petronilli et al in 1994 (Petronilli et aL, 1994a). An 

analogy has been drawn with the N-methyl D aspartate and ryanodine receptors which 

are redox regulated voltage sensitive channels; these proteins are modulated by 

glutathione through a cysteinyl residue close to the N-terminal (Bemardi et aL, 1994; 

Bemardi & Petronilli, 1996)

The cytoprotective efficacy of sulphydryl compounds has been known since the late 

1960s, when Vergroesen et al demonstrated their ability to prevent x-irradation induced 

cytotoxicity in cell cultures (Vergroesen et aL, 1967). Overexpression of both 

mitochondrial (Nomura et aL, 1999a) and non-mitochondrial antioxidant enzymes (Bai et 

aL, 1999) has been shown to be associated with protection against oxidative injury, and 

strongly implicates the redox regulation of mitochondrial thiols in cell death. The thiol 

specific redox protein thioredoxin and thioredoxin reductase (a selenocysteine containing 

flavoenzyme which reduces thioredoxin), have been found to be overexpressed in some 

tumours (Baker et aL, 1997), and its artificial expression by thioredoxin cDNA 

transfection reduces cell sensitivity to apoptosis induced by a variety of agents both in 

vitro and in vivo. (Powis et aL, 1999) The thioredoxin anti oxidant defence system is
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present in mitochondria (Lenartowicz, 1992), and has been suggested to exist in redox 

equilibrium with critical thiols in the PTPC (Petronilli et aL, 1994a) implicating a role in 

the redox protection and therefore regulation of gating of the PTPC.

1.2.7 Inhibition of apoptosis by Bcl-2 and Bcl-Xr

The prototypical death antagonist Bcl-2 was discovered by Yoshidide Tsjuimoto 

et al in 1985, following DNA sequence analysis of the chromosomal breakpoint involved 

in the t(14;18)(q32;21) translocation that occurs in the great majority of Non-Hodgkin 

(follicular) lymphomas. (Tsujimoto et aL, 1985). Bcl-2 provided researchers with the first 

example of a human protooncogene that contributes to the expansion of neoplastic cells 

by preventing cell death, rather than accelerating proliferation (Vaux et aL, 1988). John 

Reed et al in 1988 demonstrated the tumourigenicity of Bcl-2 by transfecting NIH3T3 

and implanting the transfected cells into nude mice; cells lacking the gene for Bcl-2 

(plasmid only) failed to form tumours, whereas mice engrafted the transfected NIH3T3 

cells (Reed et aL, 1988).

In 1990, Chen-Levy and Cleary, as well as Stanley Korsmeyer’s group 

independently identified Bcl-2 as a 24-25kD membrane bound protein localized to 

mitochondria, implicating an involvement in the regulation of oxidative phosphorylation, 

electron transport or metabolite transport; Bcl-2 was the first oncogene discovered to be 

associated with this organelle (Chen-Levy & Cleary, 1990; Hockenbery et aL, 1990). 

Bcl-2 has subsequently been shown to reside on the cytoplasmic face of the outer 

mitochondrial membrane, and less abundantly at the endoplasmic reticulum and outer 

nuclear envelope (Krajewski et aL, 1993).

The first evidence that Bcl-2 function involved modulation of apoptosis was 

obtained separately in 1991 by Korsmeyer’s group and Cory’s group who showed that 

Bcl-2 could protect from multiple forms of apoptotic stimuli in T cells of transgenic mice 

(Sentman et aL, 1991; Strasser et aL, 1991). In the thymus, the site of T cell 

development, Bcl-2 expression is normally localized to the mature thymocytes (which 

express either the accessory molecule CD8 or CD4) in the medulla. In the transgenic 

mice, Bcl-2 was redirected to cortical immature thymocytes, which are CD4 and CD8 

positive, and usually susceptible to a high death rate required for self-reactive deletion
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during immune system ontogeny. Bcl-2 protected the CD4^CD8^ thymocytes from 

glucocorticoids, radiation, anti-CD3, and y irradiation induced apoptosis (Sentman et a l, 

1991; Strasser et al., 1991); however, Bcl-2 was not able to prevent clonal deletion of T 

cells recognising endogenous superantigens.

The ability of Bcl-2 to inhibit y irradiation induced apoptosis stimulated 

investigations by Hockenbery et al in 1993 based on the then understood mechanism of 

action of hydroxyl radical production by ionizing radiation (Hockenbery et aL, 1993). It 

was postulated that because y irradiation produces reactive oxygen species capable of 

damaging macromolecules including DNA, proteins and lipid membranes, and that this 

could be blocked by Bcl-2, that Bcl-2 may in some way be acting as an antioxidant. In 

their seminal study of Bcl-2 function, Hockenbery et al demonstrated the ability of Bcl-2 

to completely protect against oxidative stress induced by low concentrations (0.25- 

0.5mM) of hydrogen peroxide. In the same year, Bredesden’s group showed that Bcl-2 

could block the cytotoxic effects of organic hydroperoxide tert-butylhydroperoxide 

(Zhong et aL, 1993). Importantly, the antioxidant effect of Bcl-2 was shown not to 

prevent the formation of dangerous production of peroxides during cell treatment with 

hydrogen peroxide (detected using the oxidation sensitive fluorescent probe 5,6 carboxy- 

2’,7’-dichlorofluorecein-diacetate), but rather, to block their damaging effects including 

lipid peroxidation.

Structural features o f Bcl-2 death antagonists

The discovery of Bcl-2 and the subsequent discovery of the conserved death 

agonist homologue Bax in 1993 by Stanley Korsmeyer’s group (Oltvai et aL, 1993), 

initiated an expanding family of related proteins (shown below). As with the death 

agonists, the structural homology of the Bcl-2 related death antagonists resides in the BH 

domains. The anti-apoptotic activity of Bcl-2 is not entirely eliminated by deletion of the 

C terminal anchor sequence (Hockenbery et aL, 1993; Tanaka et aL, 1993), but full anti- 

apoptotic efficacy is restored by substitution of heterologous membrane anchor 

sequences, that direct localization to the outer mitochondrial membrane (Nguyen et aL, 

1994; Zhu et aL, 1996b).

Table 1.2.3 Anti-apoptotic Bcl-2 homologues
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ACRONYM DESCRIPTION

Bcl-2 Protypical family member. 25kD localized to the cytosolic face of the 

outer mitochondrial membrane (Chen-Levy et aL, 1989; Hockenbery et 

aL, 1990; Krajewski etaL, 1993)

B cI-X l The family member most closely related to Bcl-2 and homologous at the 

nucleotide and amino acid level. The similar genomic organization of 

introns and exons argues that these genes are close relatives arising from a 

gene duplication event (Boise, 1993). The long isoform is 233 amino acids 

with 44% homology to Bcl-2.

Bcl-W 193 amino acids containing homologous BH domins. Exhibits a similar 

intracellular localization pattern to Bcl-2. Bcl-W suppresses apoptosis 

induced by a variety of cytotoxic treatments (Gibson et aL, 1996)

McI-1 350 amino acid protein with significant Bcl-2 homology with a similar 

intracellular distribution (Yang et aL, 1996). Enforced expression 

suppresses apoptosis induced by growth factor withdrawl, DNA damage, 

calcium ionophore and cytotoxic agents(Reynolds et aL, 1996)

Human Al/B£l 1 Expression suppresses apoptosis induced by a variety of cytotoxic drugs, 

and exhibits a similar localization to Bcl-2. Also known as GRS (Glasgow 

rearranged sequence), (Choi et aL, 1995; Karsan et aL, 1996; Kenny et aL, 

1997)

Anti-apoptotic function is conferred by the BH4 domain

The N terminal BH4 domain has been shown by Suzanne Cory’s group to be an 

essential requirement for anti-apoptotic function, by systematically mutating Bcl-2 and 

Bc1-Xl (Huang er 1 9 9 8). Deletion of BH4 abolished the ability of Bcl-2 and Bc1-Xl to resist 

apoptosis in FDC-Pl myeloid cells induced by y irradiation, staurosporine or interleukin- 

3 deprivation; loss of the BH4 domain did not however, affect homodimerization or
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heterodimerization to Bax. The BH4 domains of Bcl-2 (residues 10-30) and B c1-Xl 

(residues 4-24) exhibit 62% homology and were shown to be interchangeable but the 

BH4 domain of Bax was incapable of substituting for the BH4bci-2 • Mutation of Bcl-2 

involving substitution with residues 15-33 of Bax also blocked anti-apoptotic activity of 

Bcl-2. Mutagenesis of the 10 most conserved residues revealed the importance of two 

residues at position 12 and 23; substitutions arginine 12 glutamine (R12Q) and leucine 

23^tryptophan (L23W) markedly impaired Bcl-2 function. These residues lie on the 

outer face of the amphipathic a  helix that is formed by BH4.

N BH4 re g u la to ry BH3 BHl BH2 TM C

■ QQQQ

a l

0 0 0  -OQ_ JXL GOO 0 0 0  _00_

a2 a3 a4 a5 a6 a?

p h o s p h o ry la t io n

R af-1
B ag-1
C a lc in e u r in

Pore formationa

BH3 receptor cleft

Figure 1.2.13. M ulti-functional dom ain structure o f  Bcl-2 based  on the crysta l structure o fB c l-X i

Elucidation of the crystal and solution structure of the anti-apoptotic Bcl-2 

homologue B c1-Xl has shown that the arrangement of its seven a  helices resemble the 

pore forming conformation of diphtheria toxin and bacterial colicins, with the two 

hydrophobic central a  helices (a5 and a6) inserting across lipid bilayers and contributing 

to the formation of a membrane pore (Muchmore et a i, 1996). The ability of Bcl-2 and 

B c1-Xl to form membrane pores in vitro was subsequently demonstrated in several 

laboratories (Antonsson et al., 1997; Minn et at., 1997; Schendel etaL, 1997; Schlesinger
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et al., 1997). Recombinant Bcl-2 and Bc1-Xl form cation selective ion channels at acidic 

pH in planar lipid bilayers. The ion selectivity differs from that of Bax, which has mild 

Cl and broader pH range, functioning at both acidic and neutral pH. Furthermore, Bcl-2 

inhibits the channel forming activity of Bax at physiological pH suggesting that 

antagonism of pore forming activity by Bcl-2 may underly its ability to block 

proapoptotic effects of Bax (Antonsson et at., 1997). Deletion of the central a5 and a6 

helices abolishes channel formation in vitro and anti-apoptosis properties in transfected 

cells, implicating a membrane ion transport function in the mode of action of Bcl-2 and 

Bc1-Xl (Schendel etaL, 1997).

Bcl-2 and Bcl-Xi prevent apoptogenic factor release during apoptosis

Bcl-2 inhibits apoptosis by a mechanism that is upstream of the activation of 

caspases (Chinnaiyan et al., 1996; Shimizu et al., 1996). By virtue of the localization of 

Bcl-2 to the outer mitochondrial membrane, it was postulated by Newmeyer and 

colleagues, that its ability to prevent activation of caspases might be the result of the 

upstream inhibition of pro-caspase activation at the level of the mitochondrial membrane. 

Wang’s group had already shown that release of cytochrome c (Apaf 2) from the 

intermembrane space is a trigger for caspase 9 activation (Apaf 3), which inspired 

Wang’s and Newmeyer’s groups to independently investigate the effect of Bcl-2 

transfection on cytochrome c release (Kluck et a l, 1997; Yang et al., 1997). In a cell free 

system employing mitochondria from xenopus oocytes and CEM cells, it was shown by 

Kluck et al, that Bcl-2 inhibited release of cytochrome c translocation, which correlated, 

with activation of caspase 3.

The anti-apoptotic effect of Bcl-2 was restricted to release of cytochrome c, rather 

than inhibition of its ability to activate caspase 3, since addition of exogenous 

cytochrome c to the cell free system was unaffected in its pro-apoptotic effects. 

Furthermore, Bcl-2 mitochondria were unable to transfer their effects on cytochrome c 

release to non-Bcl-2 expressing mitochondria, implying a mechanism of action near to 

the site of cytochrome c release. The ability of Bcl-2 to inhibit the release of other 

intermembrane space proteins, such as apoptosis inducing factor (AIF), had been 

previously shown by Kroemer’s group (Susin et al., 1996).
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Regulation o f mitochondrial ion and metabolite fluxes by Bcl-2 and Bcl-Xi

Vander Heiden et al have shown using transmission electron microscopy, that 

mitochondrial matrix swelling accompanies induction of apoptosis in Jurkat T cell 

leukaemia cells treated for 18 hours with anti-CD95 antibody, and that this swelling 

precedes loss of outer membrane integrity. B c1-Xl transfection prevents this swelling, and 

reduces AYm whilst maintaining normal levels of oxygen consumption. Bcl-2 proteins 

can mediate their anti-apoptotic effects in the absence of a functional electron transport 

chain (Jacobson et al., 1993); these respiratory chain deficient cells still maintain their 

inner membrane potential by reverse flux through complex V suggesting that the 

efficiency of oxidative phosphorylation is maintained in B c1-Xl transfected cells via a 

mechanism involving co-operation with the membrane transport systems of the 

mitochondria. Vander Heiden et al hypothesized that B c1-Xl could cooperate with the PT 

pore to regulate mitochondrial volume (Vander Heiden et al., 1997). The ANT had been 

previously shown to be able to regulate mitochondrial matrix volume (Halestrap, 1989).

A direct link between B c1-Xl and the function of the ANT was described by 

Vander Heiden et al who showed that interleukin 3 withdrawal could induceapoptosis 

leading to a decrease in cellular ATP levels that was prevented by B c1-Xl (Vander 

Heiden et al., 1999). This decrease in ATP level resulted from impairment of oxidative 

phosphorylation that did not involve an effect on either the efficiency of electron 

transport, oxidative substrate nor the activity of complex V. Rather, a specific defect in 

mitochondrial ADP uptake was identified that was prevented by B cI-X l- It was 

postulated that B c1-Xl functions to maintain bioenergetic homeostasis by facilitating 

exchange of adenine nucleotides. The consequence of reduced matrix ADP availability is 

an inability of the FiFo ATPase to generate ATP by oxidative phosphorylation and 

therefore utilize the proton gradient set up by the electron transport chain; as this process 

is tightly coupled to the leakage of protons from the intermembrane space, the reduced 

leakage results in a lowering of intermembrane space pH, and inner membrane 

hyperpolarization which occurs prior to membrane depolarization (Vander Heiden et a l, 

1999).
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Reduction in ATP/ADP translocation following cytokine withdrawal has been 

shown to be associated with a reduction in outer mitochondrial membrane permeability 

(Vander Heiden et al., 2000), an effect mimicked by Bax that involves hyperacidification 

of the intermembrane space leading to closure of YD AC (Harris et al., 2000). Coupled 

cytosolic acidification and mitochondrial matrix alkalinization induced by Bax has been 

observed using a pH sensitive green fluorescent protein (Matsuyama et al., 2000), 

consistent with export of protons from mitochondria. The dependence of Bax on 

oxidative phosphorylation, a functional complex V (FqFi ATPase) (Gross et a l, 2000; 

Harris et al., 2000; Matsuyama et al., 1998), and the ability of oligomycin to inhibit Bax 

function, has led independent groups to suggest that Bax may be driving the FqFi ATPase 

in reverse to export protons from the mitochondrial matrix.

The coupling of proton export to cytochrome c release has been shown by the 

ability of oligomycin to inhibit cytochrome c release (Matsuyama et al., 1998), 

suggesting a direct association with the function of the FqFi ATPase. A consequence of 

cytosolic acidification is release of a molecular so-called “safety catch” on caspase 3, a 

pH sensitive loop that prevents caspase 3 activation but is disabled at reduced pH 

facilitating its autolytic activation.

Bcl-2 can stabilize A'Pm in isolated mitochondria treated with a variety of 

inducers PT including Câ "̂  , the respiratory chain toxin antimycin A, or H2O2 . 

Furthermore, Bcl-2 can stabilize A'Fm in the presence of the protonophore such as 

carbonylcyanide m-chlorophenylhydrazone (FCCP), suggesting a direct membrane 

stabilizing action (Dispersyn et al., 1999; Shimizu et al., 1998). Tsujimoto's group 

investigated the biochemical basis of A'Fm stabilization; it was postulated that in order for 

Bcl-2 to maintain A'Fm via its cation selectivity (Schendel et al., 1998; Schendel et al., 

1997), then it should be involved in cation efflux. The relative changes in matrix and 

extramitochondrial pH associated with Bcl-2 was shown by Shimizu et al to be consistent 

with proton efflux, and that this was not mediated through either the electron transport 

chain nor the FqFi ATPase (Shimizu et al., 1998). Thompson has postulated that by 

providing a cation release channel across the outer mitochondrial membrane, Bcl-2 could 

prevent intermembrane space hyperacidification, implicated in the toxicity of Bax.
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Ejfects o f Bcl-2 on cellular bioenergetics

The observation that tumour cells expressing Bcl-2 have a survival advantage in 

hypoxic conditions (Graeber et al., 1996), lead Garland and Halestrap to investigate 

whether Bcl-2 ultimately confers survival by regulating metabolism, and the synthesis or 

use of ATP. They used murine IL3 dependent cells, which rely constitutively on ATP 

derived from glycolysis. Induction of apoptosis in these cells is associated with dramatic 

reductions in lactic acid production without any changes in glucose transport (Garland et 

al, 1988). Garland and Halestrap showed that Bcl-2 transfection produces a decline in 

glycolysis identical to that of parent cells undergoing apoptosis; this state is associated 

with stabilization of intracellular ATP, and maintenance of an energetically arrested state 

in which there is no requirement for ATP generation nor for significant ATP usage 

(Garland era/., 1988).

PTPC opening is inhibited by Bcl-2 and Bcl-Xi

Permeabilization of the inner mitochondrial membrane induced by 

chemotherapeutic agents precedes nuclear nuclear apoptosis, and has been shown to be 

antagonized in cells transfected with Bcl-2 and B c1-Xl by Kroemer and colleagues 

(Decaudin et a l, 1997); a finding repeated by other laboratories (Kim et a l, 1997). 

Because opening PT pore complex had been shown in isolated mitochondria to be 

involved in the collapse of AYm during apoptosis (Bemardi & Petronilli, 1996; Zoratti & 

Szabo, 1995), and the release of cytochrome c (Ellerby et a l, 1997; Kantrow & 

Piantadosi, 1997), Kroemer and colleagues postulated that the PT pore may play an 

important role in cell death and its regulation by Bcl-2 and B c1-Xl . To investigate this 

hypothesis, the PTPC, purified from brain homogenate, was reconstituted into 

phosphotidylcholine/cholesterol liposomes of approximately 0.15-0.3pM diameter 

(Marzo et a l, 1998b). The liposomes were loaded with the cationic lipophilic 

fluorochrome DiOC6(3) (573 Dalton) and its retention monitored using flow cytometry. 

Treatment of the DiOC6(3) loaded liposomes with the ANT ligand atractyloside, induced 

opening of the PT pore, and release of DiOC6(3), resulting in a reduction in measured 

liposome fluorescence. Furthermore, this action of atractyloside could be inhibited by 

CsA and bongkrekic acid. Addition of recombinant Bcl-2 or B c1-Xl by dialysis mediated
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incorporation into the lipid bilayer, protected against release of DiOCeCS) after treatment 

with a range of PT pore inducers including atractyloside, ter-butylhydroperoxide, and 

Câ "*". A Bcl-2 mutant lacking the a5 and a6 domains and anti-apoptotic function, was 

incapable of inducing release of DiOCôCS) from the PTPC containing liposomes.

In order to determine whether the PTPC is responsible for regulating the release 

of cytochrome c via the PTPC, Marzo et al loaded liposomes with purified cytochrome c. 

Although the detergent SDS could release the cytochrome c, addition of atractyloside 

could not, implying that the PTPC does not provide a direct path for cytochrome c 

release. This observation however, contrasts with work from Tsujimoto’s laboratory, 

which has provided convincing evidence that Bcl-2 family proteins can regulate the 

opening of VDAC and the passage of cytochrome c (Shimizu et at., 1999).

VDAC was found by Tsujimoto’s group to be a binding partner for B c1-Xl in co- 

immunoprecipitation studies, which was confirmed by immunoblot analysis in 

mitochondria. VDAC bound to a glutathione-S transferase-Bcl-XL affinity column 

whereas ANT only bound weakly to G S T -B c1-Xl . The addition of B c1-Xl to VDAC 

liposomes inhibited sucrose uptake; this activity was abolished by inactive B c1-Xl 

mutants F I3 IV, D133A, and VNW at amino acids 135-137 changed to AIL. 

Furthermore, these inactive mutants failed to bind VDAC effectively suggesting that the 

activity of B c1-Xl on VDAC opening was dependent on its binding. Conversely, 

recombinant Bax and Bak were capable of opening VDAC (increasing uptake of sucrose 

into VDAC liposomes). Mutation of the BH3 domain abolished the VDAC opening 

effect of Bax as well as its binding. Bax and B c1-Xl were mutually antagonistic in their 

actions on VDAC opening and binding suggesting a competition for a common site. 

Fluorescently labelled cytochrome c entered the VDAC liposomes after addition of Bax 

and Bak, and this movement was inhibited by B c1-Xl . Shimizu et al concluded that 

VDAC was a target of regulation by pro- and anti-apoptotic proteins of the Bcl-2 family 

in mammalian cells. Owing to the size of VDAC in its open conformation, 3.8nm, this 

pore diameter would be too small to allow passage of cytochrome c (12 kilodalton); 

Shimizu et al therefore postulated that the binding of Bax or Bak induces a 

conformational change in VDAC or forms a larger channel that allows passage of 

cytochrome c (and evidently other intermembrane space proteins).
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Tsujimoto’s group has subsequently shown that the N terminal BH4 domain of 

Bc1-Xl is necessary and sufficient to inhibit the opening of VDAC (Shimizu et a i, 2000). 

Furthermore, an oligopeptide of the BH4 domain was effective in inhibiting VDAC, and 

preventing apoptosis changes in isolated mitochondria and cell death changes in cells. 

The effects of BH3 only death agonists Bid and Bik on VDAC have been shown to differ 

substantially from the BH4 containing death agonists Bax and Bak; Bim and Bik induce 

cytochrome c release through a mechanism that does not involve mitochondrial 

membrane depolarization, and neither binding to nor opening of VDAC, suggesting that 

the path of cytochrome c release through the outer mitochondrial membrane differs 

according to the type death agonist (Shimizu & Tsujimoto, 2000).

VDAC

B ax/B ak B cl-X ,

DAC

OPEN CLOSED

BH 4 V D A C  binding dom ain

F igure 1.2.14. B H 4-V D AC  m odel o f  P T P C  regulation  by  B cl-2 fa m ily  pro te in s

Tsjuimoto’s group have argued that this differential death agonist action that 

relies on the presence or absence of a VDAC binding BH4 domain, may explain why 

mitochondrial depolarization is predominantly associated with cell damage induced 

apoptosis, rather than apoptosis induced from extrinsic signals. There is evidence from 

Manon’s group that VDAC is not a target for Bcl-2 family members in the yeast 

Saccharomyces cerevisiae in which VDAC knockout strains can still respond to 

recombinant Bax by releasing cytochrome c (Priault et a l, 1999), consistent with either
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phylogénie differences in the regulation of the PTPC by the Bcl-2 family or redundancy 

in the release pathways for cytochrome c.

The ANT as a target fo r regulation by Bcl-2

Kroemer and colleagues have provided extensive evidence showing that the 

adenine nucleotide transporter and mitochondrion targeted Bcl-2, interact in intact cells 

(Brenner et al., 2000; Marzo et al., 1998a; Susin et al., 1996; Zamzami et al., 1996b). 

Brenner et al have shown that Bcl-2 mediates inhibition of atractyloside induced ANT 

conductance, and that this effect can be blocked by mutagenic deletion of the a5/a6 

helices required for membrane insertion (Brenner et al., 2000). In addition, Bcl-2 

prevented the increase in channel opening probability of ANT conferred by Bax, 

confirming the Bax independent activity of Bcl-2 on ANT (Brenner et al., 2000). 

Kroemer and colleagues have therefore suggested a model in which the ANT is a target 

for the cooperative effects of Bcl-2 and Bax, which mediate mutually antagonistic effects 

on the opening probability of the ANT. Taken together, the evidence from the 

laboratories of Kroemer and Tsujimoto suggest that Bcl-2 and Bax may reciprocally 

regulate the permeability of the inner and outer mitochondrial membranes through ANT 

and VDAC respectively, and that death agonists and antagonists may exert common 

actions on each of these PTPC constituents ie. Bcl-2 reduces VDAC and ANT opening 

probability, whereas Bax increases the opening probability of both VDAC and ANT 

(Brenner et al., 2000; Shimizu et al., 2000; Shimizu et al., 1999).

Bcl-2 and oxygen radicals

Using ROS sensitive probes to measure the intracellular production of H2 O2 by 

mitochondria, Epositi et al, investigated in detail for the first time, the effects of Bcl-2 

expression on the oxidative state of lymphoid cells (Esposti et al., 1999). They showed 

that Bcl-2 exerted a protective action to limit the excessive production of H2 O2  associated 

with ceramide and tumour necrosis factor induced apoptosis. This was associated with an 

increase in basal NAD(P)H potentially increasing ROS scavenging within mitochondria 

via regeneration of glutathione. The basal level of H2 O2  production was increased by Bcl- 

2 expression, which Espositi et al suggested could be a consequence of an increase in
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NAD(P)H which maintains the iron-sulphur clusters of mitochondrial redox enzymes, 

favouring their auto-oxidation of molecular oxygen and generation of ROS. Furthermore, 

Bcl-2 has been shown to be associated with increased activity of superoxide dismutase 

(Ellerby et a l, 1981), which was suggested to underlie the increase in basal H2O2 level.

Regulation o f Bcl-2 and Bcl-Xl by phosphorylation

A large unstructured loop domain has been identified in Bcl-2 and B c1-Xl 

consisting of 60 residues has identified as a region that may negatively regulate anti- 

apoptotic function. Chang et al have shown that loop deletion mutants of Bcl-2 and Bcl- 

Xl display an enhanced ability to inhibit apoptosis. Thus, although full-length Bcl-2 was 

shown to be unable to block anti-IgM induced apoptosis in the immature B cell line 

WHEI-231, although the loop deleted mutant Bcl-2 was able to protect these cells from 

death (Chang et al., 1997a). It was found that the loop domain was required for 

phosphorylation of bcl-2, thus implicating this region in post-translational regulation.

Taxol and okadaic acid have been shown to produce a mobility shift of Bcl-2, 

associated with the phosphorylation of a serine 70 (ser70) residue (Blagosklonny et a l, 

1997; Fang et a l, 1998; Haidar et a l, 1994; Haidar et a l, 1995). Ser70 is located within 

the 60 amino acid loop domain and was proposed by Craig Thompson’s group to be 

involved in the inhibition of Bcl-2’s anti apoptotic effect. Microtubule disruption induced 

by taxol, vincristine, vinblastine, colchicines or nocodazole, has been shown to induce 

phosphorylation of B c1-Xl (Poruchynsky et a l, 1998), implicating a role for disruption of 

microtubular structure in the post-translational regulation.

Investigations to discover the molecular identity of kinases involved in Bcl-2 

phosphorylation have revealed a role for the mitogen activated protein kinases (MAPKs, 

see box 1.2.5). Maundrell et al, showed that Bcl-2 is phosphorylated by SAPK-p 

(Maundrell et a l, 1997). Recently, it has been shown that PD98059 which inhibits MEK, 

and SB202190, a p38 kinase inhibitor, fail to prevent Taxol induced Bcl-2 

phosphorylation in leukaemic cells (Blagosklonny e ta l,  1999).

Page 113



Chapter 1: Introduction

Box 1.2.5 The mitogen activated protein (MAP) kinases

MAP kinases were originally identified as insulin inducible kinases by Ray and Stugil in 1986

(Sturgill & Ray, 1986). The MAP kinase family are now known to comprise three structural and 

functionally distinct enzyme classes: the extracellular signal regulated kinase (ERK), c-jun N-terminal 

kinase/stress-activated protein kinase (JNK/SAPK), and p38/RK/CSBP (p38). Multiple genes and 

splice variants of these enzymes have been identified. ERKs are the prototypical MAPKs, activated 

by a variety of mitogenic and differentiation signals that act on several downstream substrates that 

include phospholipase Aj (PLAz), Elkl and p90Rskl. ERK activation requires MEK, which is the 

substrate for phosphorylation by phosphorylated by Raf (Morrison & Cutler, 1997), a process that 

requires Ras (a central player in signal transduction that is mutated in about a third of cancers). ERKs 

are inactivated by dephosphorylation by specific protein phosphatases including PACl and 

MKPI(CLIOO). The two additional protein kinase families are induced by stresses but not mitogens; 

they are also regulated by tyrosine and threonine phosphoiylation in common with ERKs. The 

activating phosphorylation sites possess discriminating sequences

MAPK: Thr-Glu-Tyr

SAPK: Thr-Pro-Tyr

P38 (also SPAK3/ERK6) : Thr-GIy-Tyr

JNK/SAPK, originally termed p54 MAPK was first identified in 1990 by Kyriakis and 

Avruch (Kyriakis & Avruch, 1990). INK is activated SEKl (a JNK kinase or JNKK) and MKK7, 

which are in turn targeted by a variety of upstream kinases that include MEKK 1-5 and MLKs 1-4. 

P38, the third member of the MAPK family functionally resembles JNK/SAPK with regard to its 

activation by cellular stresses (including UV irradiation, chemotherapeutic drugs, sodium arsenite, and 

y-irradiation), via phosphorylation mediated by MKK 3 and 6.

ROS inhibit tyrosine phosphatases, resulting in enhanced protein tyrosine phosphorylation and 

activation of MAP kinases (Goldman ef al., 1998). ERK2 has been shown to be responsive to 

oxidative signalling (Goldstone & Hunt, 1997; Stevenson et a/., 1994). JNK has been shown to play 

an essential role in UV light induced cytochrome C release and apoptosis (Toumier et a l ,  2000); thus, 

absence of JNK/SAPK abrogates release o f cytochrome C implicating a pro-apoptotic role for this 

protein at the mitochondrial level.
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Chen et al, have shown that transformation o f  NIH3T3 fibroblasts with the oncogene src, ras  or 

raf, results in a stronger activation o f  the JNK/SAPK pathway and apoptosis, compared with 

normal 3T3 cells, following treatment with VP16 (Chen et al., 1997). In contrast, activation o f  the 

ERK pathway is unchanged, suggesting that oncogenic transformation and enhancement o f  stress 

kinase activation may underlie the selective toxicity o f  anti-cancer drugs in malignant cells.

Fan et al have provided evidence for JNK/SAPK mediated phosphorylation of 

Bcl-2 and Bcl-Xu By inhibiting JNK I (p46 SAPK) and JNK2 (p54 SAPK) using ASOs, 

Fan et al were able to demonstrate inhibition of vinblastine induced phosphorylation of 

Bcl-2 (by 85%) and Bcl-XL (by 65%); this block of phosphorylation was not observed 

for the JNK/SAPK nuclear target c-jun, nor ATF-2, implicating a bifurcating pathway 

downstream of JNK involving nuclear and non-nuclear targets (Fan et at., 1998). Choi et 

al, subsequently mutated regions of Bcl-2, demonstrating a correlation with JNK 

inhibitory activity (Choi et a l, 2000). JNK/SAPK has been shown by Kharbanda et al, to 

translocate to the outer mitochondrial membrane in response to genotoxic stress, where it
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phosphorylates B c1-Xl on threonine 47 and threonine 115, both in vitro and in vivo 

(Kharbanda et al., 2000). Deletion of these threonine residues and substitution for alanine 

residues, enhanced the antiapoptosis potency of B c1-Xl. Atalla et al, have suggested that 

inhibition of Bcl-2 by SAPK/JNK involves indirect phosphorylation (implying a putative 

directly-acting Bcl-2 kinase), based on the timecourse of phosphorylation of Bcl-2, which 

is delayed in relation to the rapid and transient activation of JNK/SAPK that occurs 

following 2-methoxyestradiol (Attalla et al., 1998).

1.3 STRATEGIES FOR ANTAGONIZING BCL-2 AND BCL-Xl

1.3.1. Inhibition of antideath Bcl-2 homologue polvneptide svnthesis

In 1977, Paterson and colleagues provided the first evidence that formation of an 

antisense DNA-mRNA could effectively arrest translation in a cell free system (Paterson 

et al., 1977). In the following year, Stephenson and Zamecnik reported the first study 

detailing the inhibition of Rous sarcoma viral replication using a tri-decamer synthetic 

ASO, d(A-A-T-G-G-T-A-A-A-A-T-G-G) complementary to the reiterated 3’ and 5’ 

terminal sequences of the virally encoded 35S RNA in infected chick embryo fibroblast 

cultures (Stephenson & Zamecnik, 1978; Zamecnik & Stephenson, 1978). Evidence for 

the existence of natural reverse complementary nucleic acids as regulators of prokaryotic 

gene expression was obtained by Simons and Kleckner in 1983, and Mizuno et al in 1984 

(Mizuno et al., 1984; Simons & Kleckner, 1983); this was later to be reinforced in 

eukaryotic cells by Izant and Weintraub in 1984 who demonstrated the ability of 

antisense RNA to regulate gene expression (Izant & Weintraub, 1984). These studies 

collectively initiated the field of ASO technology, which grew explosively during the last 

two decades of the twentieth century.

ASOs exploit Watson-Crick DNA-RNA interactions to selectively bind, on the basis 

of sequence, cognate RNA molecules. Through selective hybridization and formation of a 

heteroduplex, gene expression is perturbed at the level of translation. From 

thermodynamics, Khan and Coulson estimated that at 37° and physiological ionic 

strength, a minimum size of 1 2  bases was required for a phosphodiester oligoucleotide to 

form a stable heteroduplex with its target. Statistical considerations dictate that a 

minimum ASO length of between 12 and 15 bases is required to recognize a gene, since
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there are approximately three to four billion base pairs in the human genome with the 

expectation of any one 17 base sequence occurring only once (Khan & Coulson, 1993). 

In a typical interaction between complementary 18 mers, the Gibbs free energy of 

binding induced by a single mismatch varies from +0.2 to +4.0kcal/mol/modification at 

lOOmM NaCl; this implies that a single base mismatch could result in a change in affinity 

of approximately 500-fold.

Higher order RNA structure and its implications fo r  ASO binding

Fresco first showed in 1960 that single stranded RNA folds back onto itself in 

structures stabilized by hydrogen bonds between complementary bases (Fresco J R., 

1960). The conformational constraints arising from RNA-RNA duplex formation within 

large RNAs result in the formation of complex three-dimensional structures. There exist 

very few well-established tertiary RNA structures. With the development of fast 

computing technology, it has been possible to design RNA folding algorithms that can 

predict secondary structures with minimum free energy (Zuker, 1989). However, such 

algorithms are of no use in predicting the conformation adopted by secondary folded 

RNAs; tertiary structural prediction has classically relied upon X-ray crystallography. 

RNA tertiary structure imposes restrictions on the accessibility of binding sequences for 

ASOs.

Theoretical binding affinities for single stranded nucleic acid interactions predicted 

between DNA and RNA using nearest neighbour rules are very large; yet, are measured 

as several orders of magnitide lower in practice (Stull et at., 1996). Accessibility of some 

ASO sequences to their cognate binding sites underlies this discrepancy. Not all 

sequences bind their RNA due to restrictions of tertiary structure; the design of ASOs 

based solely on predicted melting temperature from primary sequence is essentially an 

inefficient method with an estimated < 25% successes rate (Gewirtz et a l,  1998). 

Bmpiracle methods have been designed to enable the rapid determination of accessible 

sites, including degenerate RT-PCR with primer extension analysis (Ho et a l,  1998; Ho 

et a l, 1996), oligonucleotide arrays (Milner et at., 1997; Southern et a l, 1997), or by 

using a brute force approach involving synthesis of non-overlapping ASOs (chromosome 

walking) and determining-mRNA downregulation in cells (Monia et a l, 1996).
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Putative mechanisms o f ASOs

Several post-hybridization processes are implicated in ASO mediated translational 

inhibition, and can be classified as either passive (occupancy mediated disruption of 

physiological RNA processing), or active (ASO mediated degradation of target mRN A). 

ASO hybridization with the initiation codon has been an extensively used approach to 

sterically block the protein and ribosomal interaction necessary for translation. Owing to 

the conformational heterogeneity in this region between different mRNAs, only a few 

sequences have been shown to bind to sites to which they were designed. The role of 

steric translation arrest in ASO action was examined in a cell free system by Gee et al, 

(Gee et at., 1997). A series of high affinity ASOs were designed to target and sterically 

hinder the ribosomal translation initiation complex associated with translation of the N 

protein of vesicular stomatitis virus. Only ASOs binding irreversibly to their target (via 

covalent modification using platinated peptide nucleic acid derivatives) or inducing 

ribonuclease H (RNaseH) mediated mRNA degradation were shown to inhibit 

translation; reversible hydribridization per se was not shown to be sufficient in this cell 

free system.

RNaseH is a ubiquitous enzyme, which degrades the RNA strand of an RNA-DNA 

heteroduplex. A considerable amount of evidence supports a role for this protein in 

mediating the effects of ASOs, including the direct demonstration of RNaseH mediated 

target mRNA cleavage by ASOs (Giles et a l, 1995; Tidd, 1996). Several isoenzymes 

have been identified in eukaryotic cells, and the highest concentrations are localized to 

the nucleus. Two human RNaseH enzymes have been cloned that exhibit homology to 

the Escherichia coli RNase HI and H2 proteins (Crooke, 1999; Wu et al., 1998a). 

RNaseH can recognize tetramers (Donis-Keller, 1979), and a single ribonucleotide in a 

deoxyribonucleotide sequence hybridizing with its complementary strand (Eder & 

Walder, 1991), but does not recognize oligonucleotides with 2’ sugar modifications (such 

as 2’-fluoro or 2’-0 ’methyl)(Kawasaki et al., 1993; Sproat et al., 1989). Backbone 

modifications such as phosphorothioates (PS) are good substrates for RNaseH (Cazenave 

et a l, 1989; Mirabelli et al., 1989), whereas methylphosphonates are not (Maher et al., 

1989).
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Although phosphorothioate ASO-RNA heteroduplexes are effective RNaseH 

substrates, the phosphorothioate modification forms relatively less stable duplexes 

compared with phosphodiester (PO) ASOs. However, T  sugar modifications such as 2’-

0 - methyl exhibit a high binding affinity and have been exploited in chimeric molecules 

possessing a combination of RNaseH activating phosphorothioates and 2’ sugar 

modifications to increase binding affinity as shown in figure 1.3.1 (Giles & Tidd, 1992; 

Monia et a l, 1993).

RNase H Window

Modified W ings---------------------------- Modified Wings

.■•V

J  .

O

R =  OCH2 CH2 OCH3

Figure 1.3.1 Structure o f  a chim eric A SO  with 2 ’ O  ’m ethoxy ethoxy -  ph osph oro th ioa te  chem istry

Cellular uptake of ASOs

Phosphorothioate ASOs retain the negatively charged backbone of unmodified 

DNA. Cellular uptake precedes initially via an electrostatic interaction with cell surface 

proteins. This is followed by endocytosis leading to a punctate distribution of ASO in 

endosomes and lysosomes, where sequestration limits interaction with target mRNA. 

Direct intracytoplasmic delivery of oligonucleotide by microinjection, results in
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immediate nuclear trafficking, effectively bypassing the endosomal compartment (Chin 

et al., 1990; Shoeman et al., 1997; Zabner et al., 1995). The elimination of the phosphate 

backbone and associated negative charge in methylphosphonates has been shown to 

enhance cellular uptake by increasing hydrophobicity, (Stein, 1988), but this is associated 

with a reduction in aqueous solubility and removes RNase H sensitivity.

Electrostatic neutralization of the net negative charge associated with phosphorothioate 

ASOs can be achieved by complexation with a positively charged hydrophobic lipid such 

as N-(l-2,3-dioleyoxy)propyl-n,n,n-trimethylammonium (DOTMA), to form a high 

molecular weight lipoplex. Cationic lipid-ASO preparations were shown by Bennett and 

co-workers in the early 1990s to be associated with enhanced uptake of ASO, and a 

consequent enhancement of antisense potency in downregulating ICAM-1 protein 

expression (Bennett et al., 1992). Dissociation of the lipoplex occurs prior to entry of the 

ASO into the nucleus, and was first demonstrated by Marcusson et al, who used both 

fluorescently labelled cationic lipid and ASO to monitor intracellular trafficking 

(Marcusson et al., 1998). These investigators confirmed uptake of lipoplex into 

endosomal compartment, which counterstained with the endocytic marker TMA-DPH. 

Fluorescent ASO dissociated from the endosomal lipoplex after 1 hour, staining the 

nucleus and reaching a peak at 4 hours (coinciding with maximal protein kinase c -a  

mRNA reduction). However, fluorescently labelled cationic lipid remained within the 

endosomal compartment and did not distribute to the nucleus. Bennett and collègues have 

demonstrated that ASOs undergo nucleocytoplasmic shuttling that is both ATP and 

temperature sensitive in vivo, (Lorenz et al., 2000).

Several enhancers of ASO intracellular entry have been developed that enable 

effective concentrations of oligonucleotide to be in the nanomolar range, and include 

liposomes (Legendre & Szoka, 1992), streptolysin-0 (Broughton et a l,  1997; Giles et al., 

1997; Giles et al., 1998; Spiller & Tidd, 1995), dendrimers (Bielinska et al., 1996), 

polycations (Leonetti et al., 1996), conjugation with a hydrophobic moiety such as 

cholesterol (Krieg et a l, 1990), peptides (Bongartz et al., 1994), aggregation with ligands 

for cell surface receptors (Wu & Wu, 1993), electroporation (Watson et al., 1992), and 

cationic porphyrins (Benimetskaya et al., 1998).
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ASO uptake in vivo

Few studies have rigorously examined the cellular and subcellular fate of ASOs in 

vivo, despite numerous reports of in vivo efficacy in the absence of cationic lipid, 

implying a difference between the trafficking of oligonucleotides in tissue culture versus 

in vivo. Graham et al, investigated the nuclear, cytosolic and membrane distribution of a 

phosphorthioate ASO in rat liver cells, following administration as an intravenous bolus 

at a doses of lOmg/kg and above (Graham et a l, 1998). Differential uptake of ASO was 

observed with 80% of total dose to the organ in parenchymal (Kuppfer and endothelial) 

cells, compared with only 20% in hepatocytes. Whereas the non-parenchymal cells 

exhibited nuclear, cytosolic and membrane levels of ASO, this was not observed in 

hepatocytes below 25mg/kg. Above 25mg/kg, non-parenchymal cells exhibited saturation 

of uptake, whereas the hepatocytes continued to accumulate ASO at significant levels in 

the nucleus and other compartments (Graham et a l, 1998). The saturability of binding of 

ASO in endothelial cells was shown to be associated with polyinosinic acid inhibitable 

and polyadenylic resistant binding to plasma membrane scavenger receptors SR-AI/Q 

(Bijsterbosch et at., ), however, in scavenger receptor knockout mice, ASO was still 

shown to be taken up by tissues, implicating non-SRAI/U mechanisms (Butler et al., 

2000)

ASO mediated inhibition o f Bcl-2 expression

In 1990 Reed and co-workers demonstrated that ASOs designed to target the mRNA 

of Bcl-2, could specifically suppress the proliferation of lymphoma and leukaemia cells 

in culture compared with scrambled control oligonucleotides (Reed et al., 1990). PO and 

PS ASOs designed to hybridize with the initiation site of Bcl-2 transcripts (5’-GAG CGT 

GCT GCG CCA TCC TTC CC-3’) were tested with 697 leukaemic cell cultures in serum 

free medium, which was used in the experiments to minimize nuclease activity. 

Concentration dependent inhibition of proliferation was shown for the ASO by 24-48 

hours, which was not seen with either scrambled (containing the same base composition) 

or the sense controls. PS ASOs exhibited 5-10 fold potency compared with PO ASOs. No 

effects were observed within the first 24-48 hours and the concentration required to 

achieve marked suppression of cell growth with PS ASOs was approximately 25pM.
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These effects were associated with a concentration dependent reduction in Bcl-2 protein 

(measured by quantitative immunofluorescence assay) without alteration in HLA-DR 

control levels, suggesting a specific ASO targeting of Bcl-2; 70% reduction in Bcl-2 was 

observed by 4 days of culture with a 25pM concentration of PS ASO.

Kitada et al demonstrated in a seminal series of experiments, that enhanced 

chemosensitivity was associated with antisense downregulation of Bcl-2 (Kitada et a l, 

1994). PS and PO Bcl-2 ASOs were delivered to SUDHL4 lymphoma cells expressing 

Bcl-2 at high level due to t(14;18)(q21;q32), complexed with cationic lipid (lipofectin, a 

1:1 mixture of DOTMA, and dieleoylphosphatidylethanolamine (DOPE). A single 

treatment of cells with 75-300nM ASO produced a sequence specific reduction in the 

expression of bcl-2 within 24 hours as measured using a semi-quantitative RT-PCR 

assay. Reduction in Bcl-2 expression varied from 6 6 % to as little as 10% compared to 

cells treated with control oligonucleotides, and required 72 hours occur as a consequence 

of the long protein half life (10-12 hours). Although the ASO exhibited negligible 

cytotoxicity by itself, it enhanced ara-c, methotrexate and dexamethasone induced 

cytotoxicity after administration after two days of treatment with Bcl-2 ASO. Further 

evidence for a sequence specific effect of Bcl-2 ASO was elegantly demonstrated by 

Kitada et al, who stably transfected the interleukin 3 dependent cell line 32D.C13 with 

either Bcl-2, or the viral Bcl-2 homologue BHRF-1 which possesses only 22% 

homology, but can support survival of the 32D.C13 cell line in the absence of interleukin 

3. Bcl-2 ASO in combination with cytotoxic therapy produced no significant difference 

in the 32D-BHRF-1 cells, but significantly enhanced sensitivity in the 32D-Bcl-2 cells. 

Similar results were obtained by using an antisense Bcl-2 plasmid construct in the 

t(14;18)(q21;32) lymphoma cell line RSI 1846, which was chemosensitized in the 

presence of ara-c following induction of Bcl-2 antisense via the metallothionein 

promoter. Corroborating evidence for the chemosensitizing potency of ASO mediated 

Bcl-2 downregulation was provided by Campos et al, in CD34 positive acute myeloid 

leukaemia (Campos et a l, 1994). Several in vitro studies have since demonstrated 

chemosensitizing efficacy associated with Bcl-2 downregulation in a variety of cell types.

The ability of Bcl-2 downregulation to prevent the in vivo formation of t(14;18) 

human lymphoma xenografts in severe combined immunodeficient (SCID) mice, was
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first reported by Cotter et al (Cotter et al., 1994). DOHH2 lymphoma cells were treated 

ex-vivo with a lOpM concentration twice at 48-hour intervals, resulting in a reduced Bcl- 

2  expression as detected qualitatively by immunohistochemistry and quantitatively by 

flow cytometry. Associated loss of viability (cytotoxicity) post treatment was observed in 

D0HH2 cells, but not in NFBl normal fibroblast cells lacking Bcl-2 expression. The 

effect of Bcl-2 downregulation on tumourigenicity was evaluated in fifteen SCID mice 

by generation of xenografts using D0HH2 cells which had been treated in vitro with 

ASO to prevent engraftment as detected by peripheral blood polymerase chain reaction to 

t(14;18) (across the IgH promoter/Bcl-2 junction). In contrast, control oligonucleotide 

pre-treated DOHH2 cells went on to produce tumours by 28 days.

