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ABSTRACT 

Drug resistance Iimits the clinical effcacy of many cancer treatment 

modalities. Mutations, as a result of genomic instability within tumours, are 

thought to generate subpopulations of turnour cells which are less responsive to 

cytotoxic agents. This thesis investigates the hypothesis that dnig resistance is 

associated with alterations in the mitochondria of cancer cells and these 

mitochondrial alterations provide a means to restore drug sensitivity in drug- 

resistant cell populations. 

A human ovarian carcinoma model was used to further characterize 

mitochondrial changes associated with cisplatin resistance (Chapter 1). It was 

observed that rnitochondria in a cisplatin-resistant variant, C13*, accumulated 

and retained more of a lipophilic cation, rhodamine 123 (Rh123), compared to its 

parental line, 2008. This extended mitochondrial retention of lipophilic cations 

rendered C 1 3' cells sensitive to another lipophilic cation, dequalinium chloride 

(Deca), compared to 2008 cells. Moreover, combinations of Deca and cisplatin 

induced synergistic cell kill in both cell types. These data suggest that 

disruption of mitochondrial function may sensitize tumour cells, including 

cisplatin-resistant tumour cells, to the cytotoxic effects of cisplatin. 

An association between mitochondrial alterations and resistance to 

another type of cancer therapy was also examined (Chapter 2). Photofrin II- 
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mediated photodynamic therapy (PDT) is thought to destroy tumour œlls, in 

vitro, by disrupting mitochondria. It was observed that a variant resistant to 

Photofrin Il-mediated PDT, RIMA,  contained mitochondria that differed 

structurally and functionally compared to its parental line, RIF-1. This was the 

first report to associate mitochondrial changes with PDT resistance. Similarities 

between R I M A  mitochondria and C l  3' mitochondria at the ultrastructural level, 

suggested that RIF-8A rnay be resistant to cisplatin compared to RIF-1 cells. 

This hypothesis was supported by the observations that RIF-BA cells were 

cross-resistant to cisplatin (Chapter 3). These data indicate that mitochondrial 

characteristics may modulate the sensitivity of tumour cells to certain cytotoxic 

agents. 

Since cisplatin's cytotoxicity is believed to be mediated through its 

interactions with nuclear DNA, the mechanisms through which mitochondria 

influence cisplatin sensitivity, are unclear. Several of the steps involved in the 

repair of cisplatin-DNA lesions require ATP hydrolysis. Therefore, an increase 

in mitochondrial activity may augment the production of ATP, which can then be 

used for DNA repair. A host cell reactivation (HCR) assay indicated that C13' 

cells did not have an enhanced capacity to repair cisplatin-damaged DNA 

compared to either 2008 or RH4 cells suggesting that changes in the 

mitochondrial membrane potential do not influence the repair of cisplatinDNA 

lesions. 
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lndependent observations have implicated the proto-oncogene, c-fos, as 

a potential regulator of mitochondrial activity and/or cisplatin sensitivity. This 

hypothesis was examined in three different model systems (Chapter 5). In both 

instances where there was an overexpression of the c-fos gene there was no 

corresponding increase in rnitochondrial membrane potential. Similarly, in C l  3' 

cells which have an elevated mitochondrial membrane potential compared to 

2008 cells, there was no significant difference in either c-fos mRNA or protein 

levels. Cells that overexpressed c-fos were resistant to cisplatin however, 

reducing ofos expression did not sensitize cells to cisplatin. These data 

suggest that alterations in both mitochondria and c-fos expression may modulate 

cisplatin sensitivity but these two characteristics are not interdependent. 
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INTRODUCTION 

Dmg resistance is a major limitation in improving cancer cure rates. 

Resistance can be categorized as either intrinsic or acquired, both of which 

appear ta result frorn spontaneous mutations in the unstable tumour cell genome 

(12 )  In intrinsic resistance, a majority of the tumour cells are unresponsive to a 

particular chemotherapeutic agent without prior exposure to that agent. In 

contrast, tumours with acquired resistance initially respond to chemotherapy, 

however, a small number of tumour cells are resistant to the chemotherapeutic 

agent. Eventually, these tumour cells replicate, generating a tumour 

predominantly composed of the drug-resistant phenotype. Therefore, re- 

exposure of the tumour to the initial chemotherapeutic agent proves ineffective 

(1 -3). 

In addition to spontaneous mutations, chemotherapeutic agents 

themselves may contribute to the generation of drug-resistant tumours. Many 

chemotherapeutic agents, including platinum-based agents, alkylating agents 

and anthracyclines, can generate DNA mutations. DNA damaging agents 

interfere with DNA transcription, synthesis, or repair, therefore, in addition to 

being cytotoxic these agents prornote further DNA mutation (1). Appearance of 

drug-resistant tumoun is particularly common following treatrnent with the 

platinum-based chemotherapeutic agent, cisdiamminedichloroplatinum(ll) 

(cisplatin) and thus, cisplatin resistance has been extensively investigated (4). 



Cisplatin is considered one of the most effective antitumour agents for a large 

number of solid turnours but its effediveness is limited by the frequent emergenœ of 

drug-resistant turnours (44). In ovarian cancer patients treated with cisplatin, 

occurrence of cisplatin-resistant turnours can approach 60% (6). The importance of 

even a slight alteration in sensitivity to cisplatin was demonstrated in ovarian cancer 

patients receiving cisplatin-based therapy. This study showed a significant 

correlation behnreen cisplatin dose-intensity and survival in ovarian cancer patients 

(7). However, as with most chemotherapeutic agents, cisplatin's dose intensity is 

limited by organ toxicity including nephrotoxicity (which is now reduced by 

chloruresislhydration therapy), myelosuppression, ototoxicity, neurotoxicity, and 

gastrointestinal toxicity (8-11). Thus, even slight alterations in a tumour's 

responsiveness to cisplatin can affect the outcome of the treatment. Therefore, 

sensitizing either the original tumour or cisplatin-resistant populations to 

cisplatin, should provide a more favorable outcome for the patient. 

In attempt to understand the mechanism(s) through which tumour cells 

become resistant to cytotoxic agents, drug-resistant variants have been 

generated and characterized. These variants are generated by exposing tumour 

cells to a concentration of drug that results in approximately 1 % survival, 

followed by re-growth of surviving colonies. Following several selection cycles, 

variants possessing various magnitudes of relatively stable drug resistance can 

be obtained. Variants which have acquired resistance to a particular drug can 

serve two purposes (i) they can provide information on a drug's mechanism of 



action. It is assumed that the mechanism through which the variant employs to 

become resistant will provide insight into the critical intracellular target(s) of that 

particular drug and (ii) these variants serve as models for investigating 

strategies for overwming drug resistance. It is conceivable that identification of 

mechanisms involved in cisplatin resistance may provide strategies to restore 

tumour cell drug sensitivity. 

cis-diamminedichloroplaanum(ll) (Cisplaün) 

Cisplatin was discovered serendipitously by Rosenberg et al. (1 2) white 

investigating the effect of eledrical current on bacterial growth. It was observed that 

a product of the platinum electrodes (eventually identified as cisplatin), rather than 

electrical current, inhibited bacterial ce11 division. Subsequently, cisplatin has been 

shown to be effective against a wide range of turnours. The ability of cisplatin to 

interact with intracellular targets is augmented in the presenœ of low chloride 

concentrations where hydrolysis of chloride from the parent dnig is favoured, 

generating aquated, more active foms of the drug (1 3-1 5). 



Figure 1. Cisplatin in its parental form and aquated species. This figure was 

adapted from (16). 

In environments such as blood and plasma where chloride concentrations 

are in excess of 100 mM, the less active, parental fom of the drug is relatively stable 

(4). Once inside a ceIl, low intracellular chloride concentrations (approximately 20 

mM in epithelia cells) promotes the loss of chloride ions and the generation of 

active, aquated species of the drug (15,17). Active foms of cisplatin can interad 

with DNA (fonning intrastrand adduds and intentrand cross-links), RNA, proteins 

and thiol containing compounds. Fractionation studies have demonstrated in kidney 

tissue that cisplatin is distributed in the following organelles from highest to lowest 

concentration (per mg protein); mitochondria > cytoplasm > nuclei > microsorne 

(18,19) whereas in a human squamous carcinoma cell line, the distribution of 

cisplatin in organelles was nuclei > cytoplasm > mitochondria > lysosomes (20). 



Cisplatin preferentially binds to the N7 position of purines to fomi a number of 

monofundional and bifundional DNA adduds (4). The relative abundence of 

usplatin-DNA adducts are approximately 40975% d(GpG)Pt, 10-2096 d(GpNpG)Pt, 

1 525% d(ApG)Pt while monoadduds, DNAprotein cross-links, and interstrand 

crosslinks comprise less than 5% of the total cisplaün-DNA adduds (21-24). 

Although only about 1 % of total intraœIlular cisplatin eventually interacts with DNA it 

is believed that cisplatin-induced DNA lesions are primarily responsible for 

cytotoxicity (25). Cisplatin-DNA lesions are capable of interfenng with synthesis, 

replication, unwinding, transcription and possibly repair of DNA (4,17). 

MONOFUNCTlONAL INTRASTRAND 

GlutathIono Protoln 

Figure 2. Different DNA lesions induced by cisplatin. This figure was adapted from 

(26). 



Acquired Resistance to Cisplaün 

Cisplatin resistance has been examined pfimarily in Mtro, through the 

selection of variants resistant to cisplatin mmpared to their parental line. Seledion 

procedures used to generate cisplatin-resistant vanants in vitro, have been shown to 

induce multiple changes that mntribute to cisplatin resistance including: altered drug 

transport, increased metallothionein or glutathione levels, and altered DNA adduct 

formation andor repair (1 3,17,26-31). Changes in mitochondria and increased 

proto-ncogene expression have also been associated with cisplatin resistance and 

these charaderistics will be discussed in detail in Chapter 1 and Chapter 5, 

respectively. However, the classical P-glywprotein-mediated MDR does not appear 

to play a role in cisplatin resistance (32-34). 

In vitro, cisplatin resistance is often associated with decreased 

intracellular cisplatin concentrations which may be a result of either decreased 

accumulation or increased efflux of the drug (20,25,30,32,35-44). Decreased 

cisplatin accumulation has also been reported in cisplatin-resistant tumours in 

vivo (45-48). Proposed mechanisms responsible for regulating cisplatin 

accumulation include, altered plasma membrane phospholipid composition (49), 

expression of plasma membrane protein pump(s) for cisplatin which are distinct 

from P-glycoprotein (50,51) and altered Na'IK' ATPase activity (50,52,53). 

However, not al1 studies have observed an association between cisplatin 

resistance and an accumulation defect. In addition, the magnitude of the 

accumulation defects do not appear to reflect the magnitude of the cisplatin 



resistance (37,42,45,46,5446). Variations in ceIl type and selection procedure 

employed to generate the cisplatin-resistant variants probably contribute to the 

contrasting observations. Moreover, understanding the mechanism(s) involved 

in decreased cisplatin accumulation is difficult since the mechanism through 

which cisplatin enters a cell has not been cornpletely elucidated; both passive 

diffusion and active transport have been reported (1 7,43,52,67,68). 

Another reported mechanism involved in cisplatin resistance is an 

elevation in scavenging molecules such as glutathione (GSH) and 

metallothionein (MT). Glutathione can reach concentrations of 10 mM within 

cells thus making it the most abundant intracellular thiol-containing molecule. 

Formation of cisplatin-glutathione complexes occurs in a 1 :2 ratio via interaction 

of cisplatin with sulfur groups in GSH (69). In addition to sequestering cisplatin, 

GSH has been shown to bind to rnonofunctional cisplatin-DNA adducts and 

prevent their progression to bifunctional adducts (70,71). This prevention of 

bifunctional adduct formation may be important since monofunctional adducts 

are more readily repaired than bifunctional adducts (26). Although elevated 

levels of GSH have been found in cisplatin-resistant cells (72-74), the lack of 

association in other cisplatin-resistant variants (38,41,42,59,75,76), the relative1 y 

siow formation of cisplatin-GSH complexes (77) and inconsistent results with 

GSH depleting agents (20,78-80) have raised questions as to the importance of 

elevated levels of GSH in cisplatin resistance. 



GlutathioneS transferases (GSTs) are a family of enzymes capable of 

augmenting the rate of glutathione-cisplatin conjugation that have also been 

implicated in cisplatin resistance (81 ). However, correlations between elevated 

GST levels and cisplatin resistance suffer the same inwnsistencies as the 

association between GSH levels and cisplatin resistance (20,35,59,73-75,81- 

93). 

MTs are a family of inducible proteins involved in heavy metal regulation 

such as controlling free intracellular zinc, wpper and cadmium concentrations 

(55,94,95). Like GSH, MT contains thiol groups that can interact with cisplatin 

(96,97). Each MT protein is capable of sequestering approximately 10 cisplatin 

molecules and thus represents a potential regulator of free intracellular cisplatin 

(98). While transfection of cells with MT has been shown to induce cisplatin 

resistance (99) and cells lacking MT are hypersensitive to cisplatin (94), an 

association between elevated MT expression and cisplatin resistance has been 

demonstrated in some studies (20,55,59,76,94,99-103) but not in others 

(42,48,74,88,104-108). Furthermore, tumour biopsies or cell lines from patients 

with ovarian cancer showed neither a correlation between MT levels and 

response to cisplatin nor did MT levels change following cisplatin-based therapy 

(1 05,109). 

Since cisplatin-DNA lesions are thought to be responsible for cisplatin's 

cytotoxicity, enhanced repair of these lesions represents a potential mechanism 

through which cells can becorne resistant to cisplatin. It has been observed that 



cells from human repair deficiency syndromes (i.e. Xerodena pigmentosum and 

Cokayne's syndrome) and repair-deficient rodent cells, are hypersensitive to 

cisplatin (1 10-1 14). In addition, inhibitors of DNA repair such as aphidicolin and 

cytarabine (ara-C) c m  potentiate cisplatin toxicity in tumour cells (1 15-120). 

These results suggest that repair of cisplatin-damaged DNA is an important 

determinant of cisplatin sensitivity. In fact, enhanced repair of cisplatin-DNA 

lesions has been demonstrated in several cell culture systems for cisplatin 

intrastrand adducts (25,115,116,121 -1 25) and cisplatin interstrand crosslinks 

(37,126,127). However, increased repair in cisplatin-resistant variants cannot 

always be shown (56,57,59,61 ô3,66,106,107,128-132). Variability of turnour 

type, cisplatin dose, and type of lesion investigated has contributed to the 

inconsistent findings. Moreover, preferential repair of DNA damage from 

actively transcribed genes has been described (2 1,133-1 36). Actively 

transcribed genes represent < 1% of the total genome and thus studies which 

examine total genomic repair are incapable of detecting repair differences in 

actively transcribed genes (134). The few studies that have examined repair of 

cisplatin lesions in actively transcribed genes suggest that enhanced repair of 

cisplatin lesions in certain genes is associated with cisplatin resistance yet 

inconsistencies between these studies exist (37,126,127). Therefore, it appears 

that enhanced repair of cisplatin lesions may occur in some cell types resistant 

to cisplatin but further studies are required to assess the relative importance of 



gene-specific versus total genomic repair as well as the relative contribution of 

the various lesions to cisplatin's cytotoxicity. 

Another form of enhanced DNA repair associated with cisplatin resistance 

is the ability to tolerate unrepaired DNA lesions (63,l27,lW,l38). It has k e n  

observed that in some cisplatin resistant cells, DNA transcription andlor synthesis 

mn ocair even in the presence of cisplatin-DNA lesions airough a process termed, 

replicative bypass. In these cells, it is generally accepted that repair ocairs 

following DNA replication but prior to rnitosis (139-141). A number of mechanisms 

through which tolerance of cisplatin-DNA damage have been proposed (17). It has 

been suggested that DNA lesions are repaired from adively transcribed genes 

neœssary for cell survival while DNA lesions in non-transcribed regions in the 

genome are tolerated. Enhanced post-replication repair in cisplatin-resistant 

variants has also been hypothesized (1 7). 

Although cisplatin resistance has primarily been investigated in vitro, in vivo 

resistant tumours have also been examined. Similar inconsistencies are found in 

vivo as those found in vitro. While accumulation defects (46,48), elevated GSH 

levels (142,143), elevated GST levels (89,144), increased DNA repair (46) and 

elevated proto-oncogene expression (145) have been observed in models of 

cisplatin resistance in vivo, poor correlations between GSH levels (48,146), GST 

levels (1 43, I N ) ,  MT levels (48,104,l Os), and DNA repair (1 42) have also been 

observed. In addition, some tumours resistant to cisplatin in vivo lost their resistance 



in vitru unless they were grown as spheroids suggesting that tumour 

strudure/architecture may also regulate dnig sensitivity (47,148). 

Investigations of cisplatin-resistant mechanisms are summarized in Table 

1. This table illustrates the multifactorial nature of cisplatin resistance even 

within similar tumour types. It also demonstrates that depending on the tumour 

type and the protocol used to generate cisplatin-resistant variants, different 

mechanisms contribute to cisplatin resistance. The lack of a consistent 

mechanism through which cisplatin resistance is dependent upon has hindered 

the development of therapeutic interventions for cisplatin-resistant tumours. 



Table 1. Cisplatin Resistance Mechanisms. 

Resistance Mechanism 
Decreased accumulation 

No correlation between 
accumulation and 
sensitivity 

fncreased GSH or GST 
levels 

No correlation between 
GSH or GST levels and 
sensitivity 

lncrëased MT levels 

No correlation between 
MT levels and sensitivity 

Cell Type 
human ovarian carcinorna 
human lung cancer 
human head and neck cancer 
various human cancer 
murine leukemia 
murine fibroblasts 
human ovanan carcinoma 
human cervical carcinoma 
human lung cancer 
human bladder cancer 
human colon carcinoma 
human embryonal carcinoma 
human mammary epithelia 
murine irnmunocytoma 
human ovanan carcinoma 
human melanoma 
human lung cancer 
human head and neck cancer 
human bladder cancer 
human embryonal carcinoma 
vanous human tumours 
murine leukemia 
rat lymphoma 
Chinese hamster ovary 
human ovarian carcinoma 
human cervical carcinoma 
human lung cancer 
human prostate cancer 
human breast cancer 
human colon carcinorna 
various human tumours 
murine leukemia 
rnurine fibroblasts 
human ovarian carcinoma 
human small cell lung cancer 
human testicular cancer 
human head and neck cancer 
human epithelia 
murine embryonic fibroblasts 
murine bladder tumour 
murine fibroblasts 
various human & murine cells 
human ovanan carcinoma 
human lung cancer 
vanous human turnours 
murine fibroblasts 
murine leukemia 
porcine kidney epithelia 



Reference 
(25,37,87,115,116,123,126,127) 

Resistance Mechanism 
lncreased DNA repair 

No correlation between 
DNA repair and 
sensitivity 

1 human colon carcinoma 1 (1 57) 

Cell Type 
human ovarian carcinoma 

Changes in mitochondria 
Overexpression of c-fos 

human cervical carcinoma 
human rnamrnary epithelia 
murine leukemia 
human ovarian carcinoma 
hurnan lung cancer 
human bladder cancer 
human colon carcinoma 
various human tuniours 
mutine immunocytoma 

(58,122) 
(65) 
(1 24) 

(56,57,63,129-131) 
(59.1 06,132) 

(61.62) 
(63) 
(1 07) 
(66) 

human ovarian carcinoma 
human ovarian carcinoma 

- - 

(1 52,153) 
(1 54-1 56) 



Treatment of CisplatinResistant Tumours 

Little progress has been made in treating cisplatin-resistant tumours in vivo. 

Reduction of tumour glutathione levels using glutathione depleting agents appears 

limited since this treatment also resulted in inueased nephrotoxicity (149,158). 

Currently, therapy aimed at reducing MT levels in tumours is not possible but 

induction of MT in normal tissues to reduce ùsplatin's side effects has shown some 

promise (1 03,159). Inhibition of DNA repair by aphidicolin may prove ineffective 

since it remains unclear whether aphidicolin can inhibit repair in proliferating cells 

(74,115,117,125,149,160,161 ) and an in vivo trial did not show encouraging results 

(14). However, inhibition of DNA repair using cytarabine and hydroxyurea have 

provided bettw results (1 62,163). 

Limited success in treating cisplatin-resistant tumours has lead ourselves and 

other investigators to examine altemate strategies. Several additional cisplatin 

resistance mechanisms have more recently been proposed including, altered 

signal transduction pathways, changes in mitochondria, and cytoskeletal 

modifications {reviewed in (1 7)). Changes in mitochondria associated with 

cisplatin resistance, particularly an increase in mitochondrial membrane 

potential, has been a focus of our laboratory. Mitochondria are the primary 

source of energy in most cells (164) and a class of agents, termed lipophilic 

cations, are capable of selectively disrupting mitochondria with elevated 

membrane potentials (1 65-168). Therefore, we propose that inhibition of 



mitochondrial function may represent a strategy for treating cisplatin-resistant 

tumours. 

Mitochondria: Structure and Function 

Mitochondria wntain an outer and an inner membrane which are 

separated by an interrnembrane space. The inner mitochondrial membrane 

encompasses the matrix and contains the components of the electron transport 

chain. Five major complexes comprise the electron transport chain; 

NADHiubiquinone oxidoreductase (complex I ) ,  succinateiubiquinone 

oxidoreductase (complex II), ubiquinoliferricytochrome c oxidoreductase 

(complex III), ferrocytochrome doxygen oxidoreductase (complex IV), and 

FoFIATPase or ATP synthase (complex V) (169). Of the approximately 60 

polypeptide wmponents of the electron transport chain, 13 have been shown to 

be encoded by mitochondrial DNA (mtDNA) and synthesized within rnitochondria 

(170). The remaining polypetides are encoded by nuclear DNA and must be 

imported into mitochondria (1 69). A certain amount of communication must exist 

between the nucleus and mitochondria to coordinate the synthesis of electron 

transport chain components but these signals remain unresolved (1 71 ). 
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Figure 3. Schematic representation of a mitochondrion. This figure was adapted 

from (1 72). 

Electrons are donated to Vie electron transport chain primarily from NADH 

and FADH2, generated by the citric acid cycle (also known as tricarboxylic acid 

cycle or Krebs cycle) in the rnitochondrial matrix. The citric acid cycle generates 

NADH, FADH*, and COz from acetyl CoA. NADH and FADHz transiently hold 

electrons and quickly pass these electrons to the electron transport chain 

enzymes. These electrons are then passed from one wmponent to the next, 

releasing energy which is used to pump hydrogen ions across the inner 

mitochondrial membrane at three of the complexes; 1, III, and IV (173-175). 



Since the inner mitochondrial membrane is relatively impermeable to hydrogen 

ions, a hydrogen ion (H') concentration gradient is generated across the inner 

mitochondrial membrane with a low H* concentration in the mitochondrial matrix 

compared to the intermembrane space. This concentration gradient produces 

two components; a membrane potential, since hydrogen ions are positively 

charged and a pH gradient. since hydrogen ions also determine acidity (165). 

Together, the membrane potential and pH gradient are called the 

electrochemical gradient. 

The electrochemical gradient, is utilized to drive the synthesis of ATP. As 

hydrogen ions pass through the FoF,ATPase, down their concentration gradient, 

ATP is synthesized from ADP and Pi (1 76-1 78). The electrochemical gradient is 

also essential to other cellular processes in addition to ATP synthesis. 

Transport of metabolites and ions as well as protein import and synthesis are 

dependent on an electrochemical gradient (1 79-1 84). 

Changes in Mitochondrial Structure and Membrane Potential 

The magnitude of the mitochondrial membrane potential differs depending 

on the cell type. The mitochondrial membrane potential in tissues, from highest 

to lowest, is as follows; cardiac muscle cells > skeletal muscle cells > smooth 

muscle cells > macrophages > hepatocytes > fibroblasts > resting neuronal cells 

> glial cells > keratinocytes > bladder epithelial cells and resting T and B 

lymphocytes (166,l85,186). In addition to the magnitude of the mitochondrial 



membrane potential being cell typedependent, the relative contributions of a 

membrane potential and a pH gradient to the overall electrochemical gradient 

are cell type-specific. Significance of the cell-specific characteristics of 

mitochondria are poorly understood (1 65). 

The mitochondrial structure and membrane potential also appears to Vary 

depending on the state of an individual cell. Hackenbrock et al. (187,188) have 

observed that elevated rates of oxidative phosphorylation are associated with an 

increased electron density of the mitochondrial matrix and inner mitochondrial 

membrane. These electron-dense mitochondria are representative of 

mitochondria in a condensed form while less active, less electron-dense 

mitochondria are considered to be in an orthodox form. Ultrastructural changes 

in the mitochondria can occur within seconds following a stimulus of 

mitochondrial respiration and are reversible (1 88). 

Several investigators have shown that the mitochondrial membrane 

potential is altered in exponentially growing cellç compared to cells in a 

stationary growth phase (189), during different phases of the cell cycle (190- 

195), in cells induced to differentiate (166,189,195,196) and during cell 

migration (197). It has been proposed that the mitochondrial membrane 

potential is increased to augment ATP synthesis which is required to meet the 

energy demands of the cell (1 97). 



Mitochondtia and Cell Transformation 

Changes in mitochondria including coupling of oxidative phosphorylation 

with glycolysis, altered calcium homeostasis, and the production of teactive 

oxygen species, have been associated with cell transformation (1 64,198203). 

Interestingly, al1 of these charaderistics can be associated with the actions of 

the electron transport chain. The cuupling of oxidative phosphorylation and 

glycolysis has been investigated primarily in a rat hepatoma cell line. In this cell 

line, it has been observed that a high glycolytic rate is associated with a change 

in subcellular location of the hexokinase enzyme (204,205). Hexokinase is the 

initial enzyme in the glycolytic pathway where it converts glucose to glucose-6- 

phosphate, a process dependent on ATP hydrolysis. Norrnally this enzyme is 

located in the cytoplasm but in the rat hepatoma cell line, hexokinase is 

associated with the outer rnitochondrial membrane. Altered localization of 

hexokinase is dependent on a N-terminal hydrophobic tail (206). This 

association between hexokinase and mitochondria provides hexokinase with 

preferential access ta mitochondrial produced ATP and thus enhances the 

glycolytic capacity of a cell (204-206). 

Mitochondria are also capable of accurnulating calcium and thus regulate 

intracellular calcium concentrations. Calcium uptake is dependent on the 

mitochondrial membrane potential and the intramitochondrial concentration of 

inorganic phosphate (207-209). Since the electrochemical gradient is used to 

power the exchange of ATP for ADP and Pi, the loss of the membrane potential 



could limit intramitochondrial inorganic phosphate levels and thus the capacity to 

sequester calcium (21 0). Regulation of cytosolic calcium by mitochondria, under 

nomial conditions, is probably minor since the affinity for calcium and its uptake 

rate are significantly greater in other organelles such as the endoplasmic and 

sarcoplasmic reticulurn (209). Under stressful conditions, where cytoplasmic 

calcium levels are increased due to an influx of calcium across the plasma 

membrane, mitochondria have the capacity to sequester large amounts of 

calcium, in bound and precipitated forms, with little effect on their function 

(21 1,212). Since intracellular calcium levels are important determinants of 

calcium-mediated signal transduction and possibly activation of endonucleases 

involved in programmed cell death, the magnitude of the mitochondrial 

membrane potentiai may influence these processes (200). In addition, three 

mitochondrial dehydrogenases, pyruvate dehydrogenase, NAD-dependent 

isocitric dehydrogenase and oxoglutarate dehydrogenase are regulated by 

matrix calcium content (207,209,213,214). These three dehydrogenases are 

important in the TCA cycle and may affect the production of substrates (NADH or 

FADH2) available to the electron transport chain. Activation of these 

dehydrogenases by calcium may augment rates of electron transport and 

possibly ATP production (2 1 5,2 1 6). 

Oxidative phosphorylation consumes most of the body's oxygen and is the 

primary generator of reactive oxygen species (ROS) (217). In normal cells, 

mitochondria contain their own complement of superoxide dismutase and 



glutathione that are capable of scavenging most of the ROS produced (21 8,219)- 

In tumour cells, elevated activity of the electron transport chah may overwhelm 

these defense mechanisms, resulting in cellular damage such as lipid 

peroxidation as well as damage to nuclear DNA and mtDNA. Since genes for 

the electron transport chain are encoded by both the nuclear and mitochondrial 

genome, damage to either of these pools of genetic information may result in 

irnpaired electron transport. ROS production can be augmented by impaired 

electron transport through destabilization of reduced intermediates during 

electron transport. Destabilization may permit attack by oxygen or electrophiles 

further generating reactive oxygen intermediates. ROSS have been implicated 

in intracellular signaling and calcium release from mitochondria (21 1 ). 

A number of studies have shown that tumour cells accumulate and retain 

more lipophilic cations than normal cells thus suggesting that tumour cells have 

an elevated mitochondrial membrane potential relative to normal cells. Since 

cells elevate their mitochondrial membrane potential during periods of activity 

such as during cell migration and proliferation (189,197) it is not surprising that 

tumour cells maintain an elevated mitochondrial membrane potential since they 

are often characterized by increased rates of proliferation and migration (165). 

A study of over 200 cell linesltypes indicated that tumour cells, including tumours 

derived from kidney, ovary, pancreas, lung, adrenal cortex, skin, breast, 

prostate, cervix, vulva, colon, liver, testis, esophagus, trachea, and tongue had 

elevated mitochondrial membrane potentialslRhl23 accumulation compared to 



cells from normal tissue (166,167). The magnitude of difference has been 

estimated to be at least 60 mV (220,221). This increase in rnitochondrial 

membrane potential is not obsewed in cells from Ieukemias, lymphornas, 

neuroblastomas or osteosarcornas (1 66,185). 

Mitochondria and Dnig Resistance 

In addition to their involvement in cell transformation, mitochondria rnay 

also regulate dmg sensitivity. Mitochondrial alterations have recently been 

associated with cisplatin resistance. Variants which acquired cisplatin 

resistance, possessed an approximate 2-fold elevation in their mitochondrial 

membrane potential compared to their parental line (152). Selection of 

revertants of the cisplatin-resistant variant that had lower mitochondrial 

membrane potentials restored cisplatin sensitivity (153). These revertants were 

similar to the cisplatin-resistant variant with respect to glutathione levels, 

metallothionein levels and platinum accumulation suggesting that it was the 

reduction in mitochondrial membrane potential that restored cisplatin sensitivity. 

Furtherrnore, it has been shown that elirnination of mtDNA from cisplatin- 

resistant cells, and thus functional mitochondria, restores cisplatin sensitivity 

(222). 

Mitochondrial alterations associated with cisplatin resistance, in some cell 

variants, suggests that (i) cisplatin sensitivity may partially depend on the 

mitochondrial characteristics of a cell and/or (ii) cisplatin is capable of effecting 



mitochondria. These proposals are consistent with the inhibitory effects cisplatin 

has on renal function (10,223). It was observed that cisplatin induced 

mitochondrial swelling in the kidney proximal tubules in mice. The mitochondrial 

swelling was associated with a decrease in Rh123 accumulation, oxygen 

consumption and cyctochrome c oxidase protein level suggesting that the 

mitochondrial function was affected by cisplatin (224). Nephrotoxicity was thus 

impl icated to result from disruption of mitochondrial function. 