The first direct evidence for in vivo chemosensitizing efficacy of Bcl-2 ASO was 

reported by Jansen et al (Jansen et al., 1998), who showed that a combination of ASO 

03139 (5’-TCT CCC AGC GTG CGC AT -3 ’) infused at 5mg/kg for 14 days in the 

absence of cationic lipid, and dacarbazine (five days at 80mg/kg/day injected 

intraperitoneally), resulted in the eradication of 518A2 melanoma xenografts in SCID 

mice. Several similar studies have reported similar findings in different model systems 

(Klasa et al., 2000; Miyake et al., 2000; Schlagbauer-Wadl et al., 2000).

Webb et al reported the first phase I study of Bcl-2 ASO therapy in patients with non- 

Hodgkin lymphoma (Webb et al., 1997). Nine patients diagnosed with relapsed non- 

Hodgkin lymphoma of any histological grade, and evidence of high Bcl-2 expression on 

lymph node biopsy samples, were treated with a continuous subcutaneous infusion of 

G3139, increasing from 4.6mg/m^ to 73.6mg/m^. Two patients showed reduced tumour 

size visualized by computerized tomography (one complete response and one minor 

response), and in two of five patients studied, reduction in the expression of Bcl-2 was 

observed. The study was extended to 21 patients (Waters et a l, 2000), and showed Bcl-2 

reduction in the blood, bone marrow or lymph nodes of seven of the 16 patients assessed, 

supporting antisense activity of G3139 in the clinical setting. G3139 (Genasense™) has 

subsequently been entered into ongoing randomized phase 3 clinical trials globally for 

advanced malignant melanoma, and phase 2  trials for prostate, breast, colon, acute 

leukaemia as well as lymphoma.
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Caveat: Non-specific ASO effects and anti-tumour activity

The polyanionic property of phosphorothioate ASO, has been shown to be 

associated with binding to several different types of cell surface protein including 

CD 11 b/CD 18/Mac 1 (Benimetskaya et al., 1997), basic fibroblast growth factor /bFGF, 

platelet derived growth factor /PGDF (Wellstein et a l, 1991; Zugmaier et a l, 1992). 

Binding to PDGF and bFGF can block their interaction with their receptors at 

pharmacologically relevant 50% inhibitory concentrations (IC5 0 ) of 5mM and 200nM 

respectively (Stein & Krieg, 1994). Polyanionic binding to bFGF was exploited by 

Jansen and co-workers, who showed that melanoma growth in a SCID-hu mouse model 

could be reduced by a non-antisense mechanism that could be inhibited in vitro by the 

addition of bFGF at Ing/ml (Jansen e ta l,  1995).

Numerous sequence dependent non-specific effects have been reported for 

phosphorothioate ASOs. The G-quartet, defined as a series of contiguous guanosine 

residues, has been shown to be anti-proliferative in a sequence-independent manner 

(Yaswen et al., 1993). This implies that for antisense experiments in which the ASO but 

not the control oligonucleotide possesses a G-quartet, anti sense efficacy could be 

erroneously interpreted (Stein & Krieg, 1994). Evidence suggests that Sequence specific 

anti-proliferative effects can be demonstrated in vivo despite the existence of a G-quartet 

in the ASO, as evidenced by the lack of potency of a Q-quintet containing control 

oligonucleotide(Higgins et al., 1993). A large body of evidence supports an immune 

stimulatory role for CpG motifs in which the 5’end is flanked by two purines, and by 

two pyrimidines on the 3’ side (Balias et al., 1996). Oligo CpG regions can potently 

stimulate NK cell lytic activity and have been shown to abundant motifs in bacterial 

DNA (Balias etal., 1996; Krieg etal., 1995).

ASOs are metabolized by enzymic hydrolysis intracellularly leading to stepwise 

release of 5’ monophosphate deoxyriboucleotides (dNMPs). Vaerman et al have shown 

that the 3’ sequence of the ASO determines a non-antisense effect associated with anti

proliferative activity, with the exception of a terminal cytosine at either the last or 

penultimate base position (Vaerman et al., 1985). The cytotoxicity of released dNMPs 

varies such that dCMP is not toxic, whereas dGMP, dTMP, and damp are toxic at 5- 

lOpM concentration. Furthermore, dCMP can inhibit the toxicity of dGMP, dTMP and
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dAMP (Vaerman et al., 1985). Thus, despite a substantial body of evidence supporting 

sequence specific effects of phosphorothioate ASOs, with regard to anti-tumour activity, 

several factors may interact to mediate anti-proliferative effects, complicating 

interpretation of true antisense activity as the only relevant underlying mechanism.

1.3.2 FTPC targeted pharmacologv

Arsenic trioxide, has recently been shown to exhibit significant therapeutic 

efficacy against promyelocytic leukaemia (Soignet et al., 1998), and is capable of 

activating cytochrome C release and caspase activation in vitro (Chen et al., 1998). 

Arsenite is known to directly induce the opening of purified PTPC in a cell fi*ee system, 

in a Bcl-2 inhibitable manner (Larochette et al., 1999); oxidation of vicinal thiols by 

arsenite underlies this phenomenon and is well described (Petronilli et al., 1994a). 

Modulation of the glutathione redox system can alter the threshold of sensitivity to 

arsenic trioxide, supporting an underlying PTPC targeted mechanism of action (Dai et al., 

1999). Arsenite represents one member of a growing class of mitochondriotropic agents 

including Lonidamine, (Ravagnan et al., 1999) (Biroccio et a l, 1999; Natali et al., 1984), 

betulinic acid (Fulda et al., 1998; Pisha et al., 1995), and the rhodacyanine lipophilic 

cation MKT-077 (Koya et al., 1996; Modica-Napolitano et a l, 1998; Modica-Napolitano 

et al., 1996; Propper et al., 1999; Tatsuta et al., 1999; Weisberg et al., 1996).

Modulation o f  PTPC opening via the mitochondrial benzodiazepine receptor

The haem precursor 5 ô aminolaevulinic acid (5-ôALA) has been exploited 

clinically as a pro-drug for endogenous synthesis of PPIX in photodynamic therapy 

(Hinnen et al., 1998; Krammer & Uberriegler, 1996; Noodt et al., 1996). The efficacy of 

5-ÔALA relates directly to the level of formed PPIX, and is inhibited by the availability 

of iron/ferrochetalase activity, which bypasses PPIX to form haem (Berg et al., 1996; 

Chang et al., 1997c; Tan e/ al., 1997). PPIX is an apoptosis sensitizer that facilitates 

collapse of the inner mitochondrial membrane potential in a Bcl-2 resistant manner 

(Marchetti et al., 1996; Pastorino et al., 1994), and therefore suggests a direct role for the 

PBR in 5 Ô ALA photodynamic therapy (Verma et a l, 1998).
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PK11195, an isoquinoline carboxamide compound is an effective apoptosis 

sensitizer in the presence of diverse apoptosis inducing stimuli including rotenone 

(Pastorino et a l, 1994), tumour necrosis factor a  (Pastorino et al., 1996), etoposide, 

dexamethasone, ceramide, and ultraviolet light (Hirsch et al., 1998). Furthermore, 

PK11195 induces the release of apoptogenic factors from isolated mitochondria and 

collapse of mitochondrial membrane potential, leading to apoptosis of malignant cells in 

the presence of high Bcl-2 expression (Hirsch et al., 1998), 122]. PK11195 reduces 

apoptosis threshold at concentrations that do not exhibit cytotoxic efficacy per se. In vivo, 

diazepam (which binds the PBR as well as the central benzodiazepine receptor with 

nanomolar affinity), has been shown to synergize with Lonidamine in its anti-glioma 

activity (Miccoli et al., 1998), as well as potentiating the activity of etoposide in 

leukaemia, lymphoma, and solid tumour models (Filipazzi et a l, 1993; Lelli et al., 1990; 

Natali et al., 1984).

1.4 SUMMARY AND RESEARCH OBJECTIVES

A substantial body of evidence implicates the mitochondrion as a fundamental 

integrator of diverse inducers of apoptosis including cytotoxic drugs and y-irradiation; 

modalities that are limited by intrinsic resistance mechanisms. This selection of the 

mitochondrion as a locus for death regulation is not surprising on teleological grounds, 

since it plays such a fundamental role in sustaining metazoan life through electron 

transport and oxidative phosphorylation. Evolution has designed apoptosis to be an 

efficient process that ultimately results in the turning off of aerobic respiration. The Bcl- 

2  family of oncoproteins are evolutionarily conserved regulators of cell death, that either 

promote or inhibit apoptosis via a direct action at the level of the mitochondrial 

membrane. Death agonist and antagonist proteins of the Bcl-2 family by interacting with 

a common molecular structure, the PTPC, modulate the threshold of apoptosis sensitivity. 

Evidence exists that apoptosis threshold may be modulated via the modulation of death 

antagonist gene expression, or via biochemical interactions with the PTPC itself.

There exists a major clinical need to develop potent therapeutic modalities that can 

selectively enhance apoptosis sensitivity in otherwize resistant cancer cells; this may be

Page 126



Chapter 1 : Introduction

achieved via inhibition Bcl-2 related death antagonist function. The principle objectives 

of the studies detailed in this thesis were therefore to investigate novel approaches both in 

vitro and in vivo for pharmacologically anatagonizing Bcl-2 and B c1-Xl function, and 

thus achieving apoptosis sensitization, either via inhibition of death agonist gene 

expression using ASOs, or via direct modulation of PTPC function using small 

molecules. Novel techniques for robust estimation of apoptosis were also developed, with 

the intention of facilitating accurate, and quantitative estimation of sensitizating potency 

with general applicability.
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2.1 CELL CULTURE AND MANIPULATIONS
2.1.1 Maintenance of Cell Cultures 

Suspension cell cultures

COLO 720 L (ECACC Ref No: 93052623) is a normal B lymphoid cell line 

derived from the peripheral blood of a 74-year-old Chinese female with ovarian cancer. 

These B-lymphoid cells grow as characteristic clumps of cells in cell culture medium, 

often the peripheral cells of the clumps having spike-like uropods extending into the 

media. BV173 was derived from a patient with Philadelphia positive (Ph+) acute 

leukaemia (the t(9;22) bcr-abl translocation encoding p210*̂ '̂ '̂ ^̂ ) and has morphological 

and cytometric features of undifferentiated blast cells (Pegoraro et a i,  1987). The K562 

chronic myelogenous leukaemia cell line carrying the Philadelphia chromosome was 

originally derived from a patient with chronic myelogenous leukaemia in blast crisis 

(Klein et al., 1976). Two stably transfected K562 cell lines were obtained from Drs 

Deborah Banker & Fred Applebaum (The Fred Hutchinson Cancer Centre, Seattle, WA), 

transfected with Bcl-2 (K562 B4), and neomycin control vectors (K562 N2) respectively. 

The SEMK-2 paediatric acute leukaemia cell line carrying the t(4;ll)(q21:q23) 

translocation, encoding the AF4:MLL fusion protein, was derived as a subclone of the 

SEM cell line, established using lymphoblasts from a 5 year old with a first relapse of 

acute lymphoblastic leukaemia (Pocock et al., 1995)

The D0HH2 cell line was established from the pleural fluid cells of a 60-year-old 

man with centroblastic/centrocytic non-Hodgkin's lymphoma that had transformed into 

an immunoblastic lymphoma (Kluin-Nelemans et al., 1993) This cell carries 

t(14;18)(q32;q21) associated with overexpression of Bcl-2. SUDHL4 is also a non- 

Hodgkin lymphoma cell line carrying the t(14;18)(q32;q21) translocation. HL60 cells are 

a myeloid cell line derived from the peripheral blood of a patient with acute 

promyelocytic leukaemia (Gallagher et al., 1979). The KGIA cell line was derived from 

an erythroleukaemia in myeloblastic relapse.

Adherent cell cultures

TFK-1 human extrahepatic bile duct carcinoma cell line was established from a 

surgically resected tumor specimen, which was histologically diagnosed as partly
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papillary adenocarcinoma and partly differentiated tubular adenocarcinoma (Saijyo et a l, 

1999). EGI-1 is also a cholangiocarcinoma cell line

Maintenance o f cell cultures

The cell lines were maintained at a density of between 5 x 10  ̂ and 10  ̂cells per 

millilitre in 75ml polystyrene culture flasks, at 37°C in a humidified atmosphere of 

5 %C0 2 /9 5 % air. Cells were maintained in exponential growth by regularly splitting the 

cultures 1:2 or 1:4 once or twice a week depending on cell density as determined by 

observation using an inverted light microscope. Viability was assessed by daily 

microscopic inspection and using flow cytometric methods (see section 2.2). For 

experiments involving the treatment of cells with pharmacological agents, cells were 

transferred to multiwell dishes during the incubations that followed drug administrations 

(Nunclon delta 6 , 24 or 96 well dishes. Life Technologies)

Preparation ofRPM I Cell Culture Medium

The general composition of cell culture medium used for the maintenance of cell lines 

comprised RPMI 1640, 2mM glutamine, 10% PCS, lOOU/ml penicillin, lOOug/ml 

streptomycin.

Method

To 500ml volume ofRPMI medium without L-glutamine (Sigma R0883), add:

1. 50ml heat inactivated foetal bovine serum (Sigma F9665)

2. 5ml of 200mM glutamine (Sigma G7523)

3. 500|il of lOOU/ml penicillin, lOOpg/ml streptomycin solution (below)

Preparation o f Penicillin/Streptomycin solution fo r  Cell culture 

Method

1. Dissolve 600mg IMU penicillin (Britannia Crystapen injection sodium

benzylpenicillin /penicillin G) in 5ml PBS giving 200KU/ml

2. Dissolve Ig streptomycin (Evans Medical Streptomycin sulphate BP sterile

powder) in 5ml PBS giving 200mg/ml

3. Combine to give a 1:2 dilution of lOOKU/ml pen/lOOmg/ml streptomycin
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4. Use 500|ii per 500ml RPMI (1:1000 dilution) giving lOOU/ml penicillin and 

lOOpg/ml streptomycin (Alternatively, make a further 1:10 dilution in PBS; 

Use 5ml per 500ml RPMI (1:100) giving lOOU/ml penicillin/lOOpg/ml 

streptomycin)

DMEM medium (BV 17 and EGI-1 cells)

Prepared as above but containing Dulbecco’s modified Eagle medium (DMEM Sigma 

D6546 ) rather than RPMI.

2.1.2 Trvpan Blue Exclusion Haematocvtometrv

This technique was used as a simple, cheap, yet informative way of enumerating cells. 

Method.

1. The chamber of the haemocytometer with standard improved Neubauer ruling

was rinsed with water, followed by ethanol and dried. A coverslip was placed 

over the counting chamber trough and pressed down firmly.

2. Trypan blue (Sigma 93595) was diluted 1:2 with lOOpl of cells in suspension cell

culture, and mixed.

3. The trypan blue/cell culture mix was transferred to one half of the chamber in a

sufficient volume to cover the semi-chamber area but not flood the 

surrounding trough.

4. The haemocytometer was placed on a horizontal surface for 1 minute to settle

5. Using a x40 objective, at least 200 cells were counted (N) in five 0.04mm^

squares (centre and four comer squares); this number was multiplied by 5 to 

give a count over the whole Imm^ area (containing 25 small squares), then 

multiplied by 1 0 "* to give a concentration in 1 0 ^/ml, which was then multiplied 

by 2 (the dilution factor), to give the final concentration. Thus the formula 

determining the cell count was therefore

Cell count per ml = lO.N x 10"̂
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2.1.3 Crvopresevation of suspension cell cultures 

Method

1. Wash cells in pre-warmed, supplemented cell culture medium (a single wash 

constitutes centrifugation at 1500 rpm for 5 minutes)

2. Re-suspend at approximately lOx concentration

3. Aliquot 2ml into cryovial

4. Add 200pl dimethylsulphoxide (DMSO, Sigma D8418) and place on dry ice 

immediately after agitation

5. transfer to liquid nitrogen storage (-170°C).

2.1.4 Depletion of Mitochondrial DNA

The synthesis of mitochondrial proteins is under the control of both mitochondrial 

and nuclear genes. The mitochondrial genome encodes 13 protein subunits, 2 rRNAs and 

22tRNAs; two subunits of complex V /ATPase conferring oligomycin sensitivity, 5 

subunits of complex I, and 3 subunits of complex III. These proteins are required for a 

functional respiratory chain, which in turn generates electron transport and the proton 

gradient across the inner mitochondrial membrane required for nuclear encoded protein 

import into mitochondria and oxidative phosphorylation. Cells depleted of mitochondrial 

DNA (p°) cells are unable to provide ATP by oxidative phosphorylation and therefore 

rely on glycolysis for growth. Buchet et al, have shown that the mitochondrial membrane 

potential is maintained in the absence of mitochondrial DNA by the action of a functional 

ATPase lacking subunits 6  and 8  (with has aurovertin and azide sensitivity but 

oligomycin insensitivity); this ATPase can hydrolyse glycolytic ATP, rapidly exchanging 

for ADP to generate a membrane potential comparable vrith cells (Buchet & Godinot, 

1998). The original methodology for depletion of mitochondrial DNA was reported by 

King and Atardi in 1989, in which cells were cultured in enriched medium with ethidium 

bromide (which depletes mitochondrial DNA via intercalation), and supplemented with a 

high glucose concentration, pyruvate and uridine. During selection, the p® cells become 

anaerobic pyridine auxotrophs, which rely upon uridine and pyruvate for growth (King & 

Attardi, 1989).
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D L o o p

Control region
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genes

Cytochrome Oxidase
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genes

Cytochrome Oxidase
COMPLEX V 

genes

F igure 2 .1.1 Structure o f  the M itoch on dria l genom e. I ts  c ircu lar DNA en codes com pon en ts o f  severa l

resp ira to ry  chain com plexes

Preparation of rho 0 medium

Supplement RPMI 1640 medium with

1 .

2 .

3.

4 .

Ethidium bromide, (EtBr, Sigma E7637) at 400ng/ml final concentration 

(make lOOOx i.e 400pg/ml solution in nanks buffered saline (hBSS, Sigma 

h 9 2  69) by adding 4mg/10ml. To obtain a final concentration of 400ng/ml add 

SOOpl to 500ml ofRPM I 1640 medium

Uridine (Sigma U3003) at 5pg/ml (make lOOOx working solution of uridine in 

h B S S  at 5mg/ml by adding 50mg/10ml, then add 500 p.l/500ml RPMI)

Pyruvate ImM (Sigma S8636 lOOmM solution), add 5ml per 500ml RPMI 

1640 medium)

Glucose (supplementation 4.5mg/ml (0.2p filtered) from a lOOx glucose 

working solution (4.5g/10ml), add 5ml/500ml RPMI 1640 medium
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2.1.5 Subcellular fractionation and isolation of Mitochondria

The subcellular fractionation method of Johnson & Lardy was used to isolate

mitochondria (Walter e/a/., 1967).

Method.

1. Thirty million cells were washed in HBSS and centrifuged at 1500 rpm for 5 

minutes, then resuspended in 1ml of buffer A (see below for preparation).

2. The cells were then mechanically homogenized by pulverization in a 1ml Jencon’s 

dounce homogeniser (Jencons 361-006), using 300 strokes; cells were examined 

for rupture of plasma membranes by trypan blue haemocytometry to ensure 

efficiency of homogenization).

3. Cell membranes and nuclei were removed by centrifugation at 600g for 10 

minutes, followed by centrifugation at 15000g for 5 minutes in buffer B (see 

below for preparation) to obtain the mitochondrial pellet which was stored on ice 

in buffer B prior to flow cytometric analysis (within 30 minutes). For functional 

studies of energized mitochondria, respiratory buffer C was used in place of buffer 

B.

Buffer Composition fo r mitochondrial isolation

Buffer A (isolation medium)

250mM sucrose, lOmM Tris, ImM EGTA, pH 7.8 at 4 degrees (on ice).

Buffer B (for structural studies) :

250mM sucrose, lOmMTris

Buffer C (for functional studies):

150mM KCl, 25mM NaHCOg, ImM MgCb, 3mM KH2PO4 , 2 0 mM Hepes pH 7.4 . Add 

ImM glutamate & ImM malate as respiratory substrates to energise the mitochondria.

Preparation of a 20ml volume buffer C -
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606pl of IMKCl,

SOOploflMNaHCOs,

20ploflM M gCl2,

1 2 0 |il of0.5MKH2PO4,

800|il 0.5M Hepes.Make up the volume with distilled water to 20 ml

2.1 . 6  PKl 1195 -NMR spectroscopy 

Perchlorate extraction o f  PKl 1195 treated cells

Between 10 and 100 million cells were washed with phosphate buffered saline. 3.4ml 

of 0.6M perchloric acid solution was added to the cell pellet and vortexed vigorously. 

The supernatant was removed and the lysate neutralized with concentrated KOH 400pl 

6 M, adjusting the pH adjust to between 6  and 8 . The lysate was centrifuged and the 

supernatant removed, followed by freeze drying of the pellet, and reconstituted in 

deuterium oxide for proton ^H-NMR spectroscopy on a JEOL JNM-GSX 500 

spectrometer (University of London Intercollegiate services (ULIRS), Queen Mary and 

Wesfield College facility. University of London), operating at 500MHz for ^H.

PKl 1195 protonation study

In order to structurally investigate the protonation of PKl 1195, NMR spectroscopy was 

performed at a range of pH’s.

1. 20ml of doubly distilled water was pipetted into 5 falcon tubes

2. the pH was titrated using IM HCl or IM KOH to pHl, 3, 5, 9, and 10. The last 

falcon was a control, at neutral pH

3. PKl 1195 was prepared in deuterated methanol

4. 5ml volumes of the pH adjusted water was alliquoted into universals in duplicate 

and PKl 1195 added at a concentration of 0.5mM

5. The pH of each universal was re-measured after adding the PKl 1195, and titrated 

to the appropriate pH (to within 0.5 pH unit)

6 . The universals were protected from light, and used for ^H-NMR measurements
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Theoretical p-NMR analysis

Chemical structures were drawn using ACD Labs chemsketch

(http://www.acdlabs.com/) and imported into the Java structure drawing applet of 

ACDlabs Ilab proton-NMR prediction software (http://www2. acdlabs.com/ilab/) with 

which the predicted p-NMR spectra was computed using the ACD algorithm, and 

displayed graphically.

2.1.7 Cell Treatment with ligands of the PBR

l-(2-Chlorophenyl)-N-methyl-N-(l-methylpropyl)-3-isoquinoline carboxamide 

(synonym PK l 1195)

Several ligands with specificity for the PBR have been described, each with 

equilibrium dissociation constants in the nanomolar range, of which PKl 1195 was the 

first to be synthesized. PKl 1195 has been described as an antagonist of the PBR based on 

its ability to block the cardiac depressive effects of the PBR agonist R05-4864 (Mestre et 

a l, 1992).

Q ÇH3

CH3 CH3

Figure 2.1.2 Chemical structure o f  PK l 1195

Preparation of PKl 1195 working stock solution

Sigma C0424 Molecular weight = 352.9 supplied as a 50mg powder, soluble at 

8 .6 mg/ml in ethanol.

To make a Stock solution at 8 .6 mg/ml (24.4mM), dissolve 50mg in 5.81ml. Keep the 

stock at room temperature and protected from light.

For lOOpM in 1 ml of medium, dilute 1: (1000/(24.4 x 10)) = 4.1 pi PKl 1195 stock/ml of 

medium. For 75pM add 0.75 x 4.1 = 3. Ipl of PKl 1195 stock/ml of medium
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5-(4-Methoxyphenyl)pyrrolo(2, l-d)(l,5)benzothiazepin-4-ol acetate (Synonym NF49)

The 6  aryl pyrrolobenzothiazepine derivatives, which include NF49, were

synthesized by Fiorini et al in 1994 (Fiorini et al., 1994), and exhibit nanomolar affinity 

for the PBR.

CH.

Figure 2.1.3 Chemical structure o f NF49

Preparation of NF49 working solution 

Sigma M4546. Molecular weight = mw. 363.4

Soluble at lOmg/ml in dimethylsulphoxide (27.5mM stock to keep at 2-8°C) 

lOmg/ml = 0.0275M.

To obtain lOOpM, use a 1:(1000/(27.5 x 10)) = 1:366.6 dilution = 3.63pi NF49 stock /ml 

of medium

For 75pM = 2.72pl NF49 stock/ml of medium

N, N-di-n-hexyl 2-(4-fluorophenyl)indole-S-acetamide (Synonym FGIN-1-27)

Romeo et al, synthesized a series of 2-indole-3 acetamides (FGIN-1) with nanomolar 

affinity for the PBR (Romeo et al., 1993). Based on its anticonvulsant actions which are 

blocked by PKl 1195, FGIN-1-27 has been described as a PBR agonist (Romeo et al., 

1993).
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.CH3

Figure 2.1.4 Chemical structure o f  FGIN-1-27

Preparation of FGIN-1-27 working solution

Sigma D8555. Molecular weight = mw. 436.6 Soluble at 20mg/ml in methanol 

20g/L = 20/436.6 M (45.8mM stock to keep at 2-8°C).

To obtain lOOpM final concentration in 1ml of medium, use a dilution of l:(1000/{45.8

X 1 0 }) =_2.18pl FGIN-1-27 stock /ml of medium

For 75|xM final concentration, use 1.625pl FGIN-1-27 stock/ml medium

4'-chlorodiazepam (Synonyms: R05 4864, 7-Chloro-5-(4'-chlorophenyl)-1,3-dihydro-1- 

methyl-2H-l,4-henzodiazepin-2-one)

The PBR was originally identified pharmacologically by its ability to specifically 

bind R05-4864 at nanomolar affinity. R05-4864 differs from the anxiolytic and 

anticonvulsant diazepam in the addition of a chlorine atom at the 4 position. The 

depressive effects of R05-4864 on muscle contractility are blocked by PKl 1195, and it 

has therefore been termed as an agonist of the PBR (Mestre et al., 1992).

Cl

Figure 2.1.5 Chemical structure o f  R05-4864
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Preparation of R05-4864 stock solution 

Sigma C5174, molecular weight = 319.2

Soluble 17mg/ml in ethanol, stored at room temperature = 53.2mM

For 100|_iM final concentration in 1ml medium, use a dilution of l:(1000/(53.2 x 10))

= 1.9pl of R05-4864 stock/ml of medium

75pM final concentration = 1.4pl of R05-4864 stock/ml of medium

2.1.8 Measurement of Peripheral Benzodiazepine receptor expression using NBD 

FGIN-1-27 analogue

Kozikowski et al developed a 7 nitro-2,1,3-benzoxadiazol-4-yl (NBD) derivative 

of 2-phenylindole-3 -acetamide with the ability to bind the PBR with high affinity and 

fluorescently label the receptor for visualization of intracellular PBR distribution

NO.

NH
NH

N—O

Figure 2.1.6 Chemical structure o f NBD FGIN-1-27 analogue

Cell staining with NBD FGIN 1-2-27 analogue 

Method.

Alexis Biochemicals 620-045-M001 ImM stock

Treat cells were treated at a concentration of l|iM  (1:1000 dilution of the ImM stock 

solution, as Ipl per 1ml cell suspension), for 45 minutes in the dark at 37° in a 

humidified atmosphere of 5 %C0 2 /9 5 % air.

Cells are then washed and analysed either by flow cytometry or fluorescence microscopy.
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2.1.9 Pro-oxidant agents

The cytotoxic activity of pro-oxidants has been known for several years (Thor et 

a l, 1982), are known to induce apoptosis (McConkey et al.^ 1988), and modulate NFkB 

activity (Brennan & O'Neill, 1998). Tert-butylhydroperoxide forms alkoxyl (t-BOO) and 

peroxyl (t-BO) radical species (Ahmed-Choudhury et al.^ 1986; Van der Zee et al., 

1992), whereas hydrogen peroxide forms the highly reactive hydroxyl radical via the 

Fenton reaction at Fe/Cu centres. Diamide is an electrophilic thiol oxidant which 

selectively crosslinks vicinal thiols to form disulphides , a “sulphydryl reactive 

compound” (Kosower e/ûf/., 1969).

T-butylhydroperoxide (tBuOOH)

CH3

H3 C- — O 
\

CHc OH'3

Figure 2.1.7 Chemical structure ofT-butylhydroperoxide

Preparation of tBOOH working dilutions

Sigma B2633 70% aqueous solution, molecular weight= 90.2,

Stock solution is 70g/L = 0.776M,

ImM = 1 ;776 dilution = 1.28p,l t-BOOH/ml of medium

Final concentration Volume to add to 1ml Working dilution

IMm 1 2 .8 îl 1 : 1 0

500uM 6.4^1 1 : 1 0

lOOuM 1 2 .8 |il 1 : 1 0 0

50uM 6.4|il 1 : 1 0 0

lOuM 1 2 .8 til 1 : 1 0 0 0

O.luM 1 2 .8 ^ 1 1 :1 0 0 , 0 0 0

Page 140



Chapter 2: Materials and Methods

Hydrogen Peroxide

Preparation of tBOOH working dilutions

Sigma H I009 30% w/w solution, molecular weight = 34.01, = 882mM 

ImM = 1:882 dilution = 11.3|o,l of 1:10 dilution

Concentration Volume to add to 1ml Dilution of stock solution

500|iM 56.5^il 1 : 1 0 0

lOOjaM 11.3pl 1 : 1 0 0

50|iM 56.5pl 1 : 1 0 0 0

10|iM 11.3|il 1 : 1 0 0 0

l|iM 11.3^1 1 0 , 0 0 0

0 . 1  nM 11.3|il 1 0 0 , 0 0 0

Diamide (Synonyms: Azodicarboxylic acid his(dimethylamide), Diazinedicarboxylic acid 

bis(N, N-dimethylamide)

.CH3

CH3

H3 C CH3

Figure 2.1.8 Chemical structure o f  diamide

Preparation of diamide dilutions for dose response analysis

Sigma 3648, 20mg/ml in water, molecular weight 172.2, stored at below 0°C

Stock = 116mM,

ImM in 1 ml requires 1:( 1000/ 116) dilution, = 8.6|l i 1 of stock solution/ml
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Final concentration Volume to add to 1ml Working dilution

400pM 34.5pl 1 : 1 0

250pM 2 1 .6 pl 1 : 1 0

lOOpM 8 .6 ^ 1 1 : 1 0

50|iM 4.3|il 1 : 1 0

lOpM 8 .6 |il 1 : 1 0 0

l|iM 8 .6 |l i 1 1 : 1 0 0 0

2.1.10 Antioxidant and respiratory substrate treatments 

N-acetyl L-cysteine

N-acetyl- L cysteine (NAG) is an antioxidant which increases the intracellular 

pool of free radical scavenging glutathione and also reacts directly with reactive oxygen 

species. It is a powerful scavenger of hypochlorous acid (HOCl), and also reacts with 

hydroxyl radical with a rate constant of 1.36 X 10^° as determined by pulse

radiolysis (Aruoma et a l, 1991). NAG reacts slowly with hydrogen peroxide, but not 

with superoxide (02-) (Aruoma et a l, 1991).

Preparation and administration of NAG 

Sigma A88199 molecular weight = 163.2

Make a 0.2 micron filtered lOOmM stock solution with its pH corrected to 7.4 (store at 2- 

8 °G). NAG is used at final concentration of lOmM

Catalase

One of the most potent catalysts known, catalase rapidly decomposes the pro

oxidant hydrogen peroxide to water and molecular oxygen; its anti-oxidant activity is 

utilised by cells as a physiological defence against the damaging effects of reactive 

oxygen species. The catalytic efficiency of catalase is one of the highest known kcat/KM = 

4.0 X 10^M'^s'\ active near the physical diffusion limit of 10^-10^M"^s'\ effectively 

catalysing conversion of hydrogen peroxide with each collision. Gatalase is a tetrameric 

enzyme of 250kD molecular weight.
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Preparation of catalase

Prepare a working stock of catalase (Sigma 9322) in HBSS at 10,000U/ml. Use at a final 

concentration of 500U/ml (Gorman et al., 1997a), i.e dilute 1:10, thus add 50pl/ml of cell 

culture medium.

Reduced Glutathione (synonym, GSH, y-Glu Cys Gly)

O
O

NH
NH

HS
OH

OH

O

O

Figure 2.1.9 Chemical structure o f reduced glutathione

Preparation and administration of GSH

sigma G6529 molecular weight = 307.3, prepared as a lOOmM stock solution in water 

(stored at 2-8°C) and used at lOmM final concentration in cell culture medium i.e. 

add lOOpl to 900|l i 1 culture medium to yield a final 1:10 dilution (lOmM)

Ascorbic Acid (synonym: Vitamin C)

CH

HO,

HO OH

Figure 2.1.10 Chemical structure o f  ascorbic acid

Preparation of ascorbic acid for anti-oxidant studies

Sigma A5960, Molecular weight = 176.1, soluble at 500mM in water (stock solution) 

Use at lOmM final concentration i.e. use at a final dilution of 1:50 i.e 20pl/ml.
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Pyruvate (synonym: a-ketopropionic acid, 2-oxopropionic acid)

O O

H
H3 C OH

Figure 2.1.11 Chemical structure o f pyruvate

The glycolytic intermediate and tricarboxylic acid substrate pyruvic acid is an 

antioxidant with cytoprotective effects against oxidative stress induced cell injury 

(Ramakrishnan et al., 1983), and reacts directly with hydrogen peroxide in a 

stoichiometric and non-enzymatic manner to protect from its cytolytic effects 

(O'Donnell-Tormey e/ûr/., 1987).

Preparation of Pyruvate solution for in vitro antioxidant studies 

Sigma 72610 Pyruvic acid solution, Molecular weight = 88.06 

0.04mg/ml = 0.454mM.

To use at a final concentration of lOOpM : i.e. add 220pl/ml cell suspension in 

supplemented culture medium.

Succinic Acid (synonym: butanedoic acid)

0 ^ 0 -
Succinate

0 ^ 0 -
Fumarate

FAD FADH

Figure 2.1.12 Oxidation o f  succinate to fumarate is coupled to reduction o f  the oxidative substrate FAD

that donates electrons to the respiratory chain at complex 11
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An intermediate of the tricarboxylic acid cycle that is generated by cleavage of 

the thioester bond of succinyl-coA Succinate is oxidized by succinate dehydrogenase to 

fumarate with the trapping of energy in the form of FADH2 . FAD is employed in the 

oxidation as the free energy change is insufficient to reduce NA D \ The two electrons 

transferred from FADH2 are transferred directly to the Fe^  ̂ atoms of succinate 

dehydrogenase and passed along the electron transport chain. Succinate can therefore 

donate electrons to sustain respiration, effectively bypassing complex I.

Preparation of succinate

Sigma S3674 lOOmg, molecular weight 118.1 = 0.847mmol

Soluble to IM in H2 O. In 100ml = 8.47mM, thus in 10ml volume, concentration = 

84.7mM

For ImM final concentration, add 11.8|il/ml of cell culture medium 

Manganese (III)tetrakis(4-benzoic acid)porphyrin chloride (synonym MnTBAP)

HO,

HO OH
,Mn

'NH

HO'

Figure 2.1.16!hemical structure o f  UwTBAP
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MnTBAP is a cell permeable superoxide dismutase mimetic and peroxynitrite 

scavenger that can protect cells against pro-oxidants in a dose dependent manner (Trotti 

e ta l ,  1999).

Preparation of MnTBAP stock solution

Oxis health products, Inc. 26532 (25mg brown powder), molecular weight 879.2 

Soluble in H2 O ( >=lmM), store protected from light frozen at -20°C 

Make a 2.84mM stock solution by adding 10ml to 25mg of MnTBAP powder 

Use at a final concentration of lOOpM by adding 1:28.4 dilution i.e. 35.2pl to 1ml

2.1.11 Inhibition of Mitochondrial Permeability Transition

Cyclosporin A (CsA)

A non-polar cyclic oligopeptide metabolite from the fungus Tolypoclasium 

inflantum with potent immunosuppressive properties. Cyclosporin A has been shown to 

be a specific inhibitor of mitochondrial permeability transition (Broekemeier et a l, 

1989), acts by binding to mitochondrial cyclophilin (Halestrap et al., 1997a) and is 

effective in cells at O.SpM concentration. Inhibition is potent (IC50 20-50pmol/mg 

mitochondrial protein), but short lived due to the accumulation of free fatty acids which 

antagonize cyclosporin A activity on the pore. Activity has been demonstrated in cell 

culture (Walter et al., 1998).

Preparation of cyclosporin A

Sigma C3662, 5mg, Molecular weight = 1202.6 (= 4.177pmol)

Dissolve in lOmg/ml in ethanol, 50mg/ml in DMSO (store at -20°C);

If dissolving 5mg in 4177pl, this gives ImM stock solution.

To use at IpM  final concentration, dilute 1:1000 (i.e. Ipl in 1ml)
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Trifluoroperazine (Synonym: (10-(3-(4-methylpiperazin-l-yl) propyl)- 2-(trifluoro- 

methyl)-10H-phenothiazine)

CF
CH

Figure 2.1.15 Chemical structure o f  trifluoperazine

Trifluoperazine is an inhibitor of phospholipase A2 . Free fatty acids, which are 

phospholipase reaction products, facilitate pore opening in a concentration dependent 

manner (icso «20nmol/mg mitochondrial protein) (Broekemeier & Pfeiffer, 1995). By 

inhibiting free fatty acid generation, trifluoperazine can produce short term inhibition of 

mitochondrial permeability transition at 5pm concentration (Imberti et al., 1993). 

Inhibitory synergy with prolonged activity is observed in the presence of fiuctose and 

cyclosporin a, a combination termed FCAT (Beales & McLean, 1996) (IMBERTI ET  

AL., 1993).

Preparation of trifluoperazine

Aldrich 283886, molecular weight 480.4. Soluble to 50mg/ml in H2 O.

Make a 1 mg/ml working solution (store at -20°C) « 2mM. Use at lOpM (1:200 dilution),

ie. 5pl/ml cell culture medium

Fructose

A glycolytic intermediate which, in combination with trifluoperazine and 

cyclosporin A, can inhibit permeability transition for prolonged periods (Bemardi et al.,

1993).(Qiane/a/., 1999).

Preparation of fructose

Sigma F9048, molecular weight : 180.1

Make a IM solution, use at 20pM, i.e. 20pl/ml of cell culture medium
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Bongkrekic acid

H,C

Figure 2.1.16 Chemical structure o f bongkrekic acid

A toxic metabolite produced by Pseudomonas cocovenenans, and originally isolated 

from bongkrek, an Indonesian fermented coconut product. Bongkrekic acid inhibits the 

adenine nucleotide translocator of the inner mitochondrial membrane (Henderson & 

Lardy, 1970; Klingenberg et a l,  1970; Lauquin & Vignais, 1976), and prevents 

mitochondrial permeability transition (Hirsch et al., 1997; Susin et al., 1996; Zamzami et 

a l, 1996b).

Preparation of bongkrekic acid (Biomol CM-113).

Molecular weight: 531.7 at Ig/L provided as a lOOpl volume (stored at 

-20°C) equivalent to 1.88mM concentration, to use at 50pM, dilute 1:37.76 

Use 26.48|il/ml cell culture medium, or 6.62pl in 250pl

2.1.12 Treatment of cells with cvtotoxic chemotherapy

Etoposide (Synonyms: 4’-Desmethylepipodophyllotoxin 9-(4,6-0-ethylidene-beta-D

glucopyranoside), VP-16-2IS

Synthesized from podophyllotoxin, etoposide was first used in humans in the 

early 1970s (Nissen et a l,  1972). By binding to topoisomerase II and DNA, etoposide
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blocks the cell cycle in S-phase and G2-phase of the cell cycle(Chow & Ross, 1987), and 

induces apoptosis in normal and tumour cell lines (Kaufmann, 1989; Walker et al., 1991).

Preparation of etoposide for Dose Response analysis

Sigma E l383, mw. 588.6, soluble in dimethylsulphoxide (DMSO) at 30mg/ml (=5 ImM) 

The Volume of stock solution to add to yield a final concentration of ImM is a 

1:(1000/51) dilution i.e. 19.6jj,l etoposide stock solution/ml of cell culture medium

ancentration Volume to add to Dilution of stock

1ml solution

lOO îM 19.6 1:10

lOpM 19.6 1:100

l|iM 19.6 1:1000

O.lpiM 19.6 1:10,000

O.OljiM 19.6 100,000

O.OOlpM 19.6 1,000,000

Preparation o f  other cytotoxic cancer chemotherapeutic agents

Agent Working Stock Concentration Final

Concentration

Ara-C Dissolved at (50mg/ml) 25mg in 500ul of 

Hanks saline, mw = 279.7, 89.3mM

lOOuM = 11.2ul/ml

5 fiuorouracil Dissolved at 25mg/ml in DMSO, mw 130.1 = lOOuM = 5.2ul of 1:10

193mM, ImM = 5.2ul/ml dilution/ml

Daunorubicin Img made up to ImM solution in water, 

lmg=1.77mMol, add 565ul to make ImM 

solution

lOOuM = lOOu/ml
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Dexomethasone

Paclitaxel

lOOmg stock. MW 392.5. Optimal 

concentration for single dose is 0.1 pM. Make a 

25mg/ml stock by dissolving in 4ml Hanks 

Buffered saline. This gives 2.55 x lO’̂ Mol/L. 

In 10ml = 25.5mM. To obtain 0.1 pM dissolve 

stock 1:250 gives lOOpM (4pl in 996pl of 

saline)

5mg mw 853.9. Soluble in DMSG, make a 

ImM stock

Add Ipl/ml of lOOpM 

to obtain 0.1 pM final 

concentration (further 

1:1000 dilution)

To obtain lOOpM 

concentration, make a 

1:100 dilution lOpl/ml.

2.1.13 ASO Transfection

Phosphorothioate ASOs (PS-ASOs) must be made accessible to ribonuclease H, 

located within the nucleus in order to achieve enzymatic cleavage of cognate RNA 

(Bennett et al., 1992; Crooke, 1998; Crooke, 1999; Giles et al., 1995); cationic lipids 

provide one of the most commonly employed methods for facilitating nuclear 

translocation (Bennett et al., 1992; Marcusson et al., 1998) and forms an electroneutral 

complex with an anionic oligonucleotide (lipoplex), facilitating cell entry. The cationic 

lipid dissociates from the oligonucleotide prior to its nuclear entry (Marcusson et al., 

1998). By reducing the required concentration for the antisense oligonucleotide, cationic 

lipids improve the oligonucleotide delivery and minimise non-specific protein 

interactions with well-defined range of targets including cell surface growth receptors 

(Benimetskaya er a/., 1995).

Oligonucleotides

2 ’methoxyethoxy-phosphorothioate gapmers

ISIS 16009 (molecular weight 7099 Da) 5’-CTA CGC T IT  CCA CGC ACA GT

ISIS 15999 (molecular weight 7184 Da) 5’-TCC CGG TTG CTC TGA GAC AT

ISIS 169967 (scrambled control) 5’ TCA CAT TGG CGC TTA GCC GT
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Uniform phosphorothioates

G3139 (Genta) 5’ TCT CGC AGT GTG CGC CAT

G3139 scrambled 5 ’ UAC CGC GUG CGA CCC UCU

FITC conjugated Morpholino backbone (Antivirals Inc.) oligonucleotide was used to 

monitor uptake and intracellular distribution; the sequence was the same as for G3139.

ASO transfection protocol 

Formation of Lipoplex

1. In a polystyrene Bijou, add 200pl of serum free OPTIMEM medium (Life

Technologies 11058).

2. Add the ASO to the OPTIMEM medium. The amount added should be such 

that the final concentration on addition to the cells is between 0.1 pM and 

lOOOpM. Eg. For lOOmM stock solution of ASO, add lOpl, which will yield a 

1:100 dilution to give lOOmM final concentration in a transfection volume of 

1ml.

3. Add 15pg/lml Lipofectin (Life Technologies 18292-011) to the bijou

containing the ASO. Lipofectin concentration is Ipg/ul.

4. Leave at room temperature for 30-45 minutes to this allow complexation

between cationic lipid and DNA (formation of a “lipoplex”).

Preparation of cells for transfection

1. Wash 10  ̂ exponentially growing cells with phosphate buffered saline, three 

times (pre-warmed to 37°C).

2. Resuspend the cells in 775pl of serum free/antibiotic free OPTIMEM medium

in a sterile polystyrene bijou, for a final concentration of ImM ASO.

3. Combine the lipoplex (225pi) with the cells in the bijou containing the cells in 

the 775pl volume of OPTIMEM

4. Incubate the cells and lipoplex for 4 hours at 37°C

5. Wash the cells in phosphate buffered saline
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6. Incubate in normal supplemented RPMI 1640 medium for 48 hours prior to 

analysis of protein downregulation

2.1.14 Establishment of haemopoietic and solid tumour xenografts 

Immunodeflcient mouse husbandry

All in vivo studies were conducted using a non-obese diabetic/severe combined 

immunodeflcient (NOD/LtSz scid-scid) mouse colony originally obtained from Dr. John 

Dick (Toronto Canada), under the jurisdiction of the Home Office project licence number 

70/03663 (Home Office project licence holder Dr. Finbarr Cotter). The colony was bred 

from the original breeding pair obtained from Dr. Leonard Shultz (Jackson Laboratory, 

Bar Harbor, ME). The NOD/Ltz scid-scid mouse was obtained from a backcross of the 

SCID mutation (Bosma et a/., 1983) onto the non-obese diabetic/Lt background. These 

mice are hypogammaglobulinaemic, lacking both T and B cell fimction; in addition, the 

resulting NOD/SCID mice exhibit low natural killer (NK) cell activity, lack haemolytic 

complement, and normal macrophage function. Consequently, NOD/SCID mice have 

shown improved engraftment over the original SCID model when transplanted with a 

variety of different cell types including bone marrow leukocytes and peripheral blood 

mononuclear cells (Hesselton et a l, 1995; Larochelle et al., 1995)

The immunodeflcient mice were bred and maintained in a specific pathogen free 

environment based at the animal facility of the Institute of Child Health, University 

College London. NOD-SCID husbandry was managed according to Home Office 

guidelines by experienced full time staff. The Breeding colony was maintained in a 

restricted barrier facility; young mice were weaned and transferred to microisolator cages 

(males and females separated 3-4 per cage), in an adjacent sterile room from the breeding 

colony. The NOD/SCID mice were fed autoclaved food (15g/100g/day) and water 

(15ml/100g/day), and transferred to clean cages with fresh bedding, food and water 

weekly.

For experiments, no bias was favoured with regard to the sex of the NOD/SCID 

mice selected, but animals were chosen at between 6 and 8 weeks of age (average 

lifespan 40-80 weeks). All studies required that the mice appeared healthy, i.e. without 

signs of infection or disease, manifesting as ruffled fur, nasal secretions, tachypnoea or
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somnolence. Any mice exhibiting these physical signs were not employed for 

experimental studies and humanely killed according to Schedule I of the Animals 

(Scientific Procedures) Act 1986 (under section 21). Risk of infection was minimised by 

maintaining a sterile environment, including autoclaved food, water and bedding, sterile 

protective clothing for animal handling (overshoes, gown, mask, hat and gloves), and use 

of a laminar flow hood for all procedures. In addition, a strict limitation on staff 

authorized to enter the SCID room was enforced. All in vivo procedures were conducted 

by Ms Margherita Corbo (Full-time trained staff of the Institute of Child Health 

NOD/SCID colony. Home Office Personal Licence number PIL 70/2629) under direction 

by myself (following Institute of Biology accredited training under the Animals Modules 

I, II, and III (Scientific Procedures Act) 1986 , certificate No: RVC98183).

Inoculation o f  Cells into NOD/SCID mice

In general of haemopoietic and solid tumour xenografts were established as 

subcutaneous tumours (Franks et al., 1977). For inoculation, approximately 5-50 x 10  ̂

cells were used. The cells that had been harvested by centrifiigation at 1500 rpm for 5 

minutes in sterile 25ml universals were resuspended in 200pl of phosphate buffered 

saline, aspirated into a 1ml syringe attached to a 25G (orange) sterile needle and injected 

subcutaneously in the dorsal region (scruff), in a tail to head direction. Anaesthesia was 

not required for this transient procedure, which caused little distress to the mice.

Intravenous injection was employed for systemic engraftment of lymphoma cells, 

which were limited to 50 x 10  ̂ , as greater numbers are associated with a risk of 

embolism to the brain or lung. Inoculation of the cells in a 200pl volume of phosphate 

buffered saline was done via the tail vein, which was vasodilated by 10-15 minutes 

exposure to infi*ared light. In accordance with Home Office regulations, the inoculated 

mice were clearly marked as such using indelible ink, and their cages labelled to include 

the number of mice and the type of cells injected.

Mice were regularly inspected following inoculation for evidence of subcutaneous 

tumour formation or infection. Particular observation was made (with special regard to 

systemically engrafted cells) for signs of advanced disseminated malignancy, manifesting 

as hind leg paralysis arising from spinal cord compression. Under such conditions, mice
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were humanely killed according to the Home Office code of practice under Schedule I of 

the Animals (Scientific) Act 1986.

2.1.15 In vivo Oligonucleotide and Drug Administration

Insertion o f  osmotic chambers fo r  Oligonucleotide and drug administration

Azlet miniature osmotic pumps were employed for the delivery of both 

oligonucleotides and peripheral benzodiazepine receptor ligands for those experiments 

demanding continuous administration over extended periods. (Iversen et al., 1994; Jansen 

et al., 1995). These osmotic diffusion chambers provide systemic administration when 

implanted subcutaneously. In order to deliver continuous subcutaneous delivery of drugs 

for 14 days, osmotic pumps with a 200pl reservoir were employed, delivering its volume 

at 0.5pl/hour (Azlet 2002). The oligonucleotides or drugs were loaded into the reservoir 

under sterile conditions using the applicator needle provided. The chamber was then 

sealed with the cap and the flow moderator provided.

Osmotic chambers were inserted subcutaneously following inoculation and 

confirmation of engraftment. The NOD/SCID mice were anaesthetized by a mixture of 2- 

4% halothane, 2L/minute nitrous oxide, and l-2L/minute oxygen, individually in a sterile 

chamber within a laminar flow hood. Once unconscious (verified by testing for a lack of 

a response to noxious stimulus (a pinch) applied to the hind feet), the mouse was placed 

on a sterile towel; anaesthesia was maintained during the procedure using a small 

facemask fitting over the mouth and nose. A small patch of fur was shaved on the back 

and iodine spray applied; a small incision was made in the skin, which was separated 

fi’om the underlying fascia to create a subcutaneous pouch. The infusion chamber was 

then inserted high into the pouch and the incision closed using 2-3 uninterrupted sutures 

of biodegradable 4/0 proline. On the removal of the mask, consciousness returned and the 

NOD/SCID mouse could be returned to its microisolator cage.

Bolus intraperitoneal (i.p.) administration

This route of administration was used to deliver peripheral benzodiazepine 

receptor ligands systemically. To administer the dose, the mouse was grasped by the 

scruff of the neck with the left hand and rotated in the hand with the little finger used to
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restrain the tail and hence the movement of the trunk and hind legs. The mice readily 

settle in this position. The spine was gently extended to both for abdominal organs 

posteriorly, and to tense abdominal skin and peritoneum. After sterilization of the ventral 

skin surface, the dose was administered using the right hand into the right or left flank via 

a 25G gauge needle.

For i.p. PK11195 administration, a concentration of lOmg/kg/day (Benavides et 

al., 1984; Byrnes et al., 1993) for three days was administered; taking the average weight 

of a mouse to be 20g, a daily dose of 200pg was employed for these studies. The stock 

concentration of PKl 1195 was 8.6mg/ml, requiring a volume of 23pi per bolus injection. 

This volume of PKl 1195 stock solution was diluted in 500pl of phosphate buffered 

saline, and administered at 24 hour intervals for three doses.

To examine the bio availability of peripheral benzodiazepine receptor ligand NBD 

FGIN-1-27 analogue administered in vivo, lOmg/kg/day was administered i.p for three 

doses prior to sacrifice. Etoposide was administered i.p as a bolus at 20mg/kg (Lee et al., 

1995; Long & Casazza, 1994; Mikami et al., 1994), that has been shown to exhibit 

systemic bioavailability with anti-tumour activity demonstrated against a variety of 

subcutaneously engrafted tumours (Adachi et al., 1989; Morita et al., 1986; Nakanishi et 

al., 1990). Using Vepesid (Etoposide, Bristol Myers) at a stock concentration of 

20mg/ml, for a 20g mouse, 40pl of Vepesid was required for a bolus injection of 

20mg/kg, diluted in 500pl of phosphate buffered saline.

2.1.16 Mechanical Disaggregation of tumour xenografts

To enable the investigation of xenograft cells at single cell resolution using flow 

cytometry following in vivo treatments, a technique employing mechanical 

disaggregation of xenografts was employed. Following engraftment of subcutaneous 

tumours and the formation of palpable lumps, the NOD/SCID mice were sacrificed, and 

the tumours removed by blunt dissection, removing skin and fascia from around the 

tumour using scissors. The tumours were transferred to individual 50ml falcon tubes 

containing approximately 30ml of pre-warmed RPMI 1640 medium supplemented with 

10% foetal calf serum, glutamine and antibiotics as previously described. These tubes
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were then rapidly transported to the tissue culture lab where they were disaggregated 

according to the following protocol within a sterile laminar flow hood.

Mechanical tumour disaggregation method

(based on Visscher & Crissman, 1994, (Visscher & Crissman, 1994))

1. Section tumour into quarters.

2. Take one quarter and pulverize in 10ml of supplemented RPMI 1640 medium 

using 5 strokes of the Jencons 30ml safegrind tissue homogeniser (Jencons 361- 

016).

3. Decant the dispersed cells into 30ml fresh supplemented medium in a falcon.

4. Pour 10ml from the falcon back into the tissue homogenizer and use 5 strokes to 

disaggregate the tumour. Repeat steps 2-3 until dispersion is complete (viscosity 

is minimal - if viscosity if too high, decant and wash with fresh medium).

5. Complete the dispersion of all 4 quarters

Mechanical disaggregation carried the advantage of avoiding the use of enzymes 

such as collagenase and trypsin, which have the potential for destroying/altering cell 

surface antigens, prior to ex-vivo cell culture. For haemopoietic tumours, the healthy 

leucocytes were purified by density gradient centrifugation using Ficoll hypaque 

leucocyte separation medium. This purification step isolated live lymphocytes 

exclusively, providing a homogenous ex-vivo xenograft cell population for culturing.

Lymphocyte purification by density gradient centrifugation

1. In a 50ml falcon tube, pour 25ml of lymphocyte separation medium.

2. Overlay 25ml of homogenized xenograft cell suspension.

3. Centrifiige at SOOrpm for 25 minutes.

4. Carefully aspirate the cells located at the white interface between the clear lower

layer of leucocyte separation medium and the upper orange layer of cell culture

medium.

5. Following a large volume single wash of the cells (in pre-warmed, supplemented 

cell culture medium), the cells were plated for cell culture
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2.1.17 Immunoglubulin labelling for flow cytometry

For the purposes of immunophenotypical confirmation of the human origin of the 

putative xenograft lymphocytes using fluorescein isothiocyanate conjugated CD45 

monoclonal antibody, or for the identification of the expression of proteins of the Bcl-2 

family, cells were prepared for single antibody labelling according to the following 

protocols. Fixation of cells is an essential step in preserving the structural integrity of 

cells prior to flow immunophenotyping; a solution of 1% paraformaldehyde provides a 

general purpose fixative that suitably preserves membrane antigens and structural 

integrity for anti-body labelling studies, with electronic cell volumes almost identical to 

unfixed cells at the same flow cytometer gain settings (Stewart & Stewart, 1994). 

Detection of intracellular antigens requires that cells are permeabilized to enable binding 

of immunoglobulin to subcellular structures; this can be achieved by brief treatment with 

non-ionic detergents, hypotonic solutions, or proteolytic enzymes.

To standardise both fixation and permeabilization steps, a commercial fixation 

and permeabilization kit was used (Dako Intrastain) providing optimization for both 

stages of cell preparation during immunoglobulin labelling suitable for both cell surface 

and intracellular antigens.

Method.

1. Wash approximately 10  ̂ cells once in cold phosphate buffered saline by 

centrifuging at 1500 rpm for 5 minutes in a 1ml eppendorf.

2. Invert tube and decant supernatant, blotting the lip of the tube to remove any 

excess supernatant.

3. Gently resuspend the cell pellet in lOOpl fixative solution A (Dako intrastain 

fixative) for 15 minutes in the dark

4. Wash the fixed cells in 4ml phosphate buffered saline

5. Resuspend in lOOpl of permeabilization buffer B, and add approximately 

30|ig of antibody incubating for 15 minutes in the dark

6. wash and resuspend in 1% paraformaldehyde for flow cytometric analysis
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For studies involving secondary antibody labelling in which a directly conjugated 

primary immunoglobulin was unavailable commercially (for example, the measurement 

of intracellular B c1-Xl expression), precautions to ensure blocking of non-specific 

immunoglobulin binding sites were taken using either goat serum, or a non-specific IgG 

blocking antibody; this step minimized non-specific background signal and consequently 

increased signal-to-noise ratio during flow cytometry. For these experiments, a control 

employing a non-specific primary antibody with matching isotype to the specific 

antibody was required to provide a measurement of non-specific background 

fluorescence.

Method

1. Wash the cells once in phosphate buffered saline

2. Fix the cells in Dako intrastain A as described (or 1ml 1% ultrapure

formaldehyde; samples can be analysed within 5 days; if formadehyde is not 

ultrapure, there is increased autofluoresence)

3. Add lOpl of goat IgG blocking antibody (the isotype should match that of the

FITC conjugated secondary antibody) for 10 minutes

4. Add the primary antibody for 15 minutes (e.g mouse BCL-X Ab)

5. Wash the cells

6. Add goat FITC conjugated anti-mouse secondary antibody for 15 minutes

7. wash

8. for control tube add the isotype control antibody (mouse IgG control) rather

than primary antibody.

2.1.18 Isolation of CD 19 positive Ivmphocvtes using immunomagnetic separation

CD 19 positive B cells were positively selected fi*om the whole blood of patients with 

chronic lymphocytic leukaemia using Dynal CD 19 magnetic beads (Dynal M450 CD 19 

Pan B) supplied as a 4 x lOVml suspension in PBS. These immunomagnetic beads are 

uniform polystyrene beads coated with a primary monoclonal antibody restricted to the B
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cell plasma membrane antigen, CD 19 (95kDa type I integral membrane protein with 

restricted expression to B cells). Mouse IgM mAh to CD 19 (ABl) is adsorbed to the 

polystyrene beads.

Method

Washing o f the beads

The Dynabeads should be washed before use. The washing procedure is facilitated by the 

use of a magnetic device, e.g. a Dynal MPC.

1. Resuspend the Dynabeads thoroughly in the vial (provided with the 

beads).

2. Transfer the desired amount of Dynabeads to a washing tube.

3. Place the washing tube on a Dynal MPC for 1-2 minutes and pipette off 

the fluid.

4. Remove the vial from the Dynal MPC, add 1-2 ml of washing buffer and 

resuspend.

5. Repeat step 3 and resuspend the washed Dynabeads in a volume of 

washing buffer equal to that originally pipetted from the vial. During 

incubation and separation procedures it is important to keep the cell 

suspension and buffers cold (2 - 8°C) to prevent attachment of phagocytic 

cells to the dynabeads.

Positive isolation o f CD 19 positive cells

The concentration of Dynabeads needed to produce optimal cell yield may vary in 

different systems and with different applications. Optimal cell yield is generally obtained 

when the concentration of Dynabeads in the sample is 10  ̂ beads/ml or higher. At the 

same time, the number of Dynabeads per estimated target cell should always be higher 

than four. When possible, the sample volume should be adjusted to obtain such 

conditions. Positive selection of CD 19 positive lymphocytes from whole blood samples
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can be performed using 4-10 Dynabeads per target cell. This ratio is recommended in the 

protocol for detachment of positively isolated cells using DETACHaBEAD

1. Prepare the cell sample and cool it to 2-8°C. When isolating from 

highviscosity cell suspensions such as whole blood it is recommended to 

dilute the sample with an equal volume of cold PBS immediately before the 

addition of Dynabeads.

2. Pipette the required volume of Dynabeads M-450 CD 19 (Pan B) (pipette 

12.5nl (5 X 10^), 25nl (1 x 10^), or 50 (2 x lO’))

3. Add Dynabeads M-450 CD 19 (Pan B) directly to the cell sample, and 

incubate at 2-8°C on an apparatus that provides both gentle tilting and 

rotation. The recommended incubation time is 30 minutes for whole blood 

samples and 15 minutes for mononuclear cell suspensions.

4. Isolate the rosetted CD 19 positive B cells by placing the test tube in the Dynal 

MPC for 1-2 minutes.

5. Pour or pipette the supernatant from the tube while the rosetted cells are 

attached to the wall of the test tube by the Dynal MPC.

6. Remove the test tube from the Dynal MPC and resuspend the rosetted cells in 

a washing buffer. Avoid resuspension using vigourous pipetting or vortexing 

as the exerted shear forces may cause damage to the cells. Repeat steps 4-6 

four to five times, and then resuspend the cells in the desired volume of an 

appropriate buffer. The isolated cells can now be used for various research 

applications.
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2.2 MEASUREMENT OF APOPTOSIS, CELLULAR AND SUBCELLULAR 
PHYSIOLOGY

2.2.1 Flow cytometry

Two Becton Dickinson (BD) flow cytometers were used extensively for experiments 

described in this thesis, a BD FACscalibur (based in the Institute of Child Health, 

University College London, and a BD FACScan based at the Department of 

Experimental Haematology, St Bartholomew’s & The Royal London School of 

Medicine).

FACScalibur

This system is a four colour automated bench top flow cytometry system with 

analysis and sorting capability, equipped with a 15mW (class III) air cooled single 

488nm argon-ion laser, high performance, high dynamic range photomultipliers with 

bandpass filters: 530 nm (FITC), 585 nm (Phycoerythrin/PE), 661 nm (APC), and >650 

nm (PerCP), and logarithmic amplifiers for forward scatter, side scatter, FLl, FL2, and 

FL3, providing a four log decade range. The FACscan is a more basic design, single 

laser, 3 colour system with 530 nm (FITC), 585 nm (Phycoerythrin/PE), 661 nm (APC) 

band pass filters, but lacking cell sorting capability.

Workstation and remote data analysis

Data was acquired using a Power PC RISC desktop computer running Cellquest. Data 

transferred from the flow cytometer for analysis and archiving by one of three methods. 

At the institute of Child Health, data was transferred using the file transfer protocol (ftp) 

via the UCL intranet, to a desktop computer where it could be saved directly to Iomega 

100MB capacity ZIP disks using the Flow Cytometry Standard (FCS) 2.0 ASCII results 

file standard for data export. Alternatively, data could be compressed, temporarily 

uploaded to a webdrive (Driveway; http ://www.drivewav.com/web/logon.i spL and the 

files downloaded remotely. Files were then read on a remote personal computer (running 

the Microsoft Windows operating system) using the windows multidocument interface 

for flow cytometry (WINMDI) versions 2.772.8 (http://facs.scripps.edu/software.htmn.
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Data was then either batch exported or entered manually into a Microsoft Excel 

spreadsheet for statistical analysis, and graphing.

2.2.2 Fluorescence microscopy

Cellular imaging of live and fixed cells was conducted at the Department of 

Experimental Haematology, St Bartholomew’s & The Royal School of Medicine, 

employed a Zeiss Axioskop four colour fluorescence microscope and oil immersion 

objective with computer support running IPlab spectrum software. Images were captured 

digitally and transferred to ZIP disk for primary archiving. Secondary data archiving of 

listmode data was achieved via CD-R.

Slide preparation for live cells

6. Stain the live cells as appropriate (e.g. using a potentiometric mitochondrial 

specific fluorochrome).

7. Wash 10  ̂cells once in Hanks buffered saline in a 1ml eppendorf tube

8. Aspirate the supernatant leaving approximately 10-15 pi volume in which to

resuspend

9. Pipette the lOpl onto a multiwell coated slide

10. Spread the cells using the edge of a coverslip, then apply avoiding trapped air

bubbles

11. Seal along the length of two edges of the coverslip for stabilization.

Preparation o f slides using fixed cells

1. Wash the cells which have been fixed, permeabilized and stained using the Dako

intrastain kit (described in 2.1.16)

2. Aspirate the supernatant leaving approximately lOOpl volume in which to

resuspend the fixed cells

3. Cytospin the cells (using a Shandon cytospin 3 cytocentrifuge) onto a slide at a

rate of 500 rpm for 3 minutes with low acceleration 

Cytocentrifugation o f cells

1. Place a slide within an autoclavable stainless steel slide clip
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2. Place a filter card on top of the slide

3. Next, place a disposable sample chamber on top of the filter card and clip in place

4. Place the slide into a slot within the cytocentrifuge (with a balance) and pipette 

the lOOpl volume of cells into the sample chamber

2.2.3 Quantitation of Cells with Apoptotic Morphology

Cell death is characterized by stereotypical changes in the light scattering properties 

detectable by flow cytometry, and is one of the simplest ways of identifying non-viable 

cells at single cell resolution. At the early stages during apoptosis, cells markedly reduce 

their ability to scatter light in the forward direction, coupled to either an increase or no 

change in the 90° angle (orthogonal or side) light scatter (Darzynkiewicz et al., 1992; 

Darzynkiewicz et al., 1994; Swat et al., 1991). At later stages both the forward and side 

angle light scatter signal are decreased. The changes in forward scatter correlate with cell 

size, reflecting cell shrinkage and shedding of apoptotic bodies, a feature of apoptosis. 

Changes in side angle light scatter correlate with granularity and the ability of 

intracellular structures to reflect light; during apoptosis increased side angle scatter is 

associated with chromatin condensation and nuclear fragmentation. Logarithmic 

amplification was used to identify morphological changes associated with cell death, as 

this had the effect of spatially compressing and therefore enabling clear delineation of the 

live versus apoptotic/dead populations.

2.2.4 Assays of Plasma membrane integrity

During the late stages of apoptosis, once caspase activation has been established, the 

plasma membrane loses its integrity and can admit charged fluorochromes which are 

otherwise prohibited from crossing the lipid bilayer.

Propidium iodide

Incubation with the nucleic acid stain presidium iodide, which has an absorption 

wavelength, 535nm, and fluorescence emission wavelength of 617nm (orange/red, 

detected using the FL2/FL3 bandpass filters), leads to labelling of dead cells with no, or 

only minimal fluorochrome uptake into live (including apoptotic cells), (Horan &
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Kappler, 1977). Staining can be achieved after short (« 5 minute) incubations with 10- 

20pg/ml.
NH.

CH

N— CH.

■CH.

Figure 2.2.1 Chemical structure o f Propidium Iodide

Method

Sigma P4170 Molecular weight: 668.4,

1. Make a stock solution of 200mg/ml in phosphate buffered saline

2. Use at a final concentration of 20pg/ml, thus make a 1:100 working dilution and

add lOpl/ml of cell suspension to yield the appropriate final concentration.

3. Analyse using the FL2 or FL3 bandpass filter during flow cytometry

7-aminoactinomycin D (7-AAD)

7-AAD is a polar dye, which is also excluded fi*om viable, and apoptotic cells, 

however, its fluorescent characteristics are such that the Stokes shift (wavelength 

difference between absorption and emission peaks) is much larger, resulting in a far-red 

emission (absorbance 456nm, emission 647nm). This property allows 7-AAD to be used 

in conjunction with fluorochromes with emission fluorescence in the orange wavelength 

(e.g. merocyanine 540).
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Figure 2.2.2 Chemical structure o f 7-AAD

Preparation o f working dilutions o f 7-AAD 

Sigma A9400, Molecular weight, 1270.45

1. Make a 200pg/ml stock in phosphate buffered saline (dissolve lmg/5ml)

2. Make a 1:10 working dilution of 7AAD

3. Use at 1 pg/ml, thus add 50pl/ml of working dilution to the cell culture medium

4. Analyse using FL3 bandpass filter and logarithmic amplification during flow

cytometry

2.2.5 Measurement and inhibition of caspase activation

Activation of the caspase cascade represents an early and specific process during 

apoptosis induced by a wide range of cytotoxic stimuli (Kaufinann, 1989) (Slee et a l, 

1999; Thomberry & Lazebnik, 1998). The substrate specificity of caspases has been 

exploited to develop assays based on the catalytic activation of caspase 3 (Nicholson et 

a l, 1995; Patel et a l,  1996). Active caspase 3 is only found in cells undergoing apoptosis 

and recognises the tetrapeptide sequence D E V D (aspartate, glutamate, valine. 

Aspartate) which binds to caspase 3 and is cleaved with Michaelis Menten kinetics at the 

carboxy end of the last aspartate in the sequence.

Chromogenic DEVD substrate cleavage

The substrate DEVD-pNA (a p-aminonitrile conjugated tetrapeptide) is a non- 

fiuorescent molecule which is cleaved by active caspase 3 to yield the fluorescent 

chromogenic moiety pNA, absorbs light at 405nm, and can be detected using a
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spectrophotometer. The assay is not specific for caspase 3, since other caspases can 

recognize this tetrapeptide motif, however, the assay allows the quantitative 

determination of DEVDase activity in cell lysates.

DEVD-pNA pNA

OoN,

Asi ,Val

OoN,

Caspase activation

Glu Asp O

Figure 2.2.3 Active caspase 3 cleaves DEVD from the chromophore pNA

Method

1. Induce apoptosis in cells in duplicate (including an uninduced control)

2. Count approximately 2 x 10  ̂cells and centrifuge at 200g for 10 minutes. The cell

pellet can be frozen at -70°C until the assay is performed at a later time.

3. Resuspend the cells in 50pl of chilled cell lysis buffer

4. Incubate the cells on ice for 10 minutes

5. Centrifuge the cell lysates in a microcentrifuge at 12,000rpm for 3 minutes at 4°C

to precipitate cellular debris. Transfer the supernatants to new microcentrifuge 

tubes.

6. Add 50 pi of 2X reaction buffer containing DTT to each reaction; the DTT would

be added to the reaction buffer to give a final concentration of 4-lOmM just 

before use. Add 4-lOpl of l.OM DTT stock per 1ml of 2X reaction buffer. 

(DTT must only be added to the reaction buffer immediately before use)

7. Add 5pi of IM DEVD-pNA to each tube. Incubate at 37°C for 1 hour in a water

bath. The DEVD-pNA must be protected from light.
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8. Read the samples in a fluorimeter at 405nm. Fold increase in protease can be 

determined compared with the iminduced control.

Fluorogenic DEVDase substrate, D2R

NH; HjN

HOOC, .COOH.NHNH

nonfluorescent

D EVDase mediated L-A sp 2  

cleavage

° Green fluorescence
o

Figure 2.2.4 Active caspase 3 cleaves the aspartate residues o f D2R to yield fluorescent D2R

The rhodamine 110-linked amino acid and DEVD substrate D2R was synthesized 

by Hug et al (Hug et al., 1999). The amino groups of rhodamine 110 are coupled to 

aspartate resulting in a non-fluorescent molecule; on cleavage intracellularly during 

apoptosis, the free rhodamine 110 is released which yields green fluorescence detectable 

by flow cytometry upon excitation at 488nm wavelength.

Preparation of D2 R working stock solution 

Molecular weight 560.5, Img powder.

A 1 mg/ml solution dissolved in DMSO yields a concentration of 1.78pMol/L = 1.78mM
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To obtain a final concentration of 50pM concentration, requires a 1:35.6 dilution, i.e. 

28.09pl/ml of cell suspension.

Inhibition o f Caspases by Z-DEVD.fmk 

Method

1. Prepare a stock solution in DMSO as Img Z-DEVD.fmk in BOOpl DMSO = 5mM

2. Add 2pl /ml (giving a final concentration of 0.2% DMSO)

3. Use at lOpM concentration (2ul/ml)

2.2.6 Measurement of caspase dependent processes

Measurement o f loss o f phosphotidylserine asymmetry in the plasma membrane

The plasma membrane of normal cells has an asymmetric distribution of 

phospholipids (Bretscher, 1972), with aminophospholipids such as phosphotidylserine 

and phosphotidylethanolamine distributed on the inner lipid layer. In the outer lipid 

leaflet, choline containing phospholipids such as sphingolipids, phosphatidylcholine, and 

sphingomyelin are located. This asymmetric distribution was originally described in 

erythrocytes, and platelets (Op den Kamp, 1979; Schroit & Zwaal, 1991) as well as 

nucleated cells (Diaz & Schroit, 1996). Plasma membrane asymmetry is maintained by 

enzymes termed flipases which facilitate translocation of aminophospholipids from one 

leaflet to the other in an energy dependent manner (Higgins, 1994), that were first 

demonstrated in erythrocytes by Seigneuret and Devaux (Seigneuret & Devaux, 1984). 

This Mg^^/ATP dependent process (Connor et al., 1992) is ubiquitous being found in 

platelets and nucleated cell types (Comfurius et al., 1990; Martin & Pagano, 1987; 

Zachowski, 1993).

Erythrocytes and platelets can translocate phosphotidylserine to the outer 

membrane leaflet (Bevers et al., 1982; Bevers et al., 1983; Connor et al., 1994), that 

plays a role in their removal via the reticuloendothelial system. Fadok and coworkers 

showed that during apoptosis in leucocytes, phosphotidylserine appears in the outer lipid 

layer as a consequence of calcium dependent non-specific flip-flop and loss of 

aminophospholipid translocase without loss of structural integrity (Bratton et al., 1997;

Page 168



Chapter 2: Materials and Methods

Fadok et al., 1993; Fadok et al., 1992). Exposure of phosphotidylserine acts as a tag for 

dying cells, allowing recognition and disposal by phagocytosis. Mevorach et al have 

shown that external phosphotidylserine induces complement components of the classical 

and alternative pathways, mediating clearance of apoptotic cells by human macrophages, 

coating the cell in C3bi. The macrophage receptors for 3bi (CR3 (GDI lb/CD 18) and 

CD4 (GDI 1 c/CD 18) are particularly effective at uptake of apoptotic cells.

Phospholipid scramblase has been proposed to mediate phosphotidylserine 

exposure (Verhoven et al., 1995), and is activated by protein kinase G delta (PKGô); 

specific inactivation of PKGô by rottlerin prevents apoptosis and activation by 

scramblase. PKGô is activated by caspase 3, translocated to the plasma membrane where 

it phosphorylates phospholipid scramblase (Frasch et al., 2000). However, Faedel et al 

have shown that phosphotidylserine expression is a cell type specific process, that 

although caspase dependent, can occur independently of scramblase activity in response 

to thiol reactive compounds (Fadeel et al., 1999). Fodrin (non-erythroid spectrum) has 

been implicated in maintaining inner membrane leaflet aminophospholipid distribution 

by anchoring phosphotidylserine, releasing it during caspase mediated fording 

degradation (Vanags et a l, 1996).

Annexin V (placental protein 4, vascular anticoagulant) (Inaba et a l,  1984; 

Reutelingsperger et a l, 1985), a protein with specific phosphotidylserine binding activity 

was cloned and sequenced (Iwasaki et a l, 1987; Maurer-Fogy et a l, 1988); it was shown 

to belong to a family of annexin proteins, and possess antiphospholipase, anticoagulant, 

anti-kinase, Ga^  ̂ channelling and phospholipid binding activities (Raynal & Pollard,

1994). Fluorescently labelled annexin V has facilitated studies on phosphotidylserine 

exposure during apoptosis (Koopman et a l, 1415; Martin et a l, 1996), providing a 

measure of caspase dependent processes within intact cells. In the assay, annexin V binds 

in the presence of millimolar Ga^  ̂ concentration, only cells which have either exposed 

phosphotidylserine or lost membrane integrity and are dead. By using a vital stain which 

is normally unable to penetrate live cells (such as propidium iodide or 7-AAD) 

differentiation of dead cells can be achieved, and annexin V can identify those cells 

undergoing caspase activation and apoptosis.
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Method

1. Wash cells once in 1ml phosphate buffered saline

2. Centrifuge at 1200 rpm for 5 minutes

3. Re-suspend in 195pi Ix binding buffer (diluting the 4x buffer 1:4 with

distilled H2 O to yield lOmM Hepes/NaOH, pH 7.4, 140mM NaCl, 2.5mM 

CaClz

4. Add 5pi annexin V-FITC and incubate at room temperature for 10 minutes

5. Wash once in 1ml phosphate buffered saline

6. Add 190pl of phosphate buffered saline and lOpl propidium iodide (final

concentration 20pg/ml). Incubate at room temperature for 5 minutes

7. Add 300pl to make a final volume of SOOpl for flow cytometry

8. Analyse cells by flow cytometry using the FLl (green, annexin V-FITC) and

FL3 (red, propidium iodide) band pass filters, with logarithmic amplification.

Measurement o f outer membrane leaflet phospholipid unpacking by Merocyanine 540 

(MC540)

The polar head groups of phosphotidylserine are larger than that of 

phosphotidylcholine in the outer membrane leaflet; consequently, on flip-flop to the outer 

mitochondrial membrane, phosphotidylserine produces unpacking of the polar head 

groups. The fluorochrome merocyanine 540, intercalates in the unpacked outer 

mitochondrial membrane and has been used to detect (albeit less specifically than 

annexin V), changes in plasma membrane symmetry occurring during apoptosis (Ashman 

et a l, 1995; Mower et al., 1994). Because the emission wavelength for MC540 (578nm) 

has a stokes shift close to that of propidium iodide (difference between excitation and 

emission wavelengths), 7AAD was employed as a vital dye for excluding dead versus 

apoptotic cells.
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/ = \ =

H ,C

Figure 2.2.5 Chemical structure o f MC540

Method

Molecular probes M299. Molecular weight 569.67

1. Make a 5mg/ml stock solution in dimethylsulphoxide

2. use at 5mg/ml final concentration by making a 1:10 working sub-stock and using

at lOpl/ml to yield a 5mg/ml of cell culture medium as the final concentration.

3. Add 7AAD as described as in 2.2.4

4. Analyse by flow cytometry using the FL2 (575nm, orange wavelength) bandpass

filter for MC540, and FL3 for 7AAD.

2.2.7 Controlled extraction of low molecular weight DNA fi-om apoptotic cells

Caspase activation is associated with the activation of endonuclease activity, 

which specifically nicks DNA at the intemucleosomal (linker) sections (Arends et al., 

1990; Compton, 1992). Caspases have been shown to target an enzyme termed caspase 

activated deoxyribonucleic (CAD) in mouse lymphoma cells which requires its 

chaperone inhibitor ICAD during synthesis; caspases cleave and dissociate the 

CAD:ICAD complex leading to nucleosomal DNA fi-agmentation (Enari et al., 1998; 

Nagata, 2000; Sakahira et al., 1998). In human cells, the nuclease DNA fragmentation 

factor (DFF) is a heterodimeric protein with 40 kilodalton and 45 kilodalton subunits 

(DFF40 and DFF45 respectively) (Mukae et al., 1998). DFF45 is the nuclear inhibitory 

counterpart to DFF40 suggesting these proteins are human homologues of CAD and 

ICAD (Mukae et al., 1998; Samejima & Eamshaw, ). The identification of human 

caspase activated nuclease homologous to DFF40 and regulated by DFF45 suggesting the 

existence of a family of caspase regulated DNases (Samejima & Eamshaw, ).
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Cells undergoing caspase dependent nuclease activation and intemucleosomal 

degradation of DNA can be fixed with ethanol, which inadequately preserves the 

degraded, low molecular weight DNA inside the cell; the membrane permeabilizing 

effect of ethanol results in the leakage of low molecular weight DNA during subsequent 

rinsing and staining procedures. As a result, the staining of DNA with a fluorochrome 

identifies a population with a lower DNA content than Gi cells. The appearance of this 

sub-Gi (hypodiploid or Go) population has been considered a marker of cell death by 

apoptosis (Nicoletti et al., 1991; Umansky et al., 1981). By washing the cells in a 

phosphate-citric acid buffer at pH 7.8, DNA extraction is enhanced facilitating resolution 

of Go cells (Gong et al., 1993)

Method

1. Fix the cells in suspension in 70% ethanol (add 1ml of cells to 9ml 70% ethanol).

Cells can be stored in ethanol at -20°C for up to one week

2. Centrifuge the cells and decant ethanol, re-suspend cells in 10ml of phosphate

buffered saline and re-centrifuge

3. Resuspend the cells in 1ml of phosphate buffered saline to which is added 0.2-

1ml of phosphate-citrate buffer (0.2M Na2NP0 4  and O.IM citric acid. Mix 

192ml of 0.2M Na2NP0 4  with 8ml of O.IM citric acid). Add less, (0.2ml or 

none), if  DNA degradation of Go cells is extensive and DNA extraction 

effective so they are well separated from the Gi cells. Add more of the buffer 

(up to 1ml) if DNA is not markedly degraded and there are problems with 

separating Go cells (overlap with Gi cells).

4. Incubate at room temperature for 5 minutes.

5. Centrifuge the cells and add 1ml phosphate buffered saline containing 20pg/ml of

PI and 5 Kunitz units of the DNase-free RNaseA. (boil RNase for 5 minutes 

before use if it is not DNase free.

6. Incubate the cells for 30 minutes at room temperature.

7. Measure red fluorescence (>620nm). The sub-Gi cells should have reduced FSC

and decreased PI fluorescence compared with cells in the Gi peak.
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2.2.8 Chromogenic redox detection using soluble tetrazolium/formazan

Mitochondrial dehydrogenase dependent reduction of soluble tétrazolium salts to 

insoluble coloured formazans has been exploited for many years for the histochemical 

localization of enzyme activities. Mosmann described a microculture tetrazolium-based 

assay, which allowed the rapid measurement of growth of lymphoid cell populations and 

their response to lymphokines (Mosmann, 1986). Alley et al developed an in vitro assay 

of tumour cell response to chemotherapeutic drugs (Alley et a l, 1991). The National 

cancer institute adopted the assay because of its potential for automation, applying it to a 

large-scale antitumour drug-screening programme. The assay is not quantal (measured at 

single cell resolution), and therefore, the absorbance measurements depend on cell 

number and cellular reductive capacity.

CH

CH3

MTT

HN

N = N

H,C

FORMAZAN

Figure 2.2.6 Chemical structure o f MTT

Method (based on Scuiero et al, 1988)

1. Induce cytotoxicity by treating cells with a cytotoxic agent (as described)

2. Pipette lOOpl volume cell suspension into a 96 well microtitre plate in triplicate

3. Add lOpl MTT (5mg/ml dissolved in phosphate buffered saline stored at 4°C) to

the microtitre wells
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4. Incubate at 37°C for 4 hours

5. Remove 60pl of 100% dimethylsulphoxide. Mix thoroughly.

6. Evaluate the microtitre plate with the use of an ELISA reader at 550-600nm with

a reference wavelength of > 650nm (ordinate is ODssonm-ODeponm)

2.2.9 Fluorochromes used to measure Mitochondrial dvsfunction

A variety of fluorescent, delocalized lipophilic cations (DLCs) have been 

developed that preferentially localize to mitochondria under the influence of 

mitochondrial potential gradient (AYm) (Chen, 1988; Waggoner, 1979). The uptake of 

these dyes into individual cells is therefore affected by the magnitude of the 

mitochondrial membrane potential, and mitochondrial number. Collapse of AYm 

associated with permeability transition, results in a failure of mitochondria to selectively 

accumulate DLCs according to the Nemst equation, and consequently, these cells can be 

distinguished by flow cytometry as a separate population. Carbocyanines with short alkyl 

chains (Cl to C6) stain mitochondria specifically at low concentration ( < IpM), whilst at 

higher concentration (5-50pM) the endoplasmic reticulum is also stained by 

carbocyanines with pentyl and hexyl chains. Rosamine dyes containing a thiol reactive 

chloromethyl moiety, covalently fixes the fluorochrome in the cell allowing subsequent 

aldehyde fixation, and analysis.

3,-3 ' dihexyloxacarbocyanine iodide, ( DiOC6(3) )

CH3 H,C

Figure 2.2.7 Chemical structure o f DiOC^S)

Method

Molecular probes, D273. lOOmg, molecular weight 572.53. Absorption wavelength 

484nm, emission 501nm.
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1. Make 5mg/ml stock solution in DMSO (molarity = 0.175mM)

2. Make a working dilution of 1:10000 in phosphate buffered saline, i.e. add 1 pi 

of DiOCeCS) to 10ml phosphate buffered saline (a concentration of 500ng/ml)

3. Use 50pl of working dilution per ml of complete cell medium giving a final 

concentration of 25ng/ml

4. Incubate the live cells for 30 minutes at 37°C

5. Add 20pg/ml propidium iodide to stain dead cells

6. Analyse the cells by flow cytometry using the FLl and FL3 bandpass filters 

(for DiOC6(3) and Propidium iodide respectively)

Chloromethyl-X-Rosamine (CMXRos)

This potentiometric dye has been employed to measure AYm (Feriini et a i, i9 9 8 ; oiimore & wiison,

1999; Macho et a l, 1996; Poet & Pierce, 1999). T h i s  mOUOValcut th io l rcaCtivC COmpOUUd haS alsO hcCU

shown to prevent thiol-disulphide transitions (Marchetti et al., 1997).

Figure 2.2.8 Chemical structure o f CMX Rosamine

Method

Molecular probes M-7512. Molecular weight 531.52 (packaged as 20 x 50pg vials) 

Absorption wavelength 578nm, emission wavelength 599nm

1. Dilute 50pg in lOOpl dimethylsulphoxide (0.94mM)

2. Make a 1:100 dilution as a working solution

3. Add lOml/ml of complete culture medium giving a final concentration of 94nM
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4. Optionally: cells can be fixed and counterstained with a fluorescent 

inununoglobulin allowing multiparameter flow cytometry

5. Analyse by flow cytometry using FL3 bandpass filter and logarithmic 

amplification

5,5 ’,6 ,6’-tetrachloro-l,l ’,3,3’-tetramethylbenzimidazolcarbocyanine iodide (JC-1)

JC-1 is a cyanine dye that was originally studied and used as a sensitiser for silver 

halide based photographic emulsion. The molecule forms J aggregates (after the 

discoverer Jelley), which exhibit a long wavelength absorbance, which is similar to J 

aggregate emission wavelength {resonance fluorescence). Monomers of JC-1 have a 

short wavelength. Environmental factors such as pH, ionic strength and dye concentration 

regulate J aggregate formation of JC-1, and this increases with increasing membrane 

potential whereas the monomer peak is completely insensitive to membrane potential 

change.

CH

Cl

OH

Figure 2.2.9 Chemical structure o f JC-1

Method

Molecular probes T-3168 5mg powder. Molecular weight 652.23 

Absorption wavelength 514nm, emission wavelength 529nm

1. Make a 1 mg/ml stock solution in DMSO (dissolve in 5ml).

2. Add 5pl/ml of complete culture medium giving a 5pg/ml final concentration

(Camilleri-Broet et al, 1998).

3. Add JC-1 to cells for 10 minutes and incubate at 37°C prior to flow cytometry
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4. Analyse by flow cytometry using the FLl and FL2 bandpass filters with 

logarithmic amplification (to analyse J monomers and J aggregates 

respectively)

Calcein-cobalt measurement o f mitochondrial permeability transition in living cells

By exploiting the differential permeability of the inner mitochondrial membrane 

to a fluorophore (the acetoxymethyl ester of calcein, (calcein AM)) and a metal ion 

quencher (cobalt), forms the basis of this assay. Calcein AM can diffuse into the 

mitochondrial matrix and all cellular compartments where it is de-esterified by cytosolic 

esterases to yield a fluorescent moiety. Cobalt forms a tight complex with calcein and 

quenches its fluorescence but does not enter the mitochondrial matrix (this activity is 

seen with other ions such as Ni”  ̂ , Cu^, Cu^^. Thus mitochondrial fluorescence can be 

specifically detected from the calcein. However, on opening of the permeability transition 

pore incubation, cobalt equilibrates with the matrix and quenches mitochondrial 

fluorescence (Huser et al., 1998; Lemasters, 1999; Minamikawa et al., 1999).

Method

Calcein AM: Molecular probes C-1430. Molecular weight, 994.87 (50pg)

Cobalt chloride: Sigma, molecular weight 237.9

1. Make a working dilution of calcein AM by adding lOOpl of dimethylsulphoxide

to 50pg ( 0.5g/L= 0.5mM )

2. Make a stock solution of cobalt chloride in phosphate buffered saline at

lOOmg/ml (0.42M).

3. For IpM final concentration, dilute 1:500 dilution by adding 2pl/ml of complete

cell medium, preincubating for 30 minutes

4. Add cobalt chloride at ImM final concentration (1:420 dilution i.e. 2.38pl/ml)

5. Analyse by flow cytometry using the FLl bandpass filter with logarithmic 

amplification
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2.2.10 Detection of reactive oxygen intermediates

Detection o f Hydrogen Peroxide with 5-(and-6)-chloromethyl-2',7'- 

dichlorodihydrofluorescein diacetate

CH;HjC‘

OH

CIHjC-
îHjCI

CH3

OH

CHjCI

Figure 2.2.10 Oxidation o f 5,6 chloromethyl-dihydro-dichlorofluorescein diacetate (CM H2DCFDA) 

by hydrogen peroxide

The dihydro derivative of fluorescein (dihydrofluorescein) is a colourless 

derivative of the fluorogenic parent molecule which can be readily oxidized to 

fluorescein, and therefore serve as a measure of oxidative stress. 

Dichlorodihydrofluorescein has been shown not to react either superoxide or hydroxyl 

ion but specifically with hydrogen peroxide (a reaction mediated by peroxidases, 

cytochrome c and Fe^ .̂ De-acetylation by intracellular esterases results in a net negative 

charge impeding leakage across the plasma membrane and consequent loss from the cell. 

The 5 and 6  dichloromethyl derivative of dichlorodihydrofluorescein diacetate, CM- 

H2DCFDA binds intracellularly to thiols (via the chloromethyl groups), which facilitate 

retention, enabling studies over long time frames.
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Method

Molecular probes C6827, 20 x SOpg vials, Molecular weight 535.76 

Absorption wavelength (for CM-H2DCF) 495nm, emission wavelength 529nm

1. Suspend one vial of CM-H2DCFDA powder (50pg) into lOOpl

dimethylsulphoxide giving a working concentration of 0.93mM

2. Load cells with CM-H2DCFDA at 5pM concentration by adding 5pl/ml complete

cell medium

3. Expose cells to oxidative stress

4. Analyse by flow cytometry using the FLl bandpass filter with logarithmic

amplification

Measurement o f superoxide using Dihydroethidium (2,7-Diamino-lO-ethyI- 9-phenyl- 

9,10-dihydrophenanthridine)

NH

CH

superoxide

NH

f= N
CH

Figure 2.2.11 Oxidation o f dihydroethidium to the red fluorophore ethidium by superoxide

Superoxide (singlet oxygen) exhibits a sufficiently long lifetime of approximately 4 

milliseconds, to permit diffusion intracellularly and can be detected by weak 

chemiluminescence at 634nm and 703nm wavelengths. Dihydroethidium emits blue
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fluorescence; following oxidation by superoxide, ethidium is generated which fluoresces 

in the red wavelength.

Method

Sigma D7008, molecular weight 315.4

Make a ImM stock solution, use at 1:200 dilution (5pM) concentration, loading cells for 

at least 15 minutes.

2.1.11 Measurement of cellular glutathione concentration

5-chloromethylfluorescein diacetate (5-CMFDA) allows determination of cellular 

glutathione content, by forming an adduct with free sulphydryl groups.

Method

Molecular probes C-7025 (20 x 50pg vials), molecular weight 464.86 

Absorption wavelength (5CMF) 475nm, emission wavelength 517nm

1. Dissolve the 5-CMFDA powder (50pg) in lOOpl dimethylsulphoxide

2. Load cells for 30 minutes in that dark at 37°C with 5pl/ml complete cell medium

to yield a final concentration of 5pM

3. Analyse cells by flow cytometry using the FLl bandpass filter with logarithmic

amplification

2 .2 . 1 2  Mitochondrial pharmacologv

Carbonyl cyanidep-(trifluoromethoxy)phenylhydrazone (FCCP)

ON

HN—
ON

T
0 CF3

Figure 2.2.13 Chemical structure o f FCCP
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FCCP is a proton ionophore (protonophore) that depolarizes the mitochondrial inner 

membrane by producing a path for the dissipation of the inner membrane proton gradient 

established by the respiratory chain. FCCP is an efficient uncoupler of mitochondrial 

respiration.

Preparation

Sigma 2920, molecular weight 254.2

Make a lOOmM working stock in DMSO. Use at lOOpM (make a substock of 1:10 

dilution in HBSS and use at lOpl/ml final concentration).

Antimycin A (Sigma A8674)

Complex I inhibitor and uncoupler of oxidative phosphorylation

1. Use at lOpg/ml. Stock concentration is SOmg/ml. Dissolve lOOmg in 2ml ethanol

2. To obtain final lOpg/ml final concentration, add 2pl/ml

2.2.13 Assavs for Intermediarv metabolism 

Spectrophotometric measurement o f glucose uptake

The hexokinase (HK) method of glucose measurement provides a highly specific 

assay. The reactions described by Carroll et al in 1970 involve initial glucose 

phosphorylation by adenosine triphosphate (ATP) in the reaction catalysed by HK. The 

glucose 6  phosphate (G-6 -P) formed is oxidized to 6 -phosphoglycerate (6 -PG), as NADP 

is reduced to NADPH catalysed by G-6 -P dehydrogenase with formation of NADPH. 

The NADPH reduces phenazine methosulphate (PMS), which then reduces 

iodonitotetrazolium chloride (INT) forming INTH. The INTH is measured 

colorimetrically at 520nm, with the colorimetric response being proportional to the 

glucose concentration.

Materials

1. Glucose colour reagent (Sigma 115-5) containing INT 3.95mmoll/L and PMS 

1.63mmol/L
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2. Glucose enzyme reagent (Sigma 115-20). This reagent is prepared by 

reconstituting 1 vial of glucose enzyme reagent with IT.OmL water and 

adding 4mL glucose colour reagent. Invert to mix. DO NOT SHAKE.

The glucose assay reagent is stable for 6  hours at room temperature, 3 days in 

refrigerator, or at least one week frozen. The composition of the glucose enzyme reagent 

after reconstitution with glucose colour reagent.

ATP, 952umol/L 

NADP 190umol/L 

Magnesium 496umol/L 

Hexokinase (yeast), 762U/L 

G-6 -PDH (yeast), 381U/L 

INT, 0.75mmol/L 

PMS, O.3mmol/L

Glucose standard (Sigma 635-10) lOOmg/dL in saturated benzoic acid 

solution

Method

1. In a tube labelled blank, add 0.02mL water and 1 .OmL glucose assay reagent. 

To a tube labelled standard add 0.02mL glucose standard and l.OmL glucose 

assay reagent. To a tube labelled test, add 0.02mL specimen and l.OmL 

glucose assay reagent. Mix by gently swirling and allow the tubes to stand for 

5-10 minutes at room temperature (18-26 degrees).

2. To each tube, add lO.OmL O.IN hydrochloric acid, and mix

3. Transfer solutions from labelled tubes to cuvettes and read absorbance (A) of 

standard and test versus blank as reference at 520nm. The readings should be 

completed within 30 minutes. When the glucose value exceeds 300mg/dL, 

dilute the solution in tube labelled TEST with an equal volume of O.IN 

hydrochloric acid, repeat absorbance measurement and multiply result by 2. A

Page 182



Chapter 2: Materials and Methods

new blank and standard must be prepared with each series of assays. The 

colour of the blank increases with time.