Cisplatin has also been show  to bind rntDNA and the number of cisplatin 

lesions may be greater in mtDNA than in nuclear DNA (225-227). Mitochondrial 

DNA is more susceptible to DNA-damaging agents than nuclear DNA because 

mtDNA (i) lacks protective histone and non-histone proteins (228), (ii) has only 

one origin of replication (201), and (iii) is attached to the inner mitochondrial 

membrane putting it in close proximity to the components that generate ROS and 

metabolize certain compounds (229-231 ). Moreover, cisplatin-induced lesions in 

mtDNA may not be repaired (227). Mitochondria contain several repair enzymes, 

uracil DNA glycosylase, AP endonuclease and mtDNA polymerase y that are 

encoded in the nucleus and transported into mitochondria (232,233) but it has been 

reported that mitochondria cannot repair cisplatin intrastrand adducts or UV 

pyrimidine dimers (234). Therefore, it is possible that cisplatin lesions on nuclear 

DNA andlor mtDNA effects transcription of, or induces mutations in, the genes 

which encode the electron transport chain components. Altered electron 

transport chain function rnay, in turn, induce changes in calcium homeostasis, 



production of ROS, coupling of oxidative phosphorylation and glycolysis or ATP 

production as previously described. Damage to mtDNA and the effeds on 

mitochondrial function have been examined in a recent review published in 

Pharmacology and Therapeufics (1 70) from our laboratory. 

This thesis is concerned with the further characterization of mitochondrial 

alterations associated with resistance to certain cancer treatments (Chapters 1, 

2, and 3). An observed increase in accumulation and retention of lipophilic 

cations in cisplatin-resistant tumour cells prompted us to examine the efficacy of 

lipophilic cations either alone or in combination with cisplatin (Chapter 1 ). In an 

attempt to describe a mechanism through which mitochondrial alterations would 

render cells resistant to cisplatin, DNA repair was examined in cells varying in 

their mitochondrial characteristics (Chapter 4). In addition, a potential regulator 

of rnitochondrial membrane potential, narnely ofos was examined (Chapter 5). 

Data suggested that both c-fos overexpression and elevations in mitochondrial 

membrane potential were associated with cisplatin resistance but the two 

characteristics were not interdependent. Therefore, cisplatin-resistant cells 

containing an elevated mitochondrial membrane potential are not more efficient 

at repairing cisplatin intrastrand adducts and the elevation in mitochondrial 

membrane potential is not associated with and overexpression of c-fos. 

However, these cells can be effectively treated with agents that disrupt 

mitochondrial function such as Iipophilic cations. 



Chapter 1 Mitochondrial alterations associated with cisplatin resistance 

can be targeted with lipophilic cations. 

Exploitation of the mitochondrial membrane potential was initially used to 

localize mitochondria within living cells. Johnson et al. (235) showed that the 

lipophilic cation, Rh1 23, could accumulate in, and stain mitochondria in living 

cells. Subsequent studies demonstrated that lipophilic cations, such as Rh1 23, 

possess two properties that make them ideal for examining mitochondria; they 

are lipophilic which enables passive movement across the hydrophobic 

membranes of mitochondria and they are positively charged and thus 

accumulate in rnitochondria in response to the negative charge inside 

mitochondria (220,221,236,237). The most commonly used lipophilic cation, 

Rh1 23, possesses one additional property, it is fluorescent, thereby permitting 

the detection of mitochondria with confocal microscopy, fluorescent microscopy 

or flow cytometry. Rh123 also had the distinction of being the least toxic of the 

lipophilic cations tested (1 65). 

Another lipophilic cation commonly used to measure mitochondrial 

membrane potential is [ 3 ~ ] ~ ~ ~ + .  This compound has also been used to show 

that tumour cell mitochondria accumulate more lipophilic cations than normal 

cells and retain lipophilic cations for extended periods of time compared to 

normal cells (220,238). Both of these characteristics have been suggested to 

refiect an increase in mitochondrial membrane potential in tumour cells 



compared to normal cells. Accumulation of lipophilic cations in response to the 

rnitochondrial membrane potential can be explained mathematically by the 

Nernst equation (239-241). This equation can be used to measure the 

magnitude of the mitochondrial membrane potential or predict the amount of 

lipophilic cation accumulation for a given membrane potential. 

Measurement of a mitochondrial membrane potential within living cells is 

cornplicated by the presence of a plasma membrane potential which is 

generated by the plasma membrane Na'/K'-A~~ase. It has been demonstrated 

that the plasma membrane potential can be dissipated by inhibiting the Na41f- 

ATPase or by incubating cells in media containing 137 mM KCI (220). Similarly, 

the mitochondrial membrane potential can be dissipated by azide plus 

oligomycin, valinomycin or carbonyl cyanide p-trifluorornethoxyphenylhydrazone 

(FCCP) (165,220,237,242,243). Thus, Rh123 accumulation in response to 

either the plasma or mitochondrial membrane potential can be measured. 

Similar properties that permit mitochondrial accumulation of Rh1 23, at low 

doses, contribute to Rh123's cytotoxic effects at high doses. At high doses, 

accumulation of the positively charged Rh123 reduces the inside negative 

charge within mitochondria and thus dissipates the mitochondrial membrane 

potential (165,244). Since the mitochondrial membrane potential is one of the 

cornponents that drives ATP synthesis, Rh123 accumulation can inhibit ATP 

synthesized via oxidative phosphorylation (1 90,244,245). It has been shown 

that following Rh1 23 administration, glycolysis increased within cells prior to cell 



death, presumably in an attempt to compensate for reduced capacity of 

mitochondria to synthesize ATP (246). In addition to its ability to inhibit oxidative 

phosphorylation, Rh1 23 has also been observed to effed mitochondrial protein 

synthesis (184), protein transport into mitochondria (247,248), protein kinase C 

activity (249), and calrnodulin activity (250). Therefore, Rh123 may directly 

effect mitochondria or mitochondria may serve as a dnig reservoir to accumulate 

and slowly release Rh123. Once released, Rh123 can interact with other 

intracellular targets. 

Rh123's use as an antitumour agent was based on its selective 

accumulation and retention in tumour cells compared to normal cells (166). 

Lampidis et al. (167) observed that human MCF-7 breast cancer cells and 

human CRL pancreatic carcinoma cells were more sensitive to Rh123 than 

normal African green monkey kidney epithelia (CV-1) cells or normal marsupial 

kidney epithelial (PtK-1) cells. Animal epithelial cells were used since no 

"normal" human epithelial cell line was available at the time (1 68). Furthermore, 

this study suggested that Rh123 inhibited tumour cell growth by inhibiting 

oxidative phosphorylation. In MCF-7 cells, it was observed that the combination 

of Rh1 23 and 2-deoxyglucosel an inhibitor of glywlysis, resulted in 100 % 

tumour cell kill. This observation is consistent with the idea the Rh123 inhibits 

mitochondrial ATP production and combinations of Rh123 with an inhibitor of 

glycolytic ATP production, reduces the ATP levels below that which are 

necessary for cell survival. Subsequent studies have confirmed that a number of 



tumour cells have greater accumulation and retention of lipophilic cations 

compared to normal cells in vitro (220,238,251) and that this enhanced 

accumulation and retention resulted in increased sensitivity to lipophilic cations 

(238,252). Rh1 23's antitumour activity has also been demonstrated in vivo (253- 

255). In mice bearing either Ehrlich ascites tumour cells or MB49 bladder 

carcinoma cells, treatment with Rh123 prolonged survival by 260% and 180%. 

respectively. 

However, high Rh123 concentrations are required to kill turnour cells, and 

thus another lipophilic cation, dequalinium chloride (Deca), has been examined 

as an antitumour agent. Like Rh123, Deca accumulates in mitochondria (168) 

where it can inhibit oxidative phosphorylation (165,244). Deca is unique from 

Rh123 in that it has been used as an over-the-counter antimicrobial agent in 

topical ointments, throat lozenges and mouthwashes, for the past 30 years 

(168). Furthermore, Deca is a divalent cation and thus more potent than the 

monovalent, Rh123 (168). In addition to its effects on mitochondria, Deca has 

also been observed to intercalate into DNA (256), and inhibit the activities of 

calmodulin and protein kinase C (250,257-259). 

Deca was shown to be 125-fold more toxic to the human breast carcinoma 

cell line, MCF-7, compared to normal epithelial (CV-1) cells as determined at an 

lCm by a colony forming assay following a 3 hour treatment (168). It is 

interesting to note that continuous exposure of cells to Deca reduced its 

selectivity for MCF-7 cells to approximately 3-fold. These results suggest that 



Deca's selectivity for tumour cells may be a consequence of increased retention 

of the lipophilic cation. After a 3 hour Deca exposure, cells are grown in dnig- 

free media and thus if Deca is not retained by the cells most of it will diffuse out 

of cells into the surrounding media. In contrast, with continuous Deca exposure, 

retention is not as important since diffusion of Deca out of the cell is less 

probable since the media still contains high concentrations of Deca. 

Growth, migration and invasion of melanorna cells, in vitro, have also 

been observed to be inhibited by Deca and inhibition of these cellular processes 

were association with changes in mitochondrial ultrastructure (260). ln vivo 

Deca has been shown to possess antitumour activity against MB49, a mouse 

bladder carcinoma and CX-1, a human colon carcinoma cell line (168). In this 

study, Deca prolonged mouse survival by 190 1 which was greater than several 

other therapeutic agents examined which included cisplatin, methotrexate, and 

5-fiuorouracil. 

Although effective on their own, lipophilic cations may represent a class of 

agents that can sensitize tumour cells to existing chemotherapeutic agents. Few 

studies have examined the efficacy of "antirnitochondrialn agents such as 

lipophilic cations, in combination with existing chernotherapeutic agents. To my 

knowledge only one study, in addition to the one we published in The 

International Journal of Oncology (261 ), has investigated lipophilic cations in 

combination with an existing chernotherapeutic agent. 60th studies examined 

the interaction between lipophilic cations and cisplatin (251,261 ). It was 



reasoned that an effective combination of chernotherapeutic agents should 

disrupt two different essential intracellular functions. Therefore, we examined 

the interaction between cisplatin which is believed to kill cells through damaging 

DNA and lipophilic cations which apparently acts 

of mitochondrial function, 

Using a Taper liver tumour (TLT-H) cell I 

primarily through the disniption 

ine it was observed that Oeca 

was more potent than Rh123 and resulted in greater tumour cell kill than 

cisplatin (26 1 ). Furthermore, both Rh 123 and Deca selectivel y killed TLT-H 

cells compared to normal human fibroblasts. Examination of the interaction 

between cisplatin and lipophilic cations showed that both Rh123 and Deca 

induced synergistic tumour cell kill when combined with cisplatin. These data 

suggest, at least in vitro, that combinations of lipophilic cations and cisplatin are 

superior to either agent alone. 

Combinations of lipophilic cations and cisplatin have also proved effective 

f i  vivo. Christman et al. (251) demonstrated that the addition of Deca to the 

cisplati n treatment of nude mice, injected intraperitoneal y with the human 

ovarian carcinoma cell line OVCAR 2774P, increased survival beyond either 

agent alone. Since cisplatin is one of the primary chemotherapeutic agents 

used in the treatment of ovarian cancer it is interesting to note that median 

survival for mice treated with cisplatin alone was approximately 50 days while 

the rnedian survival for the combination of cisplatin and Deca was approxirnately 

200 days. Since cisplatin's efficacy is limited by organ toxicity (8-1 1) combining 



it with lipophilic cations might reduce the concentration of cisplatin required 

without compromising tumour cell kill. 

In light of these encouraging results, surpfisingly little has been done to 

extend this work. The following manuscript further characterizes the 

mitochondria alterations associated with cisplatin resistance in a hurnan ovarian 

carcinoma mode1 system and investigates whether an increase in mitochondrial 

membrane potential can be exploited to selectively kill cisplatin-resistant turnour 

cells. Furthermore, the lipophilic cation, Deca was used to examine whether 

inhibition of mitochondrial function could sensitize tumour cells andlor cisplatin- 

resistant tumour cells, to cisplatin. 

Al/ the data in this manuscript was obtained from expenments which were 

conducted by R. A. Moorehead. 
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Summary 
The cisplatin-resistant -uit (C 139 required 8.5 f 1.4- 
fold more time t o  efflux 50% of the R h l U  from their 
mitochondria compareci with the parental human ovar- 
ian carcinoma cell lime (2008). The mitochondria of the 
RH4 cells (Rh 123-resistarit variants of the Cl38 cells) 
accumulate Rh123 t o  a similar d e n t  as the 2008 cells 
but they require 2 6  f 0.9-fold more time t o  remove 50% 
of the Rh123 relative t o  the 2008 cells. This decreased 
efflux of Iipophilic cations appears to reflect the 7.1 f 1.7- 
fold and 4.4 k 1.3-fold increase in sensitivity to a 3 h 
exposure to dequalinium chlorîde (Deca) in the C13* 
and RH4 celts respectively, relative to the 2008 cells. The 
mitochondrial Rh1 23 accumulation in the 2008 c e k  
increased significantly (maximum of Z S  f 0.5-fold) fol- 
lowing a I h cisplatin cxposure whereas neither the C 13* 
nor RH4 cek  had significant increases in their mitochon- 
drial Rh 123 accumulation following cisplatin treatment. 
In an attempt to exploit the mitochoridrial alterations of 
the C 13* cells, cisplatin treatmecit was combined with 
the lipophilic cation Deca. A t  low cisplatin concentra- 
tions the interaction o f  cisplatin and Deca was synergis- 
t ic  at the 50% effect level in both the 2008 and C13* 
cells. Furthermore, using a Deca concentration of 0.625 
FM the IC,, for cisplatin was reduced approximately 93- 
fold in the C 13* cells whereas this concentration of Oeca 
only reduced the IC,, approximately three-fold in the 
2008 cells. Thus the cisplatin-resistant variant i s  sensi- 
tised to cisplatin by the addition of  the lipophilic cation, 
Deca, during drug exposure. 

Keywords: usplatin; mitochondriol mernbmne potuitial; lipaphik 
cations 

Introduction 

Various mechanisms have been rcported to contribute to 
cisplatin (cis-diamminedichloroplatinumflI)) rcsistance 
including altemi dnig transport, i n d  glutathione or 
merallothioneh levels, aitericd DNA adduct fomtion and 
enhanced DNA rcpak (reviewed in rtfs 1-5). In the human 
ovarian carcinoma ccll line 2008 and its cispLatin-mistant 
variant C 13* somc of thest differtnccs exist and could con- 
tribute to cisplatin ~tsistance." in addition to the classical 
mechanisms of cisplatin msistanœ, the C13* œlls have de- 
vatd mitochondrial and plasma membrane potentiais com- 
parcd with 2008 cells.6 To further.investigatc the contribu- 
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tion of the altered membrane potentials to cisplatin resis- 
tance, Zinkcwich-Péotti and Andrews7 selcctcd C13* cells 
for rcsistanct to rtiodamine 123 (Rh123) and generatcd the 
variant RH4- Rh 123 is a lipophilic cation thar accumufates 
in response to and dissipates the plasma and mimchondrial 
membrane potentials.9JO The RH4 cclls wert similar to the 
2008 cells in both their membrane potentials and their cis- 
platin sensitivity. Intercstingly, while the RH4 cclls are 
more sensitive to cisplatin than the CU* cells, the P-glyco- 
protein, glutathione, metallothionein content and platinum 
accumulation in the RH4 and C13* cclls is sirnilar.7 
Furthermore, the ability of RH4 cells to repair cisplatin 
inmuand adducts is similar to the C13* cells.iL Thus, the 
apparent difference betwecn the C13* and RH4 cells is the 
altered membrane potentials. 

The mitochondrial membrane potential and the pH gra- 
dient comprise the mitochondrial electroc hemical gradient 
which is the driving force for ATP production in the mito- 
~hondria.~: The mitochondria synthesise ATP from ADP, 
Pi. and energy released from hydrogen ions moving down 
their electrochemical gradient through the F,F, ATPase. 
Therefore. the mitochondrial membrane potential is a cnti- 
cal component in the synthesis of ATP. Certain agents, 
such as the lipophilic cations Rh123 and Deca, can accu- 
mulate in the mitochondria in response to the mitochondrial 
membrane potential and dissipate this gradientPJ0 Rh 123 
has b e n  shown to inhibit mitochondrial ATP production 
and initially stimulate glycolysis before eventually killing 
the celLL3 As lipophilic cations target a critical site within 
the ceil. other than the DNA, they have bcen used in virrot4 
and in vivd5 to enhance cisplah's eficacy. 

W e  have also examincd the radiation-induced fibrosar- 
coma-1 (RIF-1) ce11 line and its photodynamic therapy- 
tesistant variant, RIF-8A. The resistant variants have mor- 
phoiogical and functiond mitochondrial alterations .corn- 
parcd with the parental ~ ~ 1 1 s . ~ ~ ~ ~  Furthemore, the RIF-8A 
cclls arc cross-rcsistant to cisplatin relative to the RW-1 
ctlls.i7 Thenfon, mitochondrial changes potentiaily con- 
tribute to cisplatin rtsistance. 

in dus papcr we &monstrate using two techniques that 
the cisplatin-mistant C 13 * alls have elevated membrane 
potentials comparai with the 2Oû8 and RH4 œlls and that 
these a l t e d  membrane pomtiais can be exploitcd using 
the lipophilic cation Deca. W e  have further characteriscd 
the mitochondrial membrane potGntial almations by exsm- 
ining the mitochondnal efflux of Rh123 and the effict of 
cisplatin on the mitochondriai membrane potcntiaI. W e  also 
investigatcd the possibility of inmashg cisplatin's efficacy 
by c d i g  it with Deca 



The accumulation o f  tetraphcnyIphosphonum bromide 
[W]TPP+ (1 II) due to the plasma membrane potential, 
mitochondrial membrane pottntial or both the plasma and 
mitochondrial membrane potentials cornbicicd for 2008, 
C13* and RH4 a l l s  is shown in Figure 1, Wc have s h o w  
that the Cl3* celis had approximatcly a 2.1 f 0.07-fold 
increase in the whole ce11 accumulation of TPP and a 20 f 
0.07-fold increase in the mitochondrial accumulation of 
TPP+ cornpared with the 2008 cells and these data closely 
resemble those reported by Andrews and AlbrightP The 
main difference in the two protocois was that Andrews and 
Albrightd used RPMI media in which the NaCl had been 
replactd by quimolar KCI for sekctive depolarisation of 
the plasma membrane potential while we simply supple- 
mentcd nonna1 RPMI with 137 mM KCL Andrews and 
Albrighe found that the mitochondrial TïP+ accumulation 
of the 2008 and CL3* cells accounted for 57% and 53% of 
the total TPP+'accumuIation, respectively. Similady, we 
found that the mitochondrial TPP accumulation accriunted 
for 56% and 53% of the total TPP accumulation in 2008 
and C l 3  cells respectivety. The similarîty in the rcsults sug- 
gest chat simply supplementing media with 137 m~ KCl is 
sufficient to depolarise the plasma membrane potential. 

To limit the use of radioactivity we developed a method 
using Rh123 to investigate plasma and mitochondrial mem- 
brane potentials. A cime course for Rh123 accumulation 
was perfomed to detemine when Rh 123 accumulation 
reach a maximum in the cells. It was observed that Rh123 
accumulates slower than TPP+ reaching a maximum in the 
mitochondria after appmximateIy 2 h, The accumulation of 
Rh123 (2 h) in response to the plasma membrane potential, 
mitochondrial membrane potential or  both the plasma and 
mitochondrial membrane potentials combincd for 2008, 
C13*. and RH4 cdts  is shown in Figure 2. The whole ce11 
accumulation and the mitochondrial Rh123 accumulation 
was approximatcly two-fold higher in the C13* ceils d a -  
tive to the 2008 o r  RH4 cells. Therefore the data using 
Rh 123 accumulation closely resemble the data using 
[JHITPP* accumulation. 

In addition to the accumulation of Rh123, the differ- 
ences in the retention of Rh123 in the three ctll  types was 
also examined Figure 3 shows the mitochondnal rttention 
of Rh123 after a 3 h exposure to 1 0  pu of Rh123. The 
amount of Rh123 per unit DNA at  each time point is 
cxpressed relative to the amount of Rh123 per unit DNA 
immcdiately after the 3 h Rh123 incubation. ïk RH4 and 
C13* cclls requircd 2.6 f 0.9-fold and 8.5 f 1.4-fold, 
mpectively, more tirne than the 2008 ctlls to mnove 50% 
of the Rh123 from theu mitochondria. 

The effect of a 1 h exposutc to various conccatrations of 
cisplatin on the mitochondrial Rh123 accumulation in 2008, 
C 13* and RH4 ctUs is shown in Table 1. The cisplatin con- 
centrations used rcpmcnt an IC, and an 1% (as deter- 
rnincd 3 days afte~ a 1 h cisplatin concentration using the 
DNA fiuorochrume mebiod) and an quai cisplatin dose of 
50 pu for cach al1 type. nïese data uidicate that thme is a 
signifiant incrase in the mitochondnat Rh123 accutnula- 
tion at the two highest cisplatin doses in the 2008 alls a f k  
48 h whereas none of the cisplatin co~lctnbations a! any of 
the timc points significantly increased the mitochondrial 

Rh123 accumulation of either Ci3* or RH4 a l l s .  The 
unount of Rh123 f l u o c ~ ~ ~ ~ n c t  ptr unit DNA of cisplatin- 
trwtad d i s  at tadi  time point was exgmsd dative to the 
amount of Rh123 fluorescence ptr  unit DNA of a l l s  chat 
weh MW t r d  with cisplatin. 

We investigatcd whethcr the i n c d  mitochondrial 

* 

Figure 1 PH]TPP accumulation after a 1 h incubation in 2008, 
C13* and RH4 cells. [JH)TPP+ accumulation was deiennined in 
normal RPMI media (I), RPMI media + 137 mM KCl(0) and 
RPMI medium + 5 F M  carbonyl cyanidt p-trifluo- 
rornethoxyphenylhydrazone (a) in order to detemine whole ccll, 
mitochondrial and plasma membrane [SHITPP* accumulation, 
respectivcly. Colurnns. meao (n = 3); bars, s.e.m. ' P < 0.05 for 
C 13. irrsus 2008 and RH4 as detenn ined by a Tukey test 

Figure 2 Rh123 accumuIation after a 2 h incubation in 2008, 
C13* and RH4 cclls. Rh 123 accumulation was detmnined in nor- 
mal RPMI media (a), RPMI media + 137 m M  KCl(C3) and 
RPMI medium + 5 PM carbonyl cyanide p-trifluoromethoxy- 
phenylhydratarie (a) in order to detamine whok c c 4  mitochon- 
drial a d  p h n a  m a n b e ~ ~  P m  accumulaeiori, itspeceivcly. 
Thc amount of Rh123 was deteminui using a fluomccnt plate 
scanner. Columns, mcan (n = 3); bars, s . c m  ' P < 0.05 for C13* 
versus 2008 and RH4 as dertmiined by a Tukcy tcst 



membme potcntial in the C13* ceils owld bc txploited 
ushg Dtca, Deca is a iipophili cation l i  Rh123 Md thus 
it acaimulatts in the mitodiondria in rtsponsc to the mito- 
chondrial membrane potcritial and it dissipates this m a -  
brane potcntial. Deca was used as the cytotoxic agent 
instead of Rh123 bccausc Deca is a divalent cation and thus 
requircs lower amantrations to dissipate the mitochoridriat 

Figure 3 Rh123 efflux from the mitochondna of 2008 (0). C13* 
(a), and RH4 (0) cells. The cells were exposed to 1 0  p M  of 
Rh123 for 3 h in RPMI media + 137 mM KCI followcd by the 
rernoval of the Rhl23-containing media and replacement with 
RhlU-free RPMI media + 137 rnM KCl for ttie appropriate time 
interval. The amount of Rh123 was detcrmind using a fluons- 
cent pIate scanner. Mean (n = 4); bars. s.c.m. 

Table 1 Mitochondrial Rh123 accumulation Following a 1 h 
exposure CO cisplatin 

Time atier a Mitochondrial Rh123 accumulation (% control) 
1 h cisplatin 2008 C13* RH4 
exposure 

m e  cisplatip concentrations which rtpmait  the 1% and 1% 
wae 5 and 21 p u  rcspedively for #)0S and RH4 alls rnd 21 ancl 
100 PM, rcspcctively for C13* aUs 
bVducs uc exprcssed as r per#ntage of a catml populrtim of 

cells which rwcived no dcug trament (n 2 3) 
+ P c 0.05 as detamincd by r Dunnds test 

surtin2ûûû.C13*,andRIi4cells isshown in F i p 4 . n i e  
RH4 and C13* celh were rpproxhatdy 4.4 f 13-fold and 
7.1 I 1.7-fol& Ftspedively. moic d t i w  to Ikca dian the 
2008 a l k  

In addition to the toxicity of Deca donc-WC investigatbd 
the intcradoa of Dtca with cisplatin to detcnnine if this 
combination rcsultai in synergi&c ocIl kill in any of the 
ce11 lines, The combination indexes for the interaction of 
cisplatin and Deca at the 5096 cffect level for 2008. C13* 
and RH4 art shown in Table 2 More importantly, using a 
dose of 0.625 pu Deca rcduced the amount of cisplatin 
required to kilt 5096 of the C13* ails by approxhateiy 93- 
fold (cisplatin IC.. without Deca was 253 PM h i l e  with 
Deca 0.625 p~ the cisplatin IC, was 0.27 PM), This con- 
centration of Deca rcduccd the cisplatin IC, in the 2 0 8  
cells onIy approximately thme-fold and a Deca concentra- 
tion of 1-25 PM only rcduced the cisplatin 1% in the 2008 
cells approxirnately four-fold. 

Dec8 Concentration {uM) 
Figure 4 Effact of Deca on 2008 (0). C13* (a) and RH4 0 
survival. Cytotoxicity was asscssed by a DNA fluorochrome 
assay aftcr a 3 h txposun to Dem Values arc expressed as per- 
cmtage of conuol f s.c.m (bars); (n = 4) 

Table 2 Combination indcxcs for ihe intcrsction of cisplatin and 
deca at the 50% effax lcvcl for diffezult cispIatin concentrations 

CiiIatin concentration 
Dose1 Dose2 Dose3 Dose 4 b  

Cornbition iadcxcs were calculatad using the formula for 
mutuaiiy n o n ~ u s i v e  drugs 
bDose t~dost2,dosc3uddase4repriesaitdaecispiatincohotn- 
-tratims of 039.0.78,3.125 rnd 6.25 PM, nzspcctive1y* in 2ûûû 
and RH4 alis  and 156,625, 125 and.25 PM, respdvely, in 
C13+ tells 
+ P c 0.05 as d u e n n i d  by a Dunnett's iest 



Discussion 

Thc mechanism(s) of cisplatin mistancc in C13* œlls art 
multifactoria1.6 Although thtre appears to be incrtascd 
lcvels of glutathione and metallothioneins as well as 
decreased cisplatin accumulation in îhc C13+ a l l s  relative 
to thz 2008 cells, these diffemccs do not exist bttwetri the 
C13* alls and the cisplatin-sensitive RH4 œlls i  In addi- 
tion, there is no apparent differicnce in the rcpair of cisplaiin 
intrastrand adducts in any of the three ce11 t y p ~ s - ~ . ~ ~  
Therefore, it appears that the mitochondrial or  plasma 
membrane potential changes in the C13* cells are an 
important component that contribute to its cisplatïn-riesis- 
tant phenotype and thus we focused on the mitochondrial 
alterations in these cells. 

Using the accumulation of I)H]TPP+ we have confirmed 
that the C 13 * celIs have increased whole ce11 accumulation 
of [JHITPP, as well as elevated mitochondnal and plasma 
membrane accumulation of P m P ,  relative to either the 
2008 or RH4 cells- Moreover, we have show that the addi- 
tion of 137 m~ KCl to normal media provides results simi- 
lar to those using media in which the NaCl has been 
replaceci with an equimolar amount of KCI. Therefore, cus- 
tomised media is not required to selectively dissipate the 
plasma membrane potential. Furtherrnore, it has been 
shown that Rh123 accumulation can replace PHJTPP* 
accumulation to investigate membrane potentials and thus 
the use of radioisotopes can be avoided. 

The increase in mitochondrial PW]TIï" or Rh 123 accu- 
mulation in the CI3* cells could result from either an 
increase in either mitochondrial number or size. This is 
unlikely as (1) Andrews and Albright6 found no qualitative 
differences in the number of mitochondna of the 2008 and 
C 13 * cells at the electron microscopy level and using 10-n- 
Nonyl Acridine Orange, a indicator of mitochondrial 
mass.I8 we found that the C13* cells did not have an 
increase in mitochondrial mass compared with either the 
2008 or RH4 cells (data not shown). Therefore, the increase 
in mitochondrial [W]TPP+ or Rh123 accumulation by the 
C13* cells appears to reflect an increase in mitochondrial 
membrane potential relative to the 2008 and RH4 cells 
rather than an increase in mitochondrial number or size. 

In addition to Rh123 accumulation we examined its 
efflux in the 2008, C13* and RH4 cells. The rnitochondria 
of the C13* cells retained Rh123 for an extendcd pcriod of 
time compared with the mitochondria of the 2008 cells 
while the mitochondrial Rh 123 retention in the RH4 celis is 
intemediate with respect to those of the 2008 and C13* 
celis. Th& results suggest that Rh123 efflux is ùifIuenced 
by factors other than the membrane potcntial (that is, the 
mitochondna of the 2008 and RH4 œils accumulate Rh123 
to a similar cxtcnt but differ in its ntcntion) and fuahcr 
investigation is nquired to identQ îhese factors. 

Regardless of the factors influencing Rh123 rctention, 
the duration of Rh123 retcntion appears to pndict the to i -  
city of anothcr lipophilic cation, Deca, in t k c  celis. CL3* 
cells which retain Rh123 for prolongcd periods of t h e  
comparcd with 2008 or RH4 ails arc the most sensitive to 
Deca's toxicity; îûûû celis which rctain Rh123 for the least 
amount of time are also the least sensitive to Dcca. 
Although Dcca has also bcen reportcd to affect protein 
kinase cl93 calmodulin21~ and DNAI and thus a target 

other than the rnitochondria m y  contribute to die differ- 
ences in the sensitivity of the du# a l 1  types to 1Dcca, the 
Rh123 retention data appeats to pmvide an indicator of 
Deca sensitivity in these cc11 tps .  niertfom, Rhlî3 rcttn- 
tian may providc a way to prcdict the a l l s  diat may be can- 
didates for Deca scnsitisatioci. 

Some of the early experiments demonstrating that 
Rh123 was pnfercntially accumulated a d  d n c d  in car- 
cinoma ccIIs comparcd with normal ceils used the normal 
monkey kidney cpithelial ce11 Iine CV-l,=2. The CV-1 cell  
line has recently bten shown to contain high lcvels of P- 
glyc~protein,~~ a pump for which Rh123 is a substratc.- 
Therefore, the low accumulation and retention of Rh123 in 
the CV-1 cttls was a rtsult of a high P-glycoprotcin level 
which may not be indicative of a 'normal' control c e I I  Iine, 
It is unlikely that the differcnces in Rh123 accumulation 
and retention in the 2008. C13* and RH4 ctlls are a result 
of altered P-glycoprotein contents in the cclls as doxoru- 
bicin (another chernothecapeutic agent that is a-classical 
substrate for P-glycoprotein) cytotoxicity is similar in al1 
three ce11 types.' 