Calculations

Glucose (mg/dL) = A TEST/A STANDARD x 100 

Glucose (mmol/L) = A TEST/A STANDARD x 5.56

The procedure obeys the Beer Lambert law up to a glucose concentration of 

300mg/dL. A calibration curve is not required since a standard included with each series 

of assays is used for calculations. Normal range (plasma: 70-103mg/dL, 3.9-5.8mmol/L) 

Quantitative, enzymatic determination o f lactic acid at 540nm

Lactic acid is a by-product of carbohydrate metabolism. The availability of 

purified NAD and its reduced form NADH, and lactate dehydrogenase led to the 

development of highly specific assays for both lactate and pyruvate. Lactic acid is 

converted to pyruvate and hydrogen peroxide (H2 O2) by lactate oxidase. In the presence of 

the H2 O2 formed, peroxidase catalyses the oxidative condensation of chromogenic 

precursors to produce coloured dyes with an absorption maximum at 540nm. The increase 

in absorbance at 540nm is directly proportional to lactate concentration in the sample. 

Lactate reagent (Sigma 735-10) contains:

Lactate oxidase 400U/L 

Peroxidase (horseradish) 2400U/L 

Chromogen precursors as required 

Buffer pH 7.2

Lactate standard (Sigma 826-10). L(+) lactate 40mg/dL (4.44mml/L). Sodium 

azide, 0.1% added as preservative. Store in a refiigerator.

Method

1. Prepare the lactate reagent. Reconstitute lactate reagent with volume of 

deionized water
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2. indicated on the vial label. Mix gently by inversion. DO NOT SHAKE. 

Reconstituted reagent is stable for 8  hours at room temperature, 7 days in a 

refiigerator, and at least a month in a fi*eezer.

3. Pipette l.OmL lactate reagent solution into cuvettes labelled blank, standard,

and test

4. To standard add: lOpL lactate standard solution. To test, add lOpL complete

cell culture supernatant

5. Incubate tubes for 5-10 minutes

6 . Read and record absorbance (A) of standard and test versus blank as reference

at 540nm. Complete readings within 10 minutes following incubation.

Calculation

A calibration curve is not required since a standard is included with series of assays.

Lactate (mg/dL) = A TEST/A STANDARD x 40

To convert to mmol/L, multiply mg/dL by 0.111. The assay is linear to a level of 

120mg/dL. If lactate exceeds 120mg/dL, dilute 1 part sample with 1 part water and re

assay. Multiply result by 2 to compensate for dilution.
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2.3 MOLECULAR TECHNIQUES

2.3.1 Western blotting

Electrophoretic protein separation and immunoblot analysis using sodium 

dodecylsulphate polyacrylamide gel electrophoresis (SDS PAGE) was employed as a 

qualitative assay in some studies, to measure the protein downregulating efficacy of 

ASOs both in vitro and in vivo, complementing the quantitative measurements obtained 

at single cell resolution by flow cytometry.

Preparation ofprotein samples for SDS PAGE electrophoresis

1. Harvest cells from tissue culture (approximately 10  ̂cells), centrifuge at 1,500 

rpm for 5 minutes and wash the pellet once in phosphate buffered saline.

2. Resuspend the cell pellet in 30-50pl of cytoplasmic extraction buffer (see 

below) and incubate on ice for 5-10 minutes to allow for sufficient cell lysis.

3. Centrifuge the cell lysate at top speed (12,000rpm) on a 4°C microcentrifuge 

for 1 minute

4. Aspirate off the supernatant into a clean Eppendorph tube (the cytoplasmic 

extract).

5. The protein content of the cytoplasmic extract should then be quantified using 

a spectrophotometric protein assay (see below)

Preparation o f  the Suspension buffer fo r  cytoplasmic protein extraction

Solution Components Stock 10ml 20ml

50mM NaCl 5M 200pl 400pl

lOmM HEPES (pH 8.0) O.IM 1ml 2ml

500mM sucrose SOOmM 1.712g 3.42g

ImM EDTA 0.5M 20pl 40pl

* 0.15mM Spermine lOOmM 15pl 30pl

0.2% triton XI00 10% 200pl 400pl
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* 1 mg/ml Aprotinin Img/ml lOpl 20pl

(store at -20°C)

H2O 8.655ml 17.31ml

SDS PAGE gel electrophoresis

Preparation of solutions required for SDS PAGE and protein transfer 

12% SDS resolving gel (10ml)

Solution components

H2 O 3.3ml

30% acrylamide mix 4ml

1.5M Tris (pH 8 .8 ) 2.5ml

10% SDS 0.1ml

1 0 % ammonium persulphate 0 .1 ml

TEMED 0.004ml

Ammonium persulphate must be prepared fresh just before use as it decomposes slowly 

and should not be stored for long periods. It can be stored for approximately 24hrs at 

4°C. The ammonium persulphate and TEMED are added last just before pouring the gel 

since these are the gelling agents; the ammonium persulphate provides the free radicals 

that drive polymerization of acrylamide and bisacrylamide, and the TEMED accelerates 

the polymerization of acrylamide by catalysing formation of free radicals from 

ammonium persulpate. Acrylamide is a potent neurotoxin that is absorbed through the 

skin and exhibits cumulative effects, requiring the wearing of glove and a mask when 

weighing either of these agents.

5% stacking gel (5ml)

Solution components

H2 O 3.4ml

30% acrylamide mix 0.83ml

1 .OM Tris (pH 6 .8 ) 0.63ml
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10% SDS

1 0 % ammonium persulphate 

TEMED

50pl

50pl

5pl

2X Loading buffer (20ml)

Solution components 

lOOmM Tris-Cl (pH 6 .8 ) 

200mM D T I 

4% SDS

0.2% Bromophenol Blue 

20% Glycerol

0.242g

200pl/ml of IM stock (before use) 

8 ml of 1 0 %

0.004ml

0.4ml

lOX electrophoresis buffer (500ml)

Solution components

25mM Tris-Cl 

250mM glycine 

0.1% SDS

IS.lg

94g

50ml of 10%

Pouring the SDS-polyacrylamide gel

1. Clean the glass plates and Teflon comb then dry with ethanol just before use. 

Assemble the glass plates according to the manufacturer’s instructions

2. In a universal tube, prepare the appropriate volume of solution containing the 

desired concentration of acrylamide for the resolving gel. (typically, make up 

20 mis of 10% SDS gel solution to obtain 2 xl.5mm gels). Mix the 

components in the order shown above. Polymerization will begin as soon as 

the TEMED has been added. Without delay, swirl the mixture rapidly and 

proceed to the next step.
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3. Pour the acrylamide solution into the gap between the glass plates. Leave 

sufficient space for the stacking gel (the length of the teeth of comb plus 

1cm). Confirmation of polymerization can be obtained without disrupting the 

gel by leaving a residual amount in the universal tube which can be observed.

4. Using a Pasteur pipette carefully overlay the acrylamide solution with 

isopropanol to prevent oxygen from diffusing into the gel and inhibiting 

polymerization. Place the gel in a vertical position at room temperature.

5. After polymerization is complete (approximately 30 minutes), pour off the 

overlay and wash the top of the gel several times with double distilled H2 O to 

remove any of the unpolymerized acrylamide. Drain as much fluid as possible 

from the top of the gel and then removed any remaining water with the edge 

of a paper towel (or small piece of filter paper).

6 . Prepare the stacking gel containing the components shown above, swirling the 

mixture rapidly

7. Pour the stacking gel solution directly onto the surface of the polymerized 

resolving gel. Immediately insert a clean teflon comb into the stacking gel, 

being careful to avoid the trapping of air bubbles.

Electrophoresis o f  proteins

1. While the stacking gel is polymerizing, the samples should be prepared by 

heating them to 100°C for 5-10 minutes in an equal volume of 2X SDS gel 

loading buffer to denature the proteins.

2. After polymerization of the stacking gel is complete (approximately 30 

minutes), remove the Teflon comb carefully. Wash the wells immediately 

with deionzed water to remove any unpolymerized acrylamide. If necessary, 

straighten the teeth of the stacking gel with a blunt hypodermic needle 

attached to a syringe. Mount the gel in the electrophoresis apparatus.

3. Add Tris-glycine electrophoresis buffer to completely fill the electrophoresis 

tank. Remove any bubbles that become trapped at the bottom of the gel 

between the glass plates. This is best done with a bent hypodermic needle 

attached to a syringe.
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4. Load up to 30pg of each protein sample in a predetermined order into the 

bottom of the wells. A sample containing marker proteins of known molecular 

weights should be added to the first well

5. Attach the electrophoresis apparatus to an electric power supply (e.g. Biorad 

model 200/2.0A). Run the gel at approximately 70-80 volts until the 

bromophenol blue gel front reaches the bottom of the gel (about 2  hours).

6 . Turn off the power supply and remove the glass plates from the 

electrophoresis apparatus. Place the glass plates on a paper towel and using a 

spatula, pry the plates apart. Mark the orientation of the gel by observing 

which side the protein markers were loaded on.

Transblotting ofproteins from SDS polyacrylamide gels

1. When the SDS polyacrylamide gel is approaching the end of its run, rinse the

graphite plates (gel transfer cassettes) with distilled water and wipe off any 

beads of liquid that adhere to them with non-absorbent tissues.

2. Wearing gloves, cut eight pieces of Whatman 3MM paper and one piece of

nitrocellulose filter (Millipore) to the exact size of the SDS-polyacrylamide 

gel. Mark one comer of the filter with a soft lead pencil. It is essential that 

when handling the gel, 3MM papers and nitrocellulose filter, that gloves be 

worn to prevent skin contact and transfer of oils, which can prevent efficient 

protein transfer.

3. Soak eight pieces of 3MM paper in a shallow tray containing a small amount of

transfer buffer.

4. Wearing gloves arrange the transfer apparatus by laying two sheets of 3MM paper

(pre soaked in transfer buffer) on the lower electrode (anode). Using a glass 

pipette as a roller, the air bubbles should be squeezed out.

5. Place the nitrocellulose filter on the stack of 3MM paper, ensuring exact

alignment and no air bubbles

6 . Remove the glass plates holding the SDS polyacrylamide gel from the

electrophoresis tank. The gel should be briefly transferred to a tray of 

deionized water, then place it exactly on top of the nitrocellulose filter.
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7. Place the two final sheets of 3MM paper on the gel, again making sure that they

are exactly aligned and that no air bubbles are trapped.

8 . Place the cathode (upper electrode) on top of the stack.

9. Close the cassette

10. Place the gel holder in the buffer tank so that the black panel of the holder is

facing the black cathode electrode panel

11. For rapid transfer apply a voltage of 55-60V (limit to 0.3mA) for 3 hours at 4°C.

Immunoblotting (single primary antibody) protocol

1. Block the blot in 100ml phosphate buffered saline (PBS) containing 5% milk 

powder (marvel) by rocking gently for 1 hour at room temperature

2. Rinse the blot for 5 minutes in PBS

3. Add the primary antibody (usually 1:1000 dilution) in PBS-Marvel (2%) and 

rock gently at room temperature for 1 hour

4. Wash in lOOmls PBS-0.05% tween 20 for 15 minutes

5. Add the secondary antibody in PBS-marvel (2%) and incubate as above for 1 

hour.

6 . Wash in lOOmIs PBS-0.05% tween for 5 minutes x 6

7. Mix 1ml of Enhanced chemiluminescence (ECL) solution 1 (Amersham) and 

1ml of ECL solution 2 thoroughly in a small tray. The ECL reaction employs 

horseradish peroxidase (HRP)/hydrogen peroxide catalysed oxidation of 

luminol in alkaline conditions. Immediately following oxidation, the luminol 

is in an excited state, which then decays to its ground state with the 

concomitant emission of light. The enhanced chemiluminscence is achieved 

by performing the oxidation of luminol by the HRP in the presence of 

chemical enhancers such as phenols. This has the effect of increasing the light 

output by approximately 1 0 0 0  fold and extending the time of light emission. 

The light produced by this ECL reaction peaks after 5-20 minutes and decays 

slowly thereafter with a half-life of approximately 60 minutes.

8 . Incubate the filter in this solution for 1 minute approximately ensuring that it 

is completely covered.
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9. Expose the film in a darkroom until the appropriate exposure for the protein 

bands is obtained.

Stripping o f  immunoblots fo r  re-probing

This technique was employed for determining the relative expression of specific protein

relative to a housekeeping protein (actin) to allow normalized interpretation of putative

ASO effects.

1. Submerge the membrane in blot strip buffer (see below) for 30 minutes at 

70°C

2. Wash thoroughly for 10 minutes in PBS/0.01 % tween at room temperature 

with shaking. Repeat this washing procedure twice

3. Block the blot in blocking buffer for 1 hour at room temperature and re-probe 

as per usual

Blot Strip buffer

P mercaptoethanol 426pl

20% SDS 6 ml (12ml of 10%)

IM Tris (pH 6.7) 3.75ml

H2 O 49.8ml

Spectrophotometric quantification o f total protein

1. Make a series of dilutions for the standard curve of bovine serum albumin 

protein standard (lOOpg/ml) 1:1 (lOOpg/ml), 1:2 (50), 1:3 (33), 1:4 (25), 1:5 

(20)

2. Prepare cuvettes adding lOOpl reagent A to each

3. Add 2|il protein standard from the serial dilutions

4. Add 2pl of the unknown protein lysates to be quantified to the remaining 

cuvettes

5. Add 1ml of reagent B into each cuvette and agitate immediately. (There will 

be a purple/blue change, the intensity dependent on the protein concentration).
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6 . After 15 minutes the absorbance can be read at 750nm. The absorbances will 

be stable for at least an hour

7. Fit a linear regression to the standard curve data and interpolate the 

absorbances for the unknown fi-om the regression equation.

8 . Calculate the required volume of sample to give lOOpg of protein for loading 

for PAGE.

2.3.2 Visualization and amplification of nucleic acids

Agarose gel electrophoresis

1. Make 1-1.5% agarose gel by adding 1-1.5g agarose to 100ml Ix TAE and 

boil (microwave for approximately 2  minutes)

2. Allow gel to cool to 55°C

3. Add l-2pl ethidium bromide to gel and pour

4. Add DNA ladder (lOObp or Ikb) to DNA standards lane

5. Add 1% DNA loading buffer to sample

6 . Run at lOV/cm for 1 hour

7. Visualise bands under UV transillumination

Polymerase chain reaction using tfl DNA polymerase

1. Add 30pl of nuclease-free water to a clean nuclease-ffee Eppendorf.

2. Add lOpl tfl 5x reaction buffer

3. Add 3pi each of the upstream and downstream primers.

4. Add 2pl of 25mM MgS0 4 , 1 pi of (/7 DNA polymerase (5U/pl)

5. Add 3 pi of DNA (from superscript II single strand cDNA synthesis)

6 . Continue to second strand cDNA synthesis and 30 thermal cycles of 

polymerase chain reaction amplification. 94°C for 30 seconds (dénaturation), 

60°C for 1 minute (annealing), 6 8 °C for 2 minutes (extension). Total time 1 

hours and 45 minutes (40 cycles = 2hr 20min)

TAQ polymerase PCR o f the D-loop region o f Mitochondrial DNA

Primers:
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Upstream primer 5’ CAC CAT TAG CAC CCA AAG CT

Reverse primer 5’ CTG TTA AAA GTG CAT ACC GCC A

HI-LI amplicon 1022 bases

C A C C A T T A G C A C C C A A A G C T a a g a t t c t a a t t t a a a c t a t t c t c t g t t c t t t c a t g g g g a a g c a g a t t t g g g t
ACCACCCAAGTATTGACTCACCCATCAACAACCGCTATGTATTTCGTACATTACTGCCAGCCACCATGAATATTGTACG
GTACCATAAATACTTGACCACCTGTAGTACATAAAAACCCAATCCACATCAAAACCCCCTCCCCATGCTTACAAGCAAG
TACAGCAATCAACCCTCAACTATCACACATCAACTGCAACTCCAAAGCCACCCCTCACCCACTAGGATACCAACAAAC
CTACCCACCCTTAACAGTACATAGTACATAAAGCCATTTACCGTACATAGCACATTACAGTCAAATCCCTTCTCGTCCC
CATGGATGACCCCCCTCAGATAGGGGTCCCTTGACCACCATCCTCCGTGAAATCAATATCCCGCACAAGAGTGCTACTC
TCCTCGCTCCGGGCCCATAACACTTGGGGGTAGCTAAAGTGAACTGTATCCGACATCTGGTTCCTACTTCAGGGTCATA
AAGCCTAAATAGCCCACACGTTCCCCTTAAATAAGACATCACGATG/GATCACAGGTCTATCACCCTATTAACCACTCA
CGGGAGCTCTCCATGCATTTGGTATTTTCGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCA
CCCTATGTCGCAGTATCTGTCTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATTACAGGCGAACA
TACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAATAACAATTGAATGTCTGCACAGCCACTTTCCA
CACAGACATCATAACAAAAAATTTCCACCAAACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACACATCTCTGCC
AAACCCCAAAAACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGGCGGTATGCACm TAAC
AG

TAQ polymerase PCR o f the Peripheral Benzodiazepine Receptor

Forward primer 5' CTA ACT CCT GCC AGG CAG T

Reverse primer 5’ CCA TGT TCC AAG AAC ATG C

590 base pair amplicon spanning (exon 1-4)

C T A A C T C C T G C C A G G C A G T g c c c t t c c c g g a g c g t g c c c t c g c c g c t g g t a c g g c t c c t a c c t g g t c t g g a a a
GAGCTGGGAGGCTTCACAGAGAAGGCTGTGGTTCCCCTGGGCCTCTACACTGGGCAGCTGGCCCTGAACTGGGCATGG
CCCCCCATCTTCTTTGGTGCCCGACAAATGGGCTGGGCCTTGGTGGATCTCCTGCTGGTCAGTGGGGCGGCGGCAGCCA
CTACCGTGGCCTGGTACCAGGTGAGCCCGCTGGCCGCCCGCCTGCTCTACCCCTACCTGGCCTGGCTGGCCTTCGCGAC
CACACTCAACTACTGCGTATGGCGGGACAACCATGGCTGGCATGGGGGACGGCGGCTGCCAGAGTGAGTGCCCGGCCC
ACCAGGGACTGCAGCTGCACCAGCAGGTGCCATCACGCTTGTGATGTGGTGGCCGTCACGCTTTCATGACCACTGGGCC
TGCTAGTCTGTCAGGGCCTTGGCCCAGGGGTCAGCAGAGCTTCAGAGGTTGCCCCACCTGAGCCCCCACCCGGGAGCA
g t g t c c t g t g c t t t c t g c a t g c t t a g A G C A T G T T C T T G G A A C A T G G

Primers fo r  BcI-Xl cloning (X680 amplicon)

Forward primer 5’ GAA TCT CTT TCT CTC CCT TC

Reverse primer 5' GAT CCA AGG CTC TAG GTG GT

G A A T C T C T T T C T C T C C C T T C a g a a t c t t a t c t t g g c t t t g g a t c t t a g a a g a g a a t c a c t a a c c a g a g a c g a g
ACTCAGTGAGTGAGCAGGTGTTTTGGACAATGGACTGGTTGAGCCCATCCCTATTATAAAAATGTCTCAGAGCAACCGG
GAGCTGGTGGTTGACTTTCTCTCCTACAAGCTTTCCCAGAAAGGATACAGCTGGAGTCAGTTTAGTGATGTGGAAGAGA
ACAGGACTGAGGCCCCAGAAGGGACTGAATCGGAGATGGAGACCCCCAGTGCCATCAATGGCAACCCATCCTGGCACC
TGGCAGACAGCCCCGCGGTGAATGGAGCCACTGCGCACAGCAGCAGTTTGGATGCCCGGGAGGTGATCCCCATGGCAG
CAGTAAAGCAAGCGCTGAGGGAGGCAGGCGACGAGTTTGAACTGCGGTACCGGCGGGCATTCAGTGACCTGACATCCC
AGCTCCACATCACCCCAGGGACAGCATATCAGAGCTTTGAACAGGTAGTGAATGAACTCTTCCGGGATGGGGTAAACT
GGGGTCGCATTGTGGCCTTTTTCTCCTTCGGCGGGGCACTGTGCGTGGAAAGCGTAGACAAGGAGATGCAGGTATTGGT
g a g t c g g a t c g c a g c t t g g a t g g c c a c t t a c c t g a a t g A C C A C C T A G A G C C T T G G A T C
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Preparation of a 25pi D loop PCR reaction

primer 5 picomoles

DNA 5ng

dNTPs 130pM each

MgClz 1.5mM

Tag 2.5U

Buffer 2.5pl

H2 O 17ml

15 cycles of polymerase chain reaction: denature at 95°C for 1 minute, annealing 55°C for 

1 minute, and extension 72°C for 1 minute

Single stage reverse Transcriptase PCR (RT-PCR)

Reverse transcription and single stranded cDNA amplification was performed in a 

continuous reaction employing the Promega access PCR system. Amplified cDNA was 

used to confirm the expression of death antagonist genes or for cloning in competent 

bacterial cells.

1. Add 27pl nuclease free water to PCR tube

2. Add lOpl AMV reverse transcriptase/(/l polymerase buffer

3. Add Ipl dNTPs

4. Add 3pi upstream primer and 3ul downstream primer

5. Add 2pl Mg(S04)2

6 . Add Ipl AMV reverse transcriptase

7. Add Ipl (/7 DNA polymerase

8 . Add 3pl mRNA

9. Run RT-PCR for 40 cycles of amplification. Programme time = 

approximately. 4 hours
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Primers fo r  Bcl-2 RT-PCR amplifying a 293 base pair cDNA (Stratagene)

Forward primer 5’ TGC ACC TGA CGC CCT TCAC

R e v e rs e  5 ' ACT CCA ACC CCC GAT CT

Intron-spanning retinoblastoma primers (control fo r genomic DNA contamination)

Forward 5 ’ CGG TCT TC A TGC AGA GAC TG

Reverse 5 ’ CAG AAG GTC TGC CAA CAC CGG TGT TGG CAG TCC

AAC TG

First strand cDNA synthesis using superscript IIfor RT-PCR

1. Add Ipl oligo (dT)i2 -i8 and l-5pg total RNA to 12pl in a sterile nuclease free 

microcentrifuge tube. 50-250ng or 2 pmole of random primers or a gene 

specific primer can be used.

2. Heat the mixture to 70°C for 10 minutes and quick chill on ice. Collect the 

contents of the tube by brief centrifugation.

3. Add 4pl 5x first strand buffer, 2pl O.IM DTT and Ipl lOmM dNTP mix

4. If using random primers incubate at 25°C for 10 minutes

5. Mix contents of the tube gently and incubate at 42°C for 2 minutes

6. Add Ipl (200 units) of superscript II, mix pipetting gently up and down.

7. Incubate at 50 minutes at 42°C

8. Inactivate the reaction by beating at 70°C for 15 minutes. The cDNA can now 

be used as a template for PCR.

9. If the target is > Ikb then removal of RNA complementary to the cDNA is 

required add Ipl (2 units) of E.coli RNaseH and incubate at 37°C for 20 

minutes
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2.3.3 Cloning of Bcl-Xr

Isolation ofpolyadenylated RNA purification fo r  RT-PCR

Affinity purification was used to isolate mRNA directly from cells for use in RT-PCR 

reactions. The principle depends on cell lysis in a guanine isothiocyanate-containing 

buffer that protects RNA from degradation. Oligo dT bound beads are then allowed to 

hybridise with via the poly A tail of mature mRNA transcripts which are then washed and 

then eluted. Purification employed the Quickprep mRNA isolation kit (Pharmacia 

Biotech).

A. Preparation of Gligo(dT)-cellulose

1. 20-30 minutes before the tissue or cell sample will be ready for extraction,

remove the kit from storage at 4°C and place it at room temperature. Remove 

the extraction buffer and place at 37°C until all the crystalline material is 

dissolved. Cool to room temperature.

If the crystalline material persists, place the bottle at 55°C and shake 

occasionally. If it is difficult to get the final crystals into solution, simply 

allow the crystalline material to settle and pipette the solution away from the 

crystals. This will not result in any deleterious effects on buffer performance.

2. Swirl the oligo(dT)-cellulose slurry to obtain a uniform suspension. 

Immediately pipette 1ml aliquots of oligo(dT)-cellulose into individual 

microcentrifuge tubes for each purification to be performed.

B. Extraction of sample

During extraction, disrupted cells may appear to clump together, or the homogenate may 

become quite viscous. Neither of these phenomena will affect the outcome of the 

extraction. Continue the procedure uninterrupted.
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1. Add 0.4ml of extraction buffer to the pelleted cells. Vortex until a 

homogenous suspension is achieved.

2. Dilute the sample by adding 0.8ml of elution buffer {not extraction buffer) and 

mix using a vortex mixer.

3. Place 0.5ml of elution buffer (per purification) at 65°C until needed in 

procedure C.

Isolation of mRNA

Binding step:

1. Prepare a cleared cellular homogenate by centrifuging each extracted sample 

for one minute at top speed (5000-16000g). The tube containing oligo(dT)- 

cellulose should also be centrifuged for one minute; this can be done in 

parallel with the centrifugation of the sample.

2. Remove the buffer fi"om the oligo(dT)-cellulose pellet

3. Close the tube and invert to resuspend the oligo(dT)-cellulose. Clumps may 

form but this will not affect the procedure and should be ignored.

4. Mix gently for 3 minutes by inverting manually or rocking

5. Spin in a microcentrifuge on maximum for 10 seconds

6 . Remove the supernatant by aspiration or pipetting

Washing steps:

1. Add 1ml of high salt buffer. Close the lid of the tube and resuspend the 

oligo(dT)-cellulose. Place the tube in the centrifuge and spin for 10 seconds. 

Remove the supernatant by aspiration or pipetting

2. Repeat the wash using high salt buffer four more times exactly as in the 

previous step for a total of five washes

3. Add 1ml of low salt buffer to the oligo(dX)-cellulose and resuspend the resin 

by inversion. Pellet the resin by centrifugation for 10 seconds. Remove 

supernatant

4. Repeat the wash using low salt buffer one more time exactly as described for 

a total of two washes
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5. Resuspend the resin in 0.3ml of low salt buffer and transfer the slurry to a 

microspin column place in a microcentrifuge tube.

6 . Place the column in the microcentrifuge and spin at full speed for 5 seconds

7. remove the colunm from the microcentrifuge and discard effluent in the 

collection tube. Replace the column in the tube and add 0.5ml of low salt 

buffer. Avoid disturbing the cellulose bed. Centrifuge for 5 seconds at full 

speed.

8 . Repeat the step above an additional two times, emptying the collection tube 

between each step if necessary, for a total of three washes

Elution step:

1. Remove the column and place it in a sterile microcentrifuge tube preferably 

screw cap

2. Place this tube in the microcentrifuge and add 0.2ml of prewarmed elution

buffer to the top of the resin bed.

3. centrifuge at top speed for 5 seconds. Do not discard the eluate as this

contains the mRNA. Add a second 0.2ml aliquot of warm elution buffer to the 

top of the resin bed and centrifuge as described above.

4. Remove the column and place the tube containing the eluted mRNA on ice for 

quantitation, precipitation or direct end use.

Precipitation:

The mRNA may not need to be precipitated if it is being used for PCR related 

procedures. However mRNA samples, which are to be used, from standard cDNA, 

northern analysis and translation often need to be concentrated by precipitation prior to 

end use

1. Add lOpl of glycogen solution and 40pl of K acetate solution (1 in 10)

volume to the 400pl of sample. Add 1ml of 95% ethanol (chilled to -20°C) 

and place the sample at -20°C for a minimum of 30 minutes
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2. Collect the precipitated mRNA by centrifugation in a microcentrifuge at 4°C 

for 5 minutes. If the RNA is not to be used immediately, store it in this 

precipitated state (under ethanol) at -80°C

3. Decant the supernatant and invert the tube over a clean paper towel. Gently 

tap the tube on the towel to facilitate the removal of excess fluid 

Re-dissolve the precipitated RNA in an appropriate volume of elution buffer 

or DEPC-treated water.

UV spectrophotometric quantitation o f  RNA

1. Turn on the spectrophotometer and let the UV light source warm up over 20- 

BO minutes

2. Make dilutions with water to a total volume of 400|il (e.g. for a 1:100 dilution, 

use 4pls RNA and 396pls water).

3. Make a blank of the same dilution factor using ImM EDTA

4. Wash the cuvettes before and after use with water and acetone

5. Read the A260 and A280 of the RNA

Calculate the A260/280 ratio (it should be between 1.8 and 2.0) and the yield 

and concentration using the formula

RNA yield in pgs = OD260 x dilution factor x 40pg/ml/ODU x volume in 

mis

PCR product purification

1. Make up 2% low melting point agarose gel (1.5%) by adding 1.5g LMP 

agarose o 100ml Ix TAE and boil (microwave for approximately 2 minutes)

2. Allow to cool to 55°C and pour gel with l-2pl ethidium bromide

3. Run RT-PCR product alongside DNA markers

4. Visualise PCR product using low intensity UV transillumination

5. Excise band and place in a 1.5ml Eppendorf

6 . Heat Eppendorf in 65°C water bath for 10 minutes until LMP gel melts

7. Add 1ml of resin (Wizard DNA prep kit) and allow to cool to room

temperature (the LMP will not re-solidify after addition of resin).
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8 . Assemble a Wizard DNA prep column to its screw-barrel and connect to 

vacuum manifold

9. Pull resin through the column by applying vacuum. Continue the vacuum for 

no more than 30s once the level has disappeared.

10. Wash the mini-column with 2ml 80% isopropanol (again avoid drying the 

column)

11. Remove the mini-column and place in an Eppendorf. Spin at 3000 for 5 

minutes to remove any excess isopropanol

12. Place the mini-column in a fresh Eppendorf and add 50pl of warm TE to the 

mini-column

13. Centrifuge at 3000 rpm for 5 minutes and collect the eluted DNA.

14. Run l-2pl of the eluted DNA on a 1% gel to confirm isolation of purified 

DNA

Ligations using the pGEM T easy vector

1. briefly centrifuge the pGEM T vector (Promega) to collect contents at the

bottom of the tube

2. set up a ligation reaction using a 0.5ml tube known to have low DNA binding

capacity

l|il T4 DNA ligaselOx buffer (this contains ATP which may 

degrade with repeated freeze-thawing)

1 pi pGEM T Easy vector 

3 pi PCR product 

Ipl T4 DNA ligase

4pl deionized water to give a final volume of lOpl

3. Mix the reactions by pipetting. Incubate the reactions overnight at 4°C

Transformations using the pGEM-T easy vector ligation reactions

1. Prepare LB/ampicillin/IPTG/X-Gal plates for each ligation reaction.

Equilibrate the plates to room temperature before plating.
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2. Centrifuge the tubes containing the ligation reactions to collect the contents at 

the bottom of the tube.

3. Add 2pl of each ligation reaction to a sterile 1.5ml microcentrifuge tube on 

ice

4. Remove a tube of JM109 high efficiency competent cells from -70 °C storage 

and place them in an ice bath until just thawed (5 minutes). Mix the cells 

gently by flicking.

5. Carefully transfer 50pl of cells into each tube prepared in step 2 (lOOpl cells 

for determination of transformation efficiency). Avoid excessive pipetting as 

the cells are very fragile.

6 . Gently flick the tubes to mix and place them on ice for 20 minutes

7. Heat shock the cells for 45-50 seconds in a water bath at exactly 42 degrees

(DO NOT SHAKE).

8 . Immediately return the tubes to ice for 2 minutes

9. Add 950|il of room temperature SOC medium to the tubes containing cells

transformed with ligation reactions.

10. Incubate for 1.5 hours at 37°C with shaking (approximately 150 rpm)

11. plate lOOul of each transformation culture onto duplicate antibiotic plates

12. Incubate the plates overnight (16-24 hours) at 37°C.

Plasmid Mini Prep (Hybaid recovery protocol)

1. Spin down 1.5ml of bacterial culture in a microcentrifuge vial for 30 seconds,

remove and discard supernatant completely.

2. Resuspend the cell pellet in 50pl pre-lysis buffer. Mix by vortexing or

pipetting up and down until the pellet is completely resuspended

3. Add lOOpl alkaline lysis solution directly into the cell suspension and mix by

pipetting up and down until solution is clear and viscous (this is a critical step 

in the procedure and affects yield and purify of the plasmid DNA. The cells 

must be homogenously lysed, and the alkaline lysis solution should be 2 0 - 

25°C, and the SDS should be in solution.
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4. Add 75pl neutralizing solution and mix by vortexing. Spin for 2 minutes to 

pellet white precipitate. Remove supernatant while avoiding white pellet and 

transfer to a spin filter.

5. shake the binding buffer to resuspend silica gel matrix before use. Add 250|il 

binding buffer to the spinfilter. Pipette up and down to mix and spin for 1 

minute to collect liquid from the bottom of the vial.

6 . Add ethanol to wash solution before first use. Add 350pl wash solution to 

spin filter and spin for 1 minute. Pour off liquid in collection vial and spin 

again for 1 minute to dry pellet. Transfer spin filter to a new catch tube.

7. Add 50pl of sterile water or TE buffer to spin filter. Vortex briefly to 

resuspend binding matrix/DNA and spin for 30 seconds to collect DNA in the 

catch tube. Discard spin filter. DNA in solution is now ready to use.

2.3.4 In vitro transcription of cloned Bcl-Xi_ cDNA (1 pg RNA/fig plasmid DNA) 

Template linearization

1. Linearize the vector with a suitable restriction endonuclease

2. Extract the linearized plasmid with phenol:chloroform before using the DNA 

for in vitro transcription

3. (The digestion must be performed to completion since a small amount of 

undigested plasmid DNA can give rise to very long transcripts which may 

incorporate a substantial fraction of the radiolabeled rNTP).

Standard Transcription Protocol

Add the following components in the order listed 

Transcription optimized 5X buffer 4pl

DTT lOOmM 2pl

Recombinant RNasin ribonuclease inhibitor 20U

ATP, GTP, UTP (2.5mM each) 4pl

(prepared by mixing 1 volume deionized water with 

1 volume of each of the lOmM ATP, GTP, and UTP
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stocks supplied) lOOpM GTP (diluted from stock) 2.4pl

linearized template DNA 1 pi

(a '” P) CTP (50nCi at lOnCi/nl) 5^1

SP6, T3 or T7 RNA polymerase 15-20U

final volume 20pl

2. Incubate for 1 hour at 37-40°C

3. Remove Ipl from the reaction to determine the percent incorporation and 

specificity of the probe

Removal o f  DNA template following transcription

1. Add RQl RNase-free DNase to a concentration of lU/pg of template DNA

2. incubate for 15 minutes at 37°C

3. Extract with 1 volume of TE-saturated phenol .'chloroform. Vortex for 1

minute and centrifuge in a microcentrifuge (12,000 x g) for 2 minutes

4. Transfer the upper, aqueous phase to a fresh tube and add 1 volume of 

chloroform: isoamyl alcohol (24:1). Vortex for 1 minute and centrifuge in a 

microcentrifuge (12,000 x g) for 2 minutes.

To visualise transcripts by denaturing gel electrophoresis, add an aliquot (2- 

5pi) from the aqueous phase obtained above to 15-20pl of RNA sample 

buffer. Add 2-5pi of RNA loading buffer and heat the samples 5-10 minutes 

at 65-70°C prior to loading on an agarose gel containing IX TAE and

0.5mg/ml ethidium bromide. Run the gel under standard conditions for 

analysis of DNA samples.

5. Transfer the upper, aqueous phase to a fresh tube. Add 0.5 volume of 7.5M 

ammonium acetate and 2.5 volumes of 100% ethanol. Mix and place at -70° 

for 30 minutes. Centrifuge in a microcentrifuge for 20 minutes.

6. Carefully remove the supernatant and wash the pellet with 1ml of 70% 

ethanol. Dry the pellet under a vacuum. If removal of unincorporated 

nucleotides is desired then proceed to protocol (vide infra). If no further
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purification is desired, resuspend the RNA sample in 10-20pl of TE buffer or 

water and store at -70°C

RNA should not be stored frozen in transcription optimized buffer, as it will 

precipitate at low temperatures in the presence of sperm dine. RNA stored in 

this way will not run to its true size upon electrophoresis.

Phenol:extraction and ethanol precipitation o f linearized template DNA (pGEM Teasy 

recombinant)

1. Add 50pl TE to make up volume to lOOpl

2. Add lOOpl phenol (equal volume) and vortex/spin for 1 minute

3. Remove the aqueous layer and discard the phenol layer (this is protein)

4. Add lOOpl chloroform to the aqueous layer to extract the phenol trace, spin

20” and transfer supernatant into a fresh tube

5. Add 2.5x volume of ethanol to precipitate leave at room temperature for 15’-1 

hour

6. Spin at maximum speed for 10 minutes

7. Decant the ethanol and remove last trace

8. Resuspend in 20pl of DMSO treated water or TE

2.3.5 Size exclusion chromatographv

1. Newly synthesized RNA may be most effectively separated from 

unincorporated nucleotides by size exclusion chromatography through a small 

sephadex GlOO or G-50 column in lOmM Tris-HCl, pH 7.5, and 0.1% SDS. 

(prepacked columns are available from Pharmacia Biotech).

2. Once the RNA has been separated from the unincorporated nucleotides, the 

sample should be ethanol precipitated (vide supra). To ensure that the RNA is 

recovered successfully, carrier tRNA may be added to the reaction

3. Dry the pellet under a vacuum, then resuspend in 1 0 - 2 0 ) li1 of TE buffer and 

store at -70°C. Alternatively the RNA pellet may be stored at -70°C in 100% 

ethanol prior to the precipitation.
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2.3.6 EcoR 1 restriction digest and linearization of recombinant pGEM-T vector

1. Make up the following reaction mix

Template DNA (recombinant plasmid) 1 Opl

lOx EcoRl compatible buffer 5pi

ECO Rl Ipl

Water 34pl

2. Place reaction at 37 degrees and leave overnight to allow for complete

linearization of plasmid DNA

2.3 STATISTICS AND MATHEMATICAL MODELLING

All experiments were conducted in triplicate unless otherwise specified, and data 

expressed as the mean ± the standard error of the mean (or coefficient of variation for 

median fluorescence intensities). Parametric signifiance testing employed the Student’s t 

statistic and was calculated using Microsoft Excel for unpaired experiments. A 

significance level of p < 0.05 was used throughout.

Non-linear regression analysis employed the method of maximum likehood, using 

either a model/Trust region technique (adaptive non-linear least squares alogorithm) 

executed by the programmes NLREG (http ://www.sandh.com/sherrod') or the direct 

search algorithm CVFIT (http://www.d.colquhoun@ucl.ac.uk). Goodness of fit of 

datasets to regression models was estimated by calculation of the F statistic. Parameter 

errors employed estimation of maxmimum likelihood intervals (CVFIT) or approximate 

standard deviations (NLREG), as discussed in chapter 3. Generation of pseudo-datasets 

(Monte Carlo method) for estimation of parameter error distributions was executed using 

Excel.

Dynamical systems modelling employing Runge-Kutte iteration used Mathcad 

Plus 6.0 (Professional edition) to simultaneously solve a system of four linear first order 

differential equations, generating approximate solutions. The numerical solutions were 

copied into an Excel spreadsheet for plotting and further analysis.
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Typical script fo r  iterative solution o f  a system o f differential equations

k+1 = kass, k-1 = kdiss, ks1, ks2, kd1, kd2, kd3,kd4 (see reaction scheme) 

generate response matrix by typing Z = <return>. Ctl C/CtI V direct to excel, 

column 1 = time .column 2= T (xO), column 3 = AT (x1 ), column 4 = A (x2), column 5 = P (x3)

set n=1 initially, but compare n=2, n=0.5, n=0.1, n=0.05

kdi : = ks2 : = kd2 = ^ ^
72 72

kdis : = 0.0000000 kass := 1 kd3 : = kd4 : =
0.5 12

1
ksl -hkdis-Xj -  kass-x^-Xp- kdl x̂

0 kass x̂  Xg- kd3-Xj -  kdis Xj
D(q,x)

1 - kd4 x̂  + kdis-Xj -  kass x̂  x̂
1 ks2 -Xjj- kd2 xj

Z : = rkfixe<^x,0,72,72,D) n: = 0..72

Page 206



CHAPTER 3

STOCHASTIC MODELLING AND MEASUREMENT OF QUANTAL
APOPTOTIC RESPONSES
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Chapter 3: Modelling Distributions of Apoptosis

3.1 INTRODUCTION
The life or death decision that occurs in an individual cancer cell following exposure 

to a chemotherapeutic agent, is in part determined by its survival genotype, and is 

regulated predominantly by genes and their protein products within the programmed cell 

death (apoptosis) pathways (Hannun, 1997; Waldman et al., 1997). Commitment to 

apoptosis is an all-or-none decision. Because individual neoplastic cells are genetically 

heterogeneous due to DNA instability, resulting in cell-to-cell variability in oncogene 

expression and survival phenotype, random variation in quantal cellular responses is a 

commonly observed phenomenon in toxicological studies (Finney, 1971; Finney, 1978; 

Forozan et al., 1997; Tlsty et al., 1989). As such, cell populations exposed to increasing 

doses of a cytotoxic stimuli do not uniformly respond at any single concentration, but 

exhibit a distribution of tolerances resulting directly from random variations in sensitivity 

per cell (Finney, 1978), i.e. a quantal concentration-response relationship.

Apoptosis has been shown to occur in a stochastic fashion, even in clonal 

synchronized populations at the single cell level (Evan & Littlewood, 1998). Flow 

cytometric analysis of large cell populations provides a powerful and reliable tool for 

directly measuring statistical distributions of apoptosis commitment in individual cells, 

by changes in for example, light scatter (Darzynkiewicz et al., 1994; Gorman et a l, 

1997b), cell surface phosphotidylserine expression (Boersma et a l, 1996; Naito et a l, 

1997; Platt et a l, 1998; Van Engeland et a l, 1998), or collapse in mitochondrial 

membrane potential, A'Fm (Green & Reed, 1998; Marzo et a l, 1998b). Examination of 

apoptosis sensitivity in cell populations measured by simply quantifying the proportion of 

apoptotic cells that are responsive to a single concentration of cytotoxic agent, fails to 

provide a population-wide measure of the magnitude and variability of apoptosis 

sensitivity, only informing on the sensitive fraction of cells corresponding to the 

particular stimulus level. Estimation of average population sensitivity (representative of a 

whole population) provides an index for comparing apoptosis sensitivity of cell 

populations using null methods, either to different drugs or after pharmacological 

modulation of cell apoptosis sensitivity, in paired experiments. This cannot be achieved 

using single dose assays. Furthermore, qualitative studies of phenotypical differences 

within a single tolerance distribution, has the potential to provide a means of examining
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the relationship between e.g. the intra-population distribution of survival molecules and 

their effects on cell survival at the population level.

A series of experiments were therefore undertaken to overcome the limitations of 

single dose apoptosis assays using cytofluorimetry and to estimate by mathematical 

modelling, population-wide distributions of apoptosis sensitivity in human leukaemia 

cells (BV173) treated with the topoisomererase II inhibitor VP-16 (etoposide). Cell 

surface expression of phosphotidylserine and collapse of A'Pm measured by 

DiOC6(3)(Zamzami et al., 1995b), were analysed to determine early commitment to 

apoptosis. The stochastic distributions of apoptosis tolerances were modelled, enabling 

robust quantitation of median apoptosis tolerance with estimation of uncertainty. This 

general approach was then adapted to the statistical modelling of the kinetics of 

mitochondrial depolarization, to yield an improved, robust approach for the estimation of 

median tolerance that obviates some of the potential shortcomings of stop-time dose 

response analysis.

3.2 ANALYSIS OF APOPTOSIS TOLERANCE DISTRIBUTIONS
3.2.1 Stochastic modelling of apoptosis tolerance distributions

If the probability of an individual cell being apoptotic at time t after stimulation by a 

cytotoxic dose x is 7i, and the probability of not being apoptotic (but live with intact 

plasma membrane) is 1-tc, then the probability of exactly r cells being apoptotic in a 

population of size n is given by the binomial probability density function.

For large cell numbers this function tends to a normal distribution becoming exact in 

the limit n - >  oo. Logarithmic transformation of the abscissa (where x becomes X) 

produces skew-correction of the distribution (Finney, 1978) and is therefore a 

normalizing transformation. The median apoptosis tolerance (A) is the log concentration 

producing exactly 50% apoptosis in the population (mean of the normal distribution). The 

probability f(r) is concentration dependent such that the proportion of apoptotic cells (r = 

p/n) measured cytofluorometrically and plotted against log concentration yields a 

sigmoid curve, the cumulative frequency distribution (CFD) of apoptosis tolerances with
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ordinate limits 0 (no apoptosis) and 1 (100% apoptosis). The CFD is the integral of the 

probability density function such that at A,
A

F(A) = J*f(X,)dX = 0.5

0

The Hill equation (also tenned the general logistic equation) is used empirically to 

model the CFD for large samples. Because the CFD is defined by an integral, an explicit 

equation for modelling the CFD is mathematically intractable. A four parameter 

modified Hill-equation was therefore used to fit apoptosis CFDs to flow cytometric data.

y = F(A.) = + A
X̂  + K^

This gives a sigmoidal curve with plateau parameter M, half maximal concentration K 

(estimator of median apoptosis tolerance, A), Hill slope p, and the natural mortality 

parameter A which is the asymptotic limit of baseline apoptosis as X tends to zero i.e. an 

estimator of apoptosis in the absence of any cytotoxic dose. The parameter K estimates 

the average response of the population (EC5 0 ) providing an index of sensitivity. The 

parameter p reflects the degree of heterogeneity of response within the cell population, 

with high values of p reflecting a steep function (small variance), whereas a low value 

reflecting a broad underlying probability density function (large variance).

(4̂  0.7

0.5

d: 0.3 -

U  0.001 0.1 10 10 0 0

k=0.1;p=0.5  

■k=1 ;p=0.5 

k=5;p=0.5

Concentration
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Figure 3.2.1 T heoretical to lerance distribution functions m odelled  by m odified  H ill function , show ing  

the effect o f  increasing the m edian to lerance shown in the legend, (A ) resulting in a p a ra lle l shift in the 

distribution  to the right

■rt 0.4 
2 0.3
u 0.2

u  0.001 0.1 1000

k=0.1;p=0.1 
■ k=0.1 ;p=0.3 
k=0.1 ;p=0.8 

•k=0.1 ;p = 1

Concentration

F igure 3 .2 .2  M odified  H ill functions m odelling to lerance d istributions show in g  the effect o f  increasing

the slope  pa ra m eter  p  (reflecting a reduction in population  variance).

k=1 ;p = 1 ;d=0.05
— k=0.1 ;p=0.3;d=0.1 
•• k=0.1 ;p = 0.8;d = 0.2
— k = 0.1 ;p = 1 ;d = 0.3

| 0 . 4

go.3

■go.i

0.001 1000

Concentration

F igure 3.2 .3  Theoretical to lerance distributions show ing the effects o f  increasing the natural m ortality  

param eter (referred  to as d  in the figu re)
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3.2.2 Mitochondrial depolarization as a quantal response to chemotherapy

Cells treated with cytotoxic chemotherapy were found to undergo collapse in 

mitochondrial membrane potential measured by the potentiometric dye DiOC6(3). A new 

population defined by a reduction in DiOC6(3) fluorescence (approximately one log fold 

reduction) appeared after treatment with chemotherapy. The treated cell population 

exhibited an all or none response, resulting in a bimodal log normal distribution of 

DiOC6(3) fluorescence intensity. This bimodal response was always observed (in contrast 

to a graded reduction) in the membrane potential. Cells contain several hundred 

mitochondria, and the appearance of a quantal rather than a graded response suggested 

that the mitochondria per cell, depolarized either simultaneously or within a relatively 

short time interval; this phenomenon which is assayed at the single cell level be termed 

pan-mitochondrial depolarization to emphasise the occurrence of the event throughout 

the mitochondrial population. Cells were counterstained with the vital stain propidium 

iodide to distinguish live from dead cells. To confirm that DiOC6(3) was indeed 

measuring mitochondrial membrane potential, cells were treated with the protonophore 

FCCP, which dissipates producing a concentration dependent increase in the

proportion of cells with low DiOC6(3) fluorescence (shown in figure).

0
m

1Q
I

0.6 -

0.0001 0.01 100

Concentration, FCCP (pM)

Figure 3.2.4. The p ro ton oph ore  F C C P  m ediates co llapse o f  inner m itochondrial m em brane  

producing  a concentration dependen t increase in the proportion  o f  D iO C6(3) low  cells, confirm ing the 

abilit}^ o f  D iO C 6(3) to m easure changes in m itochondrial m em brane p o ten tia l (n—3, m easu red  a t 24  

hours).
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The morphological features of cells undergoing chemotherapy induced 

mitochondrial depolarization were examined by gating the discrete subpopulations 

stained by DiOC6(3) and PI and mapping these to the light scatter distributions. Cells 

exhibiting a reduction in DiOC6(3) fluorescence with low PI fluorescence, mapped to the 

low forward scatter/high side scatter population, whereas the DiOC6(3) high/PI low 

subpopulation mapped to the high forward scatter/low side scatter subpopulation (see 

figure 3.2.5). The PI positive/DiOC6(3) low population (dead cells) co-mapped to the low 

forward scatter/high side scatter population. This suggested that the low forward 

scatter/high side scatter subpopulation was a hybrid population comprising apoptotic and 

dead cells that could be resolved on the basis of DiOC6(3) fluorescence. Furthermore, 

because the low DiOC6(3) low PI subpopulation did not exhibit any cells mapping at all 

to the high forward scatter/low side scatter (live, normal cells) population, the reduction 

in DiOCô(3) was clearly a relatively late, catastrophic event strongly associated with the 

morphological features of apoptosis and commitment of the cell to death. This is an 

expected consequence of respiratory uncoupling which is associated with a failure of 

oxidative phosphorylation and aerobic ATP synthesis.
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Figure 3 .2 .5  M apping VP 16 induced changes in D iO C 6(3) flu orescen ce to a lterations in light scatter: 

A. H istogram  sh ow ing  D iO C 6(3) flu orescen ce in B V173 cells trea ted  with 0.01 p M  VPJ6 corresponds to 

the high fo rw a rd /lo w  side  sca tte r  popu la tion  boun ded  by region 3 (D). B. M itochondrial depolarision  

(10 p M  VP 1 6 / 24 hours) is a ssocia ted  with d ecrea sed  fo rw a rd /in crea sed  side  scatter, ou tside region  i  (E). 

C. D ea d  cells (propidium  iod ide  positive) fo llo w in g  lOOpM  VP 16 /2 4  hours, a lso  m aps to the decreased  

fo rw a rd  /  in creased  side sca tte r  population , a lso  ou tside region 3 (F)

The proportion of cells exhibiting low DiOC6(3) fluorescence increased with 

VP16 concentration (figure 3.2.6). To confirm that the changes in cell morphology and 

mitochondrial depolarization were associated with apoptosis, the concentration 

dependence of caspase activation was determined by colorimetric assay (figure 3.2.7).

0.001 pM 0.01 pM 0.1 pM

IpM lOpM lOOpM

10“ 10’ 10̂ 10“ 10“ 10“  10 ’  10“  10“  10“

F igure 3 .2 .6  C oncentration dependen t co llapse  o f  m itochondrial m em brane p o ten tia l induced in 

B V173 leukaem ia by  VP 16 a t 24  hours. The distribution  o f  D IO C fl3) flu orescen ce  is b im oda l with an 

a ll o r none shift fro m  high to low  flu orescen ce that increases with higher concentration.
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Figure 3.2.7 VP 16 mediates a concentration dependent increase in caspase (DEVDase) activity, 

measured colorimetrically by formation of the chromophore pNA (measured in SUDHL4 cells at 22 hours 

stop-time. n-3).

A p o p to s is  t o le r a n c e  d is tr ib u tio n s  w e r e  m e a su r e d  u s in g  f lu o r e s c e in  i s o th io c y a n a te  

c o n ju g a te d  a n n e x in  V , w h ic h  s p e c i f i c a l ly  b in d s  p h o s p h o t id y ls e r in e  e x p r e s s e d  in  th e  o u te r  

m ito c h o n d r ia l  m e m b r a n e  ( f ig u r e  3 .2 .8 ) .  In B V 1 7 3  le u k a e m ia  th e  e x p r e s s io n  o f  

p h o s p h o t id y ls e r in e  w a s  d e la y e d  in  r e la t io n  to  m ito c h o n d r ia l  m e m b r a n e  d e p o la r iz a t io n  

m e a su r e d  b y  D iO C 6 ( 3 ) ;  s ig m o id a l  to le r a n c e  d is tr ib u tio n s  o f  V P  16 in d u c e d  m ito c h o n d r ia l  

d e p o la r iz a t io n  c o u ld  b e  m e a su r e d  at 2 4  h o u rs , w h e r e a s  th o s e  d is tr ib u tio n s  m e a su r in g  

p h o s p h o t id y ls e r in e  e x p r e s s io n  b e c a m e  s ig m o id a l  o n ly  a fte r  a m in im u m  o f  4 8  h o u rs .
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Figure 3.2.8 Outer membrane expression ofphosphotidylserine detected by fluorescein isothiocyanate

conjugated annexin V in a single BV173 cell, shown by fluorescence microscopy

VP 16 treated cells expressing phosphotidylserine were mapped onto their 

corresponding light scatter distributions. Intact annexin V positive cells (annexin V 

positive/PI low) mapped to the low forward scatter/high side scatter subpopulation, 

whereas normal live cells (annexin V negative/?! low) mapped to the high forward 

scatter/low side scatter sub-population. Dead cells co-mapped to the same light scatter 

sub-population as the annexin positive/PI negative cells, implying that measurement of 

phosphotidylserine exposure could resolve the putative apoptotic light scatter population 

into live and dead cell sub-populations (figure 3.2.9).
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Figure 3.2.9 Phosphotidylserine exposure measured by annexin V correlates with apoptotic changes 

in light scatter. B and F. Annexin V negative/Pl negative cells (above) mapped onto the high forward 

scatter/low side scatter population (F). Both the annexin V positive/PI negative (apoptotic) cells and 

annexin V positive/PI positive (dead) cells mapped onto the low forward scatter/high side scatter 

distribution C and G, and D and E respectively.
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A bimodal distribution of annexin V fluorescence was associated with increasing 

concentrations of cytotoxic therapy, reflecting an all or none, stochastic commitment to 

apoptosis. With increasing concentrations, the proportion of cells in the annexin V high 

distribution approached 100%.(figure 3.2.10)
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Figure 3.2.10 Stochastic commitment to apoptosis measured by annexin V fluorescence in BVI73 

leukaemia cells. With increasing concentration o f etoposide, the relative frequency o f cells in the annexin V 

high population increases relative to the annexin V low distribution. Each population has a log-normal 

distribution reflecting stochastic, all- or-none commitment apoptosis with increasing probability at higher 

concentrations.

3.2.4 Annexin V binding is DEVDase dependent

To confirm the involvement of caspases in the expression of phosphotidylserine 

in the external leaflet of the plasma membrane, cells treated with VP 16 were co-treated 

with the caspase 3 (DEVDase) inhibitor, Z-DEVD-fmk. This peptide inhibitor reduced 

the percentage of cells with high annexin V fluorescence, indicating caspase inhibitor
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sensitivity of the assay, and therefore the involvement of these serine proteases 

underlying expression of cell surface phosphotidylserine.

P ro p o rtio n  o f  PS 
positiv e  c e lls
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0.2 4- 
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0
c o n tr o l VP16

Treatment

Z-DEVD.fmk

Figure 3.2.11 Inhibition of VP 16 (50/jg/ml for 48 hours) induced phosphotidylserine expression by 

concurrent administration of the DEVDase inhibitor Z-DEVD.fmk (2pg/ml). n=2

3.2.4 Fitting Experimental Apoptosis Tolerance distributions

The proportion of intact apoptotic cells was calculated and plotted against log 

VP 16 concentration to yield cumulative frequency distributions (CFDs), which were 

fitted by modified Hill equation using 4 parameter non-linear regression analyses. The 

corresponding parameter estimates for the CFD measuring loss of phosphotidylserine 

surface expression shown in figure 3.2.12, are M = 0.80, K = 2.53, P = 0.91, and A =

0.34. CFDs for A'Pm collapse were also determined from which median apoptosis 

sensitivity was estimated with corresponding parameter estimates M = 0.83, K = 1.69, P 

= 1.6, and A = 0.11. The modified Hill equations fitted by non-linear regression provided 

good fits to the data as measured by F statistic (p < 0.01) (figure 3.2.13).
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Figure 3.2.12 The proportion of intact phosphotidylserine positive BVI73 leukaemia cells against VP 16 

concentration after 48 hours exposure for a typical experiment (n^2), fitter by modified Hill equation.
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Figure 3.2.13 Typical cumulative frequency distribution of VP 16 induced pan-mitochondrial 

depolarization in intact BV173 cells measure by DiOCf3) after 24 hours exposure.

3.2.5 Hydrogen peroxide tolerance distribution

The pro-oxidant apoptosis inducer hydrogen peroxide (H2 O2 ) was shown to be an 

efficient inducer of pan-mitochondrial depolarization measured by reduction in DiOC6(3)
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fluorescence; an effect, which is thought to directly involve triggering of permeability 

transition via an effect on critical cysteines located in the adenine nucleotide transporter 

of the PTPC (Costantini et al, 2000; Petronilli et al., 1994a). H2 O2 rapidly induced 

concentration dependent mitochondrial depolarization in Bcl-2 hyperexpressing 

SUDHL4 lymphoma cells (figure 3.2.14). The effect of H2O2 on apoptosis induction is 

cell cycle independent in contrast to the G2/M specific cell cycle arrest and apoptosis 

induced by VP 16; intrinsic population heterogeneity therefore arises due to stochastic 

variations in redox buffering capacity. The tolerance distribution therefore effectively 

fractionates a cell population, based exclusively on sensitivity to the applied cytotoxic 

stimulus, and therefore underlying genetic susceptibility to redox stress.

1.0

P(lo)

0 .0--- 1—I—!—I—I—I—I—!—r -1— I— I— I— I— !— I— !— I— 1— r

0.0 0.5 3.01.0 1.5 2.0 2.5

H2 O2 Concentration, pM

Figure 3.2.14 H2O2 induced tolerance distribution in Bcl-2 hyperexpressing SUDHL4 lymphoma cells, 

measured at 3 hours. The sigmoidicity of the CDF indicates population heterogeneity, which must underlie 

intrinsic variations in pro-oxidant sensitivity within the cell population

3.2.6 Simulation of the error distribution of median tolerance, K

The error distribution of K was determined for a series of randomly generated 

pseudo-experimental CFDs. Expected y values (Y|: i=1..6) were computed from an 

experimentally determined, averaged CFD (n=3) measuring AYm dissipation, and fitted 

by modified Hill equation. Next, pseudoexperimental data sets were generated by adding

Page 220



Chapter 3: Modelling Distributions of Apoptosis

normally distributed error, Sj to Yj using a normal random number generator algorithm 

(Microsoft Excel 7.0) with mean values corresponding to Yj and standard deviation 

values, Si corresponding to the mean standard deviation of replicate values (figures 3.2,15 

and 3.2.16), i.e.

y ,= Y ,+ e ,

-0.6 Response

VP16

Figure 3.2.15 100 simulated CFDs (labelled SI-SI 00), calculated by applying normally distributed

error to an experimentally determined dataset
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Figure 3.2.16 Statistical properties of simulated CFDs. A. Distribution of mean response o f the 100 

CFDs with their corresponding histogram shown in B. C. Distribution of standard error o f the mean 

response with its corresponding histogram in D.

The simulated CFDs were then fitted by non-linear regression generating 100 

estimates of K. Sequentially averaged median tolerance estimates from the simulated 

CFD data sets were shown to tend toward an average (conforming to the central limit 

theorem, figure 3.2.17). Lack of conformity to a normal distribution was determined by 

fitting a Gaussian function computed from the mean and standard deviation of the 

simulated frequency distribution. The distribution of K estimated by regression analysis 

of 100 pseudodata sets exhibited a positively skew distribution (figure 3.2.18).

2.5

2.3

0.9 --

0.7

0.5

0 20 40 60 80 100 120
Curves

Figure 3.2.17 Sequentially averaged median tolerances estimated from 100 simulated CFDs
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K

Figure 3.2.18 The frequency distribution o f K estimated by non-linear regression applied to the 100

simulated CFDs exhibits a positively skew distribution. The fitted normal distribution is calculated on the 

basis of the mean and standard deviation of the K estimates.

The distribution of residuals of 14 experimentally determined CFDs was plotted 

as a normal probability plot (actual residual against the predicted value from the modeled 

CFD fitted by non-regression. The correlation coefficient for the normal plot was 

calculated as 0.8, consistent with a normally distribution of error in the experimentally 

determined cumulative frequencies (3.2.19).
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Figure 3.2.19 A. Normal probability plot of residuals from 14 pooled CFDs displaying the normally 

distributed residuals (correlation coefficient, r > 0.940). B Symmetrical frequency distribution o f residuals 

from pooling 14 experimentally determined CFDs with a fitted Gaussian distribution corresponding to the 

median and standard deviation.

The positively skewed distribution of K determined by computer simulation 

carries ramifications for the estimation of uncertainty, knowledge of which is essential 

for comparing median tolerances between experimentally determined distributions. Non

linear regression algorithms conventionally calculate approximate standard deviations i.e 

measures of symmetrical parameter error (Motulsky & Ransnas, 1987). These crude 

measures of error variance tend to underestimate the true error variance of fitted 

parameters (Motulsky & Ransnas, 1987), and are therefore inefficient in facilitating 

accurate inferences with respect to changes or differences in measured K. The use of m- 

unit likelihood intervals (Colquhoun, 1995) provides a robust approach to estimation of 

asymmetrical error limits associated with K. The m = 2.0 unit likelihood interval which 

corresponds approximately to ± 2 standard deviations, was used to determine 

asymmetrical error limits (figure 3.2.20).
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A.

I □  ii
0.2 0.4 0.6 0.8

K

B.

0.2 0.4 0.6 0.8

K

Figure 3.2.20 A) Estimated confidence limits (± 2 standard deviations) for K derived from non-linear 

regression for pooled (n=3) CFDs. B) m-unit likelihood interval (m=2.0 corresponding approximately to 2 

standard deviations) for K

An alternative, although less rapid approach to using maximum likelihood 

intervals for the more robust calculation of asymmetric error limits, is to employ the 

Monte Carlo method (Motulsky & Ransnas, 1987). In this technique, the mean residual 

standard deviation is obtained from fitted experimental data is used to generate a normal 

random error, generating n (e.g. n= l0,000) pseudoexperimental data sets which are 

independently fitted to give n estimates of the desired parameter. The standard deviation 

of these estimates corresponding to the fitted parameter provides an estimate of error 

superior to that obtained via approximate standard deviations.

3.3 KINETIC ANALYSIS OF APOPTOSIS DISTRIBUTIONS
Apoptosis tolerance distributions can provide a robust quantitative approach for 

fractionating a neoplastic cell population on the basis of intrinsic population variability in 

sensitivity to cytotoxic therapy. An inherent limitation in this approach however, is that 

cells take a finite time to respond to treatment consequently, the magnitude of the 

estimate of median apoptosis tolerance is highly dependent on the time at which 

observation of the population takes place. Thus, median apoptosis tolerance is a time
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dependent variable. Measurement of the rate of apoptosis has the potential advantage that 

estimation of the median rate carries physical relevance at the single cell level, providing 

a measurement of the latency (i.e. time preceding all-or-none response) to cytotoxic 

therapy. Furthermore, estimation of median tolerance should not rely on the time points 

selected to allow estimation but rather, be relatively constant irrespective of the 

timepoints chosen, provided their measurement is sufficiently accurate. Measurement of 

the average latency preceding commitment to cell death has relevance for the 

measurement of drug resistance, providing an index for comparing the efficacy of 

different treatments or apoptosis sensitizers, or the differential intrinsic sensitivity to 

cytotoxic treatments.

3.3.1 Modelling the exponential distribution of AYm lifetimes

To mathematically model the kinetics of apoptosis, it must be assumed that an 

individual cell completely dissipates its inner mitochondrial membrane potential 

(mitochondrial permeability transition or PT) following treatment with chemotherapy at a 

rate p according to a Poisson process. The probability of PT in the interval At is therefore 

p At. P(t) can be defined as the probability that the inner membrane is still polarized at 

time t.

i.e.

D iO C 6(3) high — ^  D iO C 6(3) ^

The probability of mitochondrial depolarization at the whole cell level, therefore behaves 

as a Bernoulli transition (each cellular transition is a stochastic, all-or-none event), and 

occurs at a rate p.

In the short time interval At, the probability of a cell undergoing PT is given by the 

expression,

P(DiOC6(3)iow) = p.At
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If P(t) is defined as the probability of a cell being DiOC6(3)high at time t, then the 

probability that a cell is still DiOC6(3)high at a later time, t + At is P(t + At). This means 

that the cell was DiOC6(3)high at time t, and did not undergo pan mitochondrial 

depolarization at t + A t, i.e.

P(DiOC6(3)high at t + At) = P(DiOC6(3)high at t ) . P (cell is not DiOC6(3)iow in time At)

If,

P(DiOC6(3)iow in time At) % p.At

Then,

P(t +At) « P(t).P(l - p.At)

In the limit At 0,

PO + A t ^  = ^  = _^P(t)
At L im A t- » 0  dt

The solution to this linear first order differential equation is (see proof)

P(t) = P(0).e-^‘

Box 3.3.1 Proof. Derivation of the exponential apoptosis tolerance distribution

From the linear first order differential equation.

separating of variables yields

integrating both sides

?  = dt

= - M t

'(t) t

yields,

P(t)

p ( t )

H P

P ( 0 )  0

Log.P(O)
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Taking anti-logarithms both sides yields,

P(0)

Thus, P(t) = P(0).e'^‘

If immediately prior to the initiation of mitochondrial depolarization, there already exist 

some cells with DiOC6(3)iow (i.e. associated with natural mortality), then the probability 

of a cell having an intact mitochondrial membrane potential at time zero (i.e. 

DiOC6(3)high at t = 0), is less than 1, such that P(0) = 1-A (where A is defined as the 

probability that a cell being DiOC6(3)iow at t = 0,

Thus, the distribution becomes

P(t) = (l-A ).e-^ ‘

The probability that a cell is DiOC6(3)iow is therefore given by the function

M̂PT (0 = 1" P(0

Hence,

P ^p;(t)% T .(l.A ).e ''*

This is the exponential cumulative frequency distribution of mitochondrial depolarization 

describing the probability of a cell undergoing the transition DiOC6(3)high to DiOC6(3)iow 

at a time, t after initiation of an apoptotic stimulus. At time zero, Ppj is A, and as time 

approaches infinity, Ppx asymptotes to 1 i.e all cells become apoptotic. This is a 

distribution is of the general form
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Figure 3.3.1 Theoretical exponential tolerance distribution showing the effect of changing the median

rate of mitochondrial membrane potential collapse. Median rate is varied between 0.01 and 0.001.

The dimension of p is time’  ̂ . The median rate of mitochondrial depolarization (p) can be 

transformed to a latency (X) with the dimension, time, from the relationship

t =
log, 2(1-A )

Box 3.3.2 Calculating the median latency preceding mitochondrial depolarization
From the definition of g where F(t) is an exponential tolerance distribution,

thus,

isolating t.

taking natural logs both sides.

e-^ ' =
0.5

(1-A)

pt = -log^ 0.5
(1-A)
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solving for t,

-logf
0.5

t = ( 1 - A )

consequently,

t =
loge 2 (1 - A )

3.3.2 Experimentally determined exponential tolerance distributions

To test the validity of this mathematical model for experimentally measured 

cumulative frequency distributions, mitochondrial depolarization was plotted against time 

and the exponential distribution function fitted by non-linear regression using the method 

of maximum likelihood. The exponential CFD provided a good fit for the experimental 

data, allowing estimation of the median rate of pan-mitochondrial depolarization.

5  1.0

Time, hours

Figure 3.3.2 An exponential tolerance distribution of BV173 leukaemia cells fitted by non-linear 

regression to experimentally determined mitochondrial depolarization data obtained by serial kinetic 

analysis by flow cytometry
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The Bcl-2 hyperexpressing cell line SUDHL4 showed a relatively greater 

resistance to VP 16 induced mitochondrial depolarization measured at 24 hours compared 

with BV173 leukaemia. Although the BV173 cells exhibited a sigmoidal tolerance 

distribution, the SUDHL4 cells exhibited an almost flat distribution (figure 3.3.2).

Because of the relatively flat response of the SUDHL4 cells compared with 

BV173 cells, it is impossible to calculate a median tolerance and therefore, quantitatively 

compare the sensitivity of these two cell lines. Over extended periods of observation 

however, it was observed that the form of the SUDHL4 tolerance distribution becomes 

sigmoidal. The serial tolerance distributions could be pooled to yield a three dimensional 

tolerance surface (figure 3.3.3). From the serial tolerance distributions, the proportion of 

cells undergoing mitochondrial depolarization at different concentrations was plotted 

against time; the effect of increasing concentrations of chemotherapy was to increase the 

rate at which cells underwent mitochondrial depolarization (figure 3.5.4). A similar 

relationship was observed for cells treated with H2O2 (figure 3.5.6)

B V 1 7 3

S U D H L 4

>4- 0.4

0,0001 0.01 1 100

V P 1 6  concentrat ion (nM)

Figure 3.2.3 Comparison of 24-hour tolerance distributions for VP 16 in BY 173 leukaemia and 

SUDHL4 lymphoma cell lines; the flat response of SUDHL4 cells does not permit comparison of median 

tolerances for these two distributions at this stop-time (each point represent duplicate observations).
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Figure 3.3.6 Concentration dependence of the rate of mitochondrial depolarization induced byH20:

To quantitatively investigate the effect of concentration on the latency of 

mitochondrial depolarization, H2 O2 tolerance distribution surface was determined 

experimentally, and serial exponential distributions fitted by non linear regression to 

allow estimation of the median rate of mitochondrial depolarization. The rate of 

mitochondrial depolarization showed a linear increase in relation to H2 O2 concentration.
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Figure 3.3.7 The tolerance distribution surface corresponding to H2O2 induced mitochondrial 

depolarization in SUDHL4 cells
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F igure 3 .3 .8  A. E xponential CDFs f i tte d  to to lerance distribution data  in H 2 O2  trea ted  SU D H L4 cells. 

B. P lo t o f  m itochondrial depolariza tion  rate estim ated  by non-linear regression  analysis (fitted  exponential 

distributions) against H 2 O2  concentration show ing concentration dependence.

3.9 DISCUSSION
3.4.1 Stop-time analysis

Two commonly used assays associated with apoptosis, phosphotidylserine surface 

expression and dissipation of AYm, have been examined to determine VP-16 

concentration-apoptosis relationships by flow analysis. The mathematical principles 

underlying the analysis of quantal concentration-response relationships have their 

historical origins in the earlier half of this century when Gaddum devised the linearizing 

probit transformation of normal CFD data as a method of estimating median tolerances 

(Finney, 1978). The emergence of fast computer technology and robust non-linear 

regression algorithms obviates the need for probit analysis (Finney, 1971) allowing 

fitting of full CFD data sets for estimation of A.
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A modification of the Hill/general logistic equation is used to fit tolerance 

distribution data, a commonly used model for both graded (Kenakin, 1997) and quantal 

response curves (Barlow, 1990). The Hill equation provides a close approximation to the 

normal cumulative frequency distribution with an accuracy of approximately 0.01% 

(Barlow, 1990). The threshold parameter A (lower asymptote) is determined by natural 

mortality and estimates the apoptosis response in the absence of a stimulus (analogous to 

Abbotts correction in toxicology, (Finney, 1978). The magnitude of A changes between 

assays as a consequence of random variations occurring within cell culture such as 

changes in cell density/phase of growth, and nutrient concentration but was not found to 

significantly influence estimates of A.

The choice of response metameter employed to determine an apoptosis tolerance 

distribution is arbitrary, but has in this study been chosen to correspond to specific 

molecular events occurring early in the apoptotic process. Phosphotidylserine expression 

and A'Pm dissipation exhibited a tri-modal distribution corresponding to live non- 

apoptotic, live apoptotic and dead cells respectively. Their frequency ratios are VP 16 

dependent. Use of a cell membrane impermeable fluorochrome (propidium iodide) in 

multivariate cytofluorimetry has the advantage of resolving the apoptotic/dead population 

(high side scatter/low forward scatter population) into two quite distinct sub-populations, 

which correspond to live apoptotic cells with intact plasma membrane and dead cells with 

permeable plasma membranes. This overcomes the problem of single colour analysis 

associated with methods such as the hypodiploid (sub-Gl) frequency assay, which fails to 

give such sub-divisions, since dead and apoptotic cells are unified into one sub

population. Light scatter and hypodiploidy (using only single colour analysis) are 

therefore inadequate response metameters for use in tolerance distribution analysis.

Cytofluorometric measurement of apoptosis tolerance distributions is a direct 

method for determining population-wide sensitivity profiles of neoplastic cells both in 

vitro and in vivo. Cells which exhibit apoptosis tolerance at high cytotoxic concentrations 

are likely to undergo evolutionary selection owing to their relative resistance, a process 

that probably underlies clinical relapse, particularly in haemopoietic malignancies 

following successful induction of remission after chemotherapy. Flow sorting of 

neoplastic cell sub-populations with high apoptosis tolerance could facilitate the

Page 235



Chapter 3: Modelling Distributions of Apoptosis

pinpointing of disease-specific molecular targets involved in the control neoplastic cell 

sensitivity to apoptosis. Recent advances in gene microarray technology now allow the 

detailed investigation of transcriptome profiles in cancer cells and could be applied to 

tolerance fractionation. The quantitative approach described provides a means of robust 

estimation of apoptotic susceptibility at the single cell level. In addition, by providing a 

distribution-based framework for investigating the phenotypical basis of neoplastic cell 

responses to cytotoxic therapy, genetic changes could be mapped to positions in the 

tolerance curve, thus providing a tool for charting the clonal evolution and its effects 

within any heterogeneous tumour population.

3.4.2 Kinetics modelling

The use of exponential tolerance distributions to measure the rate of mitochondrial 

depolarization induced by chemotherapy and pro-oxidant demonstrates the importance of 

rate on apparent sensitivity. SUDHL4 lymphoma cells expressing very high levels of Bcl- 

2 exhibited markedly delayed responses to etoposide that accounted for a flat tolerance 

distribution measured at 24 hours; however, over extended periods of observations, these 

cells underwent collapse in mitochondrial membrane potential, associated with apoptotic 

death. The apparent resistance of this cell line to cytotoxic stimuli therefore was best 

measured using kinetic analysis, enabling the rate of mitochondrial depolarization to be 

quantified and used as an index of sensitivity.

The kinetic model requires that the timeframe over which the exponential 

tolerance distribution is estimated is relatively short; this is because, for long time 

intervals, the effects of cell division would become significant. Cells with long latencies 

have the capacity to further divide, and given sufficient time may potentially increase the 

proportion of DiOC6(3)high cells measured, leading to a bell shaped curve. Rate 

dependent selection could result in a discrepancy between measured apoptosis and 

overall outcome on tumour growth kinetics in vivo (Story et a l, 1999).

Both time and concentration dependent apoptosis can be represented graphically 

in the form of the time-dose-response (tolerance distribution surface. Sun et al, have 

estimated acute toxicity by fitted quantal dose-time-response surfaces described by the 

equation.
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S (x , t )  -  e -a x 't '

where S(x,t) is the surviving proportion (equivalent to DiOC6(3)high cells) at dose x, and 

time,t. Parameter a was described as the initial factor, b, the shape factor for the dose 

response, and c the shape factor for the time response (Sun et al., 1995). The estimation 

of exponential tolerance distribution by non-linear regression however, provides a less 

complex model for interpreting the population effects of cytotoxins; the latency 

parameter providing an easily interpretable and physically relevant measure which can 

therefore be easily estimated.
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SUPPRESSION OF DEATH ANTAGONIST PROTEIN SYNTHESIS 

BY ANTISENSE OLIGONUCLEOTIDES
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4.1 STEADY STATE MATHEMATICAL MODELLING OF ASO ACTION

4.1.1 Introduction

A recurring limitation of much of the published in vitro antisense experimental 

data reporting apparent antisense gene inhibition, has been the failure to differentiate 

rigorously, target messenger RNA (mRNA) specific antisense pharmacodynamics from 

non-specific biological effects (Wagner, 1994). Analysis and verification of quantitative 

ASO dose response relationships under equilibrium (quasi-therapeutic) conditions, 

provides the potential for both putative antisense mechanism verification, and the 

investigation of oligodeoxynucleotide structure-activity relationships.

In 1952, Monod, Pappenheimer, and Cohen-Bazire introduced a quantitative 

single compartment kinetic model for the analysis of p-galactosidase gene expression, 

which assumed zero order mRNA synthesis, and first order decay. Yagil elaborated a 

dual compartment kinetic model relating the kinetics of mRNA synthesis/degradation to 

protein synthesis (Yagil, 1975). The implications of this model, with regard to protein 

stability have been extensively analysed (Hargrove & Schmidt, 1989) and computer- 

modelled (Hargrove, 1993; Hargrove et al., 1990; Hargrove et al., 1993). Ramanathan et 

al have provided both steady state and non steady state analyses of antisense action based 

on a dual compartment model (Ramanathan et al., 1993); however, this treatment is not 

explicit in expressing a direct relationship between antisense and unbound target 

transcript intracellular concentration, and therefore does not extract in quantitative form, 

properties of the ASO-target mRNA interaction as it relates to binding affinity 

estimation. The following heuristic analysis (see box 4.1) adopts the Hoel-Yagil dual 

compartment model as a basis for deriving simple, but explicit quantitative antisense dose 

response relationships (QADRRs) expressed as true (although idealised) mathematical 

dose-response fimctions. Figure 4.1.1 shows the two compartment kinetic model 

employed in the steady state analysis of ASO action, and the underlying assumptions are 

in table 4.1.
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Box 4.1 Classification of mathematical models 

Parameter Estimation

HIGH

A

Parsimonies Models

LOW

Caricature Models

Simulation Models

HIGH

Heuristic Models

U

LOW Model Complexity

/
K i

Td<------- '
K i '

Ki

r

G

II

G:
T:
Td=
P:
P.:

K,: 

I Kl- 

Kv
d̂2-

gene
mRNA
degraded mRNA 
protein
degraded protein

mRNA synthesis rate 
(transport/transcription/splicing) 
protein generation rate 
(translation/processing) 
transcript decay rate constant 
protein decay rate constant

Figure 4.1.1 Kinetic representation o f gene expression based on the Yagil model (Yagil, 1975)
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Table 4.1, Assumptions underlying QADRR modelling

1. RNaseH-dependent target mRNA degradation pathway

2. Steady state conditions apply; thus

a. The ASO, A, equilibrates rapidly throughout the 

intracellular milieu

b. Transcription rate (K,;) does not change with time

c. Heteroduplex rate (Kd3) is invariant

3. A is not significantly degraded

4. Target mRNA exits in one kinetic compartment

5. Degraded mRNA is incapable of protein synthesis

6. RNaseH-catalysed heteroduplex hydrolysis is zero order

The rate constant ksi (dimensions s‘ )̂ represents the zero order transcript T  

synthesis rate from target gene, G. This is a hybrid rate constant incorporating mRNA 

processing and nucleocytoplasmic transport rates. Target protein, P  is then translated 

from J  at a rate ks2 (first order rate constant of dimensions mol s'^); Physiological 

degradation paths for transcript (rate constant kdi mol s*'̂  to yield degraded transcript, 

Tdi) and protein (rate constant, kd2 mol s'̂  to yield degraded protein Pj) are incorporated 

into the model. The steady state physiological amplification ratio, (|), for protein synthesis 

from transcript is given by,

1   P  max ks2

T xmx kd2

ASO (termed A) binds to its target transcript to generate an ASO-mRNA heteroduplex, 

A T  (figure 4.1.2). RNaseH catalyses the degradation of target-mRNA with a rate k<i3 , to 

yield a degraded transcript subpopulation Td2 -
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ATT + A

Figure 4.1.2 RNaseH model o f antisense action employed in steady state modelling (the RNA kinetic

compartment is I  and the protein compartment II.

When an ̂  is introduced, the model system is perturbed such that at time intervals 

Atx and Atp , new steady state levels of T  and P  respectively are attained. The rates of 

decay of T  and P  are given by the law of mass action (see box 4.2) as,

d[T]_
dt

kd,[T] + k.,[A][T]-k-,[AT]

d[P] 
■ dt

— kd2[P]-ks2[T]

The solutions of these two linear first order differential equations are exponential decay 

functions, respectively,

(aTmax-b).e"' + b

where

a = k+i. [A] b = k-i. [AT]
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and

_  (a'.Pn^-b').e-“ ‘+b'
^  ÿ

where,

a' = kd2̂  ^ks2-[T]

Box 4.2 The Law of Mass Action:

The Rate of a reaction is proportional to the active mass 
of its reactants

kl
eg. For the reaction, X + Y Z

k2

dZ
= k ,[X ][Y ]-k 2[Z] 

at

The times, Atj and Atp to reach respective steady states can be determined for 

experimental purposes, from rearrangement of these equations in terms of time, t.

1  ̂ ClT ma\~b
r = — Ln ———  

a a T -b

4.1.2 Mathematical modelling of the ASO -  Target mRNA QADRR

From figure 4,1.1, according to the law of mass action, the rate of formation of 

transcript, T, is given by the linear first order differential equation 1. At steady state.
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thus,

ksi + k.j[AT]
[T]=-

kdi + k+i[A]

Similar analysis of the differential rate equation with regards to the ASO-target mRNA 

complex, AT, yields the following expression.

k.,[AJ[T]
[AT]=-

k-i + kd3

Solving for T  with regard to A  yields the hyperbolic expression of the general form,

^ Kd

where,

ksia  =
kd3 ' k-j

kdi-(k.i + l)  
kd3 • k-i

Kd equals the ratio of k .1 to k .1 , and has dimensions of concentration. It represents the 

equilibrium dissociation constant for the ASO-mRNA interaction, which decreases in 

magnitude with corresponding increases in mRNA binding affinity. The relationship for 

antisense versus intracellular transcript concentration is shown in figure 4.1.3. 

Logarithmic increases in Kd produce parallel right shifts in the QADRR; thus, as Kd 

increases, so the potency (efficacy) of the ASO decreases. The mathematical limits are as 

0 0  , so T->0; and when/i 0, then T -> Jmax, where.

Ksi
kdi(k.i + l)
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Figure 4.1.3 Theoretical mRNA QADRRs calculated for different equilibrium dissociation constant 

(pKd), showing predicted right shift of the curves with decreasing affinity (lower potency)

4.1.3 Mathematical modelling of the ASO-protein QADRR

Extending this analysis to include the target protein, P, yields the QADRR with 

the general form (and shown in figure 4.1.4),

rP =

Kd

where,

r  =
ksl'ks2  ̂
kd2'kd3 k-i

kdi /  k.j + J)
kd2'k-i

Similarly, as A -> oo , so P 0 , and as A -> 0, P P max where,

ksi ks2
kd! kd2( k.j+1)
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Figure 4.1.4 Theoretical protein QADRRs calculated for different equilibrium dissociation constant 

(pKd), showing predicted right shift of the curves with decreasing ASO affinity (lower potency)

4.1.4 Comparative analysis of multiple QADRRs: The antisense dose ratio, R

For two parallel QADRRs with different apparent dissociation constants Kdi and 

Kd2 . At Tmax / 2 , there are two corresponding values of A  ie. and A| (the quantifiable 

EDsos). From the corresponding QADRRs for each agent respectively,

a a

kdi

This yields the relationship,

R =_[AJ_Kd2
[A,] Kdi

Where R, the antisense dose ratio, is equal to the Kj ratio (ie. relative potency), 

and can be estimated directly from the ratio of two measured ED5 0 S. Regarding the 

biological response, y, if one assumes that y = f { T } where f is an unknown function, 

then for two agents at respective ED50 concentrations.
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y = f { T U  = f{T}[«,

It follows that if the mechanism leading to response y, is the same for Ai and A2 , then the 

ratio of ED5 0 S should be the same for fitted dose-response curves corresponding to 

phenotypical responses.

4.2 KINETIC MODELLING OF ASO ACTION
4.2.1 How fast should ASOs act?

ASOs effect protein down-regulation via Watson Crick binding to cognate mRNA, 

preventing translation for a sufficient time interval to permit endogenous proteolysis 

(Matteucci & Wagner, 1996; Wagner, 1994; Wagner, 1995). The speed at which these 

agents act must therefore be determined by protein stability independently of effects on 

RNA catabolism by ribonuclease H (RNase H) (Crooke, 1998; Giles et al., 1995; Wu et 

a l, 1998b). ASOs are also subject to termination of their intracellular activity by 

nucleases. This accounts for the observed pharmacodynamic reversibility of RNA 

suppression after a single transfection, over 48 to 72 hours(Cioffi et al., 1997; Stewart et 

a l, 1996).

The protein nadir concentration (Vp) that occurs at a time interval ip after in vitro 

transfection, ultimately determines the magnitude of biological perturbation associated 

with a single ASO dose. Effective ASOs succeed in lowering RNA concentration until 

attainment of Vp, however, the quantitative behaviour of Vp as it is influenced by changes 

in gene expression kinetics and ligand metabolism remains unknown despite the 

widespread use of antisense technology throughout biology and experimental 

therapeutics.

In recent years, there has been a major growth in the understanding of the underlying 

pharmacodynamics of ASO action. However, ASO effects involve the complex 

interaction of time dependent variables. Non-linear dynamical systems analysis provides 

a powerful tool for the heuristic investigation of such complex systems, allowing 

examination of potential effects associated with changes in both ligand chemistry, and
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alterations in the kinetics of target gene expression on the timecourse of ASO action. This 

approach, can also lend insight into the critical determinants of ASO efficacy and 

potential limitations of this technology. Here we show that the kinetics of ASO action can 

be modelled in silico enabling preliminary investigation of the effect of ligand and gene 

specific parameters on the magnitude and direction of Vt, Vp , Tt and Xp.

4.2.2 Modelling and numerical analysis

ASO induced perturbations in target RNA and protein concentrations were modelled 

using an adaptation of the two compartment kinetic description of gene expression shown 

in figure 4.1.lA. Steady state approximations were assumed in relation to the pre

perturbation concentrations of T and P, i.e.

k „ - k J T ] « 0

k , , m - k , , [ P ] « 0

Figure 4.2.1a shows the reaction scheme corresponding to perturbation of gene 

expression by ASO, where the ASO {A) binds to T  with a second order association rate 

coefficient k+i and first order dissociation rate coefficient k.%. The equilibrium 

dissociation constant Kd is defined as the ratio of the dissociation and association rate 

coefficients (i.e. KD=k.i/k+i). Experimentally determined binding affinities of ASOs have 

been shown to be much lower than the theoretical affinities predicted for single stranded 

oligonucleotide interactions (Crooke, 1999). Local secondary and tertiary structure 

around the hybridizing sequence in large RNAs can sterically inhibit accessibility of the 

ASO. Optimal ASO sequences with highest binding affinity therefore need to be 

determined empirically and cannot be predicted using RNA folding algorithms nor by 

thermodynamic calculations (Birikh et a l, 1997; Ho et a l, 1998; Milner et a l,  1997). 

The apparent binding affinity of ASOs to large RNAs (not ribonucleotides) has been 

directly measured by gel-shift assay with determination of Langmuir binding isotherms, 

supporting the reversibility of ASO binding (Stull et a l, 1996; Zhu et a l, 1996a). 

Experimentally determined measures of Kd for ASOs targeting tumour necrosis factor-a 

mRNA were of the order lO-lOOOnM (i.e. 10'  ̂to lO'^M) (Stull et al., 1996).

A  is capable of activating RNase H after heteroduplex formation, to provide a 

second, non-physiological pathway for transcript metabolism (Ramanathan et al., 1993).
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The rate of intranuclear RNase H mediated catabolism of T  occurs at an overall rate 

defined by k]. Phosphorothioates, represent the most commonly used ASO chemistry and 

exhibit potent RNase H activation when bound to RNA (Crooke et al., 1995). The non- 

physiological transcript decay pathway is distinguished by denoting RNase H degraded 

transcript as Td2 - The rate of degradation o ï A T  catalysed by RNase H, has been 

measured spectrophotometrically, yielding measurements o f A T  half-life (to.5) of 

approximately 30 minutes (Agrawal et a l, 1997).

The ligand A  undergoes intracellular degradation at a rate kd4  to yield Adi, 

observed in practice for phosphorothioate ASOs that are degraded in biological systems 

over a period of hours (Campbell et al., 1990). The instability of A  confers non-linearity 

to the system of differential equations, and prevents explicit solution of the system 

simultaneously, e.g. using Laplace transforms. Consequently, this model differs 

fimdamentally fi*om the linear analytical treatments previously reported that required the 

limiting assumption of absolute ligand stability (Ramanathan et al., 1993). Ligand 

instability has been implicated to underlie the observed short-term reversibility of 

transcript downregulation (Cioffi et al., 1997; Schumacher et al., 1998; Stewart et al.,

1996).
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A. B.

G
ksi

Td,
/I

kdi

+
A

ks2

Pd
A

kd2

^  p

k i

kd4
Adl

L+l

A T
Td2 

 >- +
kd3 ^"2

4^ = {ksi+k-i.[A][T]}-{kdi.[T]+k.i.[A][T]} 
at

d t
=  { k s 2 .[T ] -k d 2 .[P ]}

dA
=  k d 4 . [ A ] + k _ , [ A T ] - k , , [ A ] [ T ]

at

dAT
- — = {k.  I. [A] U ] -  (k - 1. [AT)+ kd3. [AT]} 

d t

Figure 4.2.1. A. Perturbation in gene expression by the addition o f ASO. B. System o f differential equations 

derived from the law o f mass action, defining the rate o f change o f the state variables A, T, AT, and P.

A system of four rate equations in four variables {A, 7, AT, and P) were derived from 

the law of mass action (figure 4.2.IB). Approximate solutions were computed 

numerically using (MATHCAD) corresponding to the temporal evolution in the 

concentrations of target protein (P), transcript (7), ASO-RNA heteroduplex {AT), and 

ASO {A). Digital integration employed fourth order Runge Kutte iteration, where the 

fimction f(t,y) is approximated by the formulas,

1

where.

y(t + h) « y(t) + -(k , + 2 I< 2  + 2kj + )

k, = hf(t,y) 

kj =hf{t + —h,y + —k,)
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1 1 
kj = hf(t + —h,y+—kj)

k^ = hf(t + h ,y+k3)

The numerical timecourse solutions (computed with a step value, h of 1 hour intervals) 

corresponding to these variables were solved simultaneously for this system. 

Approximate solutions exhibited stability for varying step intervals ranging from h = 1 to 

h = 1/60 (corresponding to 1 minute). Values for the rate coefficients were chosen to 

correspond to ranges consistent with those observed in practice. RNA and protein 

stability were initially defined with to.s (RNA) = 3 hours (Ross, 1988), and to.s (protein) = 

24 hours (Spiller et al., 1998). In general, the first order rate coefficients were calculated 

from to.5 values using the relationship

k = loge(2)/to.5

Initial concentrations for P, J , and/4 were normalized by setting them equal to 100% (i.e. 

1), and /4 J  equal to zero (no heteroduplex is formed at time zero). In practice, mRNA and 

protein concentrations are commonly reported as ratios of their control levels, rather than 

as absolute concentrations, allowing the ordinate of the timecourse solution to measure 

percentage downregulation. Heteroduplex to.s was set equal to 30 minutes (Agrawal et al.,

1997).

The numerical solutions (stored in matrices) were exported to a spreadsheet for 

subsequent analysis of Vp and ip. e.g. the minimum value in the matrix containing the 

approximate solutions corresponding to T was used to define V t. The time interval to 

reach this concentration was used to define it.

4.2.3 Kinetic effects of changes in ligand concentration

The concentration of A  was reduced over a four-log range (with relative values of

0.0001, 0.001, 0.01, 0.1, and 1), and the corresponding timecourses for T  and P  

calculated over 140 hours (figures 4.2.2A and 4.2.2C). A concentration dependent 

decrease in the nadir concentrations for T  and P  (v t, Vp respectively) is shown in figures
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4.2.2B and 4.2.2D. Significantly greater perturbation in RNA expression accompanied 

changes in ligand concentration over the computed time interval, compared with protein. 

The parameter it was also concentration dependent. The magnitude of Vp has been shown 

to be limited at increasing concentrations of phosphorothioates by RNase H inhibition, 

presenting a narrow window of concentrations to achieve efficacy optimization (Gao et 

al., 1992). RNA reversibility was observed by approximately 50 hours, consistent with 

the kinetics of phosphorothioate mediated RNA downregulation and recovery observed 

in practice (Stewart et a l, 1996).

4.2.4 Kinetic effects of changes in ligand binding affinity

Ligand binding affinity (K d )  via Watson-Crick hybridization is highly 

influenced by RNA cognate sequence accessibility (Ho et al., 1998; Milner et al., 1997; 

Monia et al., 1996). Ligand modifications such as ribose 2' methoxy-ethoxy 

fimctionalization, act to decrease Kd (Altmann et al., 1997; Monia et a l, 1993). The 

equilibrium affinity constant was therefore reduced over a one log range where pKo = - 

logio(KD), and the effect on RNA and protein timecourses examined (figures 4.2.3A and 

4.2.3C). An increase in affinity (i.e. stability o f AT) was associated with a greater 

reduction in Vt and Vp. RNA was more sensitive than protein to increases in ligand 

affinity.
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Figure 4.2.2. A. Calculated solutions corresponding to changing the concentration o f ASO on the 

perturbation in RNA concentration. B. Concentration-RNA nadir ( and concentration- time-to-RNA 

nadir ( rd relationships. C. The ejfect o f changing concentration of ASO on the perturbation in protein 

concentration. D. Concentration-protein nadir (Vp) and concentration- time-to-protein nadir (tp) 

relationships.

The parameters Vp and it exhibited Kd dependent reductions consistent with experimental 

rank potency experiments involving base pair mismatch series (Monia et al., 1992) 

(figures 4.2.3A to 4.2.3D). Kd specific enhancement in antisense efficacy was only 

sensitive to variations in association rate constant but not dissociation constant, a 

phenomenon that has been observed experimentally in relation to antisense 

oligoribonucleotide activity (Lima et al., 1992).

In practice, ASO must localise to the nucleus in order to achieve an antisense effect 

(Bennett et al., 1992; Marcusson et al., 1998; Shoeman et al., 1997; Spiller & Tidd, 

1995), yet rapid downregulation of total (cytoplasmic and nuclear) RNA is widely 

observed for phosphorothioates by approximately 4 hours (Schumacher et al., 1998).
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This may reflect intra-nuclear catabolism of the pre-mRNA pool following nuclear 

binding of ASO, effectively shunting the RNA incorporated within A T  heteroduplex into 

the RNase H decay pathway. This would allow for rapid physiological degradation of 

mature mRNA.
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Figure 4.2.3. A. Numerical solutions corresponding to the effects of changes in heteroduplex stability 

(pKp) on the ASO induced perturbation in RNA concentration. B. ASO affinity dependent changes in v, and 

T,. C. Numerical solutions corresponding to the effects of changes in heteroduplex stability (pKo) on the 

ASO induced perturbation in protein concentration. D.ASO affinity dependent changes in Vp and Tp.