We also detemined whether cisptatin treatment induced 
any membrane effects on the mitochondria by examining 
mitochondrial Rh123 accumulation folIowing cisplatin mat- 
ment Only the 2008 cells significandy increased their mit* 
chondrial Rh 123 accumulation following cisplatin ueatment 
and this increase in mitochondrial Rh123 accumulation did 
not occur until 2448 h afkr the 1 h cisplatin expure .  A 
possible explmation for the increase in mitochondrial Rh123 
accumulation following cisplatin treatment in the 2008 cells 
but not the C13* or RH4 cells is that the 2008 celIs attempt 
to maximise their mitochondrial membrane potential fotlow- 
ing cisplatin treaunent and this characteristic provides pro- 
tection against cisplatin cytotoxicity, The C13* celis, on the 
other hand, may have maximised their mitochondrial mem- 
brane potential as a result of the cisplatin selection protocol 
that was used to generate them. Support for this hypothesis is 
derived from the experiment of Andrews and Albright6 in 
which they hyperpolarised the mitochondrial membrane 
potential in the 2008 and C13* cells using nigericin. This 
expriment suggested that the mitochondrial membrane 
potential contributed appmximately 33% of the mitochondr- 
ial elecuochemical gradient in the 2008 œlls and 83% in the 
C13* celis. Because the RH4 al i s  were gcneraîed fiom the 
C13* cells it is possibte that the mitochondrial membrane 
potcntial is the primary contributor to the mitochondriai efcc- 
trochtmicai gradient in the RH4 cciis but the electrochemical 
gradient has been roduced. Hyptrpolarisation of the RH4 
mitochondria has not batn invcstigatcd 

Alternatively, the 2008 cells with inherently lower 
mitochondriai membrane potentials arc kiiled carly while 
those œlls with higher rnitochondrial membrane potcntials 
have a survival advantage folfowing cisplatin treatment. 
This would rtsult in the measurnent of the cells that have 
survivecl cisplatin treatment (that is, those ce l l~wi th  ele- 
vatcd mitochondrial membrane potentials). As the C 13* 
and RH4 œlls may have maximiscd their mitochondrial 
membrane potentials this selection process would not occur 
and thus no incrcase in rnitochonâriai Rh123 accumulation 
would bt apparent. Independent of the explanaiion for the 
inacase in mitochondrial membrane potcntial in the 2008 
cctls following cisplatin trcatmcnt, the ritsults suggest rhat 



incrwsing the m i t o c h ~  membrane potcntial provides 
some sort of survival advantagc when challengeci with cis- 
platin in thest alls- Shinomiya et al" have observeci a sim- 
ilar rcsponse to cisplatin trtatment (îimcricased Rh123 accu- 
mulation) in EL4 tymphoma ulls. k y  propost îhat the 
incrtase in Rh123 accumulation ariscs due to an incrtast in 
a l 1  volume as a mult  of a blockade in the a l 1  cycle at the 
G, + M phase. The d l  cycle profiles following cisplatin 
treatment wcrc not investigated in the 2008, C 13' and RH4 
cells and thus a G, + M blockade remains a possible expla- 
nation for the inccea~e in Rh123 accumulation in our cells- 

One of the proposecl mechanisms for an incrcased mito- 
chondrial membrane potential providing protection against 
cisplatin toxicity is that the mitochondria serve a s  a sink 
and sequester cisplatin and prevent it from interacting with 
critical targets such as DNAP Once cisptatin cnters the cc11 
the low chloride environment favours the conversion of cis- 
platin to a positi vely charged aquated species.30-3* 
Thercfore, it is conceivable that an increase in mitochondr- 
ial membrane potential (increase in the negative charge 
inside the rnitochondria) could more efficiently sequester 
the charged cisplatin species. Alternatively, the increased 
rnitochondrial membrane potentiai could increase the abil- 
ity of the ce11 to produce ATP that could be used in detoxi- 
fication or removal of cisplatin, 

To investigate if the mitochondrial alterations in the 
C l3* cells could be exploited, we examined the interaction 
of Deca and cisplatin. In each of the ce11 types the trend in 
the interaction of cisplatin and Deca moves from synergy at 
low cisplatin concentrations to antagonism for higher cis- 
platin concentrations. Deca can be used to greatly reduce the 
arnount of cisplatin required to kill the C13* celis and thus 
reverse cisplatin resistance. Using a concentration of Deca 
of 0.625 pu, approximately 93-fold less cisplatin is required 
to kill509b of the cells. Therefore, !he use of Deca, done or 
in combiiation with cisplatin, can be used to effectively kill 
cisplatin-cesistant cells in out study. Other timing protocols 
using cisplatin and Deca rnay prove more effective but alter- 
native protocols were not investigated in this study, 

In conclusion, both [3H]TPP+ and Rh123 accumulation 
indicates that the C13* cells have elevated mitochondrial 
and plasma membrane potcntials compared with either the 
2008 or RH4 cells. The mitochondria of the C13* ceIk also 
retain lipophilic cations L i  Rh123 for exterided pcriods of 
tirne compared with chose of the 2008 and RH4 ccb which 
renders the C13* cells hypersensitive to other lipophilic 
cations sucb as Deca, The increase in mitochondnai mern- 
brane potential in the 2 0 8  cells following cisplatin treat- 
ment suggests that some ce11 types sespond to cisplatin by 
altering their mitochondrial activiiy. F d y ,  Deca may bc 
used alone or in combination with cisplatin to effbctively 
treat cisplatin-rcsistant tumours tha have aiterations in their 
mitochondrial membrane potential and these mitochondrial 
alterations can be identifid using simplc Rh123 assays. 

Materials and methods 

Materials 
cis-Diamminedic hloroplatinum(II), hodamine 123, car- 
bonyl cyanide p-t.rifluoromethoxypheny1hydnrzonc and 
daqualùiiurn chloride wcrt obtained ftom Sigma Chernical 
(St. Louis, MO). H33258 was obtaincd fiom Calbiochem 

(La Jolla, CA). Tetnphenylphosphonium bromide. 
[PhenylJHJ- was obtained from DuPont NEN Rcsearch 
Products (Mwïssauga, Ontario, Canada). nie Micm BCA 
protein assay ragent kit and the ACS scintillation fluid 
were obtained from Pierce (Rockford, L) anci Amersharn 
Canada (Oalrville, Ontario, Canada), rtspectively. 

Cell lines and cul~we conditions 
The human ovarïan carcinoma ceIl Iine 2008 its cisplatin- 
resistant variant, C13*. and the Rhl23-resistant variant 
selected from C13* cells, RH4, were generoudy pmvided 
by Dr Paul Andrews, Georgetown University, Rockville, 
MD, The ctlls were grown in RPMI media supplementd 
with 5% foetal bovine serum. 100 units ml-' periicillin, 100 
pg ml-' strcptomycin. and 0.25 pg ml-' amphotcricin B and 
maintaincd at 37OC and 5% CO, in a humidified incubator. 

Membrane potential 
Membrane potentials were determined using either 
[JH]TPP+ or Rh123. A modification of the method of 
Andrews and Albright6 was used to examine membrane 
potential using [JH]TPP+. Briefly, 2008, C l  3* and RH4 
ceIls in log-phase growth were seeded overnight in 6-well 
plates at a density of 5 x 10S cells/well, The media was 
removed and replaced with normal RPMI media, RPMI 
media supplemented with 137 rnM KCl (for selective depo- 
larisation of the plasma membrane) or RPMI media supple- 
mented with 5 pM carbonyl cyanide p-trifiuoro- 
methoxyphenylhydrazone (for selective depolarisation of 
the mitochondriai membrane potential) each of which con- 
tained 5 pu [JHITPP (0.2 pCi ml-'). Following the appro- 
priate incubation time at 37OC. the plates were washed four 
times in icecold phosphate-buffered saline. The cells were 
then digested ovemight in 1 N NaOH and an aliquot was 
mixed with 7 ml of acidified scintillation fluid (ACS scin- 
tiltation fl uid acidified with 12 ml of glacial acetic acid per 
litre of Am). The amount of radioactivity was determined 
on a beta counter (Beckman Instruments, Mississauga, 
Ontario, Canada). The radioactivity of each sample was 
norrnalised per miIligram of cellutar protein as determined 
using Micro BCA spectrophotometric pmtein assay.31 

For determination of membrane porentials using Rh 123, 
cells in log-phase growth wère sceùed ovcrnight in 24-well 
plates at a dcnsity of 15 x 105 cells/well. The media was 
removed and replaceci with normal RPMI media, RPMI 
media supplemented with 137 mM KCI or RPMI media 
supplemented with 5 pm carbonyl cyanide p-trifluo- 
romethoxyphenylhydrazone each of which containcd 50 pu 
of Rh123. Following Rh123 rtmoval at the appropriate 
times, the wells were washed twice. with phosphate- 
buffered saline, and then &ionisai water was added (300 
p l  per weil). The Rh123 fluocescmcc and DNA content of 
cach well was determincd as pnviously dcscribedi7 

Rh123 e f l u  . 
Ceils in log-phase growth werc seeded overnight in 24-weli 
plates at a dcnsity of l.5 x 105 aUs/well. The alls wete 
thcn incubatcd with 100 p u  of Rh123 for 3 hours at 37OC 
in cither normal RPMl media or WMI media supple- 
mcnted with 137 mM KCl. Tbe Rh1 W-containing media 
was then rcmoved and Rh123-fnx media, either normal 
RPMI or RPMI + 137 m~ KCI was addd At the approprï- 



atc times the media was rcmoved, tht cells wcm washed 
twice with phosphate-buffered sal ine and 300 pl  of 
deionised water was addcd pcr wclL The Rh123 fluorcs- 
cene and DNA content of each wetl was determincd as 
previousl y describecl." 

Cisplutin-induced Rh1 23 accumuiatwn 
Cells in log-phase growth werc çcedcd ovemight in 24-well 
plates at a density such that approximately 1.5 x IO5 
celIs/well were present at the appropriate timc interval 
(used a doubling tirne of 24 h to determine initial seeding 
density). The cells were fien exposed ta various conancra- 
tions of cisplatin for 1 h followed by the replacement of 
dmgantaining media with hg-fctc media. At the appro- 
priate time point, the dmg free media was removed and 
cells were incubated with media supplernented with 137 
mM KCl and 50 PM of Rh123 for 2 h at 37°C. After the 2 h 
incubation the cells were washed twice with phosphate- 
buffered saline and 300 pl of deionised water was added to 
each well. The Rh123 fluorescence and DNA content of 
each well was detennined as previously described.17 

Survival msays 
Cells in log-phase growth were seeded overnight in 24-well 
plates at a density of 5000. 2008 cells/well or 2000, C13* 
and RH4 cells/well. The cells were exposed to cisplatin for 
1 h or Deca for 3 h after which the drug<ontaining media 
was removed and the cells were incubated in drug-free 
media for 5 days at 37°C. At this tirne the media was 
removed. the cells were washed once in phosphate-buffered 
saline, and 300 pl of deionised water was added to each 
well. The cells were subjected to one freeze-thaw cycle 
(-80°C) to lyse the celis and the arnount of DNA in each 
well (used to indicate ce11 survival) was detennined by the 
addition of 100 pl of the DNA fluorochrome, H33258 (40 
pg ml-' in TNE buffer; IO mM Tris, 1 mM EDTA, 2 M NaCl. 
pH 7.4).W The plates were read on a Cytofluor 2350 fluores- 
cent plate scanner (Millipore, Mississauga, Ontario, Canada) 
using excitation/emission wavelenghs of 36ûf460 nm. 

The treatment protocol used to investigate the interaction 
of cisplatin and Deca was Deca for 2 h, cisplatin and Deca 
for 1 h followed by 5 &YS in dmg-free media CeIl growth 
was assessed on a Cytofluor 2350 fluorescent plate scanner 
using the Fi33258 DNA fluorocluorne method as described 
above, The nature of the interaction of cisplatin and Deca 
was assesseci using the combination index formula for muai- 
ally nonexclusive dmgs at the 50% effect leveLs 
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Discussion 

Cells maintain a plasma membrane potential of approxirnately 60 mV and 

a rnitochondrial membrane potential of approximately 180 mV (165). Rh123 

accumulates in cells as a result of the combined plasma and mitochondrial 

membrane potentials. In order to measure mitochondrial Rh123 accumulation, 

the plasma membrane potential must be dissipated. Plasma membrane 

potentials are generated primarily by the actions of the Na'lc-ATPase which 

pumps three sodium ions out of the cells and two potassium ions into the cell 

(262). The net effect of this pump is the creation of a negative charge inside of 

cells compared to the extracellular medium. The actions of the Na+/K'-AT~ase 

cause cells to contain high levels of potassium and low levels of sodium relative 

to the extracellular medium. Potassium ion concentration within cells is 

approximately 137 mM while media normally contains approximately 5 mM of 

potassium (165). Therefore, one way of dissipating the plasma membrane 

potential is to incubate cells in media in which the NaCl has been replaced by an 

equimolar KCI concentration. This media dissipates the potassium ion 

concentration gradient across the plasma membrane and thus the plasma 

membrane potential (1 52). 

Rather than replacing NaCl with an equimolar concentration of KCI in the 

medium we examined whether supplementing normal media with 137 mM KCI 

was capable of dissipating the plasma membrane potential. After obtaining the 

2008, C13*, and RH4 cells from Dr. P. Andrews, [IHITPP' accumulation was 



investigated in these cells using the protocol provided by Dr. Andrews except 

normal media was supplernented with 137 mM KCI rather than alterhg sodium 

and potassium concentrations of the media. When our results were cornpared to 

those previously published by Andrews and Albright (152) it was found that 

supplementing media with 137 mM KCI provided similar reductions in the plasma 

membrane potential as substituting equimolar concentrations of potassium for 

sodium. Thus, customized media is apparently not required to dissipate the 

plasma membrane potential. 

Another objective of this study was to develop a method for measuring 

mitochondrial membrane potentials in monolayer cells utilizing a fluorescent 

probe rather than [ 3 ~ ] ~ ~ ~ + .  Although non-radioactive methods for measuring 

mitochondrial membrane potential using flow cytometry have been described 

(1 89,1 go), the potential influence that trypsinizing and suspending cells has on 

the mitochondrial membrane potential has not been extensively examined. 

Therefore, a method for measuring mitochondrial Rh123 accumulation, in cells 

grown as monolayers, was developed. This method provided results similar to 

those obtained using [IHITPP* and thus was used to rneasure plasma and 

mitochondrial membrane potentials in this study and subsequent studies. 

Deca sensitivity was examined in 2008, C13*, and RH4 cells to determine 

whether mitochondrial Rh1 23 accumulation predicted Deca sensitivity in these 

cells. It was observed that C13" cells, which contain mitochondria that 

accumulate more Rh123 than the mitochondria of either 2008 or RH4, were 



more sensitive to Deca than either 2008 or RH4 cells. What was unexpected 

was the increased sensitivity of RH4 cells to Deca compared to 2008 cells since 

the rnitochondria of these two cell types accumulated similar amounts of Rh1 23. 

The difference in Deca sensitivity between 2008 and RH4 cells may be 

explained by the mitochondrial retention of lipophilic cations in these cells. 

. Although RH4 mitochondria accumulated similar amounts of Rh123 as the 

mitochondria in 2008 cells, RH4 mitochondria retained this Rh123 for longer 

periods of time. Thus, it appears that mitochondrial retention of lipophilic cations 

may provide a better predictor of lipophilic cation sensitivity than mitochondrial 

accumulation. Measuring Rh1 23 retention may provide a relatively simple test to 

predict which tumours would respond to lipophilic cation-based therapy. 

Mitochondrial membrane potentials following cisplatin treatment in 2008, 

C13*, and RH4 cells were also exarnined to determine the response of these 

cells to cisplatin exposure. While cisplatin treatment had no effect on the 

mitochondrial membrane potentials in either C13* or RH4 cells, 2008 cells 

responded to cisplatin with a significant increase in their mitochondrial 

membrane potential. An increase in mitochondrial accumulation of Rh123 

following cisplatin treatment had been reported in E L 4  lymphoma cells (263). 

At least two potential explanations exist for the observed increase in 

mitochondrial membrane potential in 2008 cells following cisplatin treatment. 

The 2008 cells may elevate their mitochondrial membrane potential, when 

treated with cisplatin, as a protective mechanisrn against cisplatin cytotoxicity. 



This elevated mitochondrial membrane potential may augment ATP produdion 

that could then be utilized to remove cisplatin andlor repair cisplatin damage. 

An elevated mitochondrial membrane potential may also increase the capacity of 

mitochondria to scavenge positively charged cisplatin species since an elevated 

mitochondrial membrane potential indicates a greater negative charge within 

mitochondria. An alternative explanation for the observed increase in 

mitochondrial membrane potential in 2008 cells following cisplatin treatment is 

that populations of 2008 cells are heterogeneous with respect to their 

mitochondrial membrane potentials and cisplatin selectively kills 2008 cells with 

lower mitochondrial membrane potentials. This selective elimination of 2008 

cells with low mitochondrial membrane potentials would result in only 2008 cells 

with elevated mitochondrial membrane potentials surviving the cisplatin 

treatment. Since Rh1 23 fluorescence is expressed per cell, measuring Rh1 23 

fluorescence in 2008 cells that survived the cisplatin treatment (Le. 2008 cells 

with elevated rnitochondrial membrane potentials), would give a higher 

fluorescence per cell than the control population (cells that Vary with respect to 

their mitochondrial membrane potentials). The concentrations of cisplatin 

employed did reduce cell viability. 

It is unclear why C13' or RH4 cells did not elevate their mitochondrial 

membrane potential in response to cisplatin. It is possible that the selection 

protocol for generating C l  3' cells has maximized their mitochondrial membrane 

potential. Thus, as previously proposed, 2008 cells represent a heterogeneous 



population, with respect to mitochondrial membrane potential and cisplatin 

selectively kill cells, within that population, with low rnitochondrial membrane 

potential, leaving cells with higher mitochondrial membrane potentials. Several 

cisplatin selection cycles may eliminate cells with low mitochondrial membrane 

potentials and result in a homogenous population of cells with high rnitochondrial 

membrane potentials, the C i  3' cells. This idea of heterogeneitylhomogeneity is 

supported by flow cytometry data which shows that for a given cell size there is a 

large range of Rh123 staining in 2008 cells while Rh123 staining in C13' cells is 

more homogeneous (153). It remains unclear why RH4 cells do not elevate their 

mitochondrial membrane potential in the presence of cisplatin since they appear 

to have similar heterogeneity with respect to Rh123 staining as 2008 cells (1 53). 

Some aspect of the selection process through which RH4 cells were generated 

may have altered the ability of RH4 cells to elevate their mitochondrial 

membrane potential. 

Another objective of this study was to determine the interaction between 

cisplatin and Deca. In particular, it was investigated whether an elevated 

mitochondrial membrane potential in our cisplatin-resistant variant could be 

exploited. Our data indicated that, in both 2008 and C l  3' cells, the interaction 

between Deca and cisplatin is synergistic at several of the doses examined. 

More significant may be the observation that the addition of Deca can reduce the 

amount of cisplatin required, by as much as 93-fold, without compromising cell 

kill in the cisplatin-resistant variant. Since cisplatin-based therapy is associated 



with numerous side effects, these results suggest that wmbining cisplatin with 

lipophilic cations could reduce cisplatin-mediated side effects without wnceding 

tumour cell kill. Therefore, combinations of Deca and cisplatin may not only be 

useful for treating tumour cells but this combination may also be efficacious 

against cisplatin-resistant tumours. If the concentrations of Deca (or other 

lipophilic cations) prove relatively non-toxic, then their addition to cisplatin-based 

therapies may improve the treatment of certain cisplatin-resistant tumours. 

Investigations into the usefulness of lipophilic cations in clinical treatment 

protocols are still ongoing. Since the publication of this manuscript a series of 

studies have been performed on a new lipophilic cation, MKT-077, which is 

currently being examined in Phase 11 11 clinical trials (264-266). MKT-077 has 

been shown to inhibit tumour cell growth both in vitro and in vivo, and appeared 

relatively non-toxic to normal tissues (265,266). In culture, this agent selectively 

inhibited respiration in tumour cell mitochondria but not mitochondria in normal 

cells. In addition, it was observed that there was a loss of mtDNA, but not 

nuclear DNA, in tumour cells, an effect that was not observed in normal cells 

(264). If these new lipophilic cations become useful clinicaliy, Our study 

suggests that treatment modalities which combine these lipophilic cations with 

cispla tin may irnprove tumour cell kill andlor irnprove the response of cisplatin- 

resistant tumours. 



Chapter 2. Characteriration of cells resistant to Photofrin Il-mediated 

photodynamic therapy (PDT). 

The previous chapter characterized mitochondrial alterations associated 

with cisplatin resistance and demonstrated that these altered mitochondria could 

be selectively inhibited by lipophilic cations. To determine whether mitochondria 

were capable of modulating the sensitivity of cells to cancer therapies, other 

than cisplatin-based chemotherapy, the mitochondria in radiation-induced rat 

fibroblast 1 (RIF-1) cells and their PDT-resistant variant, were characterized. 

Two observations prompted us to examine mitochondrial changes associated 

with PDT resistance; (i) mitochondria appear to be the prirnary target of Photofrin 

Il-mediated PDT and (ii) prelirninary characterization of mitochondria in the PD% 

resistant variant showed similar ultrastructural changes as those described in 

the cisplatin-resistant variant, Cl 3' (1 52). 

The use of PDT as a cancer treatment can be traced back to 7903 when 

topically-applied eosin and sunlight were used to treat patients with skin cancer 

(267). However, PDT was initially used primarily as a means of detecting and 

localizing tumours. The antitumour activity of PDT was not appreciated until 

1975, when it was observed that tumours transplanted into mice could be 

destroyed, without appreciable toxicity to surrounding tissue, using 

hematoporphyrin (Hpd) as a photosensitizer and red light (268). Subsequently, 

in 1976, the first full clinical report of PDT appeared using Hpd as the 



photosensitizer (267). Hpd is a mixture of various porphyrin species and is a 

relatively poor sensitizer (269,270). Fractionation of Hpd lead to the 

identification of a fraction containing most of the photosensitizing pmperties and 

this fraction was termed pommer sodium or Photofrin 11 (268,271). Photofrin II 

has since been investigated in clinical trials for bronchus, esophagus, and 

bladder tumours (267). 

PDT requires the simultaneous interactions of a sensitizer, an appropriate 

wavelength of light, and oxygen (272). In the absence of oxygen, 

photosensitizers such as Photofrin II, have no effect. Even lowering the amount 

of oxygen from 5% to 1% reduces Photofrin Il's effect by 50% (273). 

Photosensitizers are also relative1 y inert until they are activated by a specific 

wavelength of light. Absorption of a specific wavelength of light causes a 

sensitizer ta adopt an excited state (274). This excited state is a short-lived 

triplet state that can interact with oxygen through two types of reactions. Type I 

reactions involve the transfer of hydrogen atoms or electrons to a solvent or 

substrate which, in turn, interacts with oxygen to produce ROS. Type II 

reactions involve the direct transfer of energy from the sensitizer to oxygen 

resulting in the generation of the highly reactive oxygen species, singlet oxygen. 

The lifetime of singlet oxygen has been estimated to range between 0.6 x 106 - 
100 x 1 ob seconds depending on the environment (275). 

Studies using [14~]~hotofrin II in mice found tissue distribution (normal 

tissue) to be as follows; liver, adrenal gland, urinary bladder > pancreas, kidney, 



spleen > stomach, bone, lung, heart > skin > muscle »> brain (274). Similar 

studies using [ '4~]~hotofr in II in mice demonstrated that 24 hours after injection 

only 1% of the Photofrin II remained in the circulation. Within seven to eight 

hours following an injection of Photofrin II, most of the compound is thought to 

bind to albumin, low density lipoprotein and high density lipoprotein. Photofrin is 

primarily found bound to high density lipoprotein at later time points (eight days) 

(276). 

Unlike other cancer treatrnents, POT does not rely on selective 

accumulation or cytotoxicity of tumour ceils cornpared to normal cells. For 

example Hpd accumulates to greater extents in normal liver and kidney tissue 

compared to tumour cells but unless these organs are exposed to light, toxicity 

does not occur. Higher concentrations of Hpd have been observed in tumours 

compared to skin or muscle in mice yet, the mechanisms through which this 

selective accumulation occurs remains unclear (277). Although PDT's 

dependence on light provides a certain amount of selectivity, this property also 

limits the use of POT to areas accessible to light. Porphyrins absorption 

spectmm is maximal at 400 nm with four other absorption bands between 500- 

650 nm with 630 nm being the weakest absorption band (278,279). Although 

630 nm is the weakest absorption band, it is the wavelength normally used 

clinically because higher wavelengths of Iight provide greater tissue penetration 

(280). Tissues components such as hemoglobin lirnit the effective penetration of 



light. Tissue penetration of Iight at 630 nm has been reported to range from 1- 

15 mm depending on tissue type and illumination source (267). 

Patients receiving Photofrin II must avoid sunlight for 28 weeks and thus 

skin photosensitivity, rather than drug toxicity, has limited the maximum tolerated 

dose (281,282). Studies performed in mice with [14~]~hotofr in II indicate that 

elimination of Photofrin from the circulation appears to be explained by 

triexponential elimination with half-lives of 4 hours, 9 days and 36 days. This 

elimination profile results in approximately 1% of the photosensitizer in the 

circulation after 24 hours and 0.01% after 75 days. The primary route excretion 

appears to be the faces with little or no drug metabolism (274). 

It is unclear how Photofrin enters cells but uptake may be mediated, in 

part, via an active transport mechanism (283). Once in cells, Photofrin II 

appears to accumulate in, and induces damage to, cellular membranes such as 

the plasma, mitochondrial, lysosomal, endoplasmic reticulum and nuclear 

membranes (274). Photosensitizer localization appears dependent on the 

duration of incubation; short incubations of approximately 1 hour lead to 

primarily plasma membrane accumulation while longer incubations (1 6-1 8 hours) 

leads to a redistribution into intracellular organelles like mitochondria and 

lysosomes (284). 

PDT-mediated damage is thought to result from preoxidation of 

phospholipids and cholesterol leading to alterations in membrane permeability 

and fluidity. Disruption of membrane-associated enzymes and receptors has 



also been reported (285). Of the membrane-associated enzymes that are 

disrupted, mitochondrial membrane enzymes may represent a key target that 

leads to cell death (286,287). Several groups have implicated mitochondria as 

being the primary targets of hernatophorphyrin-âerived photosensitizers (287- 

289). Specifically within rnitochondria, PDT has been reported to effect 

cytochrome c oxidase (290). succinate dehydrogenase (290,291), ATP 

production (292). transport of intermediates across the inner membrane 

(289,293), calcium transport (288), coupling of respiration and oxidative 

phosphorylation (288,290,294), and Rh123 accumulation (290). Mitochondria 

also appear to be the major site of Photofrin II localization following redistribution 

of the drug from the plasma membrane (287). 

Other investigators argue that inhibition of plasma membrane-associated 

transport systems and damage to DNA repair enzymes, rnay precede, 

rnitochondrial disruption during POT (274). DNA repair enzymes represent an 

unlikely target for PDT since PDT induced similar amounts of cytotoxicity in 

normal and repair-deficient fibroblasts (295). When myocardial cells treated 

with Hpd were specifically irradiated in the nucleus, hyaloplasm or mitochondria, 

targeting mitochondria resulted in ce11 death at lower light doses than the other 

regions (296). Often the earliest detectable change occurs in the rnitochondria 

as soon as 10-15 minutes after PDT (297). Therefore, the direct cellular 

cytotoxicity of porphyrin-mediated POT appears to be mediated by disruption of 

mitochondria. 



ln vivo, PDT may also kill tumours indiredly. Some observations indicate 

that turnour vasculature is the prïmary target for PDT. Studies have show that 

tumour cells harvested from animals immediately after PDT do flot have altered 

in vitro clonogenic survival (298). In addition, photosensitizer concentration 

have been reported to be higher in vascular stroma1 cells than in tumour cells 

(299,300) and POT decreases tumour blood flow and oxygen tension (301). 

Thus, it appears that direct turnour cell kill, vascular shutdown and possibly an 

inflammatory response al1 contribute to tumour destruction in vivo by POT 

(274,302). 

In an atternpt to identify mechanism(s) through which Photofrin II- 

mediated PDT induces direct tumour cell death, ouf laboratory (303) and Luna 

and Gomer (304) generated variants of murine radiation-induced fibroblast 1 

(RIF-1 ) cells resistant to Photofrin Il-mediated PDT. In our laboratory, a PD% 

resistant variant named, RIF-8A, was generated by subjecting RIF-1 cells to 8 

selection cycles of Photofrin II followed by re-growth of single surviving colonies. 

The first four cycles involved treating RIF-1 cells with increasing concentrations 

of Photofrin II for 7 8 hours followed by a fixed light dose. The last four cycles 

involved treating cells with increasing concentrations of Photofrin Il for 4 hours 

followed by a fixed light dose. This selection protocol produced RIF-8A cells 

which were approximately 2-logs resistant to Photofrin II compared to RIF-1 

cells. Similarly, Luna and Gorner (304) generated PDT-resistant variants after 

10 selection cycles of RIF-1 cells treated with Photofrin II for either one hour or 



16 hours. Characterization of these variants indicated that PDT-resistance was 

not a result of increased scavenging of ROS by glutathione or superoxide 

dismutase. Furthermore, neither elevated P-glycoprotein expression nor 

decreased drug accumulation were observed in the PDTiesistant variants 

(303,304). These results suggest that some cellular process other than altered 

drug accumulation or ROS scavenging was responsible for mediating the 

decrease in PDT sensitivity. The following manuscript further characterizes the 

PDT-resistant variant, RIF-8A, in an attempt to identify potential mechanisms 

that cause these cells to become resistant to PDT. 

In this manusctipt various mitochondrial assays such as measurement of 

A TF content, succinate dehydrogenase activity and oxygen consumption were 

conducted by R A .  Moorehead. Al! other assays were performed by S M  

Sharkey. ln the discussion of this manuscript I have focused on the fundional 

alterations observed in the mitochondria of the PD T-resisfant variant, RIF-8A. 
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Mitochondrial Alterations in Photodynamic niempy-mistant Cellsl 

Photodynamic caner therapy uses the locatizcd delivcry of  light Io 
activate photosensitiu'ng cornpounds which are selectively retained by 
tumor tissues Although this tnatmcnt modality is undergoing clinical 
trials. primarily with ihc hemaioporphyrin derivative Photofrin 
(Quadrabgic Technologies inc, Vancouver, British Columbia, 
Canada), the mechanisrns of action of PDT treatmcnt a n  not fully 
undcrstod. 