4.2.5 Kinetic effects of changes in ligand stability

Nuclease instability renders the phosphodiester backbone of DNA unsuitable for 

sustaining RNA downregulation. The phosphorothioate modification has been
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predominantly exploited for its nuclease stability and its ability to recruit RNase H. 

Despite this, non-stereospecific synthesis of phosphorothioates with 3’ terminal chiral R 

configuration exhibits marked sensitivity to 3’ exonucleases (Gilar et al., 1998) and a 

significant contribution to antisense reversibility. Changing the ASO to.5 from between 6  

hours (unstable) to 72 hours (very stable) exhibited the principle effect of lengthening the 

duration of RNA recovery (figure 4.2.4A), allowing time for endogenous protein decay 

and reduction in Vp (figure 4.2.4C). ASO to.5 dependent increases in Xt and Xp respectively 

tended towards asymptotic limits (figures 4.2.4B and figure 4.2.4D) suggesting that the 

stability of target RNA and protein may enforce a limit to ASO to 5 dependent effects on 

efficacy. Under conditions where antisense degradation and accumulation are 

approximately equal ( t o . 5= o o ) ,  as would be approximated by continuous in vivo delivery 

systems, protein concentrations should eventually tend towards a stable Vp.
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Figure 4.2.4 A. Numerical solutions corresponding to the effects o f changes in ASO half life on the 

ASO induced perturbation in RNA concentration. B. ASO half-life versus v, and r,. C. Numerical solutions
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corresponding to the effects o f changes in heteroduplex stability (pKo) on the ASO induced perturbation in 

protein concentration. D.ASO half life versus Vp and Tp.

4.2.6 Kinetic Effects of Changes in Target protein stability

Changes in the stability of target protein were next examined with increases in to.5 

ranging from 6  to 72 hours. A dramatic reduction in Vp was exhibited without effect on v* 

(figure 4.2.5). This supports the widely observed phenomenon of ASO mediated loss of 

total RNA in the absence of marked reductions in protein (Cioffi et at., 1997; Spiller et 

al, 1998), and suggests that experimental demonstration of RNA reduction alone is 

insufficient to support a general antisense mechanism corresponding to a biological effect 

(although it does provide evidence of antisense pharmacodynamics at the RNA level). 

Protein t o . 5  is therefore a critical variable, which for some stable proteins may prohibit 

observation of antisense effects.
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Figure 4.2.5. The influence of protein stability on ASO induced perturbations in protein and RNA 

(inset) concentrations. Protein to.5 was increased from 6  to 72 hours (the first order protein decay 

coefficient kd2 was calculated accordingly) and the corresponding effects on protein and RNA relaxation 

calculated.
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4.2.7 Kinetic modelling of a double transfection

The problem of sub-optimal protein down regulation has been circumvented 

experimentally by repeated dosing (Dean & McKay, 1994; Stewart et al., 1996). The 

kinetic consequences of multiple transfections on the magnitudes of Vp and Tp 

respectively, were simulated by calculating two successive perturbations, with scheduling 

intervals ranging from 12 to 96 hours. The first solution was computed for h=12 to 96, 

and the state variable values at these time points (h = 12, 24, 48, or 72 hours), used as 

initial conditions for the second perturbation (figure 4.2.6). The principle effect of the 

second transfection was the acceleration towards a new, lower protein nadir (Vp*) at the 

expense of increased intra-cellular concentration of ASO (increased A) (shown in inset 

figure 4.2.6).

The cumulative intracellular ASO concentration reduced with an increase in 

scheduling time interval, allowing more time for intracellular degradation of ASO. 

Protein downregulation was delimited by a new minimum, Vp*. Computed animation of 

the protein relaxation solution modelling multiple transfections over a range of second 

dosing intervals, suggested that an optimal approach to Vp* requires a second transfection 

at an interval allowing for interim intracellular ASO decay, thus reducing the likelihood 

of non-specific toxicity. With longer interim delays, the time to reach Vp* is dramatically 

extended. Increasing stability of RNA perhaps paradoxically, correlated with lower Vp* 

which may be explained by longer lived transcripts having more time to bind ASO and 

thus be eliminated, coupled to a slower transcription (a kinetic requirement for a pre

perturbation steady state mRNA concentration).
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Figure 4.2.6. The effects of varying the time interval on calculated protein relaxation solutions. Inset: 

kinetics of ASO concentration during successive transfections.

4.2.8 Phase Space Trajectory Simulations

Figures 4.2.7 and 4.2.8 show the three dimensional parametric graphs of the solutions 

corresponding to changes in the concentration of A, T, and P  over time. The solutions 

corresponding to these three state variables at any given point in time (phase space 

trajectory) were plotted over two different time intervals (12 hours in figure 4.2.7A and 

140 hours in figure 4.2.7B). Aji animated film of the evolving solution over time was 

computed from which figures 4.2.7A and 4.2.76B represent snapshots. The initial 

condition corresponding io A, T and P  is shown as t(0). The phase space trajectory 

displays the overall effect of single or multiple parameter changes on the three state 

variables simultaneously.
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t(0)

K12)

t(0)
t(140)

P

Figure 4.2.7 A. Phase space trajectory (for state variables A, T, and P) corresponding to 12 hours 

after the initial perturbation by ASO. B. Phase space trajectory (A,T, and P) corresponding to 140 hours 

after the initial perturbation by ASO.

Figure 4.2.8 shows the effect of increasing the to.s of the ASO from 6 to 24 hours. The 

effect is to lower the phase space trajectory, so increasing ASO efficacy. The effect of 

increasing the to.s of P from 12 to 48 hours is shown in figure 4.2.8B; the increase in 

protein stability raises the phase space trajectory, corresponding to a decrease in ASO 

efficacy.

Use of phase space simulations to model simultaneous changes in ASO, protein and 

RNA concentrations under conditions of changing ligand or gene expression kinetics 

offers a robust, heuristic method for examining the predicted effects of putative ASOs. 

Parameter variations studied using this approach to minimise Vp, predict that optimization 

of ligand binding properties alone may be insufficient to achieve significant in vitro 

antisense effects for some genes, and suggests a substantial benefit of having a priori 

knowledge of a putative target protein to.s in the planning of in vitro and in vivo ASO 

studies.
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Figure 4.2.8. A. Lowering of the phase space trajectory (state variables A.T, and P) by an increase in 

ASO half-life. B. Raising of the phase space trajectory (state variables A,T, and P) by an increase in 

protein stability.

4.3 INVESTIGATIONS OF BCL-2 ASO ACTIVITY
4.3.1 Suppression of Bcl-2 protein synthesis by ASOs

The Bcl-2 specific phosphorothioate oligonucleotide G3139 was designed 

empirically to hybridize with the 5’ region of the Bcl-2 mRNA (Cotter et al., 1994). To 

gain some idea of the physical nature of the binding site of G3139, its target sense 

sequence was localized within the energy minimized secondary structure of the Bcl-2 

RNA, calculated using the programme RNAdraw. The principle aim of using this energy 

minimized structure prediction approach was to determine whether G3139 had a high 

probability of binding a double stranded RNA region which would present a high energy 

barrier to hybridization, or a single stranded (low energy barrier) RNA region. G3139 

was predicted to interact with a region with a high probability of local duplex structure, 

as shown in figure 4.3.1.
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Figure 4.3.1 The calculated secondary structure of the G3139 binding site predicts local duplex 

formation. The energy minimized secondary structure of0.9kb Bcl-2 mRNA was computed and the G3139 

targeted sense sequence identified.

Because of the conformational constraints preventing hybridization to much of 

the primary sequence of RNA (as discussed in chapter one), the secondary structure 

calculation could not inform on the accessibility of the G3139 binding site. A simple 

study was therefore conducted to identify whether G3139 could efficiently bind to the 

native conformation of Bcl-2 RNA by performing an RT-PCR using G3139 as a forward 

primer multiplexed with a positive control primer pair amplifying a 293 nucleotide 

cDNA (B293) from SEMK2 Bcl-2 RNA. Because the antisense forward primers 

hybridize at 48°C, the full length Bcl-2 RNA exists in a metastable, but native 

conformation. If the reverse transcriptase can extend from the ASO, the positive control 

reverse primer can then be used in the cDNA amplification to generate a product. In this 

experiment therefore, generation of PCR product is consistent with accessibility of the 

ASO to its cognate sequence. An extension of this approach has been exploited using
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degenerate anti sense primers to map full length RNAs for accessible regions (Birikh et 

a/., 1997; Ho er a/., 1998; Ho er a/., 1996).

The ASO G3139 was multiplexed with the positive control primer pair as the 

latter were already mixed in the commercial preparation obtained from Stratagene. 

G3139 failed to yield an amplification product suggesting that the ASO was unable to 

compete effectively in the multiplex reaction with the B293 antisense primers. Failure 

could have been due to the phosphorothioate links in the G3139 primer, a hypothesis that 

could have been tested with a positive control.

A.

Bcl-2 RNA

rt
Fwd+I ir%=3>

Rev +

lOObp lad d e r

Rev 4-

ASO rt 8293

O ' >

G3139

Positive pair control only

Figure 4.3.2 A. Multiplex principle showing G3139 and fwd+ priming for first strand synthesis (rt = 

reverse transcription). B. Multiplex RT- PCR employing G3139 in combination with positive control 

primers amplifying B293, (generated by forward and reverse positive control primers i.e.fwd+ and rev+ 

respectively). The arrow indicates the expected size of the G3139/rev+ product.

One reason for a low ASO binding affinity is conformational pre-organization,

i.e. the inherent secondary structure in the ASO resulting from internal duplex formation 

(Egli, 1998), the theoretical optimization of which has been shown by Patzel and 

Sczakiel, to improve the annealing kinetics and efficacy of antisense RNA in cell based 

experiments (Patzel & Sczakiel, 1998). G3139 was folded using Zucker’s DNA folding 

algorithm on the DNA MFOLD server to compare the predicted melting temperatures. 

The Tm for the B293 forward primer was lower than that for G3139 (22.2 compared with

45.3), implicating a greater energy requirement for G3139 linearization, and therefore a
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potential energy barrier to hybridization. The computed secondary structures for G3139 

and B293 forward primer are shown in figure 4.3.3.

G3139 B293 Forward Primer
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c
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/ •  /
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Figure 4.3.3 Computed secondary structures for Bcl-2 ASOs G3139 and 8293forward primer

To more robustly determine G3139 accessibility, the antisense microarray 

approach was used (in collaboration with Professor E.M. Southern, FRS) (Milner et al., 

1997; Sohail & Southern, 2000; Southern et al., 1997). ASOs covalently linked to the 

glass surface to form the array, scanned the first 120 nucleotides o f the Bcl-2 mRNA. A 

relatively high degree of hybridization was observed for binding of 5’ end radiolabelled, 

full length Bcl-2 mRNA to the G3139 sequence (shown in figure 4.3.4). Three peaks of 

hybridization were observed including the G3139 sequence. This finding confirmed that 

the binding of G3139 was accessible within the native conformation of Bcl-2 mRNA, 

supporting previously demonstrated antisense efficacy of this phosphorothioate ASO 

(Cotter et al., 1994). The restricted length scan prevented pan-Bcl-2 ASO screening on a 

single array, and thus did not allow comprehensive semi-quantitative analysis o f relative 

ASO affinities.

4.3.2 G3139 exhibits sequence specific reduction of Bcl-2 in SEMK2 cells

SEMK2 cells were transfected with G3139 over a range of concentrations, the 

level of Bcl-2 assayed by western blotting after 72 hours, and normalized relative to 

actin. G3139 induced a concentration dependent reduction in Bcl-2 level that was
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4.2.7 Kinetic modelling of a double transfection

The problem of sub-optimal protein down regulation has been circumvented 

experimentally by repeated dosing (Dean & McKay, 1994; Stewart et a l, 1996). The 

kinetic consequences of multiple transfections on the magnitudes of Vp and Xp 

respectively, were simulated by calculating two successive perturbations, with scheduling 

intervals ranging from 12 to 96 hours. The first solution was computed for h=12 to 96, 

and the state variable values at these time points (h = 12, 24, 48, or 72 hours), used as 

initial conditions for the second perturbation (figure 4.2.6). The principle effect of the 

second transfection was the acceleration towards a new, lower protein nadir (Vp*) at the 

expense of increased intra-cellular concentration of ASO (increased A) (shown in inset 

figure 4.2.6).

The cumulative intracellular ASO concentration reduced with an increase in 

scheduling time interval, allowing more time for intracellular degradation of ASO. 

Protein downregulation was delimited by a new minimum, Vp*. Computed animation of 

the protein relaxation solution modelling multiple transfections over a range of second 

dosing intervals, suggested that an optimal approach to Vp* requires a second transfection 

at an interval allowing for interim intracellular ASO decay, thus reducing the likelihood 

of non-specific toxicity. With longer interim delays, the time to reach Vp* is dramatically 

extended. Increasing stability of RNA perhaps paradoxically, correlated with lower Vp* 

which may be explained by longer lived transcripts having more time to bind ASO and 

thus be eliminated, coupled to a slower transcription (a kinetic requirement for a pre

perturbation steady state mRNA concentration).
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Figure 4.2.6. The effects of varying the time interval on calculated protein relaxation solutions. Inset: 

kinetics of ASO concentration during successive transfections.

4.2.8 Phase Space Traiectory Simulations

Figures 4.2.7 and 4.2.8 show the three dimensional parametric graphs o f the solutions 

corresponding to changes in the concentration o f A, T, and P over time. The solutions 

corresponding to these three state variables at any given point in time (phase space 

trajectory) were plotted over two different time intervals (12 hours in figure 4.2.7A and 

140 hours in figure 4.2.7B). An animated film of the evolving solution over time was 

computed from which figures 4.2.7A and 4.2.76B represent snapshots. The initial 

condition corresponding to A, T  and P  is shown as t(0). The phase space trajectory 

displays the overall effect of single or multiple parameter changes on the three state 

variables simultaneously.
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degenerate antisense primers to map full length RNAs for accessible regions (Birikh et 

al., 1997; Ho et a l, 1998; Ho et a l, 1996).

The ASO G3139 was multiplexed with the positive control primer pair as the 

latter were already mixed in the commercial preparation obtained from Stratagene. 

G3139 failed to yield an amplification product suggesting that the ASO was unable to 

compete effectively in the multiplex reaction with the B293 antisense primers.

A. B.

1OObp ladder

Bcl-2 RNA

  rtFwd+[Z=|[=:[>
]  Rev +

Rev +

ASO rt B293

G3139

Positive pair control only

Figure 4.3.2 A. Multiplex principle showing G3139 and fwd+ priming for first strand synthesis (rt = 

reverse transcription). B. Multiplex RT- PCR employing G3139 in combination with positive control 

primers amplifying 3293, (generated by forward and reverse positive control primers i.e. fivd+ and rev+ 

respectively). The arrow indicates the expected size o f the G3I39/rev+ product.

One reason for a low ASO binding affinity is conformational pre-organization, 

i.e. the inherent secondary structure in the ASO resulting from internal duplex formation 

(Egli, 1998), the theoretical optimization of which has been shown by Patzel and 

Sczakiel, to improve the annealing kinetics and efficacy of antisense RNA in cell based 

experiments (Patzel & Sczakiel, 1998). G3139 was folded using Zucker’s DNA folding 

algorithm on the DNA MFOLD server to compare the predicted melting temperatures. 

The Tm for the B293 forward primer was lower than that for G3139 (22.2 compared with

45.3), implicating a greater energy requirement for G3139 linearization, and therefore a
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potential energy barrier to hybridization. The computed secondary structures for G3139 

and B293 forward primer are shown in figure 4.3.3.

G 3139 B293 Forward Primer

■nG

I
_  ^  C

A — . G

C C
C /

T \
G T

Tm = 45.3 Tm = 22.2

Figure 4.3.3 Computed secondary structures for Bcl-2 ASOs G3139 and 8293forward primer

To more robustly determine G3139 accessibility, the antisense microarray 

approach was used (in collaboration with Professor E.M. Southern, FRS) (Milner et al, 

1997; Sohail & Southern, 2000; Southern et al., 1997). ASOs covalently linked to the 

glass surface to form the array, scanned the first 120 nucleotides of the Bcl-2 mRNA. A 

relatively high degree of hybridization was observed for binding of 5’ end radiolabelled, 

full length Bcl-2 mRNA to the G3139 sequence (shown in figure 4.3.4). Three peaks of 

hybridization were observed including the G3139 sequence. This finding confirmed that 

the binding of G3139 was accessible within the native conformation of Bcl-2 mRNA, 

supporting previously demonstrated antisense efficacy of this phosphorothioate ASO 

(Cotter et a l, 1994). The restricted length scan prevented pan-Bcl-2 ASO screening on a 

single array, and thus did not allow comprehensive semi-quantitative analysis of relative 

ASO affinities.

4.3.2 G3139 exhibits sequence specific reduction of Bcl-2 in SEMK2 cells

SEMK2 cells were transfected with G3139 over a range of concentrations, the 

level of Bcl-2 assayed by western blotting after 72 hours, and normalized relative to 

actin. G3139 induced a concentration dependent reduction in Bcl-2 level that was
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sequence specific i.e. unaffected by scrambled 18-mer control oligonucleotide (figure 

4.3.5).

6
§o
CQ

Figure 4.3.4 Binding of G3139 to Bcl-2 messenger RNA detected using a scanning microarray. 

Radiolabelled Bcl-2 RNA was transcribed in vitro and allowed to hybridize to a microarray with 

conjugated 7-17 mer oligonucleotides corresponding to the Bcl-2 sequence. Regions of high radiodensity 

reflect high binding affinity o f  the local sequence to the native 3D structure of the BCL-2 RNA, thus 

revealing the accessible sequence
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G3139 CONTROLS
--------------------1 I--------------------------

BCL-2
 < -------- 19.2 kDa

 < -------- 29 kDa

ACTIN ^  ^  m  m  m  m  m  ^
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Figure 4 .3.5 Sequence specific  dow nregulation  o f  p 2 6  B cl-2 a t 72 hours SEM K2 cells

SEMK2 cells which had been transfected with G3139 were then treated with etoposide 

over a six-log range of concentrations, and the extent of apoptosis measured at single cell 

resolution as hypodiploid frequency. Etoposide was shown to induce a concentration 

dependent increase in sub-Gi frequency (figure 4.3.6).

Etoposide treatment of SEMK2 cells that had been transfected with G3139 

exhibited greater hypodiploid frequency after 24 hours compared with either etoposide or 

G3139 alone (figure 4.3.7). This synergistic activity was also observed over a wide range 

of concentrations of etoposide, with left shift of the etoposide dose response, implying a 

general decrease in apoptosis threshold in G3139 treated cells (4.3.8).
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Figure 4.3.6. Etoposide induced increase in hypodiploid frequency measured at 24 hours is concentration 

dependent and associated with selective loss of cells from the G2 fraction of the population.
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Figure 4 .3 .7  Synergistic enhancem ent o f  e toposide induced apop to s is  fo llow in g  transfection o f  

SEM K2 leukaem ia cells with Bcl-2 phosphoro th ioa te  ASO, G 3139.

15000

■B G3139

13000 -O CONTROL
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Figure 4.5 .8  Synergistic  enhancem ent o f  e toposide  induced apop tosis (the proportion  o f  

h ypodip lo id  cells on the ordinate) by G 3139. The dose-response curve f o r  e toposide  w as sh ifted  to the 

left (n=2, 24 hours)

4.3.3 Cationic lipids alter intracellular distribution of Bcl-2 ASO

To characterise the effect of cationic lipids on the intracellular distribution of 

oligonucleotides, SEMK2 cells were treated with a 1|tM concentration of FITC 

conjugated morpholino oligonucleotide targeting Bcl-2 in the presence and absence of 

cationic lipid. The intracellular cellular distribution of this ASO was then determined by 

fluorescence microscopy. In the absence of cationic lipid the distribution of fluorescence 

was localized to the perinuclear area, and exhibited a granular distribution. However, in 

the presence of cationic lipid, a dramatic alteration in the distribution of ASO was

Page 267



Chapter 4: Inhibition of Death Antagonist Protein Synthesis

observed with a more uniformly distributed fluorescence throughout the cell, including 

the nucleus (4.3.10).

4.3.4 In vivo studies with G3139

SCID-NOD mice were injected subcutaneously with D0HH2 lymphoma cells and 

evidence for engraftment obtained after two weeks by assaying peripheral blood 

extracted from the tail vein for CD45 (human) positive lymphocytes using flow 

cytometry of ficoll purified whole peripheral blood (figure 4.3.11). CD45 cell surface 

immunoreactivity was associated with Bcl-2 immunoreactivity (also detected by flow 

cytometry), confirming successful engraftment of the t(14;18) positive DOHH2 cell line 

(figure 4.3.10).

+ cationic lipid

Punctate perinuclear 
granular distribution Nuclear localisation

Figure 4.3.9 Cationic lipid alters the intracellular distribution of a FITC conjugated morpholino BCL-2 

ASO. In the absence of cationic lipid (left), the ASO exhibits a perinuclear, granular distribution whereas, 

in the presence of cationic lipid, the ASO is distributed predominantly the nucleus at the site of RNaseH.
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Figure 4.3.10. Confirmation of D0HH2 engraftment in SCID-NOD mice injected subcutaneously after

two weeks. Bcl-2 (left) and CD45 (right) immunoreactivity of peripheral blood lymphocytes is increased as 

shown by the right shift in the FLl (green) fluorescence distribution.

4.3.5 G3139 decreases expression of Bcl-2 in vivo

SCID-NOD mice were treated in groups of three with either G3139, or vehicle for 

14 days via subcutaneous infusion using osmotic pumps. On day 13, the mice were 

divided into two groups (nil control or G3139 treated). Following sacrifice at 24 hours 

cells were treated with etoposide for 24 hours. The Bcl-2 expression in the disaggregated 

tumours measured by mouse anti-human FITC conjugated Bcl-2 monoclonal antibody, 

exhibited greater immunoreactivity than the negative control antibody, confirming high 

Bcl-2 expression (shown in figure 4.3.11).
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Figure 4.3.11. Untreated SCIDNOD/DOHH2 xenografts exhibit high Bcl-2 immunoreactivity (right) 

compared with the fluorescence of the negative control antibody.

SCID-NOD mice with engrafted D0HH2 xenografts treated with G3139, 

reproducibly exhibited a bimodal distribution in Bcl-2 fluorescence, in contrast to mice 

not treated with G3139. The emergence of a new population of cells with reduced Bcl-2 

fluorescence was only observed in G3I39 treated mice but not in the controls, consistent 

with G3139 induced reduction in expression. The bimodal distribution in fluorescence 

indicated that transfection efficiency was less than 100% (since a significant proportion 

of cells failed to downregulate G3I39). Furthermore, the median fluorescence intensity of 

the D0HH2 subpopulation exhibiting the lower intensity of Bcl-2 fluorescence, was 

approximately one log fold higher than the negative control (0%) fluorescence indicating 

that the extent of downregulation was not complete, i.e. that residual Bcl-2 expression 

was present following treatment with G3139 (figure 4.3.12).
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G3139

10® 10̂ 10̂  10' 10*
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BcI-2 FITC Fluorescence

Figure 4.3.12 G3139 treatment of DOHH2 xenografts in SCID-NOD mice produces a reproducible

bimodal distribution of FLI fluorescence. This is not seen in control xenografts, or in etoposide only 

treated mice (arrows indicate the new population with reduced Bcl-2 FITC fluorescence). This pattern is 

consistent with a reduction in Bcl-2 associated with G3139 treatment.

The level of Bcl-2 expression was co-determined in D0HH2 xenografts by western 

analysis. The xenografts were disaggregated and the lymphocytes purified by density 

gradient separation providing a D0HH2 specific protein lysate for western analysis. Bcl- 

2 expression was observed in etoposide only treated lysates, but not in the 03139 nor 

03139 plus etoposide treated lysates, consistent with the results from flow cytometry 

(figure 4.3.13).

4.3.6 03139 enhances ex-vivo sensitivity to etoposide

The expression of cell surface phosphotidylserine was measured on disaggregated 

D0HH2 xenografts, after density gradient purification. 03139 treated xenografts 

exhibited an increased annexin V fluorescence, compared with etoposide only treated 

cells, suggesting facilitation of apoptosis (figure 4.3.14).
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Control G3139

BCL-2 # 19.2kDa

29kDa

Figure 4.3.13 Reduction in Bcl-2 expression in D0HH2 xenografts measured by western analysis. Bcl- 

2 is detected in xenograft protein lysate following in vivo treatment with etoposide only, but not for G3139 

alone nor in combination with etoposide. Each of the four wells was loaded equally with lOOpg o f total 

protein.

Etoposidel25pg/ml Etoposide 125Mg/ml 
+ G3139

Etoposide 
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Etoposide 0 .6 2 5 ^ m l  
+ G3139
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Figure 4.3.14 G3139 enhances etoposide induced apoptosis measured in D0HH2 xenografts

increased cell surface phosphotidylserine exposure detected by FITC conjugated annexin V.
as
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4.4 SUPPRESSION OF BCL-Xl PROTEIN SYNTHESIS BY ASO
4.4.1 Mapping and selection of high affinity ASQs

Second generation B c1-Xl targeting ASOs were synthesized by ISIS 

pharmaceuticals (Carlsbad, CA) and evaluated at the Institute of Child Health in terms of 

protein downregulating activity, and apoptosis modulating efficacy in vivo. Empirically 

determined accessible sites (figure 4.4 .1 ) were compared with a theoretically determined 

map of putative sites exhibiting a high probability of single strandedness throughout the 

full length B c1-Xl molecule (figure 4.4 .2). The smoothed MFOLD ss count (averaged 

every 10 nucleotides) spectrum yielded several regions with high probability of single 

strandedness; interestingly, when compared with the pattern of ASO accessible sites in 

B c1-Xl determined empirically, a clear association could be identified between the 

theoretical spectrum and experimental map. Not all regions with a high average ss count 

mapped to accessible sites, suggesting that RNA conformation determines whether a 

peak in the averaged ss count spectrum represents a cryptic or exposed region and 

therefore ASO accessibility.
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Figure 4.4.1 Empirical screening of Bcl-Xi ASOs by real time PCR (courtesy Dr Nick Dean ISIS 

Pharmaceuticals, Carlsbad, CA). ISIS 16009 and ISIS 15999 (marked by an asterisk) were selected based 

on their ability to produce maximal Bc1-Xl RNA downregulation.

Two ASOs, ISIS 15999 and ISIS 16009 were selected empirically based on their 

ability to downregulate B c1-Xl mRNA (measured by real-time PCR). Prior to 

investigating the activity of these ASOs in vivo using both ASO and control 

oligonucleotides, preliminary investigation of the B c1-Xl downregulating activity was 

conducted in vitro. The most effective oligonucleotides ISIS 16009 and ISIS 15999 

coincided with regions of high predicted ss count, i.e. positive inflexions (calculated 

using the MFOLD server, figure 4.4.2). The average ss count spectra were therefore 

determined for several other anti-apoptotic proteins, to provide a database of putative 

ASO accessible sites (figure 4.4.3).

15999 16009

i  i
I i I II I I I I  I I I I I  I I II

15999

200 400 600

Mdeotide position

16009

800

BH4 BH3 BHl BH2

Figure 4.4.2 Association between theoretically determined distribution of high probability single 

stranded RNA regions and empirically determined accessible sites for Bcl-Xi. The most effective ASOs 

coincided with peaks in the average ss count, as did a significant number of other ASOs.
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Figure 4.4.3 Average ss count graphs calculated using the MFOLD server for anti- and pro-apoptotic 

proteins of the Bcl-2 family. These ss count spectra may predict ASO accessible sites for novel ASOs.

4.4.2 In vitro downregulation of Bcl-Xi_

B c1-Xl was shown to be expressed using immunophenotyping in DOHH2, with a 

two log fold greater fluorescence for the B c1-Xl compared with negative control. The 

ASO ISIS 15999 exhibited a concentration dependent downregulation of B c1-Xl, that 

was sequence specific following a 72-hour double transfection (figure 4.4.4).

A. B.

Negative Control

Positive Control

10°

m

B cI-X t Immunofluorescence

Figure 4.4.4 In vitro downregulation ofBcl-XL by ISIS 15999 in D0HH2 cells following a 72 hours 

double transfection. A. D 0H H 2 cells express Bcl-XL. B. ISIS 15999 produces a concentration dependent 

decrease in Bcl-XL expression.

4.4.3 In vivo studies of Bcl-XL ASO activity

It was hypothesized that pharmacological antagonism of B c1-Xl should provide a 

means of modulating apoptosis threshold sufficiently to restore cytotoxic susceptibility
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and therefore therapeutic efficacy. ASOs targeted to Bcl-XL mRNA have exhibited 

efficacy in a vascular model (Pollman et al., 1998), and apoptosis sensitization in both 

kératinocytes and epithelia (Taylor et al., 1999). A growing body of evidence suggests 

that robust demonstration of sequence specific protein downregulation can indeed be 

achieved in vivo (Dean & McKay, 1994), (Dean et al., 1996; Monia et al., 1996). This 

hypothesis was therefore tested by employing chimeric second generation 

oligonucleotides (Altmann et al., 1996) to achieve Bcl-XL reduction and sensitization to 

VP 16 (etoposide) induced apoptosis in NOD/SCID mice. Proof of an antisense 

mechanism is a critical pre-requisite for gene silencing studies (Crooke, 1996), and 

controlled measurement of sequence specific effects on apoptosis response metameters 

such as AYm collapse, caspase activation, and caspase dependent loss of plasma 

membrane asymmetry (Van den Eijnde et al., 1997; Van Engeland et al., 1998; Vermes 

et al., 1995) enable greater resolution of ASO specific activity compared determination 

of general changes in tumour mass or cell proliferation. This study employed 

subcutaneous delivery of 2’MOE-phosphorothioate oligonucleotides. The apoptosis 

inducing action of VP 16 was then measured in ex-vivo assays to determine the effects of 

Bcl-XL protein reduction on apoptosis threshold.

4.4.4 In vivo Downregulation of Bcl-Xi_Expression

SEMK-2 cells were established in SCID-NOD mice. These cell lines expresses Bcl-XL, 

as shown by RT-PCR, western analysis and flow cytometry (figure 4.4.5). SEMK-2 cells 

purified from disaggregated xenografts were analysed by cytofluorimetry, enabling 

measurement of Bcl-XL expression at single cell resolution, therefore allowing the 

determination of the distribution of Bcl-XL in transfected versus untreated tumours. 

Figure 4.4.6 shows the unimodal distribution of Bcl-XL expression in untreated versus 

ISIS 16009 treated SEMK-2 xenografts after 14 days of continuous subcutaneous 

administration. Left-shift in the distribution of Bcl-XL immunofluoresence was observed 

compared with untreated control, reflected in a decrease in the median fluorescence 

intensity (MPI) of 88.9 ± 7 % as shown in figure 4.4.5B. Conversely, the distribution for 

mismatched oligonucleotide failed to exhibit a left-shift relative to untreated control
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(figure 4.4.6A) with a relative reduction in Bc1-Xl MFI for ISIS 16009 versus mismatch 

oligonucleotide treated xenografts (figure 4.4.6B).

SEMK2

Bcl-2 BoI-Xl

RT-PCR

Immunoblot A nalysis

Cytofluorimetry

Bcl-2 BcI-Xl

1 0 *

Figure 4.4.5 Expression of Bcl-2 and Bcl-Xi shown by RT-PCR, immunoblot analysis and 

cytofluorimetry in SEMK-2 cells.

B

ISIS 16009

Untreated control
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■  ISIS 16009

«  U ntreated  Control

■  N eg ativ e  Control

BcI-Xl Immunofluoresence Treatment Group
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Figure 4.4.6. Bcl-Xi specific ASO 16009 induces a reduction in target protein level in vivo. A. The 

distribution of Bcl-Xi expression (measured at single cell resolution) is left shifted in ISIS16009 treated 

SEMK-2 cells compared with positive (untreated) controls. B. Reduction in Bcl-Xi relative to positive 

and negative controls (±standard error, n=3)

A. B.

Untreated control
ISIS 15691

1 0 * 10*

ISIS 16009 

ISIS 15691

NEGATIVE CONTROL

BcI-Xl Immunofluoresence Treatment Group

Figure 4.4.7 ASO mediated down regulation of Bcl-Xi in vivo is sequence specific. A. Mismatch 

control oligonucleotide fails to induce left shift o f the Bc1-Xl fluorescence distribution in SEMK-2 cells 

compared with positive (untreated control). B. ISIS 16009 induces a reproducible, relative reduction in Bcl- 

X l relative to control mismatch oligonucleotide.

4.4.5 The frequency of VP 16 induced Apoptotic morphology is enhanced by Bcl-Xi  ̂

downregulation

Pyknosis (cell shrinkage) and chromatin condensation (increased granularity) are 

associated with a reduction in forward scatter (FSC) and an increase in side scatter (SSC) 

respectively by flow cytometry. The proportion of high SSC/low FSC cells within the 

lymphoid enriched gate (circumscribed as shown in figure 4.4.8A) was determined for 

unstimulated and VP 16 stimulated cells allowing calculation of a fold increase ratio. 

Sequence specific enhancement of apoptosis was observed in ISIS 16009 treated SEMK-

Page 279



Chapter 4: Inhibition of Death Antagonist Protein Synthesis

2 xenografts compared with untreated controls (47.1 ± 13%), and mismatch 

oligonucleotide (22 ± 5 %) as shown in figure 4.4.8B.

B
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I
I
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UN-STIMULATED
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Forward Scatter

■  IS IS  1 6 0 0 9  
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■  Untreated 
corrtrol
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Figure 4.4.8 Apoptosis sensitization of SEMK-2 xenografts measured by morphological changes 

at single cell resolution. A. Induction of apoptosis induced by VPI6 is associated with cell shrinkage 

(reduction in forward scatter) and chromatin condensation (increased side scatter). B. ASO ISIS! 6009 

increases VP 16 induced apoptotic morphology relative to both scrambled oligonucleotide and 

untreated controls (error bars represent standard errors, n=3).

4.4.6 Bcl-Xi , suppression facilitates Mitochondrial Permeability Transition

B c1-Xl exerts an inhibitory action on mitochondrial depolarization. The 

susceptibility of mitochondria to undergo VP 16 induced collapse of AYm was measured 

in intact xenograft cells at single cell resolution. Figure 4.4.9 shows the cumulative 

frequency distribution for mitochondrial depolarization in intact BY 173 cells measured 

by DiOC6(3) and propidium iodide (PI). Sequence specific enhancement of VP 16 

induced mitochondrial depolarization (approximately log fold reduction in equi-effective
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concentration) was observed for ASO treated xenografts versus controls when assayed at 

24 hours after stimulation (figure 4.4.9).
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4.4.7 Caspase 3 activation is enhanced by ASO treatment

The degree of caspase 3 activation by VP 16 was therefore compared for Bc1-Xl 

ASO treated versus control xenografts. Figure 4.4.lOA shows the fold increase in free 

pNA chromophore cleaved by DEVDase activity from the DEVD-pNA substrate for ISIS 

16009 versus control oligonucleotide and untreated control xenografts. Sequence specific 

enhancement of VP 16 induced DEVDase activation was measured in ASO treated 

xenografts 134 ± 4 % compared with mismatch control and 139 ± 6% compared with
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untreated control (p < 0.05). A similar pattern of sequence specific enhancement of 

caspase 3 activation was also observed for ISIS 15999 in BV173 cells (figure 4.4.11).

4.4.8 Bcl-Xi  ̂ suppression enhances caspase 3 dependent loss of plasma membrane 

asvmmetrv

VP 16 induced an increase in annexin V FITC binding to cell surface 

phosphotidylserine in BY 173 cells (figure 4.4.1 IB). BY 173 xenografts treated with YP16 

exhibited a sequence specific enhancement of annexin Y-FITC positive fluorescence 

associated with ISIS 16009 treatment, conserved over a six log range of concentrations.
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Figure 4.4.10 VP 16 activation of caspases is facilitated by ASOs targeting Bcl-Xi. A. Measurement 

of caspase 3 (DEVDase) activation by VPI6 shows enhancement for ISISI6009 treated SEMK-2 

xenografts compared with control oligonucleotide and untreated xenografts. B. Caspase activation 

dependent cell surface expression of phosphotidylserine is enhanced in ISIS 16009 treated SEMK-2 

xenografts after ex vivo treatment with VP 16 (stardarrd errors shown, n—3, 24 hours).
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Figure 4.4.11 DEVDase activation by VP 16 is enhanced in a sequence specific manner (ISIS 15691 is a 

scrambled control), following in vivo treatment of B VI73 xenografts with ISIS 15999 ASO (n=2)

4.4.9 Correlations between Bcl-Xi[_expression and Apoptosis tolerance

To determine the association between B c1-Xl expression and apoptosis 

susceptibility, median fluorescence intensities for B c1-Xl (in oligonucleotide treated and 

untreated xenografts) and corresponding fold enhancement of apoptosis (measured by 

changes in light scatter and DEVDase activation) were plotted (figures 4.4.13A and 

4.4.13B respectively). A strong negative correlation was observed with respect to fold 

increase in apoptotic morphology (r = - 0.76) and DEVDase activation (r = -0.50). 

Conversely, a positive correlation (r = 0.31) was observed for redox state measured by 

MTT versus B c1-Xl immunofluoresence (figure 4.4.13C).
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Figure 4.4.12 Reduction in Bcl-Xi correlates with increased susceptibility to apoptosis. A. A negative 

correlation exists between the relative level o f  Bcl-X, fluorescence and DEVDase activity induced by VP 16 

ex vivo. B. Apoptosis susceptibility measured by changes in light scatter are inversely related to BcI-Xl 

fluorescence level. C. Ability o f  leukaemic cells to reduce the tétrazolium salt MTT positively correlates 

with Bcl-XL fluorescence.

4.5 ADDENDUM: CLONING AND IN VITRO TRANSCRIPTION OF BCL-Xl

4.5.1 Subcloning of truncated BCL-X^ cDNA

Poly A T RNA was extracted from SEMK-2 cells using an oligo-dT affinity 

purification system. Specific BCL-Xl cDNA was synthesized using AMY reverse 

transcriptase followed by 40 cycles of polymerase chain reaction using tfl DNA 

polymerase (see figure 4.4.5). Specific primers used for the RT-PCR generated a 

predicted 0.68kb fragment (X680) spanning over two thirds of the open reading frame
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and encompassing the initiation codon. Gel purified X680 was then subcloned into the 

T7/SP6 vector pGEM T fz5 (Promega) and cloned into JM109 competent cells.

ISIS 16009/ISIS 15999

5’

Sp6
BCL-X,
6 8 0  b p  in s e r t

H i n d i

T7
pGEM T/ BCL-X,

recombinant

pst I

1 BCL-Xl
mRNA

* RNaseH *̂0 

linearisation/ T7 transcription

Figure 4.5.2 Subcloning of a 680-basepair Bcl-XL cDNA into the vector pGEM T for in vitro

transcription.

Sense orientation of the cloned insert relative to the SP6/T7 promoters was determined by 

PCR across the multiple cloning site junction using T7 and SP6 sense primers and paired 

insert antisense primer respectively (figure 4.5.2). Sequence fidelity of X680 was 

confirmed by dideoxy-sequencing (courtesy of Dr Roman Mullenbach).
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1OObp 1kb 
ladder control

Figure 4.5.3 Selection of pGEM-T/Bcl-Xi (X680) clones by direct TAQ PCR of the JM109

transformants

CLONE 3

6 8 0 1 » - - — ►

T7 SP6lOObp ladder

Figure 4.5.4 Determination ofpGEM T/x680 clone insert orientation by direct TAQ PCR of JM109 

transformants
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Figure 4.5.5 Restriction map of clone X680, with its primary sequence (below).

4.5.2 Synthesis of truncated BCL-Xi^ RNA and in vitro RNase H cutting 

M13 primers flanking T7 and SP6 promoters were used to amplify an approximately 0.7 

kb cDNA fragment. This linear template was then gel purified, precipitated in 2.5M 

sodium acetate/ethanol and used to synthesise sense BCL-Xl RNA transcript using T7 

RNA polymerase. The RNA was extracted using phenol chloroform, and precipitated. 

The X680 RNA was pre-hybridized with ISIS 16009 (in the presence of RNasin) 

followed by addition of RNase H; the reaction was then separated by gel electrophoresis 

to examine for RNA degradation. Despite several repeated attempts RNase dependent 

X680 degradation could not be clearly demonstrated.

4.6 DISCUSSION
4.6.1 Modelling

Mathematical models of antisense action were determined to simulate both steady 

state and non-steady state effects of ASO on RNA and protein. These models provide a 

tool for predicting the effects of parameter variations on potency. Steady state analysis
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predicts hyperbolic relationships for ASO dose versus target mRNA and protein 

concentrations respectively, whereas, non-linear analysis yields transient perturbations in 

the kinetics of RNA or protein concentration. These functions may be fitted to 

experimentally derived steady state data, employing a three variable non-linear regression 

algorithm to allow estimation of a potency index (the constant Kd). The underlying 

antisense mechanism of action employed in this model is RNA strand hydrolysis of the 

ASO-RNA heteroduplex by RNaseH (Wagner, 1994). It is assumed that under steady 

state conditions, is constant; however, as RNaseH catalyses this reaction, its rate will 

vary with Michaelis-Menten kinetics at low substrate concentrations insufficient to 

produce saturation (ie. first order kinetics). A corollary of a truly constant kyg is therefore 

that RNaseH saturation by ASO-mRNA heteroduplex allows zero order kinetics, and that 

its activity is not subject to significant regulation. It has however been observed that at 

high concentrations, phosphorothioate ASOs competitively inhibit RNaseH (Gao et a l, 

1992; Scanlon et al., 1995). The mRNA decay constant k<ji, is catalysed by multiple 

systems (Decker & Parker, 1994) and is assumed to be invariant.

The treatment of antisense action involving an unstable ASO as a dynamical 

system requires iterative solution of the timecourses describing RNA and protein 

downregulation. This approach has been commonly employed to model other dynamical 

systems in biology (Jones & Mann, 1994; Lewis et al., 1985). Because this approach 

does not yield explicit solutions, it is not possible to fit experimental data directly to 

estimate parameters by non-linear regression. Nevertheless, provides a useful heuristic 

tool for understanding how important factors relating to gene expression or ASO 

determine the speed of ASO action.

Cellular uptake via endocytosis leading to non-uniform intracellular antisense 

distribution presents a problem of reduced bioavailability in the the cytoplasm (Scanlon 

et a l, 1995). Under steady state conditions this should produce a QADRR ‘right shifT 

with a requirement for higher doses and risks of cellular toxicity. Novel approaches to 

improve of uptake and distribution include chimeric ASOs and cationic liposomal vectors 

(Giles et al., 1993), (Wagner, 1995). This model does not include any kinetic parameters 

to take account of delays in uptake, which would lead to a significant initial graded 

increase in cytoplasmic concentration of ASO over time. Although this would be
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expected to complicate analysis of perturbation kinetics towards steady state, the 

predicted events described in this analysis should be unaffected at equilibrium.

4.6.3 In vivo inhibition of death antagonist expression

G3139 exhibited reproducible reduction in the Bcl-2 FITC immunofluorescence 

of xenograft cells that had been treated in vivo. In contrast to the effects of the B c1-Xl 

observed with ASOs (a left shifted, unimodal distribution of B c1-Xl fluorescence), a 

bimodal downregulation in Bcl-2 expression was observed. This could be explained by a 

difference in the efficiency of transfection by the ASOs (phosphorothioate versus 2’ 

methoxy-ethoxy-phosphorothioate chimera). Analysis of antisense effects at single cell 

resolution (rather than protein lysates and immunoblotting) carries the advantage of 

providing information about transfection efficiency as well as the magnitude of 

downregulation. Proving a causative link between ASO and measured effects in vivo is 

important if the mode of action of the ASO is to be confidently attributed to an antisense 

mechanism (Stein, 1998). In these studies employing anti-Bcl-Xt ASO, the use of 

scrambled control oligonucleotide as well as the measurement of correlations between 

Bcl-XL level and cytotoxic responses, provided evidence supporting an antisense action.

Hyperexpression of Bcl-XL contributes to chemotherapy resistance by 

antagonizing the opening of the PTPC and apoptosis. The critical location of this protein 

at the final common locus in the apoptosis decision-making machinery of the cell is 

therefore of major importance pharmacologically, providing a potential therapeutic target 

for reducing apoptosis threshold. Using an antisense strategy in vivo, it has been possible 

to demonstrate significant Bcl-XL downregulation after two weeks of continuous 

treatment, coupled to an enhancement of apoptosis susceptibility at the mitochondrial and 

post mitochondrial levels.

By applying the null method, and measuring sequence specific molecular 

responses corresponding to discrete phases of apoptosis, these findings support an 

antisense mechanism of chemosensitization and Bcl-XL downregulation, at the same time 

providing target validation for a role of Bcl-XL in mediating apoptosis resistance in the 

experimental model. BV173 and SEMK2 both express the prototypical anti-apoptosis 

protein Bcl-2. Current evidence suggests that apoptosis threshold is regulated through the
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global interaction of pro- and antiapoptosis proteins of the Bcl-2 family, and that 

resistance is compatible with an abnormal set point of the apoptosis rheostat. From these 

results, it appears that pharmacological modulation of apoptosis threshold, by altering 

one of these variables i.e. B c1-Xl suppression, combined with chemotherapy, is sufficient 

to enhance triggering of mitochondrial depolarization and apoptosis, an effect which 

could conceivably be further enhanced by simultaneously targeting both B c1-Xl and Bcl- 

2.
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SMALL MOLECULE APPROACHES FOR FUNCTIONALLY 

ANTAGONIZING BCL-2 AND BCL-Xl
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5.1 INTRODUCTION
Bcl-2 and B c1-Xl physically associate and functionally interact with the PTPC at 

the outer mitochondrial membrane. Although the precise details of these interactions 

remain unknown, a large body of evidence suggests that these proteins mediate death a 

antagonising activity, reducing pore formation and PT. An alternative and rational 

strategy for interfering with the anti-apoptotic function of these proteins other than 

reducing their absolute level of expression by ASOs, is therefore to biochemically 

antagonize their activity at a level that is functionally downstream, i.e. modulating the 

activity of the PTPC itself. A fundamental advantage associated with such a small 

molecule approach is that as the number of members of the Bcl-2 death antagonist family 

has grown, so it has become clear that there exists the potential for death antagonist 

redundancy in malignant cells (i.e. several upregulated proteins with a common overall 

survival function). This could present a major barrier to effectively blocking the survival 

function conferred by these molecules collectively, when targeting a single gene using 

ASOs. Current evidence supports a role for the PTPC in the final common pathway 

associated with death antagonist mediated cell survival as well as death agonist mediated 

cell killing. As such, it represents an ideal target for candidate molecules in attempting to 

reset the death-rheostat of the chemoresistant malignant cell.

One strategy is to functionally antagonize Bcl-2 and B c1-Xl function by altering 

the opening probability of the PTPC directly. The redox state of critical thiols implicated 

in the gating of the pore at the inner membrane-matrix interface of mitochondria presents 

one possible target. Another is to target the PBR, which also interacts with other 

components of the PTPC. Because Bcl-2, Bcl-XL and the PBR share a common 

interaction, it was hypothesized that high affinity PBR ligands could potentially modulate 

anti-death oncogenes of the Bcl-2 family by a direct effect on the PTPC, thus facilitating 

death agonist action. Such a small-molecule approach is attractive in that several ligands 

of the PBR have been shown in psychopharmacological studies to be non-toxic in both 

animal models and man.

An alternative strategy for antagonizing Bcl-2 and Bcl-XL function involving the 

biochemical up regulation of the cell survival signalling pathways via inhibition of PI3 

kinase, providing a means of derepressing Bad activity. The aims of the following studies
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described in this chapter was therefore to evaluate the effects of these approaches on the 

susceptibility of Bcl-2 and B c1-Xl expressing cell lines to chemotherapy induced 

mitochondrial dysfunction and apoptosis.

5.2 EFFECTS OF THE REDOX STATUS OF CELLULAR THIOLS ON 
CHEMOTHERAPY INDUCED MITOCHONDRIAL DEPOLARIZATION

5.2.1 Thiol oxidation enhances VP 16 chemosensitivitv the presence of high Bcl-2

Diamide is an electrophilic compound that specifically crosslinks reduced thiols, 

forming disulphides. To measure this effect, SEMK-2 cells were treated with a range of 

concentrations of diamide following preloading with the thiol reactive fluorophore 5- 

CMFDA. A concentration dependent reduction in the proportion of cells with high 

cellular GSH was measured with 5-CMFDA (figure 5.2.1). A bimodal distribution of 5- 

CMF fluorescence was observed, with the proportion of cells with low glutathione 

concentration increasing with higher doses of diamide. The fraction of cells exhibiting 

reduced glutathione in the presence of diamide was viable, based on simultaneous 

measurement of inner mitochondrial membrane potential. Diamide was able to reduce the 

level of glutathione in 100% of cells above concentrations of concentration of 200pM, 

owing to the simultaneous induction mitochondrial depolarization, uncoupling of 

oxidative phosphorylation and generation of oxidative stress due to overwhelming 

formation of reactive oxygen species, exceeding intracellular buffering capacity (figure 

5.2.2).

Under conditions of chemotherapy induced mitochondrial depolarization, there 

was complete oxidation of cellular glutathione with a shift in 5-CMF fluorescence to a 

unimodal distribution with low median fluorescence intensity (figure 5.2.2), and this is 

associated with an increase in reactive oxygen species generation (measured with the 

fluorophore H2 DCFDA) shown in figure 5.2.3.
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Figure 5.2.1 Diamide reduces the level of cellular thiols in a concentration dependent manner. 

SEMK-2 cells treated with an increasing concentration of diamide exhibit a reduction in the proportion 

of cells with high 5CMF fluorescence (24 hours, standard errors shown , n=3)
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Figure 5.2.2 Mitochondrial depolarization induced by VP 16 in BVJ73 cells is associated with 

oxidation of intracellular thiols, reflected in the concentration dependent decrease in 5CMF fluorescence 

(24 hours, n=2).
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In cells pre-treated with lOOpM diamide, there was no evidence of collapse in 

AYm (i.e. a sub-threshold concentration) (figure 5.2.4); cells were therefore treated with 

this subthreshold concentration of diamide in combination with a range of concentrations 

of VP 16. An enhancement in apoptosis sensitivity > 1 log, was observed with facilitation 

of etoposide induced mitochondrial depolarization (figure 5.2.4). Thus, exposure to a 

thiol oxidant insufficient to induce mitochondrial depolarization per se could effectively 

facilitate the cytotoxic effects of chemotherapy consistent with a role for thiol redox 

status in the regulation cytotoxic tolerance.
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Figure 5.2.4 The thiol oxidant diamide facilitates VP 16 induced mitochondrial depolarization in 

SEMK2 cells. A. Concentration response relationship for diamide showing the subthreshold effect of 

lOOpM (measured at 24 hours, n=2). B. Facilitation of VP16 by lOOpM diamide associated with > 1 log 

increase in VP 16 potency.

Diamide at a subthreshold concentration was able to facilitate the mitochondrial 

depolarizing activity of the protonophore FCCP (figure 5.2.5). The PTPC exhibits a 

voltage dependent conductance; the voltage sensor being the redox state of critical thiols 

(Petronilli et a i, 1994a; Petronilli et al., 1994b). The ability of lOOpM diamide to 

enhance the sensitivity of SEMK-2 cells to protonophore induced mitochondrial 

depolarization, is consistent with an enhancement of PTPC voltage sensitivity due to thiol 

oxidation.
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Figure 5.2.5 Mitochondrial depolarization by protonophore, FCCP(shown as mclccp) is potentiated 

by a subthreshold concentration o f diamide (lOOpM) (at 24 hours, n=3)

5.2.2 Prevention of thiol crosslinking inhibits VP 16 induced mitochondrial 

depolarization

In order to further test the hypothesis that the redox state of cellular thiols can 

affect the sensitivity of cells to chemotherapy induced mitochondrial dysfunction, thiol 

crosslinking was prevented by treating cells with the thiol reactive fluorophore 

chloromethyl X rosamine (CMX rosamine), which reacts with reduced thiols to form an

Page 296



Chapter 5: Small Molecule Antagonism of Bcl-2

adduct, that is then potentially resistant to oxidative crosslinking to form disulphides. 

BV173 cells were treated with 2pM CMX rosamine prior to treatment with lOpM VP16. 

The addition of CMX rosamine effectively blocked mitochondrial depolarization induced 

by VP 16 (figure 5.2.6), and this inhibition was shown to be concentration dependent 

(figure 5.2.7).
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Figure 5.2.6 The thiol reactive fluorophore CMX-rosamine prevents mitochondrial depolarization by 

VP 16 in BY 173 cells (at 24 hours incubation)
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Figure 5.2.7 CMX rosamine mediates a concentration dependent inhibition of lOfjM VP 16 

induced mitochondrial depolarization in SEMK-2 cells (24 hours, n=2)

5.3 BCL-2 RESISTANT CHEMOSENSITIZATION BY PBR LIGANDS

5.3.1 The effects of PPIX on VP 16 induced mitochondrial depolarization

To determine the cellular uptake of PPIX in SEMK-2 cell (which has an emission 

wavelength in the red spectrum at approximately 640nm), the fluorescence of cells 

treated with protoporphyrin IX was measured using the FL3 detector. A concentration 

dependent increase in fluorescence was observed (figure 5.3.1), confirming intracellular 

delivery of the PPIX; Rossi et al, have previously demonstrated mitochondrial 

localization of PPIX (perinuclear localization syntopic with rhodamine 123 

fluorescence), (Rossi et al., 1996).

SEMK-2 cells were therefore treated with lOOpM PPIX in the presence and 

absence of VP 16, and the tolerance distributions for mitochondrial depolarization 

determined. PPIX facilitated VP 16 without exhibiting any measurable effect per se on the 

mitochondrial membrane potential, suggesting potentiation (figure 5.3.2).
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Figure 5.3.1 Concentration dependent uptake of Protoporphyrin IX by SEMK-2 leukaemia at 72 hours 

measured by increase in intrinsic, red (FL3) fluorescence (the histogram shown the mean of duplicate 

observations).
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Figure 5.3.2 Potentiation of VP 16 induced mitochondrial depolarization by PPIX. A. PPIX induced 

Left shift in the VP 16 tolerance distribution. B. Reduction in the median tolerance calculated from maximal 

likelihood fitting o f the tolerance distributions.

5.3.2 Effects of PKl 1195 on the kinetics of AYm collapse

In order to gain some quantitative understanding of the pharmacological effects of 

PKl 1195 on the apoptosis sensitivity of Bcl-2 hyperexpressing cells, SUDHL4 cells were 

treated with PKl 1195 at 75pM (Hirsch et al., 1998; Pastorino et al., 1996) in the 

presence of lOpM VP 16, and the kinetics of total mitochondrial depolarization measured 

using DiOC6(3)-PI multiparameter flow cytometry. The proportion of DiOC6(3) low (with 

PI positive cells gated out) was plotted against time and fitted by non-linear regression to 

the exponential tolerance distribution function allowing estimation of both the median 

rate of mitochondrial depolarization, and estimation of the median latency preceding 

mitochondrial depolarization of cells undergoing VP 16 treatment in the presence and 

absence of PKl 1195 (figure 5.3.3). The estimated median latency was increased from
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approximately 80 hours to 22 hours (figure 5.3.4), reflecting the acceleration of apoptosis 

produced by PKl 1195.
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Figure 5.3.3 PKl I I 95 increases the rate of VP 16 induced mitochondrial depolarization in Bcl-2

expressing SUDHL4 cells reflected by a faster rate of rise o f the fitted exponential distribution.

PKl 1195 by itself did not evoke an increase in mitochondrial depolarization over periods 

of extended observation (several days) at the concentration used to sensitize SUDHL4 

cells (figure 5.3.5)
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Figure 5.3.4 Estimation o f the effect of PKl 1195 on the median rate and latency of mitochondrial 

depolarization in SUDHL4 cells by non-linear regression. A. The median rate of mitochondrial 

depolarization by VP 16 is increased by PKl 1195. B. The estimated median latency preceding VP 16 

induced mitochondrial depolarization is reduced by PKl 1195.

PKl 1195 was able to increase the rate of mitochondrial depolarization in SUDHL4 

cells at a range of concentrations, which could be represented qualitatively as a 

steepening of the tolerance distribution surface (figure 5.3.6). Pre-treatment of cells with 

PKl 1195 mediated a change in the time-dose-response relationship, consistent with 

sensitization across a broad range of VP 16 concentration (figure 5.3.7).
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Figure 5.3.5 Following a single 75/iM treatment, PKl 1195 fails to induce mitochondrial 

depolarisation over several days in SUDHL4 cells
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Figure 5.3.6 Time-concentration-response relationship (tolerance surface) for VP 16 in SUDHL4 cells
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Figure 5.3.7 PKl 1195 increases the steepness of the VP16 tolerance surface in SUDHL4 cells 

reflecting an increase in sensitivity to mitochondrial depolarizdXion across a range o f concentrations

The effect of PKl 1195 on the kinetics of mitochondrial depolar/zano» in 

cholangiocarcinoma cells exposed to ultraviolet (UV) light was also increased by 75pM 

PKl 1195 (figure 5.3.8).
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Figure 5.3.8 Enhancement of the rate o f UV induced mitochondrial depolarizdXion by PKl 1195 in

EGI-1 cholangiocarcinoma

5.3.3 The effect of PKl 1195 on caspase activation and post caspase dependent 

phenomena

Analysis of the morphological features of cells treated with a combination of 

PKl 1195 and VP 16 suggested that the cells were undergoing apoptotic cell death, as 

evidenced by an increase in the proportion of cells with decreased forward scatter and 

increased orthogonal scatter in BY 173 cells (figure 5.3.9).
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Figure 5.3.9 PKl 1195 increases the proportion of morphologically apoptotic BV173 cells (after 4 

hours treatment, n^3).

Verification of caspase activation was obtained by measuring the DEVDase 

dependent cleavage of the non-fluorescent substrate bis-aspartate rhodamine 110 (D2 R). 

BV173 cells treated with either VP 16 or PKl 1195 alone failed to demonstrate an increase 

in the median fluorescence intensity of D2 R, however, in combination, VP 16 and 

PKl 1195 mediated a right shift in the distribution of D2 R fluorescence consistent with 

activation of caspases. The facilitation of VP 16 induced caspase activation by PKl 1195 

was reproducible and superadditive suggesting underlying synergy (figures 5.3.10 and 

5.3.11).
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Figure 5.3.10 Right shift in the median fluorescence of D2R by a combination o f VP 16 and PKl 1195 in

BY 173 cells treated for 4 hours)
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Figure 5.3.11 PKl 1195 mediated enhancement of VP 16 induced, DEVDase dependent DjR cleavage

(measured at 4 hours in BV173 cells, n=3)

Evidence of caspase dependent activation was corroborated by measurement of 

loss of asymmetrical phosphotidylserine distribution at the inner plasma membrane, using 

the FITC conjugated annexin V assay (figure 5.3.12).
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Figure 5.3.12 PKl 1195 enhances VP16 induced apoptosis in BV173 cells (after 24 hours o f treatment,

n=2)

The effect of PKl 1195 on the NADPH dependent reduction of the tétrazolium 

salt MTT (a chromogenic redox indicator), was to potently inhibit formation of purple
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formazan across all concentrations treated with VP 16. In combination with PKl 1195, 

VP 16 failed to demonstrate a concentration dependent reduction in formazan generation, 

but rather a consistent low-level absorbance indicative of a failure of reductive 

biotransformation of MTT mediated by 75pM PKl 1195 (figure 5.3.13).
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Figure 5.3.13 PKl 1195 inhibits NADPH dependent reduction of MTT, flattening the VP16 

concentration response relationship

5.3.4 Imaging mitochondrial benzodiazepine receptors

Using the labelled PBR ligand NBD FGIN-1-27 analogue, cells were pre

incubated with this fluorophore and visualized by fluorescence microscopy. NBD FGIN- 

1-27 analogue localized in a perinuclear nuclear distribution, with a granular pattern 

suggestive of a mitochondrial distribution, which was confirmed by co-fluorescence with 

CMX rosamine (figure 5.3.14). Furthermore, localization was shown not to be due to 

electrophoretic concentration in the mitochondrial matrix, since dissipation of the inner 

mitochondrial proton gradient with the protonophore FCCP, did not alter the uptake of 

NBD FGIN-1-27 into cells, as is the case for other cationic lipophilic dyes such as 

DiOC6(3 ) (figure 5.3.15).
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A.

B.

Figure 5.3.14 Mitochondrial staining by the PBR specific probe NBD FGlN-l-27 analogue. A. HV173 
colls exhibiting porinuclear, granular distribution of nuorosconco B. Hpithclial tumour 
(cholangiocarcinoma, TFK-1) exhibiting co-locali/ation of NB17 FGIN-I-17 analogue with the 
mitochondrial specific potentiometric dye CMX-Rosamine.

A. B.

D iO C j(3 ) I 'lu o icsccn cc N B D  F G IN -1-27 fluo rescence

Figure 5.3.15 NBD FGIN 1-27 is not affected by a change in mitochondrial m em brm e potential 

induced by lOuM FCCP in SUDHL4 cells treated fo r  / hour A. DiOC6( 3 ) fluorescence of live cells 

showing FCCP mediated shift reflecting a reduction in mitochondrial membrane potential B. Absence o f  

shift in the NBD FGIN 1-27fluorescence
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5.4 IN VIVO  ANTI-XENOGRAFT ACTIVITY OF PK11195
The anti-tumour activity of PKl 1195 was evaluated for the first time in SCID- 

NOD/human models of both haemopoietic and epithelial tumours. The principle aims of 

these studies was to characterize the apoptosis sensitizing activity of PKl 1195 on both 

chemoresistant and relatively chemosensitive tumour models, based on the activity 

demonstrated in vitro.

5.4.1 In vivo bioavailabilitv of NBD FGIN-1-27 analogue

To gain some understanding of the bioavailability associated with intraperitoneal 

injection of a PBR ligand in nude mouse models, the fluorescent probe NBD FGIN-1-27 

analogue was used to label the receptor in animals treated with an identical schedule that 

was to be used for PKl 1195. Subcutaneous BV173 and TFK-1 tumours were 

disaggregated mechanically and examined by fluorescence microscopy. In both of these 

tumour models, clear evidence of bioavailability of NBD FGIN-1-27 analogue was 

obtained, with the tumour cells exhibiting characteristic green fluorescence (figure 5.4.1). 

At the subcellular level, the distribution of NBD FGIN-1-27 analogue was granular, and 

distributed in a perinuclear manner consistent with a mitochondrial XocdXization as had 

been demonstrated in vitro (figure 5.4.1).

5.4.2 Anti-tumour activity of PKl 1195 in a haematological NOD-SCID tumour model

Growth of BV173 xenografts was measured at daily intervals before, during, and

after intra-peritoneal administration of PKl 1195. The normalized net change in tumour 

size was calculated at the end of treatment with VP 16, with or without PKl 1195 to 

identify any PKl 1195 associated change in growth. VP 16 by itself produced no 

significant change in tumour size during the period of observation, whereas, those mice 

treated with PKl 1195 exhibited a reduction in BV173 xenograft dimension over the 72- 

hour period of treatment.
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A. B.

Figure 5.4.1 Intra-tumour bioavailability of NBD FGIN-1-27 analogue in haemopoietic and epithelial 

NOD/SCID tumour models. A. BV173 cells exhibiting increased green fluorescence associated with uptake 

of NBD FGIN-1-27 analogue B. A TFK-1 cell at lOOOx magnification (oil emersion) showing subcellular 

granular, perinuclear distribution consistent with mitochondrial localization observed in vitro.

Following administration of PKl 1195, the rate of tumour growth continued at the same 

rate as prior to treatment with PKl 1195 implicating a transient effect on tumour growth 

kinetics.

5.4.3 Effects of PKl 1195 on the growth of epithelial tumour models 

TFK-1 xenografts treated with PKl 1195 and VP 16 in combination, exhibited a reduction 

in growth rate compared with mice treated with VP 16 alone. The perturbation in growth 

rate was reproducible, such that following a second schedule of VP 16 and PKl 1195 

combined at 13 days after the completion of the first schedule, there was an identical 

perturbation in growth rate (figure 5.4.2). During the period of observation, the difference 

between VP 16 and control xenografts, and PK11195+VP16 treated xenografts was 

approximately 20% following treatment (figure 5.4.3).
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Figure 5.4.2 PKl 1195 mediates a reduction in BVI73 xenograft size in NOD/SCID mice treated with 

VP 16. Histogram showing the percentage net change in tumour dimension over a 72-hour period of 

treatment. PKl 1195 and VP 16 effects a statistically significant reduction (approximately 10%) in tumour 

dimension compared with VP 16 alone.
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Figure 5.4.3 PKl 1195 reduces the growth rate o f TFK-1 tumours in vivo. Bolus intraperitoneal 

administration of PKl 1195 in combination with VP 16 (but not VP 16 nor untreated mice) exhibited a 

reduction in xenograft growth consistent with an anti-tumour effect. Perturbations in growth associated 

with a slight reduction in tumour size were observed following two schedules separated by two weeks.
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Egi-1 xenograft bearing NOD/SCID mice were treated identically to TFK-1 

xenograft bearing mice, and exhibited a reduction in net tumour dimension, measured 

over the 72 hour period of treatment with PKl 1195. This reduction in xenograft size was 

not observed in VP16 only treated mice, nor untreated mice, suggesting a PKl 1195 

specific anti-tumour activity that was prolonged for the duration of the treatment. A 

second schedule of PKl 1195 produced an identical anti-tumour response, with reduction 

in tumour size being observed (figure 5.4.4).
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Figure 5.4.4 Reproducible reduction in tumour size during 72 hours o f treatment in vivo with VP 16 + 

PKl 1195, but not VP 16 alone

5.4.4 In vivo apoptosis sensitization in Bcl-2 expressing Ivmphoma bv PKl 195 and 

NF49

To determine whether or not PKl 1195 was able to facilitate apoptosis in vivo, as 

suggested by the xenograft growth experiments, systemic engraftment of SUDHL4 cells 

was achieved by intravenous administration. Mice were treated intraperitoneally with
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PKl 1195. Following two weeks of engraftment, confirmed by CD45 cell surface 

immunoreactivity, the SUDHL4 cells were harvested by mechanical disaggregation and 

ficoll-hypaque separation of splenic lymphocytes, which were then maintained in 

complete cell culture medium. The VP 16 tolerance distribution for mitochondrial 

depolarization was determined ex vivo for the xenografted SUDHL4 cells, which 

exhibited a concentration dependent response to VP 16 mediated mitochondrial 

depolarization in the presence but not the absence of PKl 1195.
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Figure 5.4.5 PKl 1195 administered in vivo sensitizes SUDHL4 cells to ex-vivo PKl 1195

Mice were also treated in vivo with the PBR ligand NF49, which facilitated VP 16 

induced mitochondrial depolarization in a manner similar to PKl 1195 (figure 5.4.4). The 

PBR ligand FGEN-1-27, described as an agonist of the PBR (Tsuda et al., 1998) also 

enhanced the ex-vivo activity of VP 16 on SUDHL4 cells, but with approximately one log 

fold lower potency compared with either PKl 1195 or NF49 (figure 5.4.5).
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Figure 5.4.6 The PBR ligands NF49 and FGIN-1-27 analogue facilitate ex-vivo VP 16 induced

mitochondrial depolarization

5.5 CYTOTOXICITY OF PK11195 IN PRIMARY CHRONIC LYMPHOCYTIC 

LEUKAEMIA CELLS

The effects of PKl 1195 on the viability of primary chronic myeloid leukaemia 

cells were examined in short term in vitro assays. Peripheral blood was obtained from 

patients diagnosed with chronic lymphocytic leukaemia, and the lymphocytes purified by 

CD 19 magnetic bead separation. Cells were then treated for approximately 5 hours with 

75pM PKl 1195, and the mitochondrial membrane potential measured using DiOC6(3)-PI 

multiparameter flow cytometry. PKl 1195 by itself, was able to induce mitochondrial 

depolarization in these cells compared with untreated control (figure 5.5.1), with 

evidence of induction of apoptosis at 24 hours as evidenced by cell morphology and loss 

of plasma membrane lipid packing (figure 5.5.2).
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Figure 5.5.1 PKl 1195 mediates mitochondrial depolarization in primary CLL cells isolated from the 

peripheral blood ofpatients. In both patients, the distribution of J aggregate fluorescence shifts from high 

to low intensity following incubation with PKl 1195.

5.6 PK1195 ANTAGONIZES INTERMEDIARY METABOLISM

Despite evidence for chemosensitization by PKl 1195 involving the PTPC, 

exemplified by the results above and by others, (Hirsch et a i, 1998; Pastorino et a i, 

1996), there have been no previous studies providing a biochemical explanation for how 

PKl 1195 mediates these effects. The possibility that PKl 195 has having an effect on 

energy metabolism possibly via an effect on physically adjacent hexokinase is suggested 

by the close physical association between hexokinase and the PBR; further, certain drugs 

such as lonidamine, are known to act precisely through an anti-hexokinase mechanism 

(although it is not able to mediate Bcl-2 resistant sensitization (Biroccio et al., 1999; 

Ravagnan et al., 1999). To test this hypothesis, SUDHL4 cells were treated with a 

chemosensitizing concentration of PKl 1195 (75pM) and lower concentration, and its
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effect on glucose uptake and lactate production measured. The effect was to produce a 

concentration dependent reduction in glucose uptake (glucose trapping is associated with 

hexokinase dependent phosphorylation to form glucose 6  phosphate, the reaction in the 

Embden-Meyerhoff/glycolytic pathway), figure 5.6.1.
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Figure 5.6.1. A. P K l 1 195 reduces g lu cose  uptake in SU D H L4 in a concentration dependen t m anner (p 

<0.05, n=3, s tan dard  errors shown) B. L acta te synthesis and g lu cose  uptake stim u la ted  by uncoupling  

o f  oxidative ph osph o ty la tion  are  both inh ibited  by P K l 1195 (p <  0.05, n=3, s tan dard  errors shown)

The uptake of glucose and lactate production were increased by treating the cells with 

PKl 1195 followed by an uncoupler, lOOpM FCCP. Uncoupling of oxidative 

phosphorylation induces a negative feedback mechanism, stimulated by a reduction in 

ATP concentration. This involves allosteric activation of phosphofhictokinase and thus 

phosphorylation of fructose 6  phosphate. PKl 1195 antagonized the FCCP driven increase 

in the production of lactate, and the increase in glucose uptake, consistent with an 

inhibitory effect on glycolytic flux (figure 5.6.1).

To test the hypothesis as to whether or not PKl 1195 was having a direct effect on 

hexokinase, a simple experiment was performed exploiting the spectrophotometric assay
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for glucose itself which uses hexokinase. PKl 1195 was added to the assay, which was 

used to measure the concentration of glucose in RPMI 1640. The presence of PKl 1195 

did not affect the measurement of glucose, which might be expected to be reduced if 

PKl 1195 was inhibiting the enzyme directly (figure 5.6.2).
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5.7 DISCUSSION

5.7.1 Thiol redox status and apoptosis sensitivity

The experimental results described above demonstrate the effect of thiol reactive 

compounds on sensitivity of neoplastic cells to chemotherapy induced mitochondrial 

dysfunction. Chemosensitization could be achieved via thiol oxidation using either the 

electrophile, diamide, or protection against VP 16 induced cell death by the formation of 

thiol adducts using the thiol reactive compound CMX rosamine. Furthermore, the 

presence of high Bcl-2 expression in SEMK-2 cells, did not prevent the chemosensitizing 

effects of diamide, implying a Bcl-2 resistant mechanism of action.
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The involvement of cellular thiols in radiation protection and sensitization has 

been known for almost four decades (Modig, 1968), and this biochemistry has been 

exploited pharmacologically in the development of thiol based anti-radiation drugs 

(Handrick et al., 1965), as well as thiol oxidising/electrophilic radiation sensitizers such 

as diamide (Harris, 1975; Harris et al., 1977; Kosower et al., 1969; Vos et al., 1976). It is 

however only in recent years the molecular details of thiol involvement in the regulation 

of the PTPC has become better understood (discussed in chapter one). Diamide 

synergizes with calcium ion to mediate mitochondrial swelling, implicating a direct 

action on matrix volume regulation via an effect on PTPC. Here, it has been shown that 

the protonophore FCCP induced mitochondrial depolarization synergizes with diamide 

consistent with a decrease in the threshold of the voltage sensor of the PTPC. Although 

GSH was shown to be reduced in SEMK-2 cells treated with diamide using 5CMFDA, 

the magnitude of this reduction at 100|xM concentration was not great. The most probable 

explanation for this marginal effect on total GSH concentration, lies in the fact that GSH 

is by far the most abundant non-protein thiol in the cell, with concentrations in the 

millimolar range. The ability of diamide in the micromolar concentration range to 

mediate facilitate mitochondrial depolarization is therefore consistent with the oxidation 

of non-GSH associated thiol. Indeed, Sato et al, demonstrated the inability of buthionine 

sulphoxime (an inhibitor of gamma glutamyl transferase and therefore GSH synthesis) to 

induce apoptosis, in contrast diamide induced sulphydryl oxidation (Sato et al., 1995). 

The lack of apoptosis inducing efficacy by buthionine sulphoxime has also been 

demonstrated by Story et al, who demonstrated apoptosis sensitization associated with 

thiol depletion mediated by diamide, following induction by either radiation (Mirkovic et 

al., 1997) or chemotherapy (Story & Meyn, 1999). The ability of the thiol reactive 

delocalized lipophilic cation CMX rosamine, to block VP 16 induced mitochondrial 

depolarization strongly supports a role for mitochondrial matrix localized thiols, since 

this fluorochrome is electrogenically concentrated in mitochondria (Poot & Pierce, 1999). 

Monovalent thiol reactivity and its ability to block disulphide formation was been 

suggested to underlie this pharmacological activity (Marchetti et al., 1997). Taken 

together, it may be hypothesized that a delocalized cationic molecule capable of 

specifically targeting the mitochondrial matrix, and mediating thiol-disulphide transitions
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within the PTPC, would fulfil the key specifications for a Bcl-2 resistant chemo- or 

radiosensitizer. The agent MKT-077 represents the first of a novel group of 

therapeutically relevant, mitochondrial targeting lipophilic cations, that has shown 

cytotoxic efficacy in animal model and clinical phase I trials (Koya et al., 1996; Propper 

et a l, 1999). This agent selectively localizes in mitochondria of malignant cells, which 

have been shown to exhibit, in general, a higher AYm compared with normal cells (Koya 

et a l, 1996; Modica-Napolitano et al., 1996), and facilitates tumour retention following 

in vivo administration. Within the mitochondria, MKT-077 induces mitochondrial 

dysfunction although the pharmacodynamics has not been elucidated. As a cytotoxic 

agent in its own right, MKT-077 has been shown to exhibit marked renal, cardiac and 

hepatic cytotoxicity in animal and phase I studies (Propper et al., 1999; Weisberg et al, 

1996); this basic pharmacophore has the potential to spawn the development of other 

reagents with improved therapeutic index.

5.7.2 Pro-apoptotic effects of PBR ligands

The role of the PBR in apoptosis regulation has not been elucidated, however, 

there have been a number of reports showing pro-apoptotic (or antiapoptotic activity) of 

PBR ligands (Bono et a l, 1999; Hirsch et a l, 1998; Pastorino et a l, 1994; Pastorino et 

al, 1996; Ravagnan et a l, 1999; Tanimoto et a l, 1999). The results presented in this 

chapter are consistent with the pro-apoptotic activities of protoporphyrin IX and 

PKl 1195, and show for the first time, in vivo tumour activity of PKl 1195.

The ability of PK11195 to accelerate the rate of VP 16 induced mitochondrial 

dysfunction and apoptosis in Bcl-2 hyperexpressing SUDHL4 cells, implied underlying 

potentiation. PK11195 has been shown to enhance apoptogenic factor release from 

isolated mitochondria (Hirsch et a l, 1998) which implies either a direct involvement of 

PBR antagonism on PTPC kinetics, or a non-PBR dependent mechanism resulting in loss 

of mitochondrial integrity. The high concentration required to mediate the sensitising 

effect is consistent with a non-receptor mediated process, since the equilibrium 

dissociation constant (Kd) of PKl 1195 for the PBR is in the nanomolar range (Le Fur et 

al, 1983b). Because the (Kd) represents the equilibrium concentration producing half
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saturation of the receptors, the micromolar sensitising concentration argues strongly in 

favour of a non-receptor mediated effect.

In vivo, PK11195 mediated a significant activity on the growth kinetics of the 

cholangiocarcinoma cell lines TFK-1 and EGI-1, which both exhibit chemo resistance in 

vitro. The perturbation in the rate of growth of the TFK-1 xenografts, resulted in a 

marked growth delay of the PK11195 tumours. In EGI-1 and BV173 tumours however, 

the alteration in growth rate was associated with a shorter-lived regression of tumour size 

for the duration of administration, followed by a recovery of growth rate. Although it was 

impossible to determine the in vivo role of the PBR in mediating these anti-tumour 

effects, the ligand NBD-FGIN-1-27 analogue exhibited good tumour bioavailability in 

vivo administered identically to PKl 1195. /« vitro, the appropriate concentration for PBR 

labelling by NBD FGIN-1-27 analogue is ImM (Kozikowski et al., 1997), and based on 

the fluorescence intensity of xenograft cells compared with in vitro stained cells, 

suggests significant uptake with intra-tumour bioavailability in the micromolar range.

The putative apoptosis sensitising activity of PK11195 , NF49 and FGIN-1-27 

administered in vivo, was confirmed by ex-vivo VP 16 concentration response studies. A 

clear difference in VP 16 mitochondrial depolarization was found in xenograft SUDHL4 

cells compared with control. An early psychopharmacological study in humans reported 

in 1991 by Annseau et al, showed that PK11195 could be tolerated at a dose of 400mg 

(approximately 5mg/kg equivalent in a 70kg subject). The concentration used in these 

studies was based on in vivo efficacy studies mice by Byrnes et al, which examined the 

activity of PKl 1195 on lorazepam discontinuation effects (Byrnes et al., 1993).

The activity of PK11195 on SUDHL4 intermediary metabolism suggested that 

this agent was having early effects that were detectable after only three hours of 

administration. Although no activity related to hexokinase could be demonstrated, there 

existed the possibility that glucose metabolism was being disrupted via other processes at 

the outer mitochondrial membrane, e.g. reduction of the availability of newly exported 

ATP for hexokinase, resulting from an inhibition of pyridine nucleotide flux through 

VDAC. Although physically associated, evidence for an allosteric interaction between 

the PBR and VDAC, involving the modulation of pyridine nucleotide flux through 

VDAC has not been reported. In order to better understand how PK11195 mediates
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apoptosis sensitization, the biochemistry underlying the pharmacodynamics of PK11195 

became the focus for further investigations, presented in chapter 6 .
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THE PRO-APOPTOTIC PHARMACODYNAMICS OF PK11195
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Chapter 6: Pharmacodynamics of PKl 1195

6.1 INTRODUCTION
PKl 1195 has been shown to effect a diverse range of physiological actions 

including inhibition of cell proliferation and respiratory control (Gamins et a l, 1995b; 

Hirsch et al., 1989), effects on mitochondrial protein and cholesterol translocation 

(Papadopoulos et al., 1997; Wright & Reichenbecher, 1999), induction of cell 

differentiation (Landau et al., 1998), heat shock protein expression (Gamins et a l, 

1995a), and facilitation of a diverse range of apoptotic stimuli (Hirsch et a l, 1998; 

Pastorino et al., 1996; Verma et al., 1998). Consequently, a clearly defined physiological 

role for the PER has remained elusive. Indeed, some evidence from independent groups 

has suggested that the anti-proliferative and respiratory inhibiting effects of PKl 1195 are 

receptor independent consistent with the supersaturating concentrations required to 

achieve these effects (Gamins et a l, 1995b; Gorman et al., 1989; Zisterer et a l, 1998).

The possibility that PKl 1195 mediates PER dependent and independent actions 

carries important implications for delineating the physiological function of the PER, as 

well as attempts to improve the pro-apoptotic efficacy via analysis of structure activity 

relationships based on the PKl 1195 pharmacophore. The principle aim of the studies 

described in this chapter was to investigate the biochemical mechanisms underlying the 

cytotoxic effects of PKl 1195. The results arising from these studies strongly suggest a 

non-receptor mediated activity involved in mediating cytotoxicity or facilitating 

chemotherapy induced apoptosis. The implications arising fi*om this new information are 

discussed in relation to PER functional assignment, and further possible developments in 

novel, therapeutically relevant drug design.

6.2 REDOX REGULATION OF PKl 1195 EFFECTS ON A'PM

6.2.1 PKl 1195 mediates anti-oxidant inhibitable AYm collapse in HL60 cells 

Gamins et al were the first to show that PKl 1195 induces the expression of heat shock 

proteins in dog neutrophils at micromolar concentration, that is temporally associated 

with generation of oxidative stress (Gamins et a l, 1995a). This stimulated a series of 

investigations to confirm the putative effects of PKl 1195 on cellular redox state, to 

delineate the role of the PER in its this activity, and to explain how PKl 1195 mediates 

apoptosis SQnsitization the presence of high levels of Ecl-2.
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HL60 cells treated with PKl 1195 in a short-term incubation lasting for 3-5 hours 

exhibited a collapse in A'Pm measured as a reduction in fluorescence of J-aggregate 

fluorescence (figure 6.2.1). This mitochondrial dysfunction was associated with the 

eventual loss of plasma membrane integrity and cell death. The ability of PKl 1195 to 

mediate respiratory uncoupling of mitochondria was antagonized by the anti-oxidant 

NAG suggesting a role for reactive oxygen species (ROS) in inducing dissipation of ATm 

in this cell line (figure 6.2.1). This cytoprotective action of NAG occurred within the 

short timeframe of incubation with PKl 1195. Two possibilities underlying the inhibitory 

action of NAG are the replenishment of the glutathione pool which provides the principle 

cellular redox buffering capacity of the cell, or that NAG can directly interact with 

hydrogen peroxide, to prevent subsequent formation of hydroxyl anion which is highly 

reactive at lipid membranes; a process occurring in the short term (Aruoma et al., 1991; 

Halliwell & Gutteridge, 1984).
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Figure 6.2.1 M itochondria l m em brane depolarization  m ed ia ted  by P K I I1 9 5  in H L60 cells is inhibited  

by the antioxidant N AC  A. JC-1 staining o f  HL60 cells shows the membrane potential on the ordinate 

(FL2, orange bandpass filter) and mitochondrial mass on the abscissa (FL l, green bandpass filter). B. 

Treatment o f  HL60 cells with PKl 1195 for 3 hours induces a reduction in J-aggregate fluorescence; 

with the emergence o f a new population with low FL2 median fluorescence intensity. C. Pre-treatment 

with NAC prevents the PKl 1195 mediated reduction in AYm
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PKl 1195 induced loss of plasma membrane lipid packing in HL60 and BV173 leukaemia 

cells after 6  hours incubation with lOOpM (measured with MC540 and 7AAD), 

consistent with caspase dependent apoptosis (figure 6 .2 . 1 b)

CONTROL P K l1195

live

apoptotic

o
10“ 10 "

MC540 Fluorescence

Figure 6.2.1b PKl 1195 (100juM) mediated increase in MC540fluorescence (7AAD negative cells) 

consistent with loss of plasma membrane lipid packing in BVI73 cells (treated for 6 hours)

6.2.2 PKl 1195 induces an anti-oxidant reversible increase JC-1 green fluorescence in 

SUDHL4 cells but does not collapse

When SUDHL4 cells were treated with PKl 1195 under identical incubation 

conditions as for HL60 cells, they exhibited a quite different response, without a 

reduction in mitochondrial membrane potential. Rather, J-aggregate fluorescence was 

maintained with an increase in J monomer fluorescence (figure 6.2.2). The increase in J- 

monomer median fluorescence intensity led to the emergence of a discrete population. 

Furthermore, treatment of the cells with NAC prevented the increase in J-monomer 

fluorescence suggesting that this process was a manifestation of ROS production that 

could be abrogated by anti-oxidant.
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SUDHL4
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Figure 6.2.2 SUDHL4 cells undergo differential response to equimolar concentrations o f PK II195 at 

3 hours. A. Multiparameter Fluorescence of SUDHL4 cells stained with JC-1 B. Emergence of a 

discrete population with high JC-1 monomer fluorescence C. N-acetylcysteine prevents the appearance 

of the high J-monomer fluorescence population.

K562 cells responded to PKl 1195 in a similar manner to SUDHL4 cells, but 

differently from HL60 cells, with the appearance of a PKl 1195 induced population with 

high J-monomer fluorescence, but without a decrease in J-aggregate fluorescence (figure 

6.2.3).
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K562
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Figure 6.2.3 PKl 1195 induces the appearance of a discrete population with increased J monomer 

fluorescence without a reduction in J aggregate fluorescence in K562 cells. This response is identical to 

SUDHL4 cells, but not HL60 cells.

The inhibitory effects of another anti-oxidant, pyruvate, on PKl 1195 induced 

increase in J-monomer fluorescence was observed in SUDHL4 and K562 cells, strongly 

suggesting a role for ROS in the origin of this phenomenon (figure 6.2.4). Exogenous 

glutathione, and ascorbic acid but not the respiratory substrate succinate, also partially 

inhibited the PKl 1195 induced increase in J-monomer fluorescence without a decrease in 

J-aggregate fluorescence.
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Figure 6.2.4 PKl 1195 induced increase in J-monomer fluorescence occurring in the absence of a 

reduction in J-aggregate fluorescence, is attenuated by exogenous pyruvate in SUDHL4 cells and 

K562 cell (p <0.05, standard errors shown n^3).

6.2.3 PKl 1195 induced collapse of AY^ is associated with opening of the Permeability 

Transition Pore

To investigate the pharmacodynamics of mitochondrial depolarization by 

PKl 1195 in HL60 cells, the activity of the PTPC was directly assessed using the calcein 

AM-cobalt assay as a means of detecting pore opening. HL60 opened the PTPC in less 

than three hours, reflected by calcein quenching by cobalt during mitochondrial 

transmembrane equilibration of cobalt through the open PTPC. This was not observed in 

SUDHL4 cells suggesting that the pore was more stable in the presence of PKl 1195 in 

these cells compared with HL60 cells (figure 6.2.5a). HL60 cells were pre-treated the 

PTPC inhibitor, BA followed by treatment with PKl 1195. Mitochondrial depolarization 

was inhibited by BA lending further support for the direct involvement of the PTPC as a 

target of PKl 1195 (figure 6.2.5b).
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C O N I R O I . P K l  1195

Figure 6.2.5a Opening o f the mitochondrial permeability tran.'tition pore complex (permeability 

tran.sition) observed in HL60 cells treated with FKl 1195, using calcein AM/cobalt as.say.

CONTROL lOOpM PKl 1195
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Figure 6.2.5b. Inhibition o f PKl 1195 induced mitochondrial depolarization in HL60 leukaemia cells by 

BA.
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6.2.4 Increased J-monomer fluorescence is PKl 1195 concentration and time dependent 

The fraction of SUDHL4 cells exhibiting increased J-monomer fluorescence in 

the absence of decreased J-aggregate fluorescence was dependent upon PKl 1195 

concentration (figure 6.2.6 and figure 6.2.7). Following a single administration of 75pM 

PKl 1195, cells underwent an increase in J-monomer fluorescence over time (figure 

6.2.8). This phenomenon of an increase in J monomer fluorescence in response to 

chemotherapy had been previously described and confirmed as mitochondrial biogenesis 

using transmission electron microscopy by Hockenberry’s group (and termed reduced 

relative mitochondrial function) (Camilleri-Broet et a i, 1998; Mancini et a i, 1998).
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Figure 6.2.6 Concentration dependent increase in the proportion of cells exhibiting high JC-1 

monomer fluorescence in SUDHL4 cells treated with PKl 1195 after 4 hours. A 1.2fjM„ B. 9.4pM, C. 

37.5pM, D. 75pM
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Figure 6.2.7 Normalized concentration dependent increase in the proportion of cells with high 

JC-l monomer fluorescence (3 hours, n=3, standard errors shown) .
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Figure 6.2.8 The proportion o f SUDHL4 cells exhibiting high JC-l monomer fluorescence 

increases in response to 7 5 jliM  PKl 1 1 9 5 ,  to its half maximum by approximately 2 . 5  hours (n=3, 

standard errors shown)

The morphological features of SUDHL4 cells that were detectable by flow 

cytometry (cell size and granularity reflected by forward and side scatter respectively), 

and which exhibited increased JC-1 monomer fluorescence, were identical in treated and 

untreated cells. Regional gating was applied to the high JC-1 monomer fluorescence 

population, and this gate applied to the FSC versus SSC plot (figure 6.2.9), Treated cells 

were also indistinguishable from untreated cells as observed at light microscopy. Cells 

exhibiting a collapse in JC-1 aggregate fluorescence had correspondingly increased J
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monomer fluorescence; this phenomenon can be explained by the disaggregation of J 

aggregates producing a net increase in the relative abundance of J monomers.

The concentration and time dependence and the anti-oxidant sensitivity of 

PKl 1195 induced increase in J monomer fluorescence, suggested that this phenomenon 

reflected a pharmacological response rather than an artefact, associated with oxidative 

stress. Proliferation of non-functional mitochondria has previously been shown by 

fluorescence and electron microscopy to be associated with cytotoxic chemotherapy. 

Interestingly, SUDHL4 cells allowed to grow exponentially in medium leading to 

nutrient exhaustion, reproducibly increased J-monomer fluorescence, suggesting a 

physiological process that was occurring in metabolically stressed cells without collapse 

in AYm (figure 6 .2 .1 1 )

A
Apoptotic (low FSCiTigh SSC)

Live (high F S C tow  SSC)

10* 10 ’ 10^
Forw ard S catter

10*

t

I
Live (high FSCflow SSC)

10* 1 0 ’
Forw ard S catter

B
JC-1 GREEN [low]

R2

: JC-1 GREEN [high]

10* 10’ 10*
JC-1 GREEN

D
JC-1 GREEN [low)

R3

JC-1 GREEN [high]

10* 10  ̂
JC-1 GREEN

10*10 ’

Page 331



Chapter 6: Pharmacodynamics of PKl 1195

Apoptotic (low FSCMgh SSC)

I
Live (high FSC/low SSC)

W 1 0 * 10‘

JC-1 GREEN (low)

JC-1 GREEN [high]

10* 10*10*

G
Apoptotic (low FSCihigh SSC)

b

I
Live (high FSCtow SSC)

10* 10'
Forward Scatter

10*

H
JC-1 GREEN [low]

I
JC-1 GREEN [high]

10* 10^  
JC-1 GREEN

10 ' 10*

Figure 6.2.9 Cells exhibiting high JC-1 monomer fluorescence were gated (mapped) onto their light 

scatter distribution to identify their characteristic morphological features. C and D. Cells exhibiting low 

JC-1 monomer fluorescence (D) mapped to the high FSC/low SSC (viable cells), (C). E and F. Cells 

exhibiting high JC-1 monomer fluorescence (F) mapped to the high FSC/low SSC (viable cells), (E). G and 

H. Cells with collapsed mapped to the low FSC/high SSC population (apoptotic/dead).

10*
FL1-H

Figure 6.2.10 Effect of nutrient exhaustion on JC-I monomer fluorescence (mitochondrial mass) in 

SUDHL4 cells, leading to a right shift in median fluorescence intensity.
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In order to further define the underlying basis of increased J monomer 

fluorescence, cells were stained with nonylacridine orange, which by binding specifically 

to mitochondrial cardiolipin in a non membrane potential dependent manner, provides a 

semi-quantitative assay of mitochondrial mass (Mancini et a l, 1997). Treatment of cells 

with PKl 1195 produced a reproducible increase in cellular NAO fluorescence consistent 

with increased mitochondrial mass (figure 6 .2 .1 1 ).
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Figure 6.2.11 PKl 1195 mediates an increase in mitochondrial N A O  fluorescence in SUDHL4 cells 

treated for 3 hours (p<O.Ol, n=3, standard errors shown)

6.2.5 Facilitation of VP 16 induced cell death is associated with augmentation of 

mitochondrial mass

Cellular NAO fluorescence was found to increase in a concentration dependent 

manner in cells treated with VP 16 over a six log range of concentrations indicating an 

increase in mitochondrial mass as previous shown by Hockenbery and colleagues 

(Camilleri-Broet et a l, 1998; Mancini et a l, 1998). Treatment of SUDHL4 cells with 

PKl 1195 in combination with VP 16 led to an augmentation of NAO fluorescence 

(elevation of the concentration response relationship), suggesting the effect of PKl 1195 

was to facilitate chemotherapy induced mitochondrial biogenesis (6.2.12). The cell cycle 

distribution of VP 16 induced mitochondrial biogenesis showed relatively steeper 

concentration-response in the G2M phase, but with less steep concentration dependence 

in the Gl/S, sub-Gl phases (figure 6.2.13).
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Figure 6.2.12 VP 16 mediates a concentration dependent increase in NAO fluorescence after 24 

hours incubation in the live fraction of cells (NAO high). 75/j.M PKl 1195 elevates and flattens the 

concentration response curve for mitochondrial mass over all concentrations of VP 16 (n=2).
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Figure 6.2.13 VP 16 induces mitochondrial biogenesis throughout the cell cycle. A. Multiparameter 

measurement of NAO (mitochondrial mass) and PI fluorescence (cell cycle). B. NAO fluorescence 

increases in all phases of the cell cycle, but with greater increase in G2/M phases of the cycle.

6.3 CELLULAR REDOX MODULATION MEDIATED BY PK11195

6.3.1 Differential cellular responses to PKl 1195 correlate with Pro-Oxidant tolerance

To investigate the biochemical basis of the differential cytotoxic responses to 

PKl 195 observed in HL60 versus SUDHL4, these cell lines were first treated with the 

chemotherapeutic agents VP 16, ara-C, and the thiol oxidant diamide; the objective was to 

determine the relative effects of cytotoxic chemotherapy and pro-oxidant on 

mitochondrial dysfunction. HL60 exhibited a markedly greater sensitivity to total cellular 

mitochondrial depolarization compared with SUDHL4 cells. In particular, the relative 

resistance to oxidative stress mediated by diamide implicated an underlying differential 

redox buffering capacity of these cell lines.
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Figure 6.3.1 HL60 exhibited greater sensitivity to mitochondrial depolarization induced by 

chemotherapy (ara-C, VP 16) and the thiol oxidant, diamide (n=3, standard errors shown).