Rtsistant ccll lines have becn uscd by sevcral investigatoas in order 
to explore thc characreristics o f  POT cyiotoxicity. This has k n  
achieved by looking at cither thc PDT susceptibility of  cclls rcsistant 
to various other trcatmeni modaliiies or at the nature o f  POT"-induœd 
resistana The use of  various ccll lines, photoscnsitizcrs. induction 
protocols, and lighvdarli applications has made i t  dinicult to reach 
general conclusions Most commonly, MDR alk havc bccn tcstcd for 
aoss-rcsisiancc [O PDX but th= rcsuks havc bccn confliding- Oc- 
a t z s d  drug upiake has bccn shown to account for rcsLsIance to the 
photocytotoxicity of the anthrapyratolc. PD 110095 (1) and varying 
degrces of uoss-rtsistancc to rhodaminc 123 plus light in murine 
melanoma MDR+ cclls (2) and without light in P388/ADR lcukernia 
ctlls (1) and to Photofrin or hematoporphyrin derivalïvc in Chinese 
hamster ovvy MDR+ cclls (3.4). Howcvcr no such cross-ccsistlnce 
was scen in P3WADR al ls to mtsoporphyrin plus light (5) or in 
KS62 crythroleultcmic MDR cclls tested for PDT scnsitivity using 

tuiiOartea dumiaum phchribocyau# 8s lhc pbotascrrritP#(6). Heu- 
r e s S t r r n t O i i r u c r ! ~ t ï û d h U ( 3 0 1 2 ) r a d ~  
uIFodts~4*m-5*Tu-lb)did aarbawaossiesis~l i ia~  
~ % + d h & d ~ ( 7 ) , T b e ~ 0 f ( & ~ b  m o f  
d i s  with aitercd @ap&ili&s ius rlsa yielded variabte 6iaaii&~. 
Evans ci ai (8) showed iaeritlsad -tivity Co î k  qmcoxic cficds of 
sulforiltcd duminium phthaiq*ae-mrAirrnl PDT in b h i c  
dis dcfïcht in tbe q a i r  of UV-induccd damage &Y-R) but ao( 
LY-S alb which have cniunœd d l b i t y  lo iociiziag d i  (8). 
When testing o f  xcrodcmia pigmetitcmm and uuir tchgicuasia 
alls for Photofrin-mcdiatcd PDT mi t i v i t y ,  Gomer a d (9) Cound 
no such diKcruict, 

The inConiution availaûtc rcguding POT-induced rcsisluIct k 
somcwhat more Iimited. We (3) and Iuna et al (10) reportcd the 
isolation o f  RIF4 alls mistant io  Photofrinniediatcd POT:. 

The protocol for the isolation of our POT-cesistant RIF-1 d l  wi- 
ant and its initial chancterization were published prtviously (3). 
Briefly, single surviving colonies wcrc harvestcd aftcr subjeding 
RIF-1 41s  Io successive cou- o f  PDT with inacasing oonanira- 
tions of Photofrin. Incrernental inacases i n  raistancc were obscrvcd 
throughout thc sciedion proccdurc. and the final, most resktant vari- 
an& designatcd RIF-ûA, was obtained after tight cycles o f  PDT The 
average ratio, D,,, (RIF-8A)/Dt0 (RIF-1), for 2 7  X 10' I/rnZ of light 
dose was 1.8 i 0.4 (mean It SD) (3). nie magnitude o f  r c s b n a  is  
similar to that observed dinically and, thus, is relevant. Howevcr, 
classical rcsistancc is mu& grcatcr than that obtaincd in our a l l s  and 
may not bc relcvant in human discase, 

Earlicr investigations showcd that thc resislancc displaycd .h y 
RIF-ûA was no[ a rcsult of diminished dru& uptake, not wu i t  con- 
sistcnt with a multidnig-rtsistant phenotypc in  which p-glycoprotciii 
mcdiatcs cnhanced drug efflux (3, 11). AnaIysis o f  the icaryotypcs 
revealcd that the majority of parental RIF-1 cclLs wcrc diploid or 
tetraploid (40 and 'O chromo.sorncs) and containcd somc abciormal 
diromosorncs. Thc RIF-8A ccll karyotypcs wcrc inamsktcnt, the 
most frqucntly observcd bcing p lyp lo id ia  of 120 chromusorncs 
(amduacd by Dr- O. Miller. Waync Statc University). Funhcr char- 
actcrisition o f  thc parental and resistanr cclk has, thcrcforc, hccn 
undcrtakcn in ordcr to t&xminc drudural anaor funaional diffcr- 
ences which may providc insight into the mcchanismc undcrlying 
altcrkd susccpiibility to PDT and, hcn- its mcchanisrn of cytotaxic- 
ity. 

Mitochondria hwc rcpcatcdly bccn implicated as primary large& of 
porpliyrin-rncdiatcd PDT (12-14). Lipophilic pophyrins mnccntrrtc 
intrrccllularly in ;is.tOCiation with mitodwndria (14, 15). Enhancing 
this mitochotidrial localkation through substitutions in thc aidc chai11 
stniclures of the tetnpymle ring cnhanocs lhe photdoxicig of t l ~ ~ x  

oompounds (15). Furlhcnnore, Mo- and Salet (16) dcmonstrrtcd 
that, after hematoporphyrin incubation, irradiation o f  subcdluhr rnrs 
rich in mitachondia nsults in ccll dcath, whercas mimimdiation of 
the nucleus or hyalopiasm did not do so- Thc arl'k& &mage afttr 
porphycin PDT acairs i n  the mitochondria a d  is &cÜtcd  with 
impairment of r numbef of mitocfrodrut enzymes involvcd in chc 
oxidativc phosphorylatioa pathway (12-17). If mitoctiondtia arc ps- 
mary hrgets of porphyrin PDT, ih«i diffueciocs ici tiusc organelle- 
may acoount for diffcrcl~lts in arsctptibility IO this tmtment For 
amparison, morphometric and fiinaional analysa of RIF-I and 
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MATERIALS AND MFTHODS 

Miicrulr Fa11 alf urum, 10% trypshEDTA, a-minimrl c~suiiiil me- 
dium. RPMI, glulunine. and puiitillinsvtp(0mych wete p u d a d  fmm 
Gïba~ BRL (Burlington, Oniuio, Clnada). Riiudeozider d deoxyni 
audeosides. 2demydglucosc. lucif&nllucifcnsc, a d  MIT. as welI as üte 
Bio~uminesecnt somatic A- assay kit, wue Crom Sigma (SL huis.  MO). 
Photofrin was from Quadnlogic Tcchnologics Inc (Vancouver. British CO- 
lumbia, CInada). The bianchoninic acid protein asay was obîained from 
Pierct (R~kford. IL). 

Cc l k  RIF-1 cclls were obtained from Dr. B. Hcndenon. Rosweli Park 
Mernorial Institutc, Buffalo. NY. RIFSA ctlls werc dcrived as previously 
dcsaibed (3). Cells werc grown as rnonolaycrs in a-rninimd essential medium 
containing ribonuclcosides and deoxyriboaucltosides, supplementd with 10% 
feu1 cal€ serum. 2 mu gluiamine, 1% pcnicillin, and arepiomyan in  7 S u n 2  
culiun fiuks. Doubling iimes for these a i l s  wcrc obtained from the linear 
p d o n  of thcir growh curves. The values prescntcd are the muns o f  cighi 
independent detcrminations. Human ovarian arcinorna cctk 2OUS and C13' 
wcrc providcd by Dr. Paul Andrews, Gcorgctown University. Rakvillc. MD 
(18). and were gmwn in RPMl wpplcmentcd wiih 5% fctal a l f  suum with 1% 
pcniallin and sircptornycin. Al1 cclls wcre rnainiained ai 3TC and 5% COd 
05% air in  a humid environment. 

Morphametric Analysir Preconfluent RIF-] and RIF 8A œlls were fixed 
in 2% glutaraldehyde. dehydratcd in a graded alcohol xrics. and fixed in 
Spurr's rcsin (IY). Thin scaions (70 nm) wcre staincd wiih uanyl acctatc and 
lead citratc and trd~dcrrcd to sri&. Elcdron miaographs werc d~taincd ai 
rnagnifications of x 1500 for cellular and nuclcar arwlysis and ai X IO.OOû for 
rnitochondrial analysis. A Bioquant automaicd image analysis sysicm (R & M; 
Biomeiria In t ,  Nashville. TN) was uscd IO dctcrminc cellubr, nuclcar. and 
rnitochondrial cross-seaional areas. Miiodiondn'ai a- were determincd as a 

fraction of the cytoplirsmic a ra  prescnt in u c h  XIO.C)(10 phoiornicrogrrph. 
l ï ~ e  values prescntcd in Table 2 havc bccn oonvericd from mitochondrial a ra  
per unit a ra  cytoplaim ro r per cc11 using the allular minus nuclur 
~ ~ u - s a i o n a l  arcv pfcscnled in Table 1. A minimum of 20 microgmphs wcrc 
cvaluatcd for cach cc11 type at each mqnikation. 

Gl lu lar  Protein Determination. Prmnflucnt RIF-1 and RIF-SA cclL~ 
wcre harvested using rrypsin-EDTA and aiuntcd. Varying cdlubr conanin- 
lions wcre analyzcd using a bicinchoninic acid mkroassay with bovinc scrum 
albumin u a rilndard ('20). Nineiy-six-well plates. wiih tripliates of each 
riample, wcre analyzcd at 570 nm on a Biokindics R&r (BieTek lnstru- 
mais). 

PDT Sunival Cuver Ptcconflucnt UK)8 and C13. a l l s  mrr rcmoved 
from ailturc fllslu by 10 min of incubation in 5 mi of 1X uyprin. Aftcr the 
alb wcrc spun at 1OOO rpm €or 5 min. they wue rrsuspcndcd and cwntcd. and 
appropriate dilutions wcre made IO obuin 2 X 10' œlWml. One m l  of dl 
suspension was added to 8 ml  of medium in culture plat= and al ls  wen 
rllowcd lo adhere for 4-6 h. at which timc the rppropiùte M o f r i n  dose in  1 
ml of medium wts addcd to ihe  plate^; aantrol plues ractived 1 mt of medium 
only. After 18 h of incubation, the druggd medium was moved and r e p l d  
with frrsh medium abne. Plata wtrr then imdiaced on 8 100- x 50- 
iightdiffusing wrlrie illuminaied by a brnlc of fluorrs&nt t u b  (Philips type 
m). filtercd wiih rcd rccutt f i lms (Na 19. Rasadux. Rosm. CA). to give 

w i d t b a a d ~ ~ ~ t m I . ' l b t ~ H u e i i a t ~ r i . r 9 ~ W l h i t  
i i i i b e w r u r d c i y h ~ ~ s a r , < i c p c r # I L u q C U I C d a u U 8 t W  
a u p ~ ~ ~ ~ ~ 1 5 a i i r n t w l e s d i o r i , i i r Y l r i i c a e i g a o t i i o c d 2 7 X  10.' 
~ ~ ~ ~ ~ M ~ ~ a m a d o c i i i i a w i a u l  
i m b i t i i l l i & ~ ~ & ~ ~ r i l i l ; u d a d k * S @ d ~  
qaiirhiaaW~a~glricrwucrruoddrridiiiwtbyleacblut,rdarliriilc 
m r t r f i a g > a ) a d l s w a i c d  

t O a o r ~ 1 - C l w r e t S . r r i d ~ ~ a d l s r i n r r r r r a o u i e d  
6 u m a i l t P i t ~ r r p a c ~ d o f 1 0 x ~ r i a p c n d e d m 1 0 m l ~  
aiarifokd~1OOOipinBor5ip9rdicapcdadm~Odlamat~ 
w w c p e r f o r i n a d d d i r i i r i m c ~ d 0 . ~ 1 0 d . W d ~ o f  
2 X  10'adblhi(.Oocddtbcdrircrrori;in~IModb8m(drncdi~m 
inculaucplrrarndtlbwadiadbenh4hOatddalMddamaui- 
~ o i 2 - D G w a s ~ w c r r h d r h t ~ p l r i a p c r Q J c C o a c m 1  
~cdct ivedlrddmadium,Ccl l trrPuoedincbt~arir ir lr i l ia i ic  
0f2-DGf~Sdr~~wbYhoimecbeplrcer~rrriiiadrrirbmah~Mue 
mdwIoniesrv i ib>Mocl ls~~niedSunrmluupcsedrsaprocat -  
8ge o f  0 0 n d  P h C  a r U e  

ATP h ( e a t  T d  c d u k  N P  C a M e a t  wrtr 18yed d g  8 d i f i c d  
Iuciftria/luaferrrc asay 01.22). RIF1 a d i s  wce runoval twn 
35-m wdls lad tuspcaded in medium H.1Z of cad~ aliquol was uscd IO 

quantitaie &II auraber, d the twnaining Euspurrioa was dde4 io an equal 
volume a€ Icctonilrile uid soaiaicd Io d i  d l u l u  membrures, Serial 
dilutions were donc to achievc a l 1  cuncuit& nnging h m  20 to MO 
allisample. In cach rnclulrernenl. triplioie amples o f  RIF4 and o f  RIF-8A 
werc u d .  The chcrnilurninesccnc+ af 4 dilutùmskrnple was musurcd in 
order to ensure that the ATP concentniions obmined fell wiihin the l i na r  mngc 
of ihe curvc. An ATP standard curvc - used io dcieaminc iota1 AT'P content 
pcr samplc. Rcsults shown are ihe means from 6 separaie expcrimenis. u c h  
containing dilutions from at lean 3 cc11 samples. 

Succinate Dcliydmgenue, Mitochonddal adivity of suainatc dchydro- 
g c w  was mwurcd using a modificd colorimetric l s ~ y  in  which a tcira- 
zolium compaund is convend into a blue formazan prccipitatc (MïT assay) 
(23)- Quadrupliata o f  c t l l  dilutions mging from 1 X 10' to 5 X Iû' in 
96-well plata wtre innibled with 2û gl of M1T in phosphate-buffed saline 
for 4 h, at which tirne 100 4 of candion buffer was rd& Io dissolve the 
precipitatc (24). Twcnty-Cour h later, the atxmbanœ o f  the dholvcd formlun - 

precipitate was musurcd at 570 nm. The iaulis arc expresscd as the m u m  of  
2 indcpcndent expcrirnents. whercin quadrupliate rnusunmencs wcrc done 
on ai least 4 ccll dilutions. 

Oxygen Consurnption. Oxygen utilïzaiion in whole &Ils u n s  measured 
using a Clarke oxygcn elcarode (YS1 Inc, Yellow Springs. OH). The oxygen 
solubility in thc charnber was calibntcd ai 234 nmoVml and WC Ce11 
dilutions rdnged from 2 X IO5 to 3 3 l@  cdWml. L inur  oxygcn consumption 
in ihc cclls was masurcd in phosphate-bufraed saline, The microchamber (0.6 
ml volurnc) wls used to estimate the basal nie ofoxygen cdnsumption. Value?; 
uscd IO caIailate the average o~ygcn con..urnpiion/lV al Wmin fell within ihc 
linear range of ihc n ie curve for oxygcn consumpion. 

Statistical Analysk Al l  vducs rcporlcâ arc mcans 2 SEM, Siudcnr's f 

icsts wcrc u . d  to dctcrminc dai iuial  signifiane. Crtcularions wcrc pcr- 
formcd using Minitab I nc  data analysis software 

Cellular Characterûtics Gross morphological acsessrnent of ihc 
RIF-1 and RIF-8A d l s  shows an incrcasc in total CCH size of thc 
RIF-8A ctlls (Fig. 1). Nuclear sim is also inacascd, rtsulting in an 
equivalcnt nuclear to cytoplasmic a r a  ratio of 03 in the hvO œll types 
(Table 1). Total cellular protein content is rlso double that of the 
parental cells, Howcvcr, the ull doubling tirne for both d l  types arc 
similar. 

Mitoehondrial Chancterirücs Elccfrun micmgnpG of mito- 
chondria h m  RIF-1 and RIF-SA cclls show clady their 'morpho- 
logicll difftlcriats (Fig 2). n i e  mitochondria in the panntal RIF4 
alk arc rclativtly hrgcr tlun RIF-8A cclls and of low. density with 
qmm aistae. I h e  mitochondria of the rcsistrnt RCF* lirie arc 
smallcr, more electron dense, and display a higher cnstae density than 
the RIF4 lin& The mophome(ricC masurements shown* Table 2 



RUTOCHONDRW ALTERATIONS 
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:ig. 1. Elecnoa micrographs of NF-1 (a) a d  
-8A cclls (b). 

Table 1. CeIh&r meoswcmenu 

RIF- 1 RIF-BA 

Cellular ana (pm') 64.8 r 37 166.0 = 1 4 9  
Nuclcar ana (pn3 22.8 = 1.5 59.1 2 5 . 8  
Pmtein content @&Al) 142 43 259 2 18'' 
Doubling Urnes (h) 19 r 2 21 = I 

P C 0.05 for diffaence between RE-1 and RIF-8A 

demonstrate the greater cross-sectional areas of the R I F 1  rnitochon- 
dria. Total mitochondriat area per ce11 in RIF-SA is double that of 
RIF- 1. 

The total cellular ATP content and succinate dehydrogenase activity 
of the resistant RIF-8A cells are significantly elevated relative to the 
RIF-1 cells. However, no significant difference was found in oxygen 
consumption rates per ceIl between the resistant and parental cells 
(Tabte 2). 

Ce11 Survival Assays. The representative survivat. curves shown in 
Fig. 3 demonstrate that the RIF-I cells are significantly more sensitive 
to the inhibition of glycolysis by 2-DG than are the PDT-resistant 
RIF-8A cells. 

Fig. 4 shows the clonogenic survival curves for the 2008 and C13* 
human ovarian carcinoma cells as a function of the Photofrin concen- 
tration after 18 h incubation and a fixed light dose. The C13' cells 
originally selected for resistance to cisplatin show greater PDT sur- 
vival at higher Photofrin concentrations than do the parental 2008 
cells. 

DISCUSSION 

The purpose of this study was to characterize the PDT-resistant 
RIF-8A cells and to compare them to the parental RIF-1 ceüs, in order 
to investigate the possible mechanism(s) of induced resistance. The 
striking differences in mitochondrial appearance of RIF-1 and RIF-SA 
are intriguing in this regard. The RIF-8A cells contain smaller mito- 
chondria with more electron-dense matrices. Although the total mito- 
chondrid area in these PDT-resistant cells is double that of the pa- 
rental line, when the greater ce11 size is considered the ratios of 
mitochondrial area per unit cytoplasmic area are comparable, RIF- 
8A:RIF-1 - 0.8 + 0.1 which implies Chat there is not a significant 
alteration in cellular energy requirement per unit ceIl m a s  ûwhg to 
the large size difference between RIF-2 and RIF-8A cells, increases in 

ATP content and succinate dehydrogenase activity per ce11 in RIF-8A 
were not unexpected. Of interest is the absence of an accompanying 
significant increase in oxygen coosumption in these ceus. That is, for 
an equivalent rate of oxygen consumption, RIF-8A cells contain a 
greater intracellular ArP pool, suggesting an altered energy metabo- 
lism when compared to the RIF-1 ceIls. 

Similar mitochondrial alterations have been noted in ceIls selected 
for by various conditions, including growth in glucose-free media 
(25), diminished susceptibility to trypsin detachment (26), and, more 
recently, cisplatin resistance (11). Because mitochondna are targets of 
porphyrin-mediated PDT, it was of interest to assess the relative 
sensitivities of the 2008 and C13* cells to PDT, since their mitochon- 
dria appeared so similar to those of the parental RIF-1 and resistant 
RIF-8A cells, respectively. These studies determined that the C13* 
cells are indeed cross-resistant to PDT. Cisplatin survival curves were 
also determined for the PDT-sensitive and -resistant cells (data not 
shown). The ratio of concentrations at which there is 10% survivai 
after 1 h of cisplatin exposure for RIF-8A:RiF-1 was approximately 
1.7 (C13*:2008 6). These findings are not interpreted as necessarily 
implying equivalent mechanisms of photodynamic cytotoxicity of 
resistance for the RIF and ovarian cells but are of interest because of 
the resemblance of the mitochondria in the conesponding pairs of 
sensitive and resistant cells. 

Mitochondrial variations have been reported between normal and 
malignant cells and behveen parental cell lines and related cells which 
have been exposed to various selective pressures (25, 27-29). Gen- 
erally, as NmOr growth rates increase and levels of differentiation 
decrease, mitochondnal differences become more pronounced, with 
altered cristae structure, more dilute matrices, and changes in organ- 
elle shape. Associated with these morphological changes are alter- 
ations in cellular bioenergetics (27). Depending on the ce11 lines 
analyzed, an enhanced capacity for glycolysis may or may not be 
associated with irnpaired oxidative phosphorylation (30,31). Whether 
this eievated glucose utilization occurs in order to mect increased 
cellular demands for energy beyond that which can be supplied by 
oxidative phosphorylation or is a component of a more global alter- 
ation in metabolic activity has yet to be determined (27, 32). 

In order to explore possible differences in the bioenergetics be- 
tween RIF1 and RIF-8A celis, survival assays in the presence of 
2-DG, an inhibitor of glycolysis, were performed. [2-DG is phos- 
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-SA mitochondria (6). 

and 

Table 2. Morphomehic a d  biodiemical m l y s i r  of mirochondria 

RIF- 1 RfF-SA 

Average cross-seaional yea (-3 0.110 + 0.003 0.081 Z 0 . m  
Total rnitochondrial area ( p m 2 / ~ l l )  2.7 + 0.3 53 = O.ga 
No. of mitocbondriahxll 24 r 3 65 r 10 
N P  content (hn/ccll) 9.2 2 2.2 15 = 15' 
Succinatc defiydrogenascb 2.1 r 0.3 3.9 z 0.6' 
Oxygen mnsumption (@106 cells/min) 0.13 i 0.02 0.16 r 0.02 

a P c 0.05 for dîffcrcncc beovccn R I F I  and RIF-SA. 
ASm per 1 p  cells. 

2-deoxy -glucose mM 
Fig. 3. Pcrantage sumival of RIF-1 (0) and RIF-8A (a) celis aftcr 5 days of con- 

Unuous incubation in medium wntaining vanous concentrations of 2-DG. Results are 
from a rcprcxntative txpenment and are ihe means (poins) 2 SEM (hrs )  of colonies 
from triplicate plates, expresscd as perccntages of mntrol values. Error bars not shown are 
smallcr than the symbol size. Triplicatc plaies wcrc done for each data point in each of the 
thrce cxperimenis pcrfarmcd. 

phorylated by hexokinase to 2-deoxy-glucose-6-phosphate, which 
cannot be Further processed (33).] The significantly lower survival of 
the RIF-1 cells in the presence of 2-DG indicates a greater dependence 
on glucose utilization in these cells compared to the RIF-BA cells. 
RIF-1 cells were also more profoundly affected by the inhibitory 
effects of 2-DG. Along with decreased survival, RIF-1 cells displayed 

Photofrin ug/ml 

Fig. 4. PDT dose-response curves of 2008 (0) and Cl3 (e) cclk and sumival, cx- 
pressed as permntagcs of control plaia. Results art the means (points) i SEM (hm) of 
tripficate plates h m  a rcprcsentative experimtnt Triplicate plates were donc for each data 
point in cadi of the thrce txpcriments perfomcd, and sulvival is exprrrsed as a perceniage 
of the no-dmg controis. 

greater morphologid alterations with distinct reduction in ce11 size, 
diminished ceIl spreading, and fewer cells per colony than the RIF-8A 
cells (data not shown). This greater sensitivity to 2DG in RE-1, 
together with the morphological and functional differences of the 
mitochondria in the two cell types, is consistent with previous reports 
which showed that other ce11 lines containing enlarged mitochondria 
with few cristae (iike RIF-1) also display increased Ievels of glyco- 
lytic activity (25, 32). 

The structural and functional dynamics of mitocbondria are com- 
plex, and detailed reviews are available (34,35). Those issues relevant 
to the present findings and their possible associations with cesistance 
to porphyrin-rnediated PDT wiil now be desccibed. Originally, Hack- 
enbrock (34) linked ultrastructural transformations in mitochondria to 
changes in energy metabolism. Assessiag changes within a given ce11 
type, he demonstrated that smaiIer, more electrondense (condenscd) 
mitochondria dibylayed higher levels of oxidative phosphorylation 
when compared to larger, sparsely staining (orthodox) mituchondria 



(35).Hownvgit is~dcuthrttk~~morphologieri luybcd~ 
infer spcciGc biauieqcîk âiff- wben am&ng WU di types, 

: Funher # dtcntioar WMI ftltIC10d c b g c ~  hlvt 
s a c i - b y K r n P u d ~ ~ u h o d e m a m ( n r c d  
th d v d y  pbaspboryttiPg mhdmdrü have .a k- 
qwayofianerQUt#miioeboidrirlwnikrneaonua~Afso 
pertiocnt P tbe findiag that. in gaxd,  wmar œU k o -  i~ 
p o t t e r t r i l ù l l y b o d i o r h t o u u r ~ n i t i n b n a e r t r b c s t  

sïtcs (37.38)- The binding site for the earyme apptus b bc 
a voluge4qmdent anion channe1 protein, which q#ns the outer 
mirochonda membrane and with the ADPIAIT Lnnslo- 
ator forming these oontad point$ (36.39)- This i n t e ~ i o n  m y  allow 
hcxolo'nase prcfcrtntial a a x s  to mitochondrially gentnted ATP i n  
d a t i o n  wiui the npid restitution of intrunitochondd ADP (40)- 
Thenfore, mitodtondria! morphology reflcds rspcds of the biœncr- 
gctic sîatus o f  alls. and rhii may dter susœptibiliiy to PDT- 

Porphyrin-mediatcd PDT bas been shown to cause inactivation of 
numerous mitochondnal enzymes (12), inhibition of ATPasc (41). and 
unmupling of oxidative phosphorylation (13). The available cvidenoc 
suggtsts that damage to the ADPIATP iranslocator rnay be a critical 
event i n  P~~-d ismpt ioa  of oxidativc phosphorylation (4 1; for review 
see Ref. 14). 

There is evidencc that the funaional state o f  mitochondria rnay alter 
the number of inner-outer rnitochondrial membrane contaa sites (35). 
chat this regulaiion may bc disruptcd in tumor cells o f  varying gly- 
colytic capacity (31). and ihat porphyrin compounds bind IO these 
same sites which contain targers ihat are sensitive to the damaging 
effects of prphyrin-mcdiated PDT (14. 4 1, 42). 

Given that many othcr in vitro studics of Photofrin-mcdiarcd PDT 
have shown mitochondria to be sensitive targets for PDT damage, the 
observed differenm in  mitochondrial structure and function betwetn 
the RIF-1 and RIF-8A ctlls could well be involved in the PDT-induad 
rcsistanct which we have observed. Mechanisms such as altcred pho- 
tosensitizer targcting or binding, rcduced stnsitivity to oxidativc dam- 
age, or enhanced capacity for rcpair o f  such damage could rcsult from 
either or both of the altercd struaural and mctabolic States, Whethtr 
or not the observed changes in mitochondrial morphology and ccllular 
bioenergetics are entra1 to the expression of photodynamic rcsistance 
has yet to bc determinui. Prcciscly how thse findings mmay rclatc to 
changes in scnsitiviiy Io porphyrin-mcdiatcd POT is prcsenily k i n g  
investigattd. 

Thc authors would likc Io ihank Quadralqic Tcchnalmjcs Inc. for supply- 
ing the Phoiofrin. Dr. B. Hcndcrson and Dr. P. Andrews for providing ihc RIF-l 
and human ovarian carcinoma ccILs, rcspcdively. and Dr- 0. Millcr. Dcpri- 
ment of Moleculu Biology, Waync Shlc Univcrsity. Dctroi~ MI. for providing 
ihc karyoiyping of ihc RIF-I and RI F-8A cclls. 
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Discussion 

Although previous studies demonstrated that Photofrin II accumulated in 

rnitochondrial, lysosornal, nuclear and plasma membranes, the critical target for 

cell death remained unresolved (274). One approach used to identify the 

mechanism of action of a drug is to develop a variant that is resistant to the drug 

of interest. Once a resistant variant has been generated, cornparison of the 

variant to the parental line often reveals changes in the variant that allowed it to 

become resistant to a particular agent. These changes may reveal dues as to 

the critical targets within a cell. With Photofrin Il-mediated PDT our laboratory 

(290) and others (292,296,305-307) observed that mitochondrial function was 

disrupted after PDT. Therefore, a variant resistant to POT was generated and 

its mitochondrial characteristics were compared to the parental cell line to 

investigate whether mitochondrial alterations were associated with PDT 

resistance. This was the first report to demonstrate that resistance to Photofrin 

Il-rnediated PDT may arise from changes in mitochondria. 

Initially, it was observed that the ultrastructure of mitochondria in RIF-BA 

cells was different from RIF-1 mitochondria. RIF-8A mitochondria were smaller 

with more densely staining cristae. An increase in staining density of 

mitochondrial cristae had previously been reported to be associated with 

increased mitochondrial respiratory chain activity (1 87,188). Therefore, assays 

of mitochondrial function were performed to investigate whether the structural 



changes in the mitochondria of RIF-ûA were associated with altered 

mitochondrial activity. 

Since mitochondria are the primary producers of ATP within most cells 

(164) we exarnined the total cellular ATP content in RIF-1 and RIFSA cells. 

RIFBA cells wntained approximately two-fold more ATP than RIF-1 cells. 

Mitochondria of RIF-1 and RIF-BA cells were further characterized by examining 

succinate dehydrogenase activity and total cellular oxygen consumption, both of 

which are indicators of mitochondrial oxidative phosphorylation. Succinate 

dehydrogenase is an enzyme in complex II of the electron transport chah but is 

also found, to a lessor degree, within the cytosol (210). Therefore, although 

succinate dehydrogenase activity may not provide the most specific method for 

determining electron transport chain activity, large alterations in its function may 

indicate changes in electron transport chain activity. In contrast, oxygen is used 

as the terminal acceptor for electrons passed down the electron transport chain 

and almost ail of the oxygen consumed by the cell is used for this purpose (210). 

It was obsewed that succinate dehydrogenase activity was approxirnately 2-fold 

higher in RIF-8A cells compared to RIF-1 cells. This increase in succinate 

dehydrogenase activity in RIF-ûA cells was similar in magnitude to the increase 

in ATP content in RIF-8A cells compared to the parental line. However, oxygen 

consumption was not doubled in RIFSA cells compared to RIF4 cells and thus 

provided an intriguing result. 



An approximately doubling of cellular ATP and succinate dehydrogenase 

activity may simply reflect the fact that RIF-8A cells are approximately twice as 

large and contain roughly double the mitochondrial area compared to RIF4 

cells. The lack of increase in oxygen consumption may reflect an increase in 

ATP production efficiency in RIF-8A cells. TO maximize ATP production 

efficiency, al1 of the hydrogen ions purnped across the inner mitochondrial 

membrane would return through the FIFo ATPase and be used to generate ATP, 

yet, this is not the case. Hydrogen ions can also leak across the inner 

mitochondrial membrane (down their concentration gradient) at sites other than 

the F,Fo ATPase and thus do not generate ATP (308). These hydrogen ions still 

required the movement of electrons down the electron transport chain to pump 

them out of the mitochondrial matrix and thus oxygen is still consumed even 

though ATP is not produced. A classic example of this phenornenon occurs 

following treatment of cells with ionophores like FCCP. FCCP alters the 

permeability of the inner mitochondrial membrane allowing hydrogen ions to leak 

back into the mitochondrial matrix (242,243). In an attempt to maintain the 

electrochernical gradient, electrons are still passed down the electron transport 

chain and oxygen is still consumed but little or no ATP is produced. Therefore, 

since the increase in oxygen consumption is less than the increase in either 

electron transport chain activity or ATP produced, these data suggest that RIF- 

8A mitochondria are more efficient at utilizing the hydrogen ions that are 

pumped out to generate ATP. 



These first two chapters described mitochondfial alterations associated 

with resistance to cisplatin and PDT. Similarities in the mitochondrial 

ultrastructure in the PDTiesistant and cisplatin-resistant variants suggested that 

the rnitochondrial alterations associated with the PDT-resistant variant, RIF-8A, 

may also render this cell type resistant to cisplatin. The cisplatin sensitivity in 

RIF4 and RIFBA, as well as further mitochondrial characterization in these 

cells, was investigated in the next manuscript. 



Chapter 3. Cells resistant to POT are cross-resistant to cisplatin. 

In the previous manuscript, characterization of a PDT-resistant variant 

showed that several mitochondrial characteristics differed between the PDT- 

resistant variant and the parental line. These alterations included increased 

cristae staining and elevated capacity to produce ATP. Intriguingly, a similar 

increase in cristae staining was observed in a cisplatin-resistant variant (1 52). 

As shown in Chapter 1 and by Andrews and Albright (1 52) this cisplatin-resistant 

variant also had an elevated mitochondrial membrane potential compared to its 

parental line. Therefore, it appear that increased cristae staining density may be 

associated with cisplatin resistance and an increase in mitochondrial membrane 

potential. These observation suggest that RIFSA cells rnay have an increased 

mitochondrial membrane potential andlor decreased cisplatin sensitivity 

compared to RIF-1 cells. 

Another interesting observation from the previous manuscript was that 

C13" cells were cross-resistant to Photofrin Il-mediated PDT. PDT resistance 

can result from an overexpression of P-glycoprotein which reduces intracellular 

Photofrin II concentrations as shown in a multi-drug resistant variant of Chinese 

hamster ovary (CHO) cells (309). It is improbable that C l  3' cells are resistant to 

PDT as a result of P-glycoprotein overexpression since adriarnycin sensitivity in 

2008 and C13' cells is sirnilar. Adriarnycin is a substrate for P-glycoprotein and 

cells overexpressing P-glycoprotein are resistant to this drug (303). Thus, it is 



possible that the mitochondrial changes in C13* cells render them resistant to 

Photofrin Il-rnediated PDT. Similarly, the mitochondrial changes associated with 

PDT resistance in RIFBA cells rnay decrease cisplatin sensitivity in these cells 

cornpared to their parental line. 

Since cisplatin is thought to induce ce11 death through binding to nuclear 

DNA and inhibiting DNA synthesis and transcription, it remains unclear how 

mitochondrial alterations could contribute to cisplatin resistance. It has been 

suggested that an increase in the interna1 negative charge within mitochondria, 

due to an elevated mitochondrial membrane potential, rnay sequester positively 

charged cisplatin species from interacting with more critical targets (152). 

Alternatively, intracellular calcium concentrations and thus calcium-mediated 

signal transduction may be altered in the cisplatin-resistant variant. Calcium can 

be accumulated in mitochondria and this accumulation is dependent on the 

magnitude of the mitochondrial membrane potential (207-209). Therefore, 

alterations in the mitochondrial membrane potential may influenced intracellular 

calcium concentrations. Regardless of the mechanism through which 

mitochondria contribute to drug resistance, changes in their activity associated 

with drug resistance may provide alternative strategies for treating drug-resistant 

tumours. 

In this manuscript, the mitochondrial membrane potential and cisplatin 

sensitivity of RIFdA cells were investigated to examine whether the 

mitochondrial structural changes associated with PDT-resistance resulted in an 



elevated mitochondrial membrane potential andlor decreased cisplatin 

sensitivity. 

Al1 assays in this manuscript were performed by R.A. Moorehead except 

for the quantitation of DNA-bound cisplatin by atomic absorption spectroscopy 

which was performed by Dr. S.G. Armstrong (postdoctoral fellow in ouf 

laboratory). 
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Cross-Resistance to Cisplatin in Cells Resistant to Photofrin-mediated 
Photodynamic ~ h e r a ~ y '  

Roger k Moorchad, Steven G. Armstmag, B&II C ~iw aad Gurmit s i h 3  
o l l w i a O K a T i a e a i i o y d ~ F ~ ~ ~ ~ C u e a C c r r r r q a d D c p r r r i c i u 4 P . a d o l y , M d l ~ U r i i i i q r i y . H ~ ~ ~  

Thi study sbows that r Phdotria-induccd photod~mic (burpy- 
nsislrint variant (RIF-SA) of a ndiation-lnduad fiùmsam~um-1 c+ll iht 
(RIF-1) is cross-resistant to cisdiammintdii~~pi.ünum(u) (&plith). 
Tbir is the hrst study to show cros~nsistiaœ to Cirpi.(io in phatody- 
atmic thenpy-mislant variaats in vilru. Rddaacc does mot rppcu to k 
îbc m d t  of elcvakd glutathione kvdr since ocithcr Cht mistant r h a a t  
(RU-8A) nor the pmi t a l  Iiae (RIF-1) vuied Ea W d  giutathlooe k v e k  
Howevcr, cisplrtia-DNA addud lcvds d i R e d  rigailiaotfy ktwecn tbc 
two cd1 types. Immdiatdy following 8 14 cxposum to dspktin (50 pM), 
RIF.1 celis coataincd 44.6 +, %O (SEM) pg plitiaand., DNA while 
RIF= cells contaiad 24.8 * 63 pg pIaünum/pg DNA. In addition, the 
resistant variant had d a m a d  piasma ma mitocboodrul membrane 
potcntials. nie plasma and mitochondril mtmbmaa of the nsistaot 
variant accurnulated 3- and 3.6-fold less rhodaminc t23, mpectivcly. The 
diîietcace in rhodamine 123 aecumulatioa tould mot bt aUributcd to 
tlevated P-glycoprotein expression beause bath the parratal liae and the 
variant contained similar amounts of P-glycoprotein. In maclusion, alter- 
rtions in the plasma andlor mitochondrial membrane potcnthb may 
provide cells with r sunival advantagc when dulleageâ with either 
photodynamic thcrapy or cisplatin in vi&v. Tbis appears to be a novel 
mechanism of resistance. 

Introduction 

Cisplatin' is considcred one of the most effective antitumor agents 
for a large numbcr of solid tumors, but its uschilncss is lirnited by the 
frequent growth of cisplatin-rcsistant cc11 populations (1). Due to the 
difficultics of invtstigating drug resistancc in v iw,  the mechanisms 
invotvcd in cisplatin resistance have traditionally k e n  studicd in vitro 
in variants sclected through a proctss of incremcntal dmg exposure 
ovcr an cxtended period of iime (1). These cisplatin-induccd tesistant 
variants are often 10-30 iimcs more rcsistant to cisplatin han thcir 
parental lincs. Such seledon p r o d u r e s  have b e n  shown to inducc 
multiple changes that contribute to cisplatin resistanct including al- 
tered dnig transport, incrcascd mctallothionein or  giutathionc lcvels, 
and altertd DNA addud formation andior cepair, thereby making it 
difficult to determine the relative importana of each mectianisrn (2). 
Altcrnatively. variants that posas a more modcst lcvel of resistanac 
to cisplatin may provide a more appropriate m d c l  systcm to study 

mcchanisms of &platin ftsistancc. sincc ttsistvrct greattr than about 
5-fold may not be clinimlly rclevant (3). 

In this papa, we ptesent o novel mode1 systcm to study cisplatin 
mistana in vitro, util'king cclls resistzat to PDT and which dernon- 
suate cisplatin aoss-ccsistanct. Pmioudy, we dmacîcrizcd RIF-1 
and its PDT-rcsistant variant (RIF-ûA) ind  demonstntcd motphlog- 
i d  and functional mitochondrial differcncts (4). The struaural 
changes in the mitochoadria of RIF-8A #Ils stmqly rcsemble tbose 
observed in C13' cells (S), a cisplalin-induced resislaiit variant of the 
humaa ovarian carcinoma ceil line (zoos), in rhat thc mitochoadn'a in 
che rtsistant variants appearcd to bc in a condcnsed strtt with deostly 
staining cristae cornparcd to their rcsptctive patentai Iinc. Tbe mito- 
chandrial changes in C13+ ctlls contributcd to cispiaiin rtsistancc 
through an undetcmincd mcchanism (5, 6). niercfore, RiF-8A a l l s  
were further investigatcd to detemine if the mitochondrial structural 
aiterations provided similar functional changes as observai in C13' 
cclls (5) and if the mitochondrial alterations contributcd to the cispla- 
tin cross-resistanct. 

Materiah and Methods 

Materiak cis-Dimkiedichioropfaiin~, S-suLfixdicyik a d ,  NADPH. 
S>'dirhi&k(î-niuokrizoic acid). glutuhione dudase, rnd rcduad giuuthiont 
wcre obtaincd h m  Sigma (=hemical Co, SL Laiis, MO. R h d a m k  123 and 
K33258wutobtainedfiomEtr(myi ~ R o c b c s t t r ~ N Y , r n d t X b i o d i c m ,  La 
loua. (2% rcsptdively. Alkali  pbosphafasc amjugaic, a - m u ù m i l ~ ~  me- 
dium, molaailar weigtit standudr, uid My- kirs wcre pvchstd Zomi Giba, 
BRL, Buriingron, On&. CPMda ihc monodonal m t i i y  fa P-glyoopkh 
(P-glymMAb (219) was puduscd ûom Chtoan, ibialvem, PA . 

Ccll Lines and Culture Coaditions. RE-1 aiis were obtlined originally 
Gom Dr. B. Henderson. RosweU Pa& Mernorial Institute, Buffilo, MI. The 
PDT-rcsistant variant (RIF-SA) wu gentratcd in our laboraiory by eight 
selcction cycles with Photofrin and iight as desaibal previously CI). CHO 
otlls and CHO-MDR wcrc providcd by Dr. V. Ling, Ontario Ciacct Insritutc, 
Toronto. Ontario. Canada. The CHO-MDR tic, muinhg ibc P-glyooprotein 
gene (CH%), wu dcrived fmm the AUX B1 parent linc 8s d c s x i i  by Ling 
and Thornpson (8). RIF-1, R i F g h  Ufû, and CHO-MDR œlts w a c  gmwa in 
a-minimal essential medium medium ooatlining d e o x y r i b o a ~  and 
ninudeosidts and suppluncated with 1- Cetil buviat zenun, 2 mu glu- 
mine ,  LOO u n i h l  penicillia, 100 Irglml stqmnycia, lad O Z  &ni 
amphotcricin B. A l  ailturcs wae nmint.imd ri W C  rad 5% CQ in r 
humidifiecl incubator. RIF4 lad RIF* were @id with r Mywm kit and 
wcn shown to be Mycqdasm acgitive. 

Sumival Assam Cclls in l o g - p b  growrh w«c sccdcd OVCCiUght ri 8 al1 
duuity of approximalcly 100 a W e l l  ia 6-weU phtcs and wcrr tftrted. in 
tripliate. for 1 h with various ooaocliintioas of citplrtin (prcpucd fie& for 
ercb expcrimcnt in PBS, pH 72). At ihis point, the dmgcootlinirig medium 
wrr rcmovtd a d  rtplaced with dmg-free medium and the ak w#c incuû8td 
i t  37'C for 5 days. Surviving cotonia wue stained with meihyleat blue and 
colonies eontaining M or moie œlls w a e  cou~lted. 

P-giyc~pmtein ~dtnniaitioa ~el i s  in log phut.. gowch wcrc 
uypsinized. ccriuifugal 81 400 x g fa 5 min, d wrJbed once with phos- 
pûate-buffend saline. Plumr mcmbnncc fivm ttitse cultues mre prpued 
using ihc methodof G#lrchciaL (9).lbirry pgtotll protcis irdttcrmined 
by the Piecce Mim K A  protein ict ly  (IO), d 



praiacd potcm *drdr h 
~ 1 r u 1 ~ ~ ~ 0 1 d o m n p l o i ç r i r Q l ~ ~ * . . & n o d ~ -  
~ ~ w l m ( t l ) . T b c p r o c e i a r r s ~ r i t h b i ~ p i a u y  
@'body rprm" (O P-gloDpocein (1:lo.Um a h  of P-glpoMM in 
Triz-kiflaedIilinewithO.û5%~20)usiagrmdfeachdrbemcrhod 
o f ~ c r d ( 1 2 ) - T l w : b l ~ ~ p b o t o g r Q b e d d d y t e d ~ m o p t i t r l  
&locndam~LIboruoncr,- 

. . -1- 
~ ~ & = y .  RIF-1rndRlFsAccl l tuueprrQubdrr~ 

~ ( t 3 ) ~ i b c r r m g l ~ ~ W a s d a c i a i l r d b y m c ~  
d ~ k & B O t U d  Sics(~4)8tacwiveferigtbof412nmori 8 &drnun DU-7 

Dri. ut crprrpsd a tunoilmg -in. 
~ t i a a t h  of PI.iiaom-DNA Mdocb. Celis in lag-plufe giwvih 

- ~ o v a a i g b t h i S û - x Z S - m m d i i ~ a d t i r s i t y o f 8 X  10" 
dwpta& Foilowing 8 141 uposurr m chplain (50 in PBS, pH 72). d l s  - 4 with drug-frec medir ud huvesrd by a l 1  saapiag wiib r abber 
poli- The a l l s  wrerc œnirihiged u i.50 X g for 5 min, rrsurpcadcd in 
p ~ s ,  md again anlrifuged at 150 x g for 5 min, The supcmatant was 
dwrded and the ail pcllcfs w m  stod rt -70°C DNA was isohtcd h m  

~e l l  pellets by rcsqmâing them in digestion buffct (100 nur NaCl 10 mM 
~~i,-,ia. 25 mu mï 'A  @fi 8). 05% sodium dodecyf Sdfatc. 100 &mi 
pdeinvc Y rad 25 u n i w  RN= TI). Ccll digests wcrc uiaiûatd at 3 7 T  
for 2 h followed by ui 18-h digestion at WC Samples were -cd twict 
wih pheno~chloroform (1:l) and antrifugcd ri 1700 X g for 10 min. Tbc 
qumus phrse WLS nt*cnaed with cûiomform:isoamyl aicd10l(25:1) and 
dillyzed igain!ü &O for 24 h at 4'C The samples w u c  lyophüized aod 
rmnstitutcd in PBS (dcium and magntsium Ctce), and DNA matent was 
dcrennined by UV absorbana at 260 am. Plaunum-DNA adduds wcre detu- 
mined by flameiess atomic absotpiion spedrosmpy wiih Zeeman background 
torr .!ion, using a Perkin-Elrncr 5100 ZL atomic absorption spcdrophotom- 
cter. For each samplc, 25û pg of DNA wctt digested with nihc acid: 
pcrchlonc acid (3:l) at ambicnt temperature for 18 h. M e r  acid digestion. 
samples were mporated io dryntss and rtconstiiutcd in 250 4 of 10% nihc 
acid, and 25-4 aiiquats wcrc UijeUed into the atornic absorption spectroscopy 
unit. Platinum-DNA adduct levels arc expresscd as pg piatinumlpg DNA as 
dcicnnincd from a platinum siaadard nuve prcpared in 10IRP nitric a u d  The 
lowet Iimit of detcctioa was 250 pg of pta?inum (10 pg ptaiinum/pg DNA). 
Rhodamioe ï23 Uptakc. RIF-1 and RIF-SA cttls in log-phase growth 

wcr: rceded ovemight in 24-weU plates at a deasiiy of 5 X IO4 alWwelI and 
utrrcd with Rh123 (LOO p ~ )  for 1 h. 'lhe Rh123 accumulation was determincd 
in nomal potasiurn media (whole a l1  upokc), media supplemented with 137 
mM potassium diloride (for seleciive depolarkation of the plasma rntmbraac 
ptential), or normal potassium media supplementcd with 5 p~ catbOay1 
cyanide ptnnuoromethoxyphenylhydrazone (for seleuive depolarization of 
miiochondrîal membrane potential) (5). Following Rh123 removai, the wells 
werc washed h v i a  wiih phosphate-buffcred saline. and deianizcd wakr was 
added (300 flwell). The plates wert then storcd. protened from Iight, at room 
f~my-rature for a minimum of 2 h. In order to determine ike DNA content in 
tac11 well, 100 pl of the DNA fluorochrome, H33258 (40 &ml in TNE 
bulfer), wcre added to cach well (15). nie piates wcre read on a Cytofiuor 
2350 fluorescent plate samer  (Milipore, Mississauga, Ontario. Canada) using 
~xcitatiodcmission wavelengths of 48SISN nm for Rh123 and 360f460 nm for 
the DNA fluorochmme ('33258). Ce11 numkr/DNA and Rh123 standard 
c ~ ~ c s  were gencnied !O enable ihe fluorescent rcadings to be anvertcd to 
fmol of Rb123/aU 

Sciüstics. Al1 valus report the mun + SEM unltss dherwise spccüicd 
Slatistical analysis W ~ U  carricd out using an unpaind Student's t iest; P < 0.0s 
Was ;onsidered sutistially signifiant 

Rcsults and Discussion 

Clonogenic survival studies were pcrformcd to ampare cisplatin 
scnsitivity in RIF4 and RIF-8A cclis (Fig. 1). The 90% inhibiîory 
concentrations for a one h cisplatin e x p u r e  were 9.0 p~ for RIF-1 
cdls and 14.6 p for RIF-8A dis. The rcsistant variant was appnr- 
imately 14-fold rcsistant to cisplatin. Sina Wù is thc first tirne 
cr~:+rcsistanct to cisplatin in a PDT-Ïndud resistant variant in viin, 
bas baen demonstratcd, the focus of Ihis nudy was to investigrte 
possible mcchanism(s) involvcd in the cross-cesistance to cisplatin. 

It has bcen demonstrate. prcviously that elevatcd ltvels of gluta- 

Cispla tici Concentration (uM) 

TaMc 1 P-gfycaprorcin con(uri ù RIF-1. RIF &A, CHO. and CHO-M3R cclLI 
- - -- - - - - 

(=HO CHO-MDR RIF-1 RIF* 

P-giycoprocein' 0.75 f 0.02 229 = O* 0.60 2 0.12 0.70 2 0.07 

Valua ut qwcsed as ubiiruy rbmhairot unifdmg proiein (n = 3). 
P c 0.05 fa CHO wrsrrr MOMDR 

thione, a known scavenger of cisplatin, can contribute to cisplatin 
sesistance (16). However, thcre was no apparent differencc in totai 
cellular glutathione (oxidizcd glutathione and reduced glutathione) 
content inasmuch as RIF-1 contained 5.1 nmoUmg protein whie  the 
variant RIF-8A contained 5.4 nmoUmg protein (Table 2). Our obser- 
vations are consistent with those of Luna and Gomer (17), who found 
no dilfcrenccs in reduccd glutachione and giutafhione peroxidasc in 
RIF-1 cells amparcd to Lhtu PDT-resistant variants. 

Another common form of drug rcsistance in tumor cclls involves 
MDR resistarict. The main cornponcnt of MDR is the M, 170,000 
plasma membrane protein, P-glycoprotein, which is an energydepen- 
dent efflux pump with an affinity for a variety of chemothcrapcutic 
agents (18). WC have shown prcviously that t h e  is no differenct in 
the survivai of RIF-1 and RIF-8A a l l s  following Adriamycin admin- 
istration (7), and the prcscnt study demonstrates that there art no 
significant diffcrcncfs in P-glycoprotcin content behvccn RIF-1 d l s  
and the variant RIF-ûA Western blots were uscd to quantitate P- 
glyooproteia levels in four diffant ceIl types: RIF-l; RIF-8A; CHO; 
and CHO-MDR celis (Table 1). CHO-MDR cclls were used as a 
positive control and cctntaincd approximately 3 times the amouat of 
P-glycoprotein found in CHO cells; howcver, there was no s i g d h n t  
diffcrena in P-glycuprotein content between RIF-1 and RIF-ûA 
Although P-glycopmuin (M, 170.000) is not bclitvcd to play a rote in 
cisplatin cesistrace, Rh123 has bcea show to bc actively cxtmded by 
this protein (19). Sinœ Rh123 was uscd as an indicator of membrane 
potcatial ia this study, it was cmcial to demonstrate that a P-giycop- 
mteindependcat mtchanisrn did not influence the Rhl2Slrcsults. 

Mitocbondrial aiterations have been shown to be d t c d  with 
a l 1  tmasformatioa, but little is knwn about th& rolc in drug nsis- 
tuice (20). Our prcvious characterization of RIF4 and RlF-ûA alls 
nvealed structural changes in the mitochondria of the resistant variant 



o o w i s t s ~ f b o t û r m c n i b n a e p a ( e n t u t ~ ~ ~ ~ ~ ~ ~  
(he aiitacboadria in RIF-1 ud NF-8A d b  m y  siaühc clec- 
W i a i  grrdieab but v ~ y  in Ilie dative ~ ~ ~ t r i k r t i # i  of rbe tw 
d'entioaed c9mpoaents. A nnrl ~ o s u ' p k  exp- is thit the 
mitochond& of NF8A are more tightly oaupled t h  those of RIF-1 
and chus have inaersed th& AW pductioo cffkhcy- Nat dl 
protons cxtmdd by the elearon irrnsport duin  rcüua via & 
F,F&TPasc, îhus produchg ATP; S O ~ C  prdons k k  rcioas the 
miiocbonm nicmbnne reducing the efnciency of ATP 
(24)- nie hypotbcsis of an iaaerscd c f k h c y  h supportcd by pm- 
vious wock which demonslntcd that RIF-8A ails ut i lk  Ics o x y g a  
than RIF-1 cclls to maintain similm int.raœilulu ATP pools (4). 

Several invcstigators have suggested that mitochondria mry play a 
role in detcrmining cisplatin scnsitivity. Cisplatin luis beca sbown to 

RIF- 1 8 A  bind to mitochondrial DNA with grcatcr dfh i ty  than auduc DNA 

Fit2 Rh123 r e i m u l i o n  in RIF-1 ind RIF= alk Rh123 -ul.iioa wnr 
testcd in 0 nomirl e t n i n i d  cpmtirl  d i a ,  a - i ~ i n i d  owdiuai + 137 
mir K a  ud Q-mimimai ascntiai medium + 5 cubonyl cyioidt puÜiuw~mc- 

(horypheayihydnmne in order io deccmiine wbolc ai4 miiocboabiil rad pkma 
membruK Rh123 8aumuLtion rcspcetivcly. Cdumu, mcln (a = 4); bof& SEM. 

(4). Intercstingly, the mitochondrial structure of RIF-8A was strik- 
ingiy similar to that of a hurnan ovarian cisplatin-induccd mistant 
variant, C13' (4, 5). Furthennorc, we have shown C13* celis to be 
cross-rcsistant to Photofrin-rncdiated PDT (4). Thus, the obsemtion 
that RIF-8A cclls are cross-resistant to cisplatin s u g g c ~ t ~  passible 
cornmon mcchanisrns of raistancc related to the mitochondriat alter- 
ations. However, the ultrastructural changes of the mitochondria in 
RIF-8A cclls were not accompanicd by an incrtasc in mitochondnal 
membrane potcntial, in contrast to that observed in C13' cclls (Fig. 2). 
Rh123, which accumulates in rwponse to membrane potential, was 
used to compare both the plasma and mitochondrial membrane po- 
tentials in RIF-1 and RIF-8A ul l s  (21, 22). The mitochondrial and 
plasma membranes of RIF-8A otlls aocumulatcd 3.6- and 3-fold les 
Rh123, respectivcly, relative to RIF-1 cclls (Table 2)- As a rcsult of a 
ceIl s i x  and mitochondrial area difference bccween NF-1 and 
RIF-8A ctlls, Rh123 accumulation is exprcssed as am01 of Rh1231 
mm2 of rnitochondrial a m  and am01 of Rh123/mm2 of cytoplasmic 
arca. sincc a doubling of mitochondrial arca muld incrcase Rh123 
accumulation independent of a membrane potential differcna (5). 
Mitochondrial and cytoplasmic arcas of RIF-I and RIF-8A were 
published previously by Sharkey et al. (4). 

Even though an increase in mitochondrial membrane poteatial is 
believed CO indicate an enhanced rate of ATP production via oxidative 
phosphorylation (22). diminished mitochondrial membrane potentid 
in RIF-8A cells did not compromise total cellular ATP content (4). 
This observation could be interpreted to suggest that RW8A œlls 
have an inatastd dependencc on ATP production via giycolysis; 
however, both electron microscopy and 2deoxyglucose scnsitivity (4) 
suggest that this is not the case. Ultrastructural changes associated 
with RIF-8A rnitochondria appcar similar to those describecl by Hack- 
cnbrock et aL (23) as being in a condensai state indicative of elcvatcd 
oxidative phosphorylation activity, in contrast to the "orthodox-like" 
mitochondria in RIF-1 cclls. Also, RIF-1 a l l s  arc more sensitive than 
RIF-8A ctlls to 2dcoxyglucose toxicity, an inhibitor of glycolytic 
ATP production, suggesting that RIF-8A celb have a rcduccd relative 
dependencc on glycolysis (4). 

Another possible cxplanation for the observai dccmsc in mito- 

chondrial membrane potential in RIF-BA without r corrcspoading 
decrease in total allular ATP is that the rnitochondria in RIF-ûA a i l s  
express a greater portion of their eledrochemical g d i c n t  as r pH 
gradient rather than as a membrane potentiat, nie dnving force bchind 
ATP synthcsis is the mitochondrial elcctrochemical gradient, which 

(25). In addition, combination diemothcrapy using cisplatin and 
agents thai alter mitochondrial fundion (ir, Iipophilic ations) h m  
been showa to enhancc cispiatin cytotoxicity in vitro (26) lad ui vira 
(27)- Furthemore, Shinomiya et 41. (28) dcmoastrated that Rh123 
fluorescence intensity in ails incrcased foUowing expwure to *la- 
tin. Finally, a human ovarian cancer cc11 Iïnt (XMl8) and ils resistant 
variant (C13+) have bccn shown to rcspond to cisplatin by elevating 
their ATP produaion (29). 

Cisplatin-DNA interactions also differcd bctween RIF-1 and 
RIF-BA alls. Cisplatin-DNA adduci levels wcrc dcicrmined by 
atomic absorption sptdometry immcdiately following a 1-b exposurc 
to cisplatin (50 p ~ )  (Table 2). RIF-8A alls contained 24.8 -+ 63 pg 
platinum/Ctg DNA which was significantly less than the 44.6 t 20 pg 
platinumfpg DNA found in RIF-1 ctlls. Sincc the cytotoxic actions of 
cisplatin are believed to arist through its interadion with DNA, a 
deacastd amount of DNA damage could contributc to cisplatin 
mistancc (2). Thus, the Zfold difference in addua l c v ~ l s  could 
a w u n t  for the cisplatin rcsistana obstrvcd (1.6-fold). A number of 
othcr studies exarnining either inm- or interstrand 'cross-links in 
cisplatin-rcsistant variants have also shown addua tevels to be de- 
ceascd in their raistant vanants (30-32). including C13* cclls (33). 
If platinum-DNA addua levels rcflcct a net balance betwccn addud 
formation and repair, the Iower numbcr of adducts ia the cisplatin- 
cesistant variants may suggtst an up-regulatcd platinum-DNA adduct 
repair capacity. 

In this regard, the stnicturally and functionally altered mitochondria 
in RIF-BA (and C13') may influence the efficiency of DNA repair. 
For example, the enzymes involved in DNA synthcsis andor rcpair 
may incrcase the energy rquirernents of the a l 1  and thus trigger a 
demand for ATP production. This increascd energy dernand could 
rcsult, in tum, in an clevation in mitochondrial activity, similar to the 
incfease in mitochondrial activity observcd during normal ccU prolif- 
eration (20, 28). niercfort, enhanceci capacity to producc ATP in 
rcsponsc to cisplatin damage may provide the energy rquircd by the 
enzymes involved in the repair of cisplatin adducts, cven though basal 

RIF-1 RIF-BA 

Gluriihionc (amoiimg proccinr 5.1 5.4 
PI-DNA r d d d c  (pg Wpg DNA) U.éz2.0 24.8 z 4 5 9  
Mitocbdbî Rh123 waimulatid 8188'.1120 2 2 1 5 ~ 6 4 d  

( ~ i o ~ m m '  micoehoadrirt ucl) 
Plrrmr memkuw Rh123 wxumulrrrolir I M Z P  a+& 
( d m Z  cycopluniic ucr) 

. a - 2  
= 3. 

Mduci kwlr immcdirrcly rtta r t h  cxpasurr m cirpluia (M w). ' P c 0.05 for RIF4 mrms RlF-8A 
=a  = 4. 
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Discussion 

RIFSA cells were found to be approximately 1 -6-fold resistant to cisplatin 

cornpared to the parental RIF-1 cells as detemined by a colony foming assay at 

an ICso concentration. Although the amount of resistance is not that large this is 

the first report to demonstrate that PDT-resistant cells are cross-resistant to 

cisplatin. Furthermore, this level of resistance may represent a clinically 

relevant arnount of cisplatin resistance (28). 

Since RIF-8A cells were resistant to cisplatin and contained mitochondria 

that appeared structurally similar to the mitochondria in C13* cells, the 

mitochondrial membrane potential in RIF8A cells was examined. Rh123 

accumulation by the whole cell, mitochondria, and plasma membrane of RIF-1 

and RIF-8A cells was assessed. On a per cell basis, RIF-1 mitochondria 

accumulated slightly more Rh1 23 than RIF-8A mitochondrial but the difference 

was not significant. An increase in mitochondrial Rh123 accumulation could 

reflect either an increase in mitochondrial membrane potential without an 

increase in mitochondrial mass or an increase in mitochondrial mass without an 

increase in mitochondrial membrane potential. Andrews and Albright (152) 

observed no significant increase in mitochondrial mass between 2008 and Cl 3" 

cells as determined at the electron microscopy level. Therefore, the elevation in 

mitochondrial Rh1 23 accumulation in C l  3* cells presumably reflects an 

elevation in mitochondrial membrane potential. When electron micrographs of 

RIF-1 and RIF-8A cells were compared in the previous manuscript, it was 



observed that RIFSA were approximately twice as large as RIF-1 cells and 

contained an approximate 2-fold increase in mitochondrial area. Nomalizing the 

mitochondrial Rh123 accumulation per mitochondrial area indicated that RIF-ûA 

cells had significantly lower mitochondrial membrane potentials than RIF-1 cells. 

Similarly, when plasma membrane accumulation of Rh123 was nomalized using 

the average cross-sectional area of the two cell types, RIF-8A cells had 

significantly lower plasma membrane potentials than RIF-1 cells. 

These data are not consistent with the observed increase in mitochondrial 

membrane potential associated with cisplatin resistance in the human ovarian 

model system. Before it could concluded that Rh123 accumulation was lower in 

RIF8A cells than in RIF4 cells, P-glycoprotein content had to be detennined in 

the two cell types. P-glycoprotein is a plasma membrane pump that actively 

pumps out cytotoxic agents and thus lowers the intracellular concentration of 

several drugs. More recently, Rh123 has been shown to be pumped out of cells 

by P-glycoprotein and accumulation and efflux of Rh123 are used to determine 

the presence of increased P-glycoprotein expression (31 0-31 3). 

Using western analysis, CHO cells and multi-drug resistant CHO (CHO- 

MDR) cells verified that our western protocol was capable of detecting 

differences in P-glycoprotein content. However, P-glycoprotein levels in RIF-1 

and RIF-8A cells did not differ significantly. Indirect assays have also been used 

to suggest that P-glycoprotein levels are sirnilar in RIF4 and RIFBA cells. Our 

lab has shown that while CHO-MDR cells are resistant to adriamycin (a P- 



glycoprotein substrate) and accumulate less Photofrin II than CHO cells there is 

no significant difference in adriamycin sensitivity or Photofrin II accumulation 

between RIF-1 and RIF-8A cells (303). Therefore, the decreased Rh123 

accumulation appears to reflect a decrease in mitochondrial and plasma 

membrane potentials in RIF-8A cells relative to RIF4 cells. 