The relative level of intracellular reduced thiol (mostly glutathione) was measured in 

HL60 and SUDHL4 cells using 5-CMFDA. HL60 cells consistently exhibited a lower 5- 

CMF median fluorescence intensity (figure 6.3.3).
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6.3.2 HL60 cells exhibit lower GSH concentrations compared to SUDHL4 cells

To investigate the relative redox buffering capacities of HL60 versus SUDHL4 

cell lines, the cellular reduced thiol content was measured at single cell resolution using 

the dye 5-CMFDA. Cells subjected to oxidative stress by exposure to hydrogen peroxide 

produced a log fold decrease in CMP fluorescence consistent with depletion of free 

sulphydryl groups by thiol crosslinking and disulphide formation (6.3.3).
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Figure 6.3.2 Induction of oxidative stress in HL60 cells (30 minutes incubation with JOuM H202) 

reduces the level of non-protein thiol (GSH) measured by CMFDA. N=3, standard errors shown
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F igure 6.3.3 HL60 leukaem ia cells exhibit a redu ced  thiol content com pared  with SUDHL4 cells 

as m easured by 5-C M F  flu orescen ce  A. Relative shift in median 5CMF fluorescence B. reproducible 

measurement o f  glutathione levels in HL60 versus SUDHL4 cells (p<0.01, n=3 standard errors shown)

6.3.3 H9O9 is generated bv PKl 1195

The anti-oxidant reversibility of PKl 1195 induced HL60 mitochondrial depolarization 

and SUDHL4 induced mitochondrial biogenesis, implied the involvement of oxidative 

stress. To test this hypothesis, generation of H2O2 was measured at single cell resolution 

using the fluorochrome CM-H2DCFDA. BV173 cells treated with PKl 1195 exhibited an 

increase in the generation of H2O2 resulting in the emergence of a cell subpopulation with 

high CMH2 DCF fluorescence. Increased H2O2 production was observed in other cell lines 

including HL60 promyelocytic leukaemia and SUDHL4 lymphoma (figure 6.3.4).

SUDHL4 BV173

+ PKl 1195

control

FL1-H

control
+ PKl 1195

FL1-H

CM H2CDFDA Fluorescence

Figure 6.3.4 BV173 and SUDHL4 cells undergo PKl 1195 induced ROS generation after 3 hours

incubation

Importantly, ROS production by PKl 1195 was shown to occur in cells with an 

intact inner mitochondrial membrane potential. Because the production of ROS during
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cytotoxin induced apoptosis, occurs with concomitant mitochondrial depolarization 

(Kroemer et a l, 1995; Zamzami et a l, 1995a; Zamzami et a l, 1996b), this implicated a 

different mechanism of ROS production by PKl 1195.

6.3.4 CMHiDCFDA fluorescence induced bv PKl 1195 is comparable to exogenous 

IQQuM H9 O9

To gain some appreciation of the degree of oxidative stress generated by 

PKl 1195, the fluorescence intensity of CMH2DCF was compared in HL60 cells treated 

with lOOpM H2 O2 (figure 6.3.5). Median CMH2 DCF fluorescence was reproducibly 

increased above untreated control for both H2 O2 and PKl 1195 treated HL60 cells, but 

these treatments exhibited a similar CMH2 DCF fluorescence, reflecting comparable 

degrees of intracellular oxidative stress.
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Figure 6.3.5 PKl 1195 produces an oxidative stress in HL60 cells comparable with that o f lOOpM 

H2 O2 at 4 hours (p=0.01, n=3, standard errors shown)

The generation of endogenous H2 O2 by PKl 1195 exhibited concentration dependence 

with the most significant increase in CM-H2 DCF fluorescence occurring in the range 50- 

lOOpM i.e. in the range associated with apoptosis sensitization of SUDHL4 cells (figure
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6.3.6a). At high concentrations of PKl 1195 (>200pM), caspase activity was inhibited 

(figure 6.3.6b) consistent with the ROS sensitive active site of DEVDases
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Figure 6.3.6a Concentration dependent hydrogen peroxide generation by PKl 1195 in BV 173 cells

following 4 hours exposure (experiments were performed in duplicate)
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Figure 6.3.6a Caspase activation is inhibited at high concentrations o f PKl 1195 despite being 

associated with increased mitochondrial depolarization and cell death.

6.3.5 Catalase inhibits generation bv PKl 1195

To confirm that PKl 1195 was specifically generating H2 O2 as detected by CM- 

H2 CFDA, cells were treated with 500U/ml catalase prior to treatment with PKl 1195. 

This concentration was found to effectively inhibit H2 O2 induced oxidation of 

CMH2 DCFDA (figure 6.3.7).
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Figure 6.3.7 Catalase inhibits oxidative stress induced by PKl 1195 in BV173 leukaemia cells. 

500U/ml catalase was sufficient to prevent PKl 1195 induced oxidation o f CMH2 DCFDA confirming 

the specific production H2 O2 . (n=3, standard errors shown)

6.3.6 Early ROS generation occurs within the mitochondria

To determine the intracellular distribution of PKl 1195 induced H2O2 generation, 

BV173 cells that had been pre-loaded with CMH2 DCFDA were treated for 3 hours, 

followed by fluorescence microscopy. A well-defined granular cytoplasmic distribution 

of fluorescence was observed, temporally coinciding with the generation of H2 O2 as 

measured by cytometry. This pattern of CMH2DCF fluorescence exhibited a perinuclear
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granular pattern, closely resembling that of the mitochondrial specific probe CMX 

rosamine, suggesting a mitochondrial origin of this fluorescence (figure 6.3.8).

Figure 6.3.8 Granular cytoplasmic CMH2DCF fluorescence observed in BVl 73 cells treated for 3 

hours with 75pM PKl! 195.

6.4 MECHANISMS UNDERLYING PK11195 INDUCED H2 O2

6.4.1 The role of the respiratory chain in PKl 1195 induced oxidative stress

In order to better understand the biochemical basis of PKl 1195 induced oxidative 

stress, the role of the electron transport chain in the production of ROS was determined 

by measuring PKl 1195 induced H2 O2 in KGIA leukaemia cells depleted of their 

mitochondrial DNA (p® cells). Superoxide generated by one electron reduction of 

molecular oxygen is dismutated into H2 O2 , providing a source of ROS. Pharmacological 

disruption of either respiratory substrate delivery or electron transport could conceivably 

play a part in PKl 1195 induced generation of H2 O2 , and this hypothesis had to be tested. 

Loss of mitochondrial genomic DNA was confirmed by PCR and compared with 

cells (figure 6.4.1). The reduced cellular thiol levels measured by 5 CMF were 

relatively higher in p® compared with p^ cells (figure 6.4.1). Treatment of both p® and p  ̂

KGIA cells with PKl 1195 resulted in the generation of H2 O2 measured by CMH2DCF 

fluorescence implying electron transport chain independent generation of ROS (figure 

6.4.2). In normal cells, treatment with neither 75pM Ro54864 nor FGIN-1-27 (both of 

which have been termed PER agonists), inhibited PKl 1195 induced ROS generation.
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Figure 6.4.1 (left) KGIA cells depleted o f mitochondrial genomic DNA exhibit a relative increase in 

reduced non-protein thiol level (mostly glutathione) relative to wild type control. (Right top) PCR of a 

specific D loop amplicon from mitochondrial DNA shows amplicon for wild type but not mitochondrial 

DNA depleted cells. (Right bottom) Genomic amplicons generated from wild type (fP) and mitochondrial 

DNA depleted KGIA cells (p°).

6.4.2 Bcl-2 expression per se does not inhibit PKl 1195 induced H^O?

SUDHL4 lymphoma cells expressing a high level of Bcl-2, had been shown to exhibit an 

increase in H2 O2 generation measured by CM-H2 DCFDA on treatment with 75 pM 

PKl 1195. To confirm that Bcl-2 per se was unable to prevent PKl 1195 induced ROS 

generation in an isogenic cell line, K562 cells transfected with the Bcl-2 gene (K562 B4) 

were treated for 3 hours with 75pM PKl 1195, and the effect on H2 O2 generation 

measured. Bcl-2 hyperexpression did not alter measured 5CMF fluorescence (thiol 

concentration, figure 6.4.3), and failed to protect K562 cells from PKl 1195 induced H2 O2 

generation (figure 6.4.4), consistent with the ability of this compound to mediate 

apoptosis sensitization in Bcl-2 hyperexpressing SUDHL4 lymphoma. The median
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fluorescence intensity of H2O2 generated in K562 B4 cells was indistinguishable from 

vector only control (K562 N2) (figure 6.4.5).
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Figure 6.4.2 Both wild type and mitochondrial DNA depleted KGIA cells exhibit an increase in 

H2O2 generation after treatment with 75pM PKl 1195 (3 hours) implying an electron transport chain 

independent mechanism of ROS generation.

K562-N2

K562-B4

10 °

P>0.5

250

200  -

150

10 0  -

50

K562 N2 K562 B4

Bcl-2 FITC Fluorescence

Page 343



Chapter 6: Pharmacodynamics of PKl 1195

Figure 6.4 .3  (left) D ifferential Bcl-2 im m unofluorescence exh ibited  by Bcl-2 transfected  (B4) and  

vector only transfected  con tro l (N2) K 562 leukaem ia cells, (right) Transfection o f  B cl-2 p e r  se  does not 

confer a change in reduced  ce llu lar th iol content.

K562 N2 K562 B4

I

control

+PK11195 I

control

+ PKl 1195

CM-H 2 DCFDA Fluorescence

Figure 6 .4 .4  P K l 1195 is as efficient as inducing H 2 O2  generation  in B cl-2 transfected  cells (K 562 B4) as 

in vector only con trols (N2).

Significantly, HL60 cells express Bcl-2 although at a lower level than SUDHL4 

cells. The transfection studies strongly suggested however that this relatively small 

difference in Bcl-2 expression ( < 1 log, figure 6.4.5) could not underlie the major 

differences in response to PKl 1195 expression.

6.4.3 PBR minus Jurkat T cells generate ROS in response to PKl 1195

The high concentrations of PKl 1195 required to sensitize lymphoma cells in vitro 

(several orders of magnitude greater than Kd) strongly suggested that PKl 1195 was 

mediating its cytotoxic effects via a mechanism that was independent of the PBR. To test 

this hypothesis, the pharmacological activity of PKl 1195 was investigated in a PBR
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d e f ic ie n t  c e l l  l in e . J u rk at c e l l s  h a v e  b e e n  p r e v io u s ly  r e p o r te d  to  b e  P B R  n e g a t iv e  

(C a r a y o n  et a l., 1 9 9 6 )  a n d  th u s  p r o v id e d  a d e s ir a b le  m o d e l fo r  te s t in g  th is  h y p o th e s is .  

S ta in in g  o f  Ju rk at c e l l s  w ith  th e  P B R  p ro b e  N B D  F G lN - 1 - 2 7  a n a lo g u e  f a i le d  to  r e v e a l  

a n y  s ig n i f ic a n t  p e r in u c le a i' g ra n u la r  f lu o r e s c e n c e  a s  e x l i ib i te d  c le a r ly  in  B V l 7 3  c e l l s  

( f ig u r e  6 .4 .6 ) .

H L 6 0

S U D H L 4

o

Bcl-2 FITC Fluorescence

Fissure 6 .4 .5  The re la tive expression o f  Rcl-2 in HL60 and SUDH L4 cells

Figure 6.4.6 .Jurkat cells stained with the PBR probe NBD F G IN -D 27 analogue (the cell outline h m  

been traced fo r  clarity) . T h e se  cells  fail lo  ex h ib it m ito c h o n d ria l s p ec if ic  s ta in in g  in c o n tra s t to  B V l 73 

cells, and  are  c o n s is te n t w ith  ab sen ce  o f  re c e p to r  ex p re ss io n .
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To confirm the absence of PBR in Jurkat cells compared with BV173 cells, 

cDNA was prepared spanning exons 1 -4  o f the PBR amplified by 30 cycles o f PGR. A 

600 nucleotide long amplicon was obtained from BV173 cDNA but not from Jurkat 

cDNA consistent with lack of receptor expression in the latter. Retinoblastoma intron- 

spanning PGR primers were used as a positive control to test the success of the reverse 

transcription, and showed amplicons amplified from both BV173 and Jurkat cDNA 

(figure 6.4.7).

Jurkat BV 173
I  I  I  I

PBR Rb PBR Rb

0.6kb

! i I
Figure 6 .4 .7  RT-PCR show ing absence o f  PBR expression in Jurkat versus BVJ73 cells. L a n e  1. 1 0 0  

b a se  p a ir  la d d er . L a n e  2 . E x o n  4  P B R  a m p lif ic a t io n  o f  Jurkat c D N A  s h o w in g  n o  a m p lic o n . L a n e  3 . 

R e tin o b la s to m a  p o s it iv e  c o n tr o l a m p lif ic a t io n  o f  Jurkat c D N A . L a n e  4 . A m p lif ie d  P B R  p r o d u c t  fr o m  

B V 1 7 3  c D N A  . L a n e  5 . P o s it iv e  c o n tr o l re t in o b la s to m a  a m p lic o n  fr o m  B V 1 7 3  c D N A .

Jurkat cells exposed to PKl 1195 produced ROS despite the absence of the PBR 

implying that this effect was arising from a non-receptor dependent process (figure

6.4.8).

6.4.4 Generation o f ROS by PKl 1195 requires mitochondrial energization

ROS generation by PKl 1195 was only observed in cells exhibiting normal 

morphology based on light scatter distribution, but not in apoptotic cells with reduced 

size and increased granularity. This observation was consistently seen across all of the
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cell lines studied, including HL60, BV173, SUDHL4, K562, and KGIA cells (figure 

6.4.9).

C O N T R O L lOO^M P K l 1195

C M  H 2D C F  F lu orescen ce

Figure 6.4.8 H^Oj generation  in PBR negative Jurkat cells m edia ted  by P K l I I 95 (3 hours). T h e  

m a g n itu d e  o f  th e  in c r e a se  in  C M H iD C F D A  f lu o r e sc e n c e  is q u a n tita tiv e ly  s im ila r  to  that o f  B V 1 7 3  

c e lls ,  w h ic h  e x p r e s s  the rece p to r .

A poptotic m orphology

R2

Normal m orphology

"lO* ■ Vo'
Forward Scatlsr

10 *

10*

1 0 * 1?  1 0 * 
CMH20CFDA Fluorescence

10*

Figure 6 .4 .9  P K 11195  only generates ROS in m orphologically live, non -apopto tic  BV173 cells but not

in apop to tic /dead  cells a s shown by selective  gating on the respective light sca tter  distributions.
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As discussed in chapter 3, cells manifesting the light scatter features associated 

with apoptosis consistently show a reduction in mitochondrial membrane potential. It was 

therefore hypothesized that the state of energization of the cell may be directly 

influencing the production of H2O2 induced by PKl 1195. To test this hypothesis, BV173 

cells were treated with the protonophore FCCP to de-energise the mitochondria; the 

capacity for PKl 1195 to induce the generation of H 2O2 was then measured. Simultaneous 

mitochondrial depolarization was confirmed using DiOC6 (3 ) and propidium iodide (figure

6.4.10).

C O N T R O L+ lOOuM 
F C C P

1 0 ’ 10  ̂ 1 0 ’
DIOC6(3) fluorescence

Figure 6 .4 .10  D epolariza tion  o f  the inner m itochondrial m em brane in B V I73  cells by the protonophore  

FCCP produ ces a reduction in the fluorescence o f  D iOCô^),

In the presence of FCCP, control BV173 cells exhibited a moderate increase in 

ROS production. This could be explained as a consequence of uncoupled oxidative 

phosphorylation due to dissipation of the inner membrane proton gradient. However, 

PKl 1195 failed to produce an increase in hydrogen peroxide above control levels 

following FCCP treatment, in contrast to the large (> 2 log) shifts in CMH2DCF 

fluorescence seen in control cells (figure 6.4.11). The requirement of A'Pm for PKl 1195
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induced H2O2 production was therefore consistent with its electrogenic transport into 

mitochondria rather than an electron transport dependent production; this is because 

cells lacking a functional electron transport chain, but possessing an intact A'Pm, still 

generated H2O2 after treatment with PKl 1195.

Control

Iu

10*

+ lOO^M 
FCCP

10* 10‘

°10̂

3

I

CM-H2DCFDA Fluorescence

Figure 6.4.11 F C C P preven ts P K l 1195 induced generation  o f  ROS In BV173 cells. P K l  1 1 9 5  p r o d u c e s  a  

lo g  fo ld  in c r e a se  o v e r  co n tro l C M H 2 D C F D A  f lu o r e sc e n c e ;  h o w e v e r  in  F C C P  trea ted  c e l l s ,  th is  in c r e a se  is  

n o t o b se r v e d .

6.5 SUPEROXIDE GENERATION BY PK11195
6.5.1 PKl 1195 effects mitochondrial hvperpolarization

Dismutation of superoxide anion catalysed by cellular superoxide dismutases results in 

the production of H2O2 . Inspection of J aggregate fluorescence in PKl 1195 treated cells 

revealed a PKl 1195 induced increase in red fluorescence, suggesting an increase in AYm 

or hyperpolarization of the inner mitochondrial membrane potential. This increase was 

shown to be concentration dependent (figure 6.5.1). Mitochondrial hyperpolarization was 

further suggested by DiOCôCS) fluorescence, which was also increased by PKl 1195
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(figure 6.5.2). Increase in J aggregate fluorescence was observed irrespective of an 

increase in J monomer fluorescence (figure 6.5.3), and was inhibitable by the anti-oxidant 

vitamin C (figure 6.5.4). Previous reports have shown that superoxide produces 

mitochondrial inner membrane hyperpolarization (Majima et a l, 1998) implicating this 

process in PKl 1195 mediated increase J aggregate fluorescence.

o

1.7

1.6

1.50)Ü
S 1.40 (/)
1 1.33

1. 2

1.1

1

0 20 40 60 80 100 120
PKl 1195 concentration (nM)

Figure 6 .5 .1 P K l I I 95 p ro d u ced  a concentration depen den t increase in J  aggrega te  flu orescen ce  

in SUDH L4 lym phom a cells trea ted  with 75pM  P K l 1195 f o r  3 hours (n=3).

p < 0 . 0 1450

«= 370 -

O 330 -

S 290 -

250

CONTROL P K l 1195

Figure 6.5.2 P K l 1195 m ed ia ted  increase DiOC6(3) flu orescen ce  in SU D H L4 cells after 3 hours
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A. B.

□  CONTROL E R K n i g S

3 5 0  1

250 -

150 -

50

-JC-1 GREEN [low] 

-JC-1 GREEN [high]
3 5 0  1

2 5 0

P < 0 .0 1 P < 0 .0 1

0.1 10 1000

T— 150o

50

JC-1  G R E E N  (low) JC -1  G R E E N  [high]

PKl 1195 concentration (pM)

Figure 6 .5 .S P K l 1195 concentration dependent increase in JC-1 red  flu orescen ce  is a ssoc ia ted

with both JC-1 m onom er high and low  populations  A . C o n c e n tr a tio n  r e sp o n se  r e la t io n sh ip s  B . 7 5 p M  

P K 1 1 1 9 5  m e d ia te s  a s ta t is t ic a lly  s ig n if ic a n t  in c r e a se  in  J C l red  f lu o r e s c e n c e  c o m p a r e d  w ith  c o n tr o l  

(n = 3 , stan d ard  errors s h o w n )

s

i
(U

u  4 0 0

8 0 0

6 0 0

I
200  -

P < 0.05

CONTROL PKl 11 95 VITAMIN C

Figure 6.5 .4  Inhibition o f  P K l 1195 induced hyperpolarization  o f  the inner m itochondrial 

m em brane po ten tia l by Vitamin C  (p= 0 .05 , n=3  stan dard  errors shown).
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This increase in J aggregate fluorescence was reproducibly demonstrated, and although 

reversible by anti-oxidant, was not prevented by Bcl-2 transfection (nor depletion of 

mitochondrial DNA.

A. B.

g  200

I
85=
I
IO)D)
CD

160

120

80

40 -

□  COIsn-ROL E3 PKl 1195

JU

a2O)2O)O)ra

160

120 -

8 0  -

4 0  -

□  c o n t r o l  □ P K 1 1 1 9 5

N2 84 KG1AWT KG IArhoO

Figure 6.5.5 Enhancem ent o f  J -aggrega te  flu orescen ce by P K l 1195 is not reversed  by either  

transfection driven hyperexpression o f  B cl-2 in K 562 leukaem ia (A) nor depletion  o f  the m itochondria l 

resp ira to iy  chain in K G IA  f f  cells (B). n=3, p < 0 .0 5 , s tan dard  errors shown

6.5.2 Mitochondrial chemiluminescence in the red wavelength is associated with 

PKl 1195 treatment

Superoxide exhibits a characteristic weak chemiluminescence in the red 

wavelength at 634nm; cells exposed to PKl 1195 were shown by fluorescence 

microscopy to produce a red fluorescence that was not seen in untreated cells. In cells 

stained with cobalt/calcein, showed granular, perinuclear fluorescence demonstrating 

closed permeability transition pore complexes. Red fluorescence was present in both 

coupled, and uncoupled cells showing evidence of permeability transition (figure 6.5.6).

In coupled cells, the red autofluorescence of PKl 1195 treated cells was distributed in a 

punctate manner closely resembling the calcein fluorescence, however, in cells
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u n d e r g o in g  p e r m e a b ility  tr a n s it io n , th e  d is tr ib u tio n  o f  red  f lu o r e s c e n c e  w a s  m u c h  m o r e  

d if f u s e ,  b e c o m in g  h o m o g e n o u s  ( f ig u r e  6 .5 .7 ) .

Figure 6i.5 .6  P K l 1 195 reproducibly produces a red fluorescence in B V l73cells. T h is  i'igure sh o w s 

d eco n v o lu ied  n u o re sce iic e  w id i P K l 1195 g e n era ted  red  a u to llu o re s e e n c e  and  g reen  m ito c h o n d ria l ca lce in  

tlu o re sc e n c e  in co b a lt tre a te d  cells. In c o u p le d  ce lls  (g ree n  l lu o re sc en c e  u p p e r  rig h t) th is  f lu o re sc e n c e  w as 

d is tr ib u te d  in a p u n c ta te  p a tte rn  tha t o v e rla p p e d  bu t w as not e x c lu s iv e ly  a sso c ia te d  w ith  en e rg iz ed  

m ito ch o n d ria .

A.
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Figure 6 .5 .7  E vidence f o r  red  flu orescen ce in the absence o f  an in tact p erm eab ility  transition p o re  in 

P K l 1195 trea ted  H L60 cells. A . O n e  c e l l  w ith o u t  a n y  e v id e n c e  o f  red  f lu o r e s c e n c e  is  a d ja c e n t to  a c e l l ,  

w h ic h  h a s u n d e r g o n e  g lo b a l m ito c h o n d r ia l d e p o la r iz a t io n  (n o  c a lc e in  f lu o r e s c e n c e ) . B . T w o  u n c o u p le d  

H L 6 0  c e l l s  e x h ib it in g  a d if fu s e  p attern  o f  red  f lu o r e sc e n c e  fo l lo w in g  P K l  1 1 9 5  trea tm en t a n d  o p e n in g  o f  

th e  p e r m e a b ility  tra n sit io n  p o re .

To confirm that PKl 1195 was indeed generating superoxide directly within cells, 

oxidation of dihydroethidium was assayed using flow cytometry. BV173 and HL60 cells 

treated with 75pM PKl 1195 for 3 hours produced a large ( >2 log) shift in the median 

ethidium fluorescence, consistent with singlet oxygen mediated oxidation of the dye 

(Figure 6.5.8)

BV173 HL60

CN

Control

+ PKl 1195

Control
+ PKl 1195

Ethidium Fluorescence

Figure 6.5 .8  G eneration o f  superoxide in tracellu larly m easured in BVJ73 and  H L60 leukaem ia  

fo llow in g  3 hours o f7 5 p M  P K l 1195 treatm ent

To confirm that ethidium fluorescence was detecting superoxide, cells were pre-treated 

with the superoxide dismutase mimetic MnTBAP. The PKl 1195 induced ethidium 

fluorescence was effectively inhibited by MnTBAP (figure 6.5.9). Conversely, H2 O2
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fluorescence generated by PKl 1195 was enhanced by MnTBAP consistent with its 

dismutase-like activity, converting superoxide to hydrogen peroxide (figure 6.5.10a).

MnTBAP+
PKl 1195 PKl 1195CONTROL PKl 1195

10° 1 0 ’ 10^ 10° lO'* 10° 1 0 ’ 10" 10° 10^

Ethidium Fluorescence

Figure 6.5 .9  P re-treatm ent o f  BV173 leukaem ia cells with 100/aM M nTBAP preven ts  superoxide  

production  by P K l 1195

HL60 BV173

C O N T R O L
M n T B A P  

+  P K l  1 1 9 5

P K l 1 1 9 5

-  C O N T R O L

M n T B A P  
K 1 1 1 9 5 k  P K l  1 1 9 5

10“  10 ’ 10 '  10“ 10" 10“  10 ’ 10“ 10“ 10"

CMH2DCF Fluorescence

P K l 1195 in H L60 and B V I73 leukaem ia
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MnTBAP reduced the rate of mitochondrial depolarization induced by PKl 1195 in HL60 

cells, consistent with direct involvement of superoxide on mitochondrial permeability 

transition (figure 6.2.10b).
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P K 1 1 1 9 5
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M n T B A P  + P K I  1 1 9 5
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Figure 6 .2 .1 Ob Reduction in the rate o f  lOOfM  P K l 1195 induced mitochondrial depolarization by  

/ OOfÆ MtiTBAP (n=3, s tan dard  errors shown)

6.5.3 PKl 1195 effects on isolated mitochondria

Mitochondria isolated in hypertonic sucrose buffer exhibited a forward and side 

light scatter profile consistent with a high density population of subcellular particles. 

Mitochondrial cardiolipin was fluorescently stained with nonylacridine orange allowing 

identification of the mitochondrial population. To verify cardiolipin staining, 

mitochondria were treated with ter-butylhydroperoxide for 30 minutes to assess the effect 

of lipid peroxidation, which shifted the NAO population distribution to the left. This 

finding confirmed the identity of the putative mitochondrial population (figure 6.5.11).
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A . B .

I m M t - B u O O H  

0  m in s
t-B u O O H

3 0  m in s

Forw ard sca tte r

N A O  F lu o r e s c e n c e

Figure 6.5.11 A. M itochondrial distribution  resulting from  m echanical ce ll lysis an d  subcellu lar 

fractionation . B. TBOOH induced m itochondrial lip id  peroxidation  (loss o f  card io lip in  binding) m easured  

in iso la ted  m itochondria using NAO m easured a t 30  m inutes versus con trol (0  minutes).

Cells treated in vitro with PKl 1195 were then homogenized to produce a 

population of mitochondria for flow cytometric analysis. HL60 mitochondria in PKl 1195 

treated cells exhibited an increase in median forward scatter consistent with an increase 

in individual mitochondrial size. The size increase was substantial, approximately one log 

fold. SUDHL4 cells failed to exhibit a PKl 1195 mediated increase in forward scatter, 

consistent with the overall differences in responses measured at the cellular level (figure 

6.5.12).
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HL60 SUDHL4

10* 10'
FSC-H

10* 10 ‘10 * 10*

Forward Scatter

Figure 6 .5 .12 P K l 1195 treatm ent o f  H L60 cells (left) results in an increase in m edian o f  the 

m itochondrial fo rw a rd  sca tter distribution  fo llow in g  subcellu lar fractionation . This effect w as n ot observed  

in SUDHLA lym phom a cells (right)

6.5.4 NF49 induces both mitochondrial biogenesis and Ĥ O? generation

The ROS generating activity of the PBR ligand NF49 was investigated in order to 

compare its pro-oxidant activity with PKl 1195, and to provide a pharmacological basis 

for the in vivo chemosensitizing activity. Treatment of SUDHL4 cells in vitro with 75pM 

NF49 resulted in mitochondrial biogenesis measured by an increase in J monomer 

fluorescence (figure 6.5.13). Increased J monomer fluorescence was temporally 

associated with generation of hydrogen peroxide as measured using CMH2DCFDA 

(figure 6.5.14).
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CONTROL NP49

S'
D e c r e a s e d  RMF

10* 10® 1 0 '10* 10*
J  m o n o m e rs J  m o n o m e rs

Figure 6 .5 .13  N F49 induced increase in J m onom er flu orescen ce (m itochondrial b iogenesis) a fter 3 

hours incubation.

SUDHL4 HL60

control

control

+ 75pM  N F49

CM-H2DCFDA Fluorescence

Figure 6 .5 .14  N F49 induced H 202 generation  in SUDHLA lym phom a an d  H L60 leukaem ia cells
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6.6 PK11195 IS AN AMPHIPATHIC MOLECULE AT ACIDIC PH
The possibility that PKl 1195 could be protonatcd on the isoquinolinc nitrogen, 

was based on the currently understood activation of 1 methyl 4 phenyl 1,2,3,6 

tetrahydropyridine (MPTP), which involves the protonation of a one pyridine ring to 

form a charged (amphipathic) pyridinium radical termed MPP+. Using the ILab NMR 

predictor programme, the protonatcd species was predicted to yield a high shift proton in 

the HNMR spectrum, that was not present in the uncharged molecule (figure 6.6.1a).

T

JL
10 5 10 0 9 5 9 0 8 5 8 0 7 5 7 0 8 5 6 0 5.5 5 0 4 5 4 0 3.5 3 0 2 5 2 0 1 5 1 0 0 5 0 0 4)5

Chemical shift (MHz'

F igure 6 .6 .1 a Theoretical PNM R spectrum  com puted  f o r  P K I I 195 using the Ilab p red ic to r  algorithm.

Experimental HNMR of PKl 1195 at a range of pHs confirmed that the isoquinoline 

nitrogen could be protonatcd resulting in a net negative charge, corresponding to 

formation of an amphipathic molecule. This protonation was greatest at acidic pH, but 

was not detected at physiological pH (figure 6.6.2)
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ÎÔT

«T

«T
TT

TT
ir
JT

C hem ical shift ( m h z )

Figure 6 .6 .1b  P red ic ted  high shift signal corresponding to the p ro ton a ted  species p red ic ted  using the 

Ilab NHMR p red ic to r  algorithm

Figure 6 .6.2 HNMR spectrum  obta in ed  fo r  P K 11195  (in collabora tion  with D r M artin  G roo tveld  

PhD). The circle indicates the high f ie ld  spectrum  dem onstrating p H  dependen t protonation .
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6.7 DISCUSSION
The results presented in this chapter provide original evidence supporting a non- 

PBR dependent mechanism of apoptosis SQnsiXization involving pro-oxidant activity of 

PKl 1195. The relative susceptibility of HL60 cells versus SUDHL4 cells to 

mitochondrial depolarizafto/i induced by PKl 1195, chemotherapeutic drugs and the pro

oxidant diamide implicates a role for intrinsic anti-oxidant defences in modulating the 

degree of cytotoxicity of PKl 1195. This was supported by the observation that 

exogenous antioxidant treatment protects HL60 cells from PKl 1195 induced 

mitochondrial toxicity, consistent with an involvement of ROS in mediating A'Pm 

collapse. The ability of PKl 1195 to induce H2 O2 generation in the presence of sustained 

A'Pm in SUDHL4 cells implies that A'Pm collapse is not a prerequisite event, in contrast 

to the A4̂ m collapse dependent mechanism of oxidative stress produced by cytotoxic 

chemotherapy and described by Zamzami n/ (Zamzami er a/., 1995a).

SUDHL4 cells exhibited a relatively higher GSH concentration compared with 

HL60 cells and could account for the greater intensity of PKl 1195 induced CMH2DCF 

fluorescence in HL60 cells. Bcl-2 transfection was not found to attenuate the generation 

of ROS in K562 cells, nor modulate cellular GSH content; however, Bcl-2 could 

conceivably antagonize ROS induced permeability transition via its well described 

stabilising effect on the PTPC, the gating of which is regulated by the redox state of 

critical vicinal thiols (Costantini et a l,  2000; Costantini et a l, 1996; Marzo et a l, 

1998b). This would be consistent with our finding that PKl 1195 can induce 

mitochondrial swelling in HL60 mitochondria, but not in SUDHL4 mitochondria which 

hyperexpress Bcl-2 due to t(14;18).

The increase in JC-1 monomer fluorescence that was observed in PKl 1195 

treated SUDHL4 cells has been previously reported to occur as an early event during 

some forms of apoptosis, and has been shown to reflect mitochondrial proliferation using 

corroborative transmission electron microscopy (TEM) (Mancini et a l, 1997; Mancini et 

a l, 1998). The observed increase in cardiolipin labelling of SUDHL4 cells by 

nonylacridine orange has also been reported by Miccoli et al to occur in PKl 1195 treated 

human glioma cells, consistent with an increase in mitochondrial mass (Miccoli et a l,

1999). Becker’s group reported PKl 1195 induced mitochondrial proliferation using TEM
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in rat C6  glioma cells and pituitary GH3 cells (Black et al., 1994; Shiraishi et al., 1991), 

however, the basis for this proliferation was not investigated. Transcription of nuclear 

mitochondrial biogenesis genes is induced by oxidative stress (Miranda et a l, 1999), 

consistent with observations in this chapter, and by Gamins et al (Gamins et al., 1995a) 

that PKl 1195 can induce ROS, and may therefore underlie the antioxidant reversible 

increase in JG-1 monomer and NAO fluorescence,

PKl 1195 facilitation of mitochondrial permeability transition induced by a 

diversity of apoptosis inducers has been previously reported (Hirsch et a l, 1998; 

Pastorino et al., 1994; Pastorino et al., 1996), as well as direct induction of A'Pm 

dissipation in thymocytes (Tanimoto et al., 1999). The requirement for micromolar 

concentrations of PKl 1195 to achieve the effects described in this study suggests a 

mechanism of toxicity that is independent of the PBR, since the equilibrium binding 

constant is only InM (Le Fur et al., 1983a). Garayon et al showed that PBR transfection 

could protect Jurkat leukaemia cells from ROS induced cytotoxicity (Garayon et al.,

1996). However, Jurkat T cells which lack demonstrable NBD FGIN-1-27 binding, 

dramatically produce ROS in response to PKl 1195. The origin of PKl 1195 induced 

ROS is unknown but is likely to be due to redox cycling and generation of superoxide.

Generation of H2 O2 in KGIA cells suggests that a functional respiratory chain 

is not required for PKl 1195 induced ROS. However, it has been shown in this chapter 

that A'Pm is a pre-requisite for ROS production. PKl 1195 may therefore require A'Pm 

dependent entry into the mitochondrial matrix in a manner resembling the isoquinoline 

derivative N-methyl 4-phenyl pyridine, which occurs after protonation of 1 methyl 4 

phenyl 1,2,3,6 tetrahydropyridine (MPTP) (Ramsay et a l, 1986). Because PKl 1195 is 

only protonated at acidic pH, it would behave as a hydrophobic molecule, partitioning to 

membranes, including the mitochondria which have a high concentration of cardiolipin. It 

is possible that distribution to the mitochondrial intermembrane space would bring it into 

an acidic environment (where protons are asymmetrically distributed in relation to the 

matrix, generating A'Pm in both p and p' cells). Formation of a protonated species could 

confer a net positive charge allowing electrophoresis across the inner mitochondrial 

membrane. PKl 1195 could then redox cycle via donation of an electron to oxygen to 

generate superoxide, and subsequently membrane hydrogen peroxide. The formation of
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hydrogen peroxide at the inner membrane would be in the range of diffusion of the 

matrix facing critical thiols of the ANT, and therefore could lower the gating voltage of 

the PTPC. Another possibility is flavoenzymes could be involved in redox cycling of 

PKl 1195; these enzymes utilize NAD(P)H as an electron source to reduce ROS 

generating chemotherapeutic drugs such as adriamycin/doxorubicin (Gutierrez, 2000).

I CVP

AYm
E L E C T R O G E N IC  U P T A K E

W l i O X I D A M ' S

Figure 6.7.1 H ypothesis f o r  m itochondrial redox cycling by P K I I  195. T h e  m o le c u le  m a y  p ro to n a ted  

in  th e  in te r m e m b r a n e  sp a c e  a n d  en te r  th e  m ito c h o n d r io n  e le c t r o g e n ic a l ly , w h e r e  it g e n e r a te s  su p e r o x id e  b y  

r e d o x  c y c l in g .

The reported Bcl-2 reversing efficacy of PKl 1195 suggests that this compound 

may possess useful apoptosis sensitising efficacy, with potential application for the 

therapy of apoptosis resistant malignancies (Hirsch et a l, 1998). Further investigations to 

unravel the structure activity relationships should help to clearly delineate the functional 

groups in vivo required for superoxide production and facilitate the design of novel potent 

analogues.

Page 364



CHAPTER 7

CONCLUSIONS AND FUTURE DIRECTIONS

Page 366



Chapter 7: Conclusions

7.1 DEATH ANTAGONIST REDUNDANCY AND CLONAL EVOLUTION

The central tenet underlying the use of chemosensitizing ASOs, which target Bcl- 

2 or B c1-Xl, is that cellular apoptosis threshold is significantly influenced by their 

expression, and thus, downregulation must be associated with an alteration in 

chemosensitivity. A high level of functional redundancy exists in the anti-death Bcl-2 

sub-family (Chao et al., 1997; Hockenbery, 1995). As such, clonal evolution and the 

acquisition of spontaneous overexpression of other anti-death proteins (Kuhl et al., 1997) 

carries the the risk of aquired ASO resistance following long periods of treatment. Doug 

Green’s group have shown that ASO mediated downregulation of the anti-apoptosis 

protein Bcr-Abl, is associated with concurrent upregulation of B c1-Xl (Amarante-Mendes 

et al., 1998). This implicates plasticity of anti-apoptotic gene expression, under 

conditions of cellular stress. Interestingly, in this study, despite the upregulation of bcl- 

Xl, significant apoptosis sensitization was conferred by the Bcr-Abl ASO.

Bcl-2 ASOs have been reported to reduce apoptotic threshold in acute myeloid 

leukaemia cells in the presence of other pro- or anti-death Bcl-2 homologues (Konopleva 

et al., 2000). This supports the hypothesis that cellular apoptosis threhold is a balance 

between pro-apoptotic and anti-apoptotic factors, which include not only Bcl-2 

homologues, but other factors discussed in chapter 1 (see figure 7.1). This complex 

balance may be perturbed by removing a single factor e.g. B c1-Xl, sufficient to sensitize 

cells to a death inducing agonist, as shown in chapter 4. Interestingly, there is yet to be 

reported a study of the effects of long term treatment of Bcl-2 ASO on the co-regulation 

of functionally redundant anti-death homologues, or the acquisition of ASO resistance 

following long term treatment; a phenomenon that should be anticipated as a 

consequence of clonal evolution. However, one study to combat redundancy of Bcl-2 

homologues by Miake et al, demonstrated the additive effects of B c1-Xl and Bcl-2 ASOs 

in combination with taxol in an in vivo tumour model(Miyake et al., 2000). Similarly, 

Zangermeister-Wittke et al, designed a novel bispecific ASO targeting a region of 

homology in both Bcl-2 and B c1-Xl, which exhibited pro-apoptotic activity. A rank order 

of potency was observed for bispecific ASOs containing increasing numbers of
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mismatches, consistent with a sequence specific activity (Zangemeister-Wittke et al,

2000).

Bcl-2 upregulation has been demonstrated following oxidative stress (Longoni et 

a l, 1999; Sandau & Brune, 2000), chemotherapy (Boddie et a l, 1998; Tu et a l, 1996), 

and androgen withdrawl in prostate cancer cells (Cardillo et a l, 1997), consistent with 

dynamic regulation of death antagonist proteins under conditions of cellular stress. This 

demonstrates that acquisition of intrinsic apoptosis resistance may arise from dynamic 

changes in the expression of death antagonist genes, separate from selection arising from 

the loss of sensitive clones and survival of tolerant clones at the population level.

CHEMORESISTANT PHENOTYPE 
A Survival setpoint for the cellular apostat

Bax, Bid, Bad, B ik ....(B H 3  death agonists) 
Loss o f  cell cycle checkpoints 

P ro-apoptotic  oncogene m utations (c-m yc, r a s .. .)  
S usceptib ility  to stress kinase pathw ay activation

DEATH

C hem otherapy
blocked

B cl-2 ,B c l-X L ,M cl-l,A l . ...(B H 4  death an tagon ists)

R edox defence m echanism s 
lA P m utations 

M itochondrial m utations 
S w itch to  glycoly tic m etabo lism

SURVIVAL

Cellular apostat

F igure 7.1 M ultiple fa c to rs  tune the se tpo in t o f  apoptosis th reshold  in the chem oresistan t cell.

The activation of SAPK/Jnk by taxol induced microtubule disruption directly 

inhibits Bcl-2 and BcI-Xl via loop domain phosphorylation as discussed in chapter one. 

This suggests that development of specific activators of JNK/SAPKp such as 

lysophosphatidylcholine (Fang et a l, 1997) could mimick bispecific ASOs, with the 

advantage of producing immediate effects rather than delayed effects that are associated 

with protein downregulation.
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The potential advantage of PKl 1195 as a Bcl-2 resistant chemosensitizer, is that it 

may facilitate apoptosis irrespective of the spectrum of Bcl-2 death antagonist 

expression, via a pro-oxidant effect on the PTPC and destabilization of AYm. The lack of 

toxicity of PKl 1195 observed in vivo (chapter 5), suggests that this agent may have 

clinical utility as a chemosensitizer. Doses have been administered in human subjects up 

to 400mg/day in psychopharmacological experiments continuously for two weeks 

without any evidence of adverse effects (Ansseau et al., 1991). The anthracycline drugs 

doxorubicin/adriamycin, Daunorubicin and epirubicin, mediate their cytotoxicity via 

redox cycling and generation of reactive oxygen species, via the formation of a semi- 

quinone free radical (Handa & Sato, 1977; Sato et al., 1979; Turner et al., 1990), sharing 

a similarity with the pharmacodynamics of PKl 1195 mediated toxicity shown in chapter 

6. However, Bcl-2 efficiently inhibits anthracycline induced MPT (Decaudin et al.,

1997), whereas PKl 1195 can effectively reverse this process (Hirsch et al., 1998).

Anthracyclines exhibit dose limiting cardiotoxicity in vivo, that is associated with 

compartmentalization to the nucleus (Patel et al., 1997), and mitochondria (Cova et al., 

1992), and can mediate cytotoxicity without entering cells (Triton & Yee, 1984; Tritton, 

1992; Tritton et al., 1983). Free radical generation by PKl 1195 was observed within 

mitochondria, and only in the presence of an intact in contrast to anthracycline 

mediated toxicity. Electrogenic transport of redox cycling pro-oxidants such as the 

isoquinoline derivative MPP^ has been reported (Ramsay et al., 1986; Ramsay & Singer, 

1986), and could provide one such mechanism to explain this phenomenon, as discussed 

in chapeter 6. If PKl 1195 only generates H2 O2 within the mitochondrial matrix, the ANT 

would be a target in the range of diffusion of the hydroxyl radical that would be produced 

by the Fenton reaction.

7.2 ISSUES OF THERAPEUTIC INDEX AFFECTING SENSITIZATION

An important issue concerning strategies to reverse chemoresistance, relates to the 

effects of the sensitizer on normal tissues, and the risk of reducing the therapeutic index 

for the cytotoxic agonist to produce non-specific toxicity. As discussed in chapter 1, 

tumorigenesis involves frequent mutations of several oncogenes that confer apoptosis
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sensitivity, such as c-myc (Juin et al., 1999). Chemoresistance is mediated by a second 

level of mutation of genes evolutionarily selected to confer cell survival. Evidence shows 

that malignancies such as tesicular cancer, which are curable despite having metastatic 

behaviour (Masters et al., 1996), exhibit an imbalance in the cellular apostat, in favour of 

cell death (Chresta et al., 1996). This suggests that chemosensitivity rather than 

metastasis, is the major factor underlying curabilty in vivo. As such, strategies to disable 

these processes should expose underlying chemosensitivity which can be targeted by 

conventional cytotoxic agents. PKl 1195 by mediating mitochondrial oxidative stress, can 

promote PTPC opening in the presence of Bcl-2 at non-toxic levels provided the 

apoptotic mechanism has been engaged. Normal cells with intact cell cycle checkpoints 

preferentially respond to therapeutic levels of cytotoxic stimuli by undergoing cell cycle 

arrest rather than apoptosis (Waldman et a l, 1997). Such a process that confers 

protection in normal cells relies on the integrity of those genetic pathways that regulate 

cell growth, and as such are teleologically chosen by evolution as targets during 

carcinogenesis (Stone et al., 1996).

A. NORMAL PHENOTYPE

Cytotoxic Agonist

Apoptosis Arrest

B .  MALIGNANT PHENOTYPE

Cytotoxic Agonist

Mitochondrial
Stabilization

___
Apoptosis Arrest

i
survival

c.
Mitochondrial
Stabilization

Cytotoxic Agonist

Apoptosis Arrest

PKl 1195
Death-antagonist specific ASO
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Figure 7.2.1 H arnessing intrinisic differences betw een norm al an d  m alignant grow th  ce ll f o r  more 

effective therapy via an agon ist+ m odu la tor (2-stage) rationale. A . N o r m a l c e l l s  w ith  in ta c t c e l l  c y c le  

c h e c k p o in ts  e n g a g e  c e l l  c y c le  arrest as a p r o te c t iv e  m e c h a n ism . B . M a lig n a n t  c e l l s  w ith  d e fe c t iv e  

c h e c k p o in ts  a n d  p r o -a p o p to t ic  o n c o g e n e  m u ta t io n s  ( e .g . c -m y c )  e n g a g e  th e  a p o p to t ic  p r o c e s s , w h ic h  is 

b lo c k e d  b y  m ito c h o n d r ia l s ta b iliz a t io n  in  m a lig n a n t  c e lls .  C . N o n - to x ic  a p p r o a c h e s  to  d e s ta b iliz e  

m ito c h o n d r ia  m a y  p e r m it s u c c e s s fu l  e n g a g e m e n t  o f  a p o p to s is  in d u c e d  b y  c y to to x ic  a g o n is t .

It is therefore anticipated that mitochondrial destabilizing therapies such as anti-Bcl- 

2/Bc1-Xl ASOs, or PKl 1195, should produce a greater left shift in the concentration 

response curve for chemoresistant cells compared with normal cells in which cell cycle 

arrest is predominates in vivo (Waldman et al., 1997), as shown in figure 7.2.2.

I.e.

I
<

M+ PK

D D

Agonist Concentration

Figure 7.2.2 H ypothetica l apoptosis to lerance distributions f o r  norm al (N) versus chem oresistant, 

m alignant (M) ce ll popu la tion s trea ted  with a cyto toxic agonist. P r o d o m in a n c e  o f  c e l l  c y c le  arrest in  N  

a c c o u n ts  fo r  th e  r ig h t sh if te d  d istr ib u tio n . D isr u p tio n  o f  m ito c h o n d r ia l s ta b il iz in g  m e c h a n is m s  o f  r e s is ta n c e  

sh o u ld  p r o d u c e  d iffe r e n tia l s e n s it iz a t io n  (M + P K ), r e d u c in g  the e q u ie f fe c t iv e  d o s e  fr o m  D i  to  D 2; th is  

w o u ld  b e  a s s o c ia te d  w ith  lo w e r  a g o n is t  t o x ic ity  in  n o rm a l t is su e s .
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7.3 SUMMARY

The ultimate therapeutic goal of experimental cancer pharmacology is to cure, an 

end that is achievable only in very few diseases, and is commonly thwarted by intrinsic 

apoptosis resistance. It may be envisaged, that with greater understanding of inherent 

differences between the malignant and normal cell phenotype, so a more rational 

approach to drug therapy should emerge, capable of specifically disarming resistance in 

malignant cells. The mitochondrion is now established as the cellular gatekeeper of 

apoptosis and arbiter for resistance in malignancy. As such, the agents investigated in this 

thesis, by targeting mitochondria, are among the first members of a novel and exciting 

class with promise in the fight against cancer.
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