A decreased mitochondrial membrane potential in RIFSA cells compared 

to RIF4 cells is somewhat surprising considering the previous manuscript 

suggested that electron transport chain activity was elevated in RIF-8A cells 

cornpared to RIF-1 cells. It is possible that RIFSA cells express their 

mitochondrial electrochemical gradient prirnarily as a pH gradient rather than a 

membrane potential. Andrews and Albright (152) showed that 2008 and C13* 

cells have similar mitochondrial electrochemical gradients but C l  3* cells express 

their electrochemical gradient primarily as a membrane potential while 2008 

cells express theirs primarily as a pH gradient. The significance of the relative 

contributions of a membrane potential and a pH gradient to the overall 

electrochemical gradient are unknown (165). 

The fact that RIF-8A cells produce more ATP than RIF-1 cells while 

maintaining a lower mitochondrial membrane potential and consuming less 

oxygen rnay indicate that RIF-8A cells are more dependent on glycolysis for ATP 

production. This possibility appears improbable considering the previous 

manuscript showed that RIF-1 cells were more sensitive to the competitive 

glycolytic inhibitor 2-deoxygluwse than RIF-8A cells. 



Other cellular characteristics that could contribute to cisplatin resistance 

in RIF-8A cells were also investigated. Glutathione is an intracellular protein 

capable of scavenging cisplatin and thus prevents cisplatin from interacting with 

critical intracellular components (69). Glutathione content was found to be 

similar in RIF-1 and RIF-8A cells suggesting that sequestration of cisplatin by 

glutathione does not contribute to the cisplatin resistance in RIFBA cells. The 

amount of DNA-bound cisplatin as rneasured by atomic absorption spectroscopy 

indicated that RIFSA cells contained approximately 2-fold fewer cisplatin-DNA 

lesion than RIF-1 cells immediately after a one hour cisplatin incubation. The 

mechanism responsible for decreased cisplatin-DNA lesions in RIF8A 

compared to RIF-1 cells is unclear and requires fumer investigation. After the 

publication of this manuscript, the number of cisplatin-DNA lesions following 

cisplatin treatment in 2008 and C13' was reported. It was observed that 

cisplatin resistance in C13' cells was also associated with a decreased number 

of cisplatin-DNA lesions compared to 2008 cells (126). 

Therefore, in this manuscript, it was observed that RlF-8A cells were 

resistant to cisplatin compared to RIF-1 cells. Although the previous manuscript 

showed that RIF-8A mitochondria were simi lar in structure to mitochondria in 

C l  3' cells, this manuscript showed that the structural changes in RIF8A 

rnitochondria were not associated with an increase in mitochondrial membrane 

potential. This study suggests that the density of mitochondrial cristae staining 

does not necessarily refiect the mitochondrial membrane potential. Additional 



support for this observation cornes from RH4 cells. Although the mitochondria of 

C13* and RH4 cells appear similar at the electron micmscopy level, RH4 

mitochondria accumulate less Rh123 than C l  3' rnitochondfia (1 53). It should be 

noted that since the pH gradient of RlF-ûA cells was not examined a decrease in 

mitochondrial membrane potential does not necessarily reflect a decreased rate 

of oxidative phosphorylation. 

Although the decreased formation of cisplatin lesions is capable of 

accounting for the cisplatin resistance in RIF-8A cells it is dificult to exclude the 

mitochondrial alterations as a contributing factor in drug resistance because, (i) 

PDT resistance has been associated with mitochondrial alterations, (ii) cisplatin 

resistance has been associated with mitochondrial alterations, (iii) cisplatin- 

resistant variants containing mitochondrial alterations are cross-resistant to 

PDT, and (iv) PDT-resistant variants containing mitochondrial alterations are 

cross-resistant to cisplatin. Since it is unclear how mitochondrial alterations 

could contribute to drug resistance, the next manuscript examined whether 

changes in mitochondria can alter the capacity of cells to repair cisplatin lesions 

from their DNA. 



Chapter 4 The repair of cisplatindamaged DNA in human ovarian 

carcinoma cells resistant to cisplatin. 

Repair of cisplatindamaged nuclear DNA has been implicated as an 

important characteristic in cisplatin resistanœ as a result of several findings; (i) 

cisplatin can wvalently bind to DNA and can inhibit DNA synthesis and 

transcription, (ii) mammalian cell lines deficient in nucleotide excision repair (NER) 

are hypersensitive to cisplatin, (iii) agents that inhibit DNA repair can potentiate 

cisplatin's cytotoxicity, and (iv) several cisplatin-resistant variants generated in vitro 

have enhanced repair of cisplatin-DNA lesions compared to their parental line. 

Cisplatin preferentially binds to the N7 position of purines to fom a number of 

monofundional and bifunctional DNA adducts (4). Although only about 1 % of the 

total intracellular cisplatin eventually interacts with nuclear DNA, it is this interaction 

that is thought to be critical for cytotoxicity (25). Cisplatin can forrn both intrastrand 

adducts and interstrand cross-links with DNA. lntrastrand adducts occur with the 

relative abundance of approximately 40-75% d(GpG)Pt, 10-201 d(GpNpG)Pt, 15- 

25% d(ApG)Pt. Monoadducts, DNAprotein crosslinks, and interstrand crosslinks 

comprise less than 5% of the total cisplatin-DNA lesions (21 -24). Cisplatin has been 

demonstrated to inhibit DNA replication and transcription but controversy remains as 

to which cisplatin-DNA lesion is critical in interfering with these proœsses (314-31 7). 

Several lines of evidenœ have demonstrated the importance of NER in 

detennining cisplatin sensitivity including the use of cells deficient in NER. 



Xerodema pigmentosum (XP) is a human disease characterized by UV 

hypersensitivity and an increased incidence of skin cancer and neurological 

abnorrnalities (318321). Seven different complementation groups, A to G, have 

been identified in XP (322,323). XP-A and XP-El have been implicated in DNA 

damage recognition (318). XPB and XP-D are components of the TFllH complex 

and appear to fundion as DNA helicases that unwind DNA during transcription and 

repair (318,324326) . XP-F (complexed with ERCCI) and XP-G have been 

reported to have DNA nuciease activity, M i l e  the function of XP-C is unknown 

(31 8). 

Approximately 20% of XP patients do not fall within one of the seven 

complementation groups and have been classified as XP variants or XP-V. These 

XP patients present similar clinicat characteristics as other XP patients but 

fibroblasts from XP-V patients repair UV-DNA damage at rates similar to control 

fibroblasts. It appears that unlike normal cells, XP-V cells are less efficient at 

bypassing UV lesions during DNA replication (327). In normal cells, UV lesions can 

be by-passed during DNA replication. These by-passed lesions are eventuall y 

repaired by a process termed 'post-replication' repair (31 8,327)- 

NER involves: detection of damaged DNA, incision 3' and 5' of the 

damage, excision of the damaged DNA strand, DNA synthesis, and ligation of 

the newly synthesized DNA (134,319,320,328). A simplified version of the role 

of XP proteins in NER may then occur as follows, XP-A and XP-E recognized 

damaged DNA. XP-A is capable of binding the XP-FIERCC1 complex and the 



replication protein HSSB (RPA) (329,330). XP-A also appean to recniit the 

TFllH complex which may contain XP-C (331). XP-B and XP-0, cornponents of 

the TFllH complex, unwind the DNA using their DNA helicase activity which is 

required because incisions must take place on single-stranded DNA. Once 

unwound, XP-G, recruited by TFIIH, at the 3' end and possibly XP-FIERCC1 

complex, recruited by XP-A, at the 5' end, incise the DNA (332.334). Incision of 

damaged DNA usually occurs at the 5th phosphodiester bond (ranges from 3rd 

to 8th phosphodiester bond) 3' and the 24th phosphodiester bond (ranges from 

20th to 26th phosphodiester bond) 5' of the DNA lesion (335,336). The incised 

strand is then displaced presumably by TFllH (337). The DNA gap is filled in by 

DNA polymerase 6 or E and DNA ligation completes the repair process 

(320,331,338). 60th DNA unwinding and incision require ATP hydrolysis 

(31 9,336). 
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Figure 4. A schematic of NER. This figure was adapted from (320). 



As a result of their deficiency in NER, fibroblasts from patients with XP 

have been shown to be hypersensitive to UV due to a decreased capacity to 

repair UV-induced DNA darnage (1 1 1,3390342). lncreased cisplatin sensitivity 

and decreased capacity to repair cisplatin-DNA lesions have also been 

observed in fibroblasts from patients with XP (1 10-1 12). These results suggest 

that cisplatin-induced DNA damage is repaired via NER and that defects in NER 

render cells more sensitive to cisplatin. 

Rodent cells deficient in NER have also been used to study DNA repair 

and 'il complementation groups have been identified (318). Most of the rodent 

complementation groups correspond to complementation groups of human XP 

and another human disease characterized by a deficiency in DNA repair, namely 

Cockayne's syndrome (CS) (319). In fact, some of the human XP genes were 

cloned by virtue of complementing (correcting the repair defect) in repair- 

deficient rodent cell lines. Because of their ability to cornplement the repair 

defect in repair-deficient rodent cells these genes are also referred to as 

excision repair cross complementation (ERCC) genes (343,344). ERCCZ, 

ERCC3, ERCC5 and ERCC6 have been shown to be equivalent to XP-D, XP-6, 

XP-G and CS-6 respectively (31 8,345-348). 

Most of the research on repairdeficient rodent cell lines, with respect to 

cisplatin, has focused on the ERCCI gene. As previously mentioned, this gene 

has been proposed to cornplex with XP-F and perform an incision 5' of a DNA 

lesion. Studies have shown that mutants defective in ERCCI are hypersensitive 



to cisplatin and transfection of rodent complementation group one mutants, with 

human ERCCI, can restore some of the cisplatin resistance apparently by 

increasing repair of cisplatin lesions (1 1 3,114). In addition, human ovarian 

carcinoma patients resistant to cisplatin-based therapy were found to 

overexpress ERCC 1 (349). However, the importance of ERCC 1 in cisplatin- 

resistance remains unclear since overexpression of ERCCI in normal CHO cells 

sensitized these cells to cisplatin (350) and no patients defective in ERCCl have 

yet been identified (320). 

In addition to cell mutants deficient in NERI the importance of DNA repair 

in determining cisplatin sensitivity has been demonstrated using agents capable 

of inhibiting different components of DNA synthesis and1 or repair. Inhibitors of 

DNA polymerase a and 6 (1 1 5,118,122), topoisomerase 1 (351 ), topoisomerase 

11 (352), and DNA synthesis (1 19,120,162,353,354) have al1 been shown to 

potentiate cisplatin's cytotoxicity. Several of these studies observed a decrease 

in the rate of repair of cisplatin lesions following the combination of cisplatin and 

repair inhibitor compared to that when cisplatin was administered alone 

(119,162,351-353,355). A potentially more important finding is that repair 

inhibitors were observed to increased cisplatin cytotoxicity in cisplatin-resistant 

cells but not in cisplatin-sensitive cells (1 'i5,l 22,353,354). Therefore, 

eliminating the DNA repair advantage in cisplatiniesistant variants may render 

these cells hypersensitive to cisplatin. 



Repair of cisplatin lesions has also been diredly examined in variants 

resistant to cisplatin. Initially, repair of usplatin-DNA damage was investigated at 

the level of the entire genome. Enhanced repair of total genomic ONA was 

correiated with deaeased cisplatin sensitivity in rnany of the studies 

(25,37,58,87,llS, 121,127) but not al1 (57,63,66,lO7,l26,I3l). Some studies have 

also specifimlly examined the repair of either cisplatin intrastrand adducts or 

interstrand crosslinks and have observed a correlation between enhanced repair 

and cisplatin resistance (58,65,87,356). However, not al1 of the studies were able to 

demonstrate this correlation (57,61,62,132,356). More recently, preferential repair 

of UV-induced DNA darnage in adively transcribed genes in Chinese hamster ovary 

(CHO) cells was desuibed (21,133-1 36). It appears that UV-induced ONA damage 

is not only repaired faster in adively ttansdbed genes mmpared to the total 

genome but within an active gene the transcribed strand is repaired faster than the 

non-transuibed strand (1 35). 

A possible explanation as to why DNA damage is repaired faster in 

transaibed genes than in non-transcribed genes is that transcription and NER are 

coupled. This coupling has been identified in yeast where a DNA helicase can bind 

to a RNA polymerase wmplex that has k e n  stalled by DNA damage and initiate 

NER (357). In mamrnalian cells, the DNA helicase involved in transaiptioncwpled 

NER may be ERCCG, the gene mutated in CS (331,348). It has also been proposed 

that the DNA of active genes is more unwound and thus more accessible to DNA 

repair proteins (31 8). Another possible explanation for the enhanced rate of repair 



in actively transcribed genes is that certain repair proteins may be localized within 

the transcription complex This localkation rnay lead to an inueased number of 

repair proteins already in active genes and thus expedite the rate of assembly of the 

repair complex (31 8). 

Since adively transcribed genes represent less than 1 % of the total genorne, 

enhanced repair of actively transcribed genes would not be detected by assays that 

evaluate total genomic DNA repair (134). In studies that have evaluated the repair 

of cisplatin-induced DNA damage in actively transdbed genes, there appears to be 

a correlation between enhanced repair of cisplatin interstrand crosslinks and 

resistance (37,126,127). However inconsistencies within these reports should be 

taken into consideration when evaluating the data. Two studies by the same group, 

in the same cells, reported different results. An increased rate of repair of cisplatin 

interstrand crosslinks from the ribosomal RNA gene wmpared to a noncoding 

region was observed in one of their studies (37) but not in the other (127). In 

addition, Zehn et al. (126) did not observed an increase in total genomic repair in the 

cisplatin resistant variant, A2780CP70, compared to its parental line while other 

investigators have reported an increased rate of repair of cisplatin-DNA lesions from 

the total genome in A2780CP70 cells compared to their parental line (25,37,115). 

Therefore, more studies in which the repair of cisplatin intrastrand adducts and 

interstrand crosslinks, at the level of the total genome and within specific genes, are 

required to determine the importance of DNA repair in cisplatin resistance. 



lnconsistencies with respect to the repair of cisplatin-darnaged DNA can 

be attributed to a number of factors; (i) a number of different mechanisms can 

lead to cisplatin resistance and in variants with high levels of resistance more 

than one mechanism is likely to be present, (ii) the presence of more than one 

cisplatin-resistant mechanism rnakes it ditficult to obtain similar amounts of DNA 

damage in cisplatin-sensitive and cisplatin-resistant cells. This factor is 

important since the initial amount of DNA damage may influence repair rates 

(358,359), (iii) many studies only examine one type of cisplatin-induced lesion , 

(iv) different methods for measuring DNA repair are used, and (v) some studies 

have examined repair of the entire genome while others have examined repair 

within actively transcribed genes. 

To avoid some of the aforementioned limitations, a host cell reactivation 

(HCR) of an adenovirus type 5 (Ad 5) was used to provide an indication of DNA 

repair in this manuscript. HCR measures the ability of cells to repair damaged 

viral DNA which is interpreted to reflect the cell's ability to repair its own DNA. 

This technique has been used to examine repair capacities in DNA repair- 

deficient syndromes such as XP (318,339,341,342). In addition, the HCR assay, 

using either a plasmid or a virus has been used to examine the ability of cells to 

repair damage induced by a number of agents including cisplatin 

(25,llO, 1 12,121,360,361). The HCR assay also permits the exposure of 

cisplatin-sensitive and cisplatin-resistant cells to the same amount of cisplatin- 

damaged DNA and high cisplatin concentrations are not required. In fact, the 



cells are not exposed to cisplatin at al1 which also eliminates other potential 

mechanisms of cisplatin resistance such as altered accumulation or scavenging, 

from influencing the results. 

In the following manuscript, an association between an elevated 

mitochondrial membrane potential in C13' cells and an increased capacity to 

repair cisplatin-damaged DNA compared to either 2008 or RH4 cells, was 

investigated. It was proposed that an elevated mitochondrial membrane 

potential may contribute to the cisplatin resistance by supplying energy needed 

to increase repair efficiency. A correlation between mitochondrial membrane 

potential and DNA repair was examined in an attempt to identify a mechanism to 

explain how an increase in mitochondrial membrane potential could contribute to 

cisplatin resistance in C13* cells. Since NER has been shown to be an energy- 

requiring process as both the unwinding of DNA and DNA incision require ATP 

hydrolysis, it is conceivable that DNA repair rates may depend on ATP 

availability (31 9,331,336)- Furthermore, it has been suggested that novobiocin 

inhibits NER through inhibiting ATP production by mitochondria rather than a 

direct effect on topoisornerase (362). 



AI1 assays in this manuscript were conducted by R.A. Moorehead except 

DNA adduct measurements and aphidicolin sensitivity wwhh were performed by 

Dr. S. G. Armstrong (postdoctoral fellow in our laboratory). 
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Abstract Repair of cisplatindamaged DNA was inves- 
tigated in a human ovarian carcinoma ce11 line (2008) 
and its cisplatin-resistant variant (C13') using a host- 
ce11 reactivation (HCR) asay. The HCR of cisplatin- 
darnaged adenovirus (Ad) was not significantly differ- 
ent in Cf 3* cells compared to 2008 cells. The cisplatin 
concentrations required to reduce the amount of viral 
DNA replicated to 50% were 0.12 f 0.02 pM and 
0.10 & 0.01 pM after 48 h of repair in 2008 and C13* 
cells respectively. Similarly, the cisplatin concentration 
required to reduce the expression of a reporter gene 
inserted in the viral DNA was not significantly altered 
in Cl 3* cells compared to the parental line (ICS0 values 
were 0.28 0.04 pM in 2008 cells and 0.17 & 0.06 pM 
in C13* cells after 48 h of repair). Pretreatment of the 
cells with cisplatin, imrnediately prior to Ad infection, 
did not significantly alter the HCR of cisplatin- 
darnaged Ad in either ce11 type. In addition, a cisplatin- 
sensitive variant derived from the C 13* cells, namely 
the RH4 cells, did not differ significantly from either the 
2008 or C13* cetls in their abiIity to reactivate cis- 
platin-damaged Ad. Furthermore, a component of the 
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nucleo tide excision repair (NER) pathway, DNA poly- 
rnerase rr, was investigated using the cornpetitive inhibi- 
tor aphidicolin. The combination of cisptatin -and 
aphidicolin resulted in similar synergistic growth inhi- 
bition in both the 2008 and C13* cells providing addi- 
tional support to the HCR results which suggest that 
enhanced NER is not responsible for the cisplatin res- 
istance in C13* cells. 

Key words Host ce11 reactivation Cisplatin DNA 
repair 

Cisplatin-induced cytotoxicity is generally believed to 
be mediated through its ability to form intrastrand 
adducts and interstrand crosslinks within the cellular 
genome which can inhibit the transcription of genes 
and the replication of DNA (reviewed in references 5,7, 
12, 28 and 34). Thus, investigations into the mecha- 
nism(s) underlying cisplatin resistance have concen- 
trated on the repair of these potentially letha1 lesions. 
However, a consensus on the role of DNA repair in 
cisplatin resistance has flot been reached. The variabil- 
ity of tumor type, cisplatin dose and the type of lesion 
investigated (intras trand or in terstrand), has obscured 
the importance of DNA repair in cisplatin resistance. 
The multifactorial nature of cisplatin-induccd rtsist- 
ance maka it difficult to dclineate a single mechanism 
that contnbutes to the resistance. In addition to en- 
hanced repair of cis platindamagcd DNA, mtchanisrns 
including altered drug transport, increascd met+ 
lothionein or glutathione levtls, mitochondnal alter- 
ations, and alterd DNA adduct formation have bccn 
reportcd to contribute to cisplatin rcsistance [l, 7,443. 
It has ben shown that equivalcnt extraccIIulac. cis- 
platin conantrations can ttsult in a differcna in cis- 
platin-DNA adduct formation in cisplatin-sensitive 
and cisplatin-raistant ctlls (as a result of dccrcased 



accumulation or increasxi scavtnging of Qsplatin) 
C431. Since the induction of certain gencs @Le. DNA 
damage-inducible genes) may be dependent on the 
amount of DNA darnage, as is the case with UV ir- 
radiation C l  11. the initial amount of cisplatin-DNA 
damage rnay infiuenœ the rate of DNA rcpair, There- 
fore, inducing similar amounts of DNA damage in 
cisplatin-sensitive and cisplatin-cesistant ctlls may be 
more appropriate when comparing DNA repair cap&- 
ties in different ce11 types, 

Zhen et al, (433 investigated total genornic and gene- 
specific repair of cisplatin intrastrand adducts and in- 
terstrand crosslinks in human ovarian carcinoma cells 
and suggested that enhanced repair of gene-specific 
interstrand crosslinks, but not intrastrand adducts, 
contributes to cisplatin resistance. Their study used 
atomic absorption spect roscopy (AAS) to assess the 
repair of cisplatin-DNA damage and as a result of the 
detection limits of AAS, cells were treated with supra- 
letha1 cisplatin concentrations (as high as 1OOO times 
the ICS0); it remains unclear how drug concentrations 
in this range affect the relative distribution of lesions 
and cellular repair capacity C38, 413. Also, different 
initial levels olcisplatin-DNA damage were induced in 
the parental line and the cisplatin-tesistant variant and 
as previously mentioned, the amount of DNA darnage 
may influence the rate of DNA repair [l II. Data fur- 
ther supporting the idea that the amount of DNA 
damage may influence DNA repair rates have been 
reported by Johnson et al. (la. They found that when 
the initial DNA platination levels are similar, repair of 
cisplatin damage from total genomic DNA is greater in 
the cisplatin-resistant variant A2780/CP70 relative to 
the parental A2780 line, after 8 h of repair time, where- 
as Zhen et al. [43] found no differences in repair be- 
tween these celk at that time point when initial adduct 
formation differed in the two ce11 types. Parker et al. 
[25] have also shown in A2780 cells that the initial 
cisplatin adduct level can influence the rate of adduct 
removat. 

We confirmed using both AAS and a polyclonal 
antibody to cisplatin adducts that equivalent cisplatin 
concentrations resulted in decreased adduct formation 
in the cisplatin-resistant variant compared with the 
parental line. Furthemore, supralethal cisplatin con- 
centrations were required to obtain detectable levels of 
DNA adducts in both assays. To avoid the complica- 
tions of supralethal cisplatin concentrations or different 
initial levels of DNA damage, we used a host ce11 
reactivation (HCR) assay to investigate the repair ca- 
pacitics of the cells in Our study. In the HCR assay, 
adenovirus type 5 (Ad 5) is incubated with cisplatin in 
order to inducc cisplatin-viral DNA adducts. The a l l s  
are then infecteci with the cisplatin-damaged virus and 
their ability to rcplicate or transcribe the damaged viral 
DNA s c m  as an indicator of the repair capacity of the 
celL Sincc the virus is cxposed to cisplatin prior to 
infection, the cclls are not directly exposed to the drug . 

md ody nanomolar amantratioos of k p k h  arc 
w u i d  CO produa sufficient amounts of damage to 
the viral .QNk In addition, each œll type is exposdd to 
an wual amount of cisplatindamagod DNA 

Ad 5 can be used to invcstigate the cepair of cisptatin 
damage because Ad 5 DNA is a lincar duplex and its 
repair and replication art dependent on the enzyme 
pathways that art uscd in the ailular DNA of the host 
[14, 27, 321. HCR of Ad has k n  to examine 
repair capacitits of DNA repairdeficicnt syndromes 
such as xeroderma pigmentosum (X P) (32,39 1. Fibrob- 
lasts from patients with XP are extrernely sensitive to 
UV irradiation as a result of a deficiency in one or more 
of the steps in the nucleotide excision repair (NER) 
pathway [35]. NER involves several steps: recognition 
of the damaged DNA, incision of the DNA near the 
damage, excision and degradation of the damaged 
DNA strand, replacement of the damaged DNA strand 
and ligation of the replaced DNA strand [3, 131. NER 
is also believed to be responsible for the repair of 
cisplatin adducts (XP patients are aIso h ypersensitive 
to cisplatin) CS, 301. In addition, the HCR assay system 
using eithet a plasmid [6,25,36] or  a virus [23,26,27, 
303 has been used to examine the ability of cells to 
repair damage induced by a number of agents including 
cisplatin. 

Therefore, we used two variations of the HCR assay, 
viral DNA replication and expression of a reporter 
gene, to examine the repair capacities of a human 
ovarian carcinoma ce11 line, 2008, its cisplatin-resistant 
variant, C13*, and a rhodamine 123 revertant, RH4. 
The role of DNA polymerase a, a component or the 
NER pathway, in cisplatin resistance was also investi- 
gated. 

Materials and methods 

Mattrials 

Cisplatin (cis-Diammincdichloroplatinum(II)), aphidicolin, and 
chloroquinc diphosphate were obtained from Sigma Chernical Co, 
St Louis, Mo. The 5dodccanoylaminoBuor~in di-0-O-galac- 
topyranosidt (C,,FDG) was obtained from Moltcular Prober, Eu- 
gent, Ore. Pronase and Ad 2 DNA wert purchascd from Boehringcr 
Mannheim, Lavai, Quebec, Canada and Gibco BRL, Burlington, 
Ontario, Canada respcctively. Wiid-type Ad 5 and Ad 
5 HCMVSp LlacZ were providecl by Dr. Frank Graham, McMaster 
University, Hamilton, Ontario, Canada. 

Ccll lines and culture conditions 

The human ovarian d o m a  al1 linç 2008 and iu variants, C13* 
and RH4 werc a gcrrcrous gift from Dr. Paul Andrews, Gtorgctomi 
University, RocMc, Md nie  2008, C13+, and RH4 aüs wert 
grop in RPMI-1640 medium supplemented with 5% letai laovine 
rerum, LOO units/ml pwicillin, 100 pg/d streptomyc& md 
025 iis/ml amphotcricin B. The AA8 and UV2û alls wele providai 
by Dr. Lury Thompn,  h m n a  Livermon Nationrl hbomt- 
ory, Livumorr, Clüf, with help from Dr- Gordon Whitmoq 



Ontario Cancer Institut& Toronto, Ontario, C.n;idz, and WC# 

grown in a-minimal essential medium and s u p p h ~ ~ t e d  with 10% 
fctal bovine serum. 2 mM' glutamine, 100 units/ml p e n i d b  
100 &ml strcptomycin, and 035 pg/ml amphotetian B. Al1 CUI- 
tutes wtrt maintaincd a t  3TC and in an aimosphert of air contain- 

' ing 5% CO, in a humidifid incubator. 

Quantification of Qsplatin-DNA adduct formation 

Cells in log-pax growth were sccded ovcrnight in 150 x 2 5 n m  
dishes- The celb were exposcd to various conantrations of cisplatin 
(preparcd in phosphate-bulrered saline, pH 7.2) for 1 h for AAS o r  
for 2 h for thc competitive ELISA. AAS and ELISA were pcrlormcd 
as previously dcscribed [2. 241. 

90niia infanion pcriod. the œlls mrr incubatai 48 h ialg with 
medium containin8 MO pM diloroquine diphosphate (or 30 min at 
3FC protccted from Iight. The chloroquine was then runovtd uid 
medium conuining 25 pM C,,FDG was aâdcd to cach wcü d the 
alb wtm incubted a t  37% protecrd from light [42]. The protun 
tnnscribcd from the la& geae. &gaiact- eoava-ts C,,FDG 
to a duocescent substntc The amouat of Ruorriccnct (an inâicator 
of &galactosidaze activity) was determincd at various t h e  intctnts 
using -cation and misnon wavckngths or485 am and 530 nm, 
rapestivcly* on a Cytofluor 2350 fluorescent phtc scanner (Mil- 
lipocc. Mississauga, Onta,rio. Canada). ï h c  amount of fluorrrctriœ 
scrvcd as an indicator of the amount of gcne transcription. 

For the cnhanccd HCR assay. the proccdure uscd was identical to 
that dscribed for transcription of a reporter genc Crom Nplatin- 
damaged Ad DNA urccpt chat the œlls were pretrcated with cis- 
platin (IC,, or IC,, as determincd from our sumival assays) for 
1 h immcdiatcly prior to infection with the cisplatindarnaged virus 

Virus trcatment Survival assays 

Wild-type Ad 5 and Ad-5-HMCVSpllacZ were treatd with vari- 
ous conantrations of cisplatin for 24 h at 37'C in low chloride 
phosphate-buîkred saline (4 m M  NaCI. 2 7  mM KCI. 43  m M  
Na,HPO,, 1.4 mM KH,PO,; pH 72).  The virus was dilutcd ten- 
fold in serum-frce medium prior to infection. 

Replication of cisplatindamaged Ad DNA 

Celis sceded at a density of 2 x 10' cells per well in 24-well plates 
were infectcd with cisplatin-treated virus ai a multiplicity or infcc- 
tion of 40 plaque forming units per ctll for 90 min (agitatcd gcntly 
evcry 15 min) at 37°C in a humidified incubator. Following the 
infection pcriod. medium containing unabsorbcd virus was removed 
and the cclls were incubated in k s h  growth medium (0.5 ml pcr 
wcll) for 2 4  h. At this time. 0.2 ml of a lysis buKer (4 mg/ml pronase, 
40 mM Tris p H  8.0, 40 mM EDTA pH 8.0, 1 4 %  sodium dodccyl 
sulfate) was added to one set of wclls for each ce11 line to dctcrmine 
the extent of viral infection at time zero. Approximately 2 h after the 
addition of the lysis bufier, the samples were collected and storcd at 
- 20°C until extraction of the DNA was pedormed. The remaining 

sarnples rcccived lysis bufkr 48 or  72 h after infection with the 
damaged virus and handled as previously described. 

Total DNA (cellular and viral) was extracted with phenol/chloro- 
form (1: 1) and centrifuged at 12000g for 2 min. The aqueous phase 
was recxtracted with chloroform/isoamyl alwhol(25 : 1) and ccntri- 
fuged at 12 OûOg for I min. The DNA was prccipitated with 2 vol- 
umes of absolute ethanol and 65 mM NaCl (stored overnight at 
- 20°C) and antrifuged a t  12000 g for 30 min at 4°C. The supcr- 

natant was rcmovcd and the DNA was alIowed to dry. The DNA 
was then rcsuspcnded in TE buffcr (10 m M  Tris, 1 m M  EDTA; 
p H  8.0) and stond at - 20°C The DNA was dot-blotted and the 
amount of vira1 DNA was dctcctcd using a "P-labelid Ad 2 DNA 
probe. Tbt viral DNA was quantitatecl using a the phosphoimager 
(Molccular Dynamic, Sumyvalc, CaliL). 

Transcription of a reporter genc from cisplatin-damaged Ad DNA 
I 

The phination of the viral DNA and the u i f ' o a  proccdun wccc 
identicai to the procedures previously desccibcd cxccpt chat the 
Ad-5-HMCVrpllacZ Mrus which has the locZ gene instrted into the 
Ela region of the viral gemme was usad and the œlls werc racdd at 
a density of 2 x IO4 a l l s  pcr weil in 24-wclI plates Following the 

Cells in log-phase growth were seedcd overnight at a ceIl density of 
2000 and 1Oûû cells pcr well for 2008 and C13. alls, respcctively, in 
96-well plates and treatcd with cisplatin (prtparcd f m h  for each 
expriment in phosphate-buffcrcd saline, pH 7.2) alone for 1 h or  
aphidicolin (prtpared in absolutc ethanol and stored at - 20°C) 
alone for 26 h. The trcatmcnt protocol used to invtstigate the 
interaction of aphidicolin and cisplatin was aphidicolin for 1 h, 
cisplatin and aphidicotin for 1 h followed by a medium changt, 
exposure to aphidicolin for an additional 24 h and concluding with 
3 days in drupfrcc medium. Cell growth was assescd 4 days after 
the initiation of drug treatmcnt on a Cytofluor 2350 Buorescent 
plate scanner (MiIlipore, Mississauga, Ontario. Canada) using the 
H33258 DNA fiuorochrome method as previously describd (311. 

The nature of the interaction betwcen cisplatin and aphidicolin 
was assessed using isobologram analysis at the Sû% cfiect Icvet. 
A combination index (CI) was calculated for the interaction of 
cisptatin and aphidicolin in both the 2008 and C13+ alls. A CI of 
I indicates that the two drugs interact in an additive fashion while 
CIs of c 1 and > 1 indicate chat the two drugs interact in a synerg- 
istic and antagonistic fashion. respectively [33]. 

Statistical analysis 

Ali values are means f SEM unlcss otherwise specificd. P c 0.05 
was considered statistically significant. 

Cisplatin-DNA adduct formation 

The number of cisplatin-DNA adducts formed follow- 
ing treatment with different cisplatin concentrations 
was determined by both AAS and a competitive 
ELISA. A plot of cisplatin-DNA adducts versus dose 
was used to calcutate the dope of adduct formation 
(data -net sbown). The 2 0 8  d s  had a signi6cantly 
grtater slopc than the C13* œlIs (the 2008 ct1Is had 
stopes that were 3.6-fold and 24-fold greattr than the 
C13* ctIIs as dttectcd by AAS and ELISA, respectiucly) 
indicatiag that at quivalent cisplatin concentrations 
more cisplatin-DNA adducts were formai in the 2008 
cells than in the C13* ceils. 



Rcplication of cisplatindamaged Ad DNA 
. - 

The Ad was exposai to cisplatin in akolution of low 
chloride phosphate-buffcrcd saline in an attcmpt to 
mirnic intracellular chloride concentrations [27, 4a. 
The use of the low chloride phosphate-bufferad saline 
aIso petmitted us to decnase the amount of cisplatin 
necxssary to indue the cisplatin-viral DNA damage 
sinœ it is the hydrated f o m  of cisplatin that binds to 
DNA and hydration of cisplatin is favoured in the 
presence of low conœntrations of chloride ions [27, 
453. It was also determined that temperature and dura- 
tion of drug exposure could influence the amount of 
cisplatin-induced damage in the viral genome. There- 
fore, incubation of the virus at 37OC for 24 h in a iow 
chloride environment with nanomolar cisplatin con- 
centrations provided sufficient damage to the viral 
DNA. 

The extent of viral infection was deterrnined in each 
ceIl type by harvesting the cells 4 h after the end of the 
viral infection period. The virus used for determining 
the extent of infectivity was treated with the highest 
dose of cisplatin (0.4 PM) to ensure that the cisplatin 
treatrnent did not prevent infection by the virus. The 
amount of viral DNA was similar in al1 three ceIl types 
indicating that the cisplatin treatment did not inhibit 
infection by the virus and the extent of viral infection 
was similar in 208, C13* and RH4 cells. 
To determine the ability of the HCR assay to detect 

differences in the replication of cisplatindamaged Ad 
DNA, AA8 and UV20 cells were used as controls. 
UV20 cells are UV repairdeficient mutants of the 
Chinese hamster ovary ce11 line AA8- The UV20 cells 

F i  1 Replication of ckplatindamagcd Ad DNA in AA8 (0) and 
W2O (.) ccb dter 72 houn of rcpair- Ctlls wcrc Secteci with virus 
trcated with dinant  concentrations of cisphtin and the abitity of 
the ulls to rcpticate the damagcd virai DNA wrs assesui The 
amount of viral DNA rcpliatioa of cisplatin-tmad virus is ex- 
p d  relative to the unount of virai repiication of undamageci 
virus. This is a ccprcsentative experimeat 

Fig. 21,b Replication of cisplatindarnaged Ad DNA in 2008 (Cl) 
and C13' t.) œlls aïter 48 h (a) and 72 h (b) of repair. Cells were 
infectcd wirh virus trcatd with difïercnt concentrations of cisplaiin 
and the ability of the cclls to repkate the damaged viral DNA was 
assesscd. The amount of vira1 DNA replication of cisplatin-treated 
virus is espresscd relative to the amount o f  viral replication or 
undamagd virus. Values are expresscd as perantaga or con- 
trol ): SEM (n = 3) 

are ako hvmrsensi tive to cisplatin because they lack 
the incisioi'step of the excision repair pathway which is 
necessary for removal of cisplatin-DNA adducts CS]. 
Figure 1 shows a representative expriment indicating 
that at varying degrees of cisplatin-induced viral DNA 
damage, UV20 œlls were less efficient than AA8 celis at 
replicating the cisplatindamaged Ad DNA. RepIica- 
tion of the Ad DNA was assessed 72 h after the infec- 
tion of the cells with damaged virus. Thus, the HCR 
assay can dettct difi'erencts in the capacity of cells to 
replicate cisplatin-damagcd Ad DNA. Figure 2 illus- 
trates the ability of 2008 and C13* cclls to replicatt 
cisplatin-damagcd Ad DNA. Replication was asseseci 
at 48 and 72 h aftcr viral infection and thete *as no 
signifiant dincrcna in the capacitics of the two cc11 
types to rcplicatt the cigrnagai Ad DNA. 
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Fig. 3 Transcription of a reporter gcnc from cisplatindamaged Ad 
DNA in 2008 (0) and Ci3+ (a) ctlls Cells wcre infectcd with virus 
trcatcd with dificrent concentrations of cisplatin and the abiIity of 
the œlis to transcribed the lac2 genc was assescd alter 48 h of 
repair. The arnount of functional protcin (LI-gafactosidase) produced 
from Usplatin-treatcd virus \vas cxprtsscd relative to the arnount OC 
functional protein produud [rom undamaged virus. Values arc 
expressed as perccntagcs of  controf + SEM (n = 3) 

Transcription of a reporter gene from cisplatin- 
damaged Ad DNA 

Some investigators have indicated that the repair of 
cisplatin damage is more efficient in actively tran- 
scribed gene regions than in the overall genome [3,4, 
19, 21, 22, 431. In addition, some repairdeficient mu- 
tants (e-g. celIs from patients with Cockayne's syn- 
drome) repair damage from the total genome at levels 
similar to cells from normal subjects but are deficient in 
preferential repair of actively transcribed genes [3, 4, 
23,401. Therefore, we examined the ability of 2008 and 
CL3* cells to express a reporter gene from cisplatin- 
damaged Ad DNA after 48 h of repair. There was no 
significant différence between 2008 cells and its cis- 
platin-resistant variant, C13*, in their ability to express 
the lac2 gene in cisplatin-damaged Ad as shown in 
Fig. 3. 

Fig. 4a, b Transcription or a reporter gene [rom cispiatin-trcatod Ad 
DNA after 45 h of rcpair in ZOO8 (a) and C13' (b) alis txposed to no 
cisplatin pretrtatment (O). or prctreatmcnt with the ICso(iJ) or 
(Li)  concentration for 1 II immediately prior to virus infection. 
Values are espresscd as pcrctntages of controf f SEM (n = 3) 

ceived no drug pretreatment aftcr 48 h of repair. How- 
ever, pretreatment of the cells with an equal concentra- 
tion of cisplatin (21 PM) increased transcription of the 
IacZ gene from undamaged virus 5.24 .t 1.1-fold in the 
2008 cells but only 1.64 + 0.2-fold in the C13* cells 
(Table 1). 

Enhanced HCR 
HCR of cisplatin-damaged Ad by RH4 cells 

Since the cells are not exposed to cisplatin in the stan- 
dard HCR assay, we investigated whether cisplatin 
pretreatment affected the cells' ability to express the 
lac2 gene from cisplatindamaged Ad. Each of the ceIl 
types was exposed to equitoxic cisplatin concentrations 
(ICso and IC,,) and an equal cisplatin concentration 
(the IC5, dose for C13* cells and the Kg, dose for the 
2008 cells were both 21 pM of cisplatin) for 1 h immedi- 
ately prior to virus infection. Figure 4 shows that pret- 
reatmcnt with cisplatin did not alter the abiity of cither 
2008 or C13* cells to express a reporter genc from 
cisplatindamaged Ad DNA relative to cells which re- 

In addition to the 2008 and C13* œlls, the HCR re- 
sponse of RH4 cells was investigated. RH4 cells were 
derived from C13* cells through selection for resistance 
to rhodamine 123 [443. Not only did the selection 
proadure reduce the mitochondrial membrane poten- 
tial, it aIso rcverted the cisplatin sensitivity of the RH4 
œlls to a level comparable to the 2008 ctIls CM]. Table 2 
shows that replication of cisplatin-damagai Ad DNA 
and the expression of a reporter gcne from cisp1ati.n- 
damaged Ad in RH4 cclls was similar to both 2008 and 
C13* cells with or without cisplatin pretreatment. 



Interaction of aphidicolin and cisplatin ,1 

Table 1 Induction of&& gcrre expression from undamaged virus in 100 

a l i s  trcated witb cispiatin (4old incrc~sc). The ICso conœntntions 
of  dspaltin wem-5 p M  for 2008 and RH4 a l l s  and 2 1 pM for CU* 
a l l s  and the 1% conccricrations of cisphtin wcrc 21 PM for 2 0 8  
and RH4 d l s  and 100 PM for C13* dls 

C L3* cells were found to be resistant to cisplatin yet 
equally sensitive to aphidicolin relative to 2008 cells 
(Fig- 5). Isobologram analysis was used to determine 
the nature of the interaction between cisplatin and 
aphidicolin when used in combination and revealed 
a similat degree of synergy in both cell types; the CIs 
were 0.79 + 0.06 and 0.77 0.07 (n = 4) in 2008 and 
C13* cells, respectively, as determined at the 50% effect 
level. 

a O 

Ciplat  in dose 2008 Cl3 RH4 e c 

g 10 

[ G a  211 f 0.2 1.64 f 0.2 1-51 &O-1 
U 

GI 5.24 f 1.1 1.98 f -03 1.86 & 0.1 f 

Discussion 

L 

: 

One of the many mechanisms that has been suggested 
. as contributing to cisplatin resistance is the enhanced 
repair of cisplatin-induced DNA damage CS, 7, 12, 28, 
343. Owing to the limitations of the detection tech- 
niques used (Le. AAS), supralethal doses orcisplatin are 
frequently used for repair studies. Since it remains 
unclear how a ceIl responds to damage beyond its 
capacity to repair [38,41], we utilized the HCR assay 
to assess cellular repair capacity. In the HCR assay, 
cisplatin-DNA adducts are induced in a viral genome 
and the damaged virus is infected into the host cell. The 

Fïg. 5 En& of aphidicolin on 2008 (0) and C13. (I) survival, 
Cytotoxicity was asscsd by a DNA fluoromctric assay 72 h after 
a 26-h aphidiooh cxposure Values are expresscd as pcrccncages of 
control f SEM (n = 3) 

allows the cornparison of out  results with those re- 
ported by others using high cisplatin concentrations 
[27, 433. 

The Chinese hamster ovary cell line AA8 and its 
UV-repair deficient mutant uvzo served as controls in 
the HCR protocol. UV20 cells are deficient in the 
incision step of excision repair and are hypersensitive 
to cisplatin in survival assays CS, 151. This study dem- 
onstrated that UV20 cells were not as efficient at rep- 
licating the cisplatin-damaged viral DNA as AA8 cells, 
and thus the HCR assay can detect differences in the 
capacity of cells to replica te cisplatin-damaged Ad 
DNA. However, it .is interesting to note that even 
though UV20 cells were 50-fold more sensitive to cis- 
platin than AA8 cells, they were only approximately 
2.5-fold less efficient a t  replicating the cisp!atin- 
damaged viral DNA. The lack of correlation between 

ability of the host cell to replicate the cisplatin- cispla& sensitivity and viral replication capacity may 
damaged viral DNA or  to express a reporter gene from refiect the inability of the HCR assay to detect differ- 
cisplatindamaged viral DNA is used as an indirect ences in the repair of interstrand crosslinks. Tt has been 
indicator of the cell's ability to repair cisplatin damage shown that fibroblasts from patients with Fanconi's 
from its own DNA. This assay system permits repair to anemia (FA), which are thought to be defective in 
be assessed using tow cisplatin concentrations and thus the repair of DNA interstrand crosslinks, replicate 

Table 2 Cisplatin concentrations requircd to inhibit viral DNA replication or expression of a reporter gene by 50% in îûû8, C13* and RH4 
alls. Statistical analysis was pcrformcd using the Tukey test and P < 0.05 wôs considcd significant The ICSo cisplatin concentrations usai 
wcrc 5 ph¶ for MO8 and RH4 cells and 21 PM for C13. alls  and the ICpo cisplatin concentrations used wcre 21 pM for 2008 and RH4 a l l s  
and 100 pM for C13* œüs 

Replication of cispIatindamagtd Ad DNA 
48 h 0.1 17 & O30 pA4 0.101 *O.Oll p M  0.118 i 0.004 ph4 
72 h 0.160 i 0.033 pM 0.121 f 0.009 pM 0.134 f 0.050 pA4 

Expression of a reporter geuc 
No prctreatmmt 0276 f 0,040 p M  0.174 f 0.059 pM 0.189 f 0.053 pA4 \ 

XClo pntruitrnent 0.t84 f0.009 0.164 f 0.029 pM 0.190 * 0.038 pA4 
1Go prctrratmcnt 0.235 * 0.018 pA4 0.173 f 0.042 0.182 * 0.03 1 p M  



cisplatindamaged viral DNA to the same extent as 
control fibroblasts tven though FA a l l s  arc hyperstn- 

: sitive to  cisplatin [9, 29, 301. Thereforc, d u e c d  repli- 
cation of cisplatin-damaged Ad DNA'may only refitct 
the ability of ctlls to repair intrastrand adducts but not 
interstrand crosslinks from the total viral genome. 

C13* cells were not more effcient in thcir ability to 
replicate cisplatindamaged Ad DNA than 2008 cclls. 
Similarly, preliminary results on  the repair of UV-in- 
duced viral DNA damage indicated that C13* cells did 
not have an enhanced ability to replicate UVdamaged 
viral DNA compared with 2008 cells (data not shown). 
These results suggest that the ability of the NER system 
to repair intrastrand adducts from the total viral 
genome is not enhanced in the cisplatin-resistant vari- 
ant relative to the parental c e I l  line. Our results are 
consistent with those previously reported for 2008 cells 
and their cisplatin-resistant variant. Zhen et al. f433 
and Jekunen et al. Cl61 have found that there are no 
significant differences in repair of total genomic intra- 
strand adducts between the parental line and its 
cisplatin-resistant variant as assessed by AAS and 
an isotopic analogue of cisplatin (C3H]dichloro 
(ethylenediamine)platinum(I I)), respectively. 

Since it has recently been demonstrated that cells 
repair DNA damage, including cisplatin-DNA adducts, 
[rom actively transcribed gene regions more efficiently 
than from non-transcribed regions of DNA C3.4, 191, 
we examined the cells' ability to  repair cisplatin intra- 
strand adducts from a reporter gene within the viral 
genome- Using Ad 5 with the l a d  gene inserted into 
the Ela region of the viral genome, it was found that 
the cisplatin-resistant variant was no t more efficient 
than the parental line at transcribing a reporter gene 
from cisplatindamaged Ad DNA, suggesting that en- 
hanced gene-specific repair of intrastrand adducts does 
not contribute to the cisplatin resistance in C13* cells. 
These results are consistent with those obtained by 
Zhen et al. [43]. 

To further examine repair capacities in 2008 and 
CL3* cells an enhanced HCR assay was performed. 
Previous reports have indicated that pretreating cells 
with physical or chernical agents can enhance the repli- 
cation of UV-damaged viral DNA (reviewed in refer- 
ence 32). In this enhanced HCR assay the cells were 
exposed to cisplatin for I h immediatety prior to their 
infection with cisplatin-ûamaged virus (a temporal rela- 
tionship between cisplatin pretreatment and viral infa- 
tion was not investigated in this study). This experi- 
ment was performed to determine whether C13* cells 
required cisplatin-induad cellular damage to stimulate 
their repair proccss. Neither of the ce11 types demon- 
strated any significant aiteration in their ability to 
repair cisplatin damage following cispiatin pretreat- 
ment over the range of concentrations crnploycd and 
thus there do not appear to be any significant differ- 
cnces in the NER process for cisplatin damage in 2008 
and C13* alls. 

WC found that pretreatment with an qua1 cisplatin 
wnantration increased the transcription of the l e  
gcne in undamaged virus to a greater extent in 2008 
œlls than in C13+ cella This is consistent with the 
observation that DNAdamaging agents, s k h  as UV 
radiation also increase the expression of a number of 
gcnes, temicd damage-induci ble genes (rcviewcd in mf- 
erenœ 10)- It has also been demonstratcd that en- 
hanced gene expression occurs at  lower d o m  of 
a DNA damaging agent (i.e. UV radiation) in UV 
repair-deficient mutants compared with repair-profi- 
cient controls [IO, 1 LI. Thus, it appears that induction 
of gene expression may be related to the amount of 
DNA damage (or the amount of unrepaired DNA 
damage). Our study demonstrated that the concentra- 
tion of cisplatin required to enhance expression of 
a reporter sene was lower in 2008 œlls than in C13* 
œlls. This observation may indicate that 2008 cells 
respond to DNA darnage in a manner similar to a re- 
pair-deficient ceIl type compared with C 13+ cells. How- 
ever, a more likely explanation for the enhanced ex- 
pression of the lac2 gene in 2008 cells compared with 
the C13* cells at equivalent cisplatin concentrations is 
that C13* cells require higher cisplatin concentrations 
than 2008 cells to induce similar amounts of cisplatin- 
DNA adducts. ([43]; this study). The low levels of lac2 
gene induction in the RH4 cells (similar to C13* cells) 
may indicate that adduct formation in the RH4 cells 
occurs at levels similar to those observed in C13* cells. 
Since adduct formation has not been investigated in 
this ceIl type, further studies are required, 

The repair capacity of RH4 cells was also deter- 
mined. RH4 cells were derived from C13* cells through 
selection for resistance to rhodamine 123 CM]. This 
selection process not only decreased the mitochondrial 
membrane po tential but also increased the cells' sensi- 
tivity to cisptatin to a level comparable to the parental 
2008 cells- In each of the HCR experiments, the ability 
of RH4 cells CO reactivate cisplatin-damaged Ad DNA 
was not significantly different from either 2008 or C13* 
cells. Therelore, there do not appear to be any signifi- 
cant difierences in the ability to repair cisplatin-in- 
duced viral DNA darnage between cisplatin-sensitive 
and cisplatin-resistant cells in our mode1 system. 

Further evidence to support a lack of a difference in 
NER capacities between 2008 and C13+ cells was ob- 
tained usins aphidicolin, an inhibitor of DNA poly- 
merase a and 6 [37). DNA polymerast a has been 
proposed as one of the components involved in the 
repair of cisplatin-DNA adducts [34]. We found that 
2008 and C13* œlls were equaily sensitive to 
aphidicolin. These rtsults arc not consistent with the 
survival data publishcd by Katz et ai. C20J who found 
that 2008 cells were 3.3-fold more sensitive to 
aphidicolin than theu cisplatin-rcsistant vafiant 
(2008pDP). It is possible that the dinerent cisplatin 
selection protocols used to generatt the cisplatin-mis- 
tant variants 2008PDP and C13* influenccd the 



cesistant mechanisms utilizad by th- variants WC 
aiso investigatad the nature of the interaction bttwttn 
aphidicolin and &platin. Using isobolograrn analysis 
and assessing the interaction at  the 50% e f f i t  Ievel, it 
was found that the interaction was synergistic in both 
2 0 8  and C13* cells. Thecefort, it apptars that poly- 
merase a and/or 6 are important cornponents of the 
cisplatin rcpair pathway in both 2008 and C13* ails, 
suggesting that these components of the NER pathway 
do not contribute to the cisplatin resistance in C13* 
celfs. 

Our aphidicolin and cisplatin results differ from 
those previously reported in which rnedian effect analy- 
sis demonstrated synergy between aphidicolin and cis- 
platin in the cisplatin-resistant variant but only ad- 
ditivity in the parental line C203. Although the drug 
treatment protocol and the parental ceIl line were the 
same, the formulation of aphidicolin, the cisplatin-re- 
sistant variant and the method used to determine the 
CI were different in our study compared to the study by 
Katz et al, [ZO]. It .is unclear which of these factors 
contributed to the different results from the two studies. 

Since Our assay system appears unabIe to detect 
differences in the repair of cisplatin interstrand cross- 
links [9, 29, 301, we are unable to comment on the 
suggestion by Zhen et al- [43] that enhanced repair of 
gene-specific interstrand crosslinks contribu tes to the 
cisplatin resistance in C13* cells. Johnson et al- Cl81 
have also demonstrated a correlation between en- 
hanced repair of cisplatin interstrand crosslinks and 
cisplatin resistance in a number of cisplatin-resistant 
variants of the parental A2780 cell the. 

In conclusion, enhanced repair of total genomic or 
gene-specific cisplatin intrastrand adducts does not ap- 
pear to contribute to cisplatin resistance in C13* cells. 
This study also suggests that RH4 cells repair intras- 
trand adducts from cisplatin-damaged Ad DNA with 
an efficiency similar to both 2008 and C13* cells. Fur- 
t herrnore, the similar synergistic growth inhibition me- 
diated by the combination of cisplatin and aphidicolin 
in both the parental line and the cisplatin-resistant 
variant is consistent with the suggestion that enhanced 
NER does not contribute to the cisplatin resistance in 
C l3* cells. 
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Discussion 

This manuscript examined whether a correlation between DNA repair and 

mitochondrial membrane potential existed. Since rnitochondria are the primary 

source of ATP in rnost cells (164) and several steps in NER have been shown to 

be ATP-dependent (319,331,336), it is conceivable that NER may be influenced 

by mitochondrial ATP production. Thus, the synergy between lipophilic cations 

and cisplatin observed in Chapter 1, may reflect a decreased capacity to repair 

cisplatin-DNA lesions as a result of a disruption in mitochondrial function. 

Therefore, a correlation between an elevated rnitochondrial membrane potential 

and enhanced capacity to repair cisplatin-induced DNA damage was 

investigated with the intention of examining whether DNA repair could be 

influenced by inhi biting mitochondrial function. 

A HCR assay was used to provide a measurement of repair of cisplatin- 

damaged DNA in 2008, C13*, and RH4 cells. In this assay, Ad 5 was incubated 

with cisplatin in order to induce cisplatin-viral DNA lesions. Ad 5 can be used to 

investigate the repair of cisplatin damage because Ad 5 DNA is a linear duplex 

and its repair and replication are dependent on the enzyme pathways used to 

repair cellular DNA in the host (107,342,363). Cells are then infected with the 

cisplatin-damaged virus and their ability to replicate or transcribe damaged viral 

DNA serves as an indicator of the repair capacity of cells. 

Our primary concern with many of the repair studies in the literature was 

that very high concentrations of cisplatin were required to produce an adequate 



number of lesions for detection. In some instances, cells were exposed to 

cisplatin concentrations up to 1000 times their ICW. This rnay be significant 

since it remains unclear how cells respond to damage beyond their capacity to 

repair and DNA damage profiles may differ depending on concentration of DNA 

damaging agent (358,359). An additional concern was that the initial number of 

cisplatin lesions induced in DNA, often differed in cisplatin-sensitive and 

cisplatin-resistant cells. Differential cisplatin lesion formation may arise as a 

result of the presence of other cisplatin resistance mechanisms such as 

decreased accumulation or increased scavenging of cisplatin. Since the initial 

amount of DNA damage may influence the rate at which the DNA is repaired, 

repair should be assessed following the induction of similar number of lesions in 

both cisplatin-sensitive and cisplatin resistant cells (25,364). The HCR assay 

overcomes both these limitations as viral DNA is incubated with cisplatin before 

cells are infected. Thus, cells are not exposed to cisplatin and both cisplatin- 

sensitive and cisplatin-resistant cells are exposed to the same amount of 

cisplatin-damaged DNA. 

To summarize the results from this manuscript, HCR of cisplatin-treated 

Ad 5 DNA was capable of detecting a difference in the ability of normal CHO 

cells, AA8, to repair cisplatin-damaged DNA compared to UV20 cells which are 

deficient in NER. The difference in HCR between AA8 and UV20 cells was only 

about 2.5-fold. However, UV20 cells have been reported to be approximately 

50-fold hypersensitive to cisplatin compared to AA8 cells (365). These results 



may reflect the major limitation of the HCR assay; it has been suggested that 

HCR of viral DNA is unable to detect repair of interstrand crosslinks 

1 1 O 1 1 1 0 )  It has been demonstrated that transfection of mrnplementation 

group 1 repair-deficient mutants, like UV20, with ERCCI, increased cisplatin 

interstrand crosslink repair and reduced cisplatin sensitivity (1 1 3,114). 

Therefore, UV20 cells may be only 2.5-fold less efficient at repairing cisplatin 

intrastrand adducts in Ad 5 DNA compared to AA8 cells. An alternative 

explanation for the small difference in HCR of cisplatin-damaged Ad DNA 

between AA8 and UV20 cells is that only small differences in repair may be 

required for large differences in cisplatin sensitivity. 

When the HCR of cisplatin-damaged Ad DNA in 2008, C13' and RH4 

cells was examined, it was observed that C13' cells did not repair cisplatin- 

damaged Ad DNA more efficiently than either 2008 or RH4 cells. These results 

suggest that repair of cisplatin damage from total genomic DNA was not 

enhanced in C13* cells compared to 2008 or RH4 celis. Repair of cisplatin 

damage from actively transcribed genes also did not appear to be enhanced in 

C13' cells compared to either 2008 or RH4 cells since C13' cells did not have 

an increased HCR of a reporter gene in cisplatindamaged Ad DNA compared to 

2008 and RH4 cells. These results suggest that cisplatin resistance in C13* 

cells is not due to an increase in the repair of cisplatin-damaged DNA and an 

elevation in mitochondrial membrane potential does not influence the repair of 

cisplatin-DNA lesions. It should be noted that HCR of Ad DNA probably refiects 



the ability of cells to repair cisplatin intrastrand adducts but not interstrand 

crosslinks (1 10,111,340). Thetefore, enhanced repair of interstrand crosslinks 

in C13' cells and an association between enhanced repair of interstrand 

crosslinks and elevations in mitochondrial membrane potential remain 

possibilities. 

The HCR assay permitted us to investigate wtiether pre-treating cells with 

cisplatin was capable of enhancing the repair of cisplatin-damaged DNA. As 

previously mentioned, only the virus and not the cells are exposed to cisplatin in 

the HCR assay. Although only one time point was examined, pre-treatment of 

cells with cisplatin did not appear to enhance their ability to repair cisplatin 

damage from a reporter gene in Ad DNA. Interestingly, pre-treatment of 2008 

cells with cisplatin enhanced the expression of a reporter gene in undamaged 

Ad DNA to a greater extent than C13' cells. Enhanced gene expression 

following UV irradiation is observed in UV repairdeficient mutants but not in 

repair-proficient controls (364,366). This result may suggest that 2008 cells may 

be deficient in some aspect of DNA repair compared to C13' cells. 

The importance of DNA repair in 2008 and C13' cells was further 

investigated using aphidicolin, an inhibitor of DNA polymerase a and 6. DNA 

polyrnerase 6 has been implicated in DNA synthesis following excision of 

damaged DNA (320,331,338). Aphidicolin was observed to be equitoxic to 2008 

and C13' cells and combinations of cisplatin and aphidicolin proved to be 

synergistic in both 2008 and C13* cells. These data support our HCR data in 



suggesting that NER is important in cell sunrival following cisplatin treatrnent, but 

does not appear to contribute to cisplatin resistance in C l  3' cells. 

Since DNA repair did not correlate with mitochondrial membrane 

potential, the effect of mitochondrial inhibitors on DNA repair capacity were not 

pursued. Instead. a potential regulator of rnitochondrial function, namely c-fos, 

was examined in the next chapter. 



Chapter 5 Expression of c-fos and mitochondrial membrane potential in 

cisplatin resistance 

In the previous chapter a potential mechanism through which an elevated 

mitochondrial membrane potential contributed to cisplatin resistance was 

examined. In this chapter, a potential regulator of mitochondrial membrane 

potential, namely the c-fos proto-oncogene, is considered. Furthermore, 

correlations between c-fos gene expression and cisplatin resistance and 

correlations between elevated mitochondrial membrane potential and cisplatin 

resistance were investigated in this chapter. 

The c-fos gene encodes a nuclear transcription factor, c-Fos, which 

interacts with members of the c-Jun and ATFKREB families to induce the 

transcription of a number of other genes (367). c-fos is a mernber of a multi- 

gene family which also includes Fos B (368), AFos 6 (369-372), Fra4 (373,374), 

Fra-2 (373,375,376), and R-fos (377). These family members are often 

expressed at the same time and may be redundant with respect to function 

(378). All Fos family members contain a bZip region that is required for 

dirnerization with Jun family members. When members of the Fos family bind 

with members of the Jun family, they f o n  a 'leucine zipper' motif which allows 

the proteins to bind to DNA (379-386). Human c-fos has been localized to 

chromosome 14q21q31 and produces a 2.2 kb mRNA. The protein contains 



380 amino acids and has a molecular weight of 5542 kDa dependhg on the 

arnount of phosphorylation (378,387). 

The c-fos protoonwgene was originally identified as the cellular 

homologue of the viral oncogene v-fos which was isolated from a spontaneous 

osteosarcoma in a CF1 mouse (388). There are two fomis of v-fos, Finkel- 

Biskis-Jenkins (FBJ) and Finkel-Biskis-Reill y (F BR) both of which induce 

osteosarcornas in mice and rats (388,389). It was later demonstrated that the c- 

fos gene product was capable of transfoming cells (390,391 ). 

The v-fos retroviruses acquired components of the c-fos gene through 

genetic recombination and differ significantly from the c-fos gene (389,392). 

FBJ-MSV contains 4026 nucleotides of which only 1639 are derived from the c- 

fos gene (389). The protein product of FBJ-MSV has a molecular weight of 55 

kDa with 5 amino acid changes (ser14 a Phe, -> Thr, ~ l y ' "  -> Glu, G I U ' ~ ~  -> 

Lys, and ~ s p ' ~ '  -> Asn) and a frame shift which alters the last 48 amino acids (C- 

terminal) of c-fos (389,393). The FBR-MSV contains 3791 nucleotides, 709 of 

which are derived from the c-fos gene (394). The protein encoded by FBR-MSV 

is a gag-fos-fox fusion protein which contains 236 amino acids of the c-Fos 

protein. Differences between c-fos and v-fos have identified reg ions within the 

gene that regulate the expression and function of c-fos. 

Expression of c-fos mRNA is regulated by several response elements 

identified in the c-fos gene including, serum response element (SRE), sis- 

inducible element (SIE), and cyclic AMP response element (CRE) of which the 



SRE appears to be the most important (378). These response elements have 

been implicated in mediating c-fos expression in response to senrm, growth 

factors. phorbol esters (395400). CAMP (401,402), growth hormone (403), 

several oncogenes (404-412), and physical stresses such as ROS, heat shock, 

and several DNA damaging agents including cisplatin (41 3-41 6). 

Expression of the c-fos gene, at least following initiation from the SR€, 

seems to be autoregulated. It appears that the carboxy terminal portion, 

particularly three serine clusters (362-364, 368-369, 371 -374) of the c-Fos 

protein regulate binding of c-Fos protein to the SRE and downregulation of its 

own expression through an incornpletely understood mechanism (41 7-421 ). 

This autorepression is apparently dependent on phosphorylation as 

hypophosphorylated c-Fos protein or c-Fos protein mutated at these serine 

residues are unable to repress further c-fos expression (422). The importance 

of these serine clusters are demonstrated in the v-Fos protein which lacks these 

serines and thus does not inhibit its own expression (41 7,418,422424)- Other 

rnechanisms are involved in negatively regulating c-fos expression but are 

beyond the scope of this thesis (reviewed in (378)). 

Regulation of c-fos also occurs at the protein level through 

phosphorylation, oxidation/reduction, translocation of the protein from the 

cytoplasm to the nucleus and the availability of binding partners. oFos c m  be 

phosphorylated primarily on serine residues (and possibly threonine residues) 

that cause a shift in the protein's molecular weight from 55 kDa up to 



approximately 65 kDa (425,426). Phosphorylation sites are dustered between 

amino acids 58-139 and 321-380. ln vitro experiments have shown that CAMP- 

dependent protein kinase (PUA), protein kinase C (PKC), p34- and a DNA- 

dependent kinase are able to phosphorylate the region between amino acids 58- 

139 while PKA and ~ 3 4 ~ ' ~  are able to phosphorylate the region between amino 

acids 321-380 (426). These phosphorylations have been implicated in 

regulating c-Fos's activity andfor stability (378.427). 

In serum-starved cells, c-Fos protein accumulates in the cytoplasm with 

little or no c-Fos protein found within the nucleus. Upon continuous stimulation 

by growth factors, c-Fos protein is transported to the nucleus (423). 

Translocation of c-Fos appears to be mediated by a CAMP-dependent pathway 

since cytoplasmic accumulation of c-Fos protein can be reversed by elevated 

CAMP levels in the absence of serum (423). Other stimuli such as contacts with 

other cells or the extracellular matrix as well as physical stresses including pH 

and temperature, may also regulate the transport of c-Fos protein to the nucleus 

(378.428431). In contrast, v-Fos proteins from either FBJ or FBR viruses evade 

this control and constitutively accumulate in the nucleus independent of serum 

stimulation (423). 

Regulation of c-Fos activity by oxidation/reduction occurs at a single 

cysteine residue, Cys154 (432,433). Oxidation of this cysteine residue 

interferes with c-Fos's ability to bind DNA while binding is restored under 

reducing conditions (434). Substitution of Cys154 in c-Fos results in loss of 



redox control and enhanced binding of c-Fos protein to DNA (435). Regulation 

of the oxidationlreduction status of Cysl54 appears to be dependent on a 

ubiquitous 37-kDa nuclear protein called Ref-1 (436). 

Since c-Fos protein (or other Fos family rnembers) cannot homodimerize, 

their activity relies on the availability of binding partner such as members of the 

Jun family (378). Thus, the availability of binding partners can also influence c- 

Fos's activity. 

In most cell types, c-fos gene expression is low or undetectable. 

Constitutive c-fos expression appears to be restricted to areas undergoing 

remodeling or terminal differentiation such as in the bone, skin, hair follicles and 

nail roots but may also play a role in programmed cell death (437,438). In most 

other cell types, c-fos expression cari be induced by a variety of stimuli as 

outlined previously. When expressed, c-Fos protein can dimerize with members 

of the Jun family and bind to DNA. The major target for FostJun dimers is the 

recognition element known as the AP-1 binding site or TPA-responsive element 

(TRE) which is located in the promoter regions of a number of genes (439,440)- 

Once bound FoslJun dimers interact with other proteins to initiate transcription 

(441 ). Genes potentially regulated by c-Fos include; adipocyte aP2 

(440,442,443); transin/stromolysin (444-446), a l  (Ill) collagen gene (447), 

collagenase (448); tyrosine hydroxylation, (449), major histocompatibility class I 

and class 11 (450-452), IL-2 (453), osteocalcin (454,455), ovalburnin (456), and 

its own gene (41 7,419421 ). 



c-Fos has been implicated in regulating cellular replication and dierentiation 

(457-461 ). Greenberg and Ziff (462,463) observed that the expression of c-fos is 

rapidly induced (within 5 minutes) in quiescent cells following stimulation with 

serum or growth factors. Moreover, microinjection of antibodies specific for c- 

Fos protein, inhibited cells from progressing from G1-to-S phase of the cell cycle 

(464). Subsequent studies have demonstrated that other Fos family members 

as well as Jun family members are also involved in cell cycle progression 

(465,466). 

Transgenic animals have provided a useful tool for investigating the role 

of c-fos in vivo, especially during development. These animals provide a system 

in which the c-fos gene can be overexpressed or eliminated. In normal mice, c- 

fos expression has been observed in bones and teeth during development, as 

well as in germ cells, hematopoeitic cells and cells in the central nervous system 

(438,467-471). In Fos transgenic animals, where the c-fos gene has been 

overexpressed alterations in bone, cartilage, and hematopoeitic cell 

development occur (472-475) and these animals frequently develop 

osteosarcornas (472,474,476,477). 

c-fos knockout mice appear phenotypically normal for the first 10 days 

after which they grow slower and have shorter limbs than normal mice (478). 

Adult c-fos knockout mice are small in size, develop osteoporosis with defects in 

bone remodeling due to a lack of osteoclasts and have defects in tooth eruption 

and hematopoeisis (decreased numbers of thymocytes and splenocytes) 



(478,479). These knockout mice support the c-fos overexpression experiments, 

in that c-fos expression regulates bone, cartilage and hematopoeitic 

development. Mice heterozygous for the c-fos mutation appear normal (478). 

Since c-fos expression haç been implicated in regulating cell proliferation 

and overexpression of c-fos can transfomi some cell types, modulating c-fos 

expression represents a potential strategy for inhibiting tumour cell growth. The 

effectiveness of targeting the c-fos gene using antisense oligonucleotides has 

been investigated in vivo using two experimental designs. Injection of MCF-7 

cells containing a control vector. into nude mice, produced palpable tumours 

within two weeks and these tumours invaded skeletal muscle and lymphatics. In 

contrast, injection of MCF-7 cells containing the c-fos antisense vector produced 

srnaller tumours that were not apparent until 10-12 weeks post-injection. 

Moreover these tumours were primarily encapsulated indicating a lower 

metastatic potential (480). 

In the other system, MCF-7 tumuor cells were injected intraperitonealy 

and allowed to grow for 10 days. On day 10, either a control vector or the c-fos 

antisense vector were administered intraperitoneal y. Administration of the c-fos 

antisense vector produced an 80% reduction in tumour mass compared to the 

control vector when examined 2 weeks after a single injection of the vectors 

(480). Furthermore. 9 out of 9 mice who received 5 daily doses of the c-fos 

antisense vector, 10 days after MCF-7 inoculation, survived for at least 55 days 

whereas al1 9 mice receiving 5 daily doses of the control vector were dead by 



day 45. One of the animals reœiving the c-fos antisense vector rernained 

tumour-free for 200 days (480). Based on these results a clinical trial evaluating 

the effectiveness of c-fos antisense in metastatic breast cancer has been 

proposed (481 ). 

Overexpression of c-fos most likely contributes to cell transformation via its 

participation in cell cycle progression. However, c-fos expression may also be 

capable of elevating the mitochondrial membrane potential in cells, a common 

characteristic of tumour cells (165-167). Zarbl et al. (482,483) have observed that 

rat fibroblast cells transformed with v-bs but not a number of other viral oncogenes, 

possessed an elevated mitochondrial membrane potential as indicated by increased 

Rh 1 23 accumulation and retention. Seleciion of revertants of the v-fos-transformed 

fibroblast cells with low mitochondrial membrane potentials lead to the identification 

of a v-fos effector gene temed fte-1 (484). The iie-7 gene shared significant 

hornology with two genes from Saccharomyces cerevisiae one of which was MT-1, 

a gene involved in mitochondrial protein import (485). 

In addition to participating in cell transformation, c-fos expression may be 

involved in dnig resistance. It has been observed that c-fos mRNA levels are 

elevated in samples from patients who have failed cisplatin-ôased therapy 

(6,145,486) and in established cisplatin-resistant variants in vitro (6,154- 

156,486,487). Furthemore, transfection of cells with a vector containing c-fos can 

result in cisplatin resistance (1 55) but an association between cisplatin resistance 

and c-fos overexpression cannot be demonstrated in al1 cell types (76). To examine 



the importance of elevated c-fos mRNA in a cisplatin-resistant variant, Scanlon et al. 

(1 54-1 56,487) used two different protacols to reduce ebs mRNA levels, treatment 

with cydosporin A or transfection of cells with a c-bs ribozyme. The c-fos ribozyme 

is a segment of catalytic RNA mat specifically cieaves c-bs mRNA. Under bath 

conditions the deaease in c-fos mRNA correlateci with an increased cisplatin 

sensitivity. It was speculated that cisplatin resistance resulted from a c-fos- 

mediated increase in the expression of proteins involved in DNA synthesis and 

repair such as thymidylate synthase, DNA polymerase P, topoisomerase I and 

topoisomerase 11 (1 54,155,487,488). The association between these enzymes 

was based on the temporal expression of the genes; c-fos mRNA was elevated 

approximately one hour after cisplatin treatment while the mRNA for the DNA 

synthesis and repair genes reached maximal levels approximately 2-3 liours 

after cisplatin treatment. 

In this manuscript correlations between (i) c-fos expression and cisplatin 

sensitivity, (ii) mitochondrial membrane potential and cisplatin sensitivity, and 

(iii) c-fos expression and mitochondrial membrane potential are examined. 

Three different model systems used to investigate these correlations are 

summarized in Table 2. The first model system includes a rat fibroblast cell line 

that has been transfected with the c-fos oncogene. These cells have not been 

examined for either cisplatin sensitivity or mitochondrial characteristics. Our 

second model system is the human ovarian carcinoma cell line on which much of 

our previous work has focused. In this systern, the cisplatin-resistant variant has 



an elevated mitochondrial membrane potential cornpared to the parental line but 

c-fos expression has not been exarnined in these cells. Our final rnodel system 

is another human ovarian carcinoma cell line in which the cisplatin-resistant 

variant has elevated expression of c-fos mRNA but mitochondrial membrane 

potentials have not been exarnined. 

Al1 data in this manuscript was obtained from experiments conducted by 

R A .  Moorehead. 



Table 2. Model systems for examining the association behveen cisplatin 
resistance, c-fos expression, and mitochondrial membrane potential. 

Cisplatin 
, sensitivity 

Mitochondrial 
membrane 
potential 1 c-fos expression 

Cl3  cells are 
resistant to 

cisplatin 
elevated in 

cisplatin-resistant 
variant 

not deterrnined 

' A2780DDP cells are 
resistant to cisplatin 

elevated in cisplatin- 1 elevated in 
resistant variant 1 CMVc-fos cells 

not determined 

not determined not determined 
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ABSTRACT 

lndependent observations suggest that overexpression of c-fos or 

elevations in mitochondrial membrane potential may modulate cisplatin 

sensitivity but these characteristics require further investigation. We observed 

that rat fibroblast cells transfected with the c-fos gene were approximately 3-fold 

resistant to cisplatin compared to non-transfected controls. However, in a 

cisplatin-resistant variant, C13*, where cisplatin resistance was associated with 

an elevated mitochondrial membrane potential, there was no significant increase 

in either c-fos mRNA or protein levels, compared to the parental line, 2008. 

Furthermore, reduction of c-Fos protein levels in C13' and 2008 cells, using an 

antisense oligonucleotide for c-fos mRNA, did not sensitize these cells to 

cisplatin. Moreover, in two cisplatin-resistant variants which overexpressed c- 

fos, there was no increase in mitochondrial membrane potential cornpared to 

their respective parental lines. Similarly, reduction of c-fos expression did not 

lower the mitochondrial membrane potential in rat fibroblast cells. These data 

suggest that both c-fos overexpression and elevations in mitochondrial 

membrane potential are associated with cisplatin resistance but these factors 

are not interdependent. 



INTRODUCTION 

Cisplatin resistance has been associated with a number of cellular 

changes, several of which have been extensively investigated including; (i) 

enhanced scavenging of the drug through increased glutathione or 

metallothionein content, (ii) decreased accumulation andlor increased effiux of 

cisplatin, and (iii) increased repair of cisplatinDNA lesions (1 4)). However, no 

single mechanism has been consistently associated with cisplatin resistance. 

In vitro, cisplatin resistance is often associated with a decrease in 

intracellular cisplatin concentration which can result from either decreased 

accumulation or increased efflux of the drug (5-10) but this characteristic is not 

always associated with cisplatin resistance (1 1-1 7). Another reported 

mechanism involved in cisplatin resistance is an elevation in scavenger 

molecules such as glutathione (GSH) and metallothionein (MT). Although GSH 

can form complexes with cisplatin (18) and elevated levels of GSH have been 

found in cisplatin-resistant cells (1 9-21 ) the lack of association in other cell types 

(22,23), the relatively slow formation of cisplatin-GSH complexes (24) and 

inconsistent results with the GSH depteting agent d,l-buthionine-SIR- 

sulfoximine (25,26) have raised questions as to the importance of elevated GSH 

in cisplatin resistance. MTs are a family of inducible proteins involved in heavy 

metal regulation such as controlling free intracellular zinc and copper 

concentrations (1,27). Like GSH, MT contains thiol groups that can interact with 

cisplatin (28,29). While transfection of cells with MT has been shown to induce 



cisplatin resistance (30) and cells lacking MT are hypersensitive to cisplatin (31 ), 

cisplatin resistance has not been consistently associated with elevated MT 

expression in wltured cells (1 5,28,30,32,33). Enhanced repair of cisplatinDNA 

lesions has been demonstrated in several cell culture systems for cisplatin 

intrastrand adducts (34-38) and cisplatin interstrand crosslinks (7,39,40) but 

increased repair in cisplatin-resistant variants is not always observed (1 4,4l, 42). 

Clinically, the generation of cell populations resistant to cisplatin limits the 

effectiveness of this agent ( 4 3 4 ) .  The occurrence of cisplatin-resistant 

tumours approaches 60% in patients with ovarian carcinoma (44). Modulation of 

the above resistant rnechanisms has not been capable of consistently sensitizing 

cisplatin-resistant turnours. Therefore, we investigated two other proposed 

cisplatin-resistant mechanisms namely, c-fos overexpression and increased 

mitochondrial membrane potential. Since c-fos expression and rnitochondrial 

membrane potential can be modulated, they represent strategies through which 

cisplatin sensitivity may be restored. 

c-lbs is a nuclear protwnwgene that can dimerize with mernben of the c- 

Jun and ATFlCREB families and enhance the transcription of a number of genes 

involved in regulating processes such as replication and differentiation (45). The 

role of c-fos in onwgenesis was identified when v-lbs, the viral homologue of c-fos, 

was discovereâ as the gene in the Finkel-Biskis-Jinkins murine sarcoma virus 

responsible for cellular transformation (46). Since then, elevated expression of the 



c-fos gene has been shown to transform fibroblasts in vifm and induœ osteogenic 

sarcomas in transgenic mice (4750). 

Suppressing c-fos expression using an antisense oligonucleotide has been 

shown to inhibit tumour growth in vivo. Transfection of MCF-7, human breast 

carcinoma cells, with a vector containing an antisense oligonucleotide directed 

against c-fos mRNA, prior to their injection into nude mice, inhibited tumour cell 

growth and metastases compared to a control vector (51). FuNiemore, 

administration of the c-fos antisensecontaining vector to mice, 10 days after they 

had been inoculated with MCF-7 cells, prolonged survival compared to 

administration of a control vedor (51). Clinical trials using c-fos antisense 

oligonucleotides in breast cancer patients have subsequently been proposed (52). 

In addition to its role in cellular proliferation, c-6s expression has been 

implicated in contributing to cisplatin resistance in tumour cells. Kashani-Sabet et a/. 

(5334) have found elevated c-fos mRNA levels in tumour samples from patients 

who have failed cisplatin-based therapy and in established cisplatin-resistant 

variants in vitro. Furthemore, suppressing c-fos expression in the cisplatin-resistant 

variant using a c-fos ribozyme, restored cisplatin sensitivity mi le transfedion of the 

parental line with the c-fos gene resulted in cisplatin resistanœ (53,55). 

Mitochondrial alterations have also been implicated in cisplatin resistanœ 

(2236). Andrews et al. (22,56) have show that a cisplatin-resistant variant, C13*, 

had an elevated mitochondrial membrane potential compared to its parental human 

ovarian carcinoma cell line, 2008. Furthemore, revertants of C13' cells with low 



mitochondrial membrane potential displayed a cisplatin sensitivity similar to the 

parental 2008 cells suggesting that the elevated mitochondrial membrane potentiai 

mntributed to cisplatin resistanœ. Changes in the mitochondrial membrane 

potential may alter protein import into mitochondnal andor ATP generation through 

oxidative phosphorylation, since these processes are dependent on the 

mitochondrial membrane potential(57-60). 

Our previous work has demonstrated that the elevated mitochondrial 

membrane potential in C13* cells can be exploited using lipophilic cations (61 ). 

Lipophilic cations accumulate in mitochondria in response to the mitochondrial 

membrane potential and are used to measure the magnitude of the mitochondrial 

membrane potential at low doses (6244). At high doses, lipophilic cations dissipate 

the mitochondrial membrane potential and thus disrupt mitochondrial function 

(63,65). We have shown that C l  3' cells are not only more sensitive to a lipophilic 

cation, dequalinium chloride (Deca), alone compared to their parental line, but the 

combination of Deca and cisplatin produœd synergistic cell kill in C13' cells. 

Moreover, combinations of Deca and cisplatin have been shown to prolong survival 

of mice bearing ovarian carcinoma cells, beyond either agent alone (66). 

Since modulation of c-fos expression or mitochondrial membrane potential 

may represent a strategy for treating cisplatin-resistant tumours, the correlations 

between (i) c-fos overexpression and cisplatin resistance and (ii) elevated 

mitochondrial membrane potential and cisplatin resistance were examined. We also 



investigated whether an increase in mitochondrial membrane potential could be 

mediateci by c-fos expression. 



MATERiALS AND METHODS 

Materials. ~s-diamrninedichloroplatinum(ll), diethylpyrocarbnate, 

dithiothreitol, isopropyl B-D-thiogalactopyranoside, phenylrnethylsulfonyl fluoride, 

and hodamine 123 were obtained from Sigma Chernical Co., St. Louis, MO. 

H33258 was obtained from Calbiochem, La Jolla, CA. ION-nonyl addine orange 

was purchased from Molecular Probes, Eugene, OR. Rabbit polyclonal c-fos and 

cyclin D l  primary antibodies were obtained from Santa CNZ Biotechnology, Santa 

Cruz, C A  Goat anti-rabbit horseradish peroxidase conjugated secondary antibody 

was obtained from Bio-Rad Laboratories Ltd, Mississauga, Ontario, Canada. 

Roswell Park Mernorial Institute (RPMI) medium, Dulbecco's modified Eagle 

medium, lipofedin, and the O l i g ~ ( d T ) ~ ~ . ~ ~  were obtained from Gibw BRL, Burlington, 

Ontario, Canada. GeneSaeen Plus nylon filters were obtained from New England 

Nuclear Research Products, Boston, MA. Human c-fos oligonucleotide probe was 

obtained from Oncogene Science, Inc., Uniondale, NY. The phosphorothioate 

oligomer complementary to 8 to +14 of c-fos mRNA, FITC-labeled oligonucleotide, 

control phosphorothioate oligomer with no known complementary mRNA, and 

lipophilic cations were provided by Dr. B. Brown, Genta Incorporated, San Diego, 

CA. 

Cell Lines and Culture Conditions. The rat fibroblast cell line 208F and its 

two c-fos transfectants, CMVc-fos and LI-3c-fos1 were a generous gift from Dr. Tom 

Curran, St. Jude Children's Research Hospital, Memphis, TN. CMVc-fos cells 



contained a vedor in which the mouse cJos gene expression was driven by the 

cytomegalovirus promoter and thus mstitutively expresseci high levels of c-FOS 

protein. LI-3c-fos cells contained a vector in which the mouse c-fos gene 

expression wuld be repressed by the addition of isopropyl R D -  

thiogalactopyranoside (IPTG) (67). 208F, CMVc-bs , and L I  -3c-fos cells were 

grown in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine 

serum, 2 mM glutamine, 100 unitslml penicillin, 100 mglml streptomycin, and 0.25 

mglml amphotericin B and maintained at 37°C and 5% C G  in a humidified 

incubator. 

The human ovarian carcinoma ceIl line, 2008, and its cisplatin-resistant 

variant C13*, were generously provided by Dr. Paul Andrews, Georgetown 

University, Rockville, MD. These cells were grown in RPMl medium supplernented 

with 5% fetal bovine serum, 100 unitdml penicillin, 100 mglml streptomycin, and 

0.25 mglml amphotericin 6 and maintained at 37OC and 5% COa in a humidified 

incubator. The human ovarian carcinoma cell line A2780 and its cisplatin-resistant 

variant A2780DDP were generously provided by Dr. Kevin Scanlon, Berlex, C A  

A2780 and A2780DDP cells were grown in Dulbecco's modified Eagle medium 

supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 unitdrnl penicillin, 

100 rnglml streptomycin, and 0.25 mglml amphotericin B and maintained at 37°C 

and 5% CO2 in a humidified inwbator. 



Western Blot Analysb of c-Fos Protein. Cells in log-phase growth were 

seeded ovemight in 20 x 100 mm culture dishes. After two washes with phosphate 

buffered saline, pH 7.4, cells were lysed with 500 pl of RIPA lysis buffer (1% NP40, 

0.5% deoxydiolate, 0.1% sodium dodecyl sulphate, 1% phenylmethylsulfonyl 

fluoride, 3% aprotinin and 1 % sodium orthovanadate in phosphate-buffered saline). 

Cells were scraped from cultures dishes and transferred to miaoœntriige tubes. 

Samples were sheared with a 21 gauge needle and phenylmethylsulfonyl fluoride 

(10 pl of 10 mglml stock in isopropanol) was added to each tube. Following a 45 

minute incubation on ice, samples were spun at 12,000 x g for 20 minutes at 4OC . 

Supematants were transferred to fresh microcentrifuge tubes and samples were 

stored at -80°C. Protein concentrations were detemined using the Pierce Micro BCA 

spectrophotometric protein assay (68). 

Proteins (10-20 pgllane in 20-30 pl) were separated by polyacrylamide gel 

electrophoresis; 3% stacking gel and 7.5% separating gel for c-Fos and c-Shc 

proteins and 12% separating gel for cyclin D l  protein. Proteins were stacked at 30 

V for 30 minutes and separated at 100 V for 65 minutes. Proteins were transferred 

to nitrocellulose membranes using the Mini Trans-Hot Cell (Bio-Rad Laboratories 

Ltd., Mississauga, Ontario, Canada) at 100 V for 45 minutes. Membranes were 

blocked ovemight in 1 % skim milk and 1 % BSA in TBST (1 0 mM Tris-HCI pH 8.0, 

150 mM NaCI, 0.05% Tween 20). Westem blot analysis was carried out using the 

appropriate rabbit polyclonal primary antibody and a horseradish peroxidase 

conjugated goat anti-rabbit IgG secondary antibod y. Protein levels were deteded 



using ECL western blotting detection reagents (Amenham Canada Limited, 

Oakville, Ontario, Canada) and Kodak XAR 5 scientïfïc imaging film (Eastman 

Kodak Company, Rochester, NY). 

c-fos Antisense Treatment. 2008 and C l  3* cells were grown on coverslips 

plaœd at the bottom of the wells of a 6-well plate. To determine transfection 

efficiency, several lipophilic cations at different oligonucleotide:lipid ratios were 

tested. Cells were incubated for 4 hours in senim-free media containing a FITC- 

labelled all-phosphorothioate oligomer (250 nM) in the presence and absence of 

different arnounts of various Iipophilic cations (lipofectin, lipofectamine and two lipids 

generated by Genta Inc.). After the 4 hour incubation period the oligomer-containing 

media was removed and cells were place in supplemented media for approximately 

24 hours. Cells were then visualized on a fluorescent microscope. We observed 

that a 1 :9 ratio of oligonucleotide:lipofectin produœd positive staining in the nuclei of 

approximately 80% of both 2008 and C13' cells while little or no nuclear staining 

was observed when cells were treated with the FITC-labelled oligonucleotide in the 

absence of lipophilic cation. In al1 subsequent experiments cells were treated with 

the c-fos antisense oligonucleotide in a 1:9 ratio with lipofectin in serum-free media 

for 4 hours. 



Survivd Assays. 208F, CMVc-fOs or L1-3~- fos  cells in log-phase growth 

were seeded ovemight in 24-well plates at a density of 2000 cellsEwell while A2780 

and A2780DDP cells in log-phase growth were seeded ovemight in W a l l  plates at 

a density of 10 000 cellshvell. Cells were exposed to Deca for 3 hours or cisplatin 

for 1 hour, after which drugcontaining media was removed and cells were inwbated 

in drug-free media for 5 days at 37OC. At this time the media was removed, cells 

were washed once with phosphatebuffered saline, and 300 pl of deionized water 

was added to each well of a 24-well plate or 900 pl of deionized water was added ta 

each well of a 6-well plate. DNA content of each well was then detemined as 

previously desaibed (23,61). To examine the effect of lowered c-fos expression on 

cisplatin sensitivity, LI-3c-fos cells in logphase growth were seeded ovemight in 

24-well plates at a density of approximately 2000 cellshell in the absence or 

presence of 2 mM IPTG. Cell survival following a 1 hour treatment with cisplatin was 

assessed as described above. 

Cisplatin sensitivity was also assessed in 208F and CMVc-fos using a colony 

foming assay. In this assay 208F and CMVc-fos cells in log phase growth were 

seeded in 6-well plates at a density of approximately 200 cellshuell. Cells were 

treated with cisplatin for 1 hour and allowed to grow for 6 days in drug-free medium. 

Surviving colonies were stained with methylene blue and colonies containing 20 or 

more cells were counted. 

To examine the interaction between cisplatin and c a s  antisense, 2008 and 

C13' cells were seeded ovemight in 24-well plates at a density of approximately 



5000 2938 cellsEwell and approximately 2500 Cl 3' cellshvell. Cells were then 

treated with c-fos antisense (amcentrations ranging from O.ûû975-O.3125 nmoles) in 

a 1:9 ratio with lipofedin in serum-free RPMl media for 4 hours. Cells were then 

retumed to fully supplement RPMl media and various concentrations of cisplatin 

were added for 1 hour either immediately or 24 hours after c-bs antisense 

treatrnent. Cell survival was assessed 5 days after the initiation of c-fos antisense 

treatment using a DNA fluorochrome assay as desaibed above. The nature of the 

interaction between cisplatin and c-fos antisense was assessed using median effect 

analysis. Combination indexes (Cls) were calwlated and a CI of 1 indicates that the 

two agents interact in an additive fashion while Cls of < 1 and >l indicate that the 

two agents interact in a synergistic and antagonistic fashion, respectively (69). 

Rh123 Accumulation and Efflux. 208F and CMVc-fos cells in log-phase 

growth were seeded ovemight in 24-well plates at a density of approximately 1.5 x 

10' cellshvell and Rh123 accumulation and effiux were determined as previously 

described (23.61)- To examine the effect of lowered c-fos expression on 

mitochondrial membrane potential L13c-fos cells in log-phase growth were seeded 

ovemight in 24-well plates at a density of approxirnately 1.5 x IO' cells/well in the 

presence or absence of 2 mM IPTG. Rh123 accumulation was detennined as 

previously described (23,61). 

A2780 and A2780DDP cells in logphase growth were seeded ovemight in 6- 

well plates at a density of approximately 5 x l d  cellsiwell. Media was removed and 



replaced with normal Dulbecco's media or Dulbecco's media supplemented with 137 

mM KCI both of which contained 50 pM of Rh123. Following Rh123 removal at the 

appropriate time interval, wells were washed twice with phosphate-buffered saline 

and deionized water (900 pl) was added to each well. After one freeze-thaw, 300 pl 

of the DNA fluorochrome, H33258 (40 pghl in TNE buffer; 10 mM Tris, 1 mM 

EDTA, 2 M NaCI, pH 7.4) was added to each well to detemine DNA contentlcell 

number in each well (70). Rh123 and DNA fluorochrome fiuorescenœ was 

detenined as previously described (23,61). 

1 ON-Nonyl Acridine Orange (NAO) Staining. 208F, CMVc-fos, and L I  -3c- 

fos cells in log-phase growth were seeded overnight in 24-well plates at known 

numbers (2 x 10' - 1.25 x Io4 cellshvell). A2780 and A2780DDP cells in log-phase 

growth were seeded ovemight in 6-well plates at known numbers (2 x 106 - 1.25 x 

IO'). The media was removed and replaced with media containhg 10 pg/rnl of NA0 

(a stock of 10 mglrnl NA0 in DMSO was stored at -20°C) (71,72). Following a 30 

minute incubation at 3 P C ,  the NAOcontaining media was removed and the cells 

were washed twice with phosphate buffered saline. Deionized water (300 pl for 24- 

well plates or 900 pl for 6-well plates) was added to each well and the plates were 

read on a Cytofluor 2350 fluorescent plate scanner (MiIlipore, Mississauga, Ontario, 

Canada) using an excitation wavelength of 485 nm and an emission wavelength of 

530 nm. 



RNA Extraction. Cells in log-phase growth were seeded ovemight in 150 x 

25 mm culture dishes at a density of 1 x IO' œllsldish. Cells were then exposed to 

an lCw cisplatin concentration for 1 hour. RNA exkadion using the method of 

Chomczynski and Sacchi (73) was initiated imrnediately, 1 hour, or 2 hours after the 

cisplatin treatrnent. RNA was stored in diethylpyrocarbonate-treated water at -20°C. 

Slot Blot Analysis of RNA RNA was denatured and heated for 15 minutes 

at 60°C. Serial dilutions of RNA (maximum of 20 pg) in diethylpyrocarbonate-treated 

water were bound to GeneScreen Plus nylon filters using a dot-blot apparatus. 

Duplicate filters were generated; one was probed for c-fos mRNA mi le  the other 

was probed with an o l i g~ (dT)~~  to detemine the amount of mRNA blotted. The 

oligo(dT),, was labelled with [ ~ P I A T P  by the method of Maxam and Gilbert (74) 

while the hurnan c-fos oligonucleotide was labelled with [ y - P ~ ~ ~ ~  according to the 

manufacturer's protocol. Slot-blots probed with the o l ig~(dT)~~ were prehybridized in 

15 ml containing 6x SSPE (20x SSPE contains 3 M NaCI, 0.2 M NaH2P04, and 0.02 

M EDTA, pH 7.4), 5x Denhardt's (0.1 % Fiwll, 0.1 % polyvinylpyrrolidone, and 0.1 % 

bovine serum albumin), 1 % sodium dodecyl sulphate, and 0.1 % sheared salmon 

spen DNA for 1 hour at 42°C. Hybridization was carried out in 15 ml containing 5x 

SSPE, 5x Denhardt's, 0.005 M Na2HP04 and 2 pg of p~-labelled ~ l i g o ( d T ) ~ ~  for 1 

hour at room temperature. Blots were washed four times for 5 minutes each at room 

temperature in 2x SSC (0.3 M NaCI, 0.3 M sodium citrate). Slot-Mots probed with 

the c-fos oligonucleotide were prehybridized in 15 ml containing 1 M NaCI, 50 mM 



Tris-HCI pH 7.5, 10% dextran sulfate, 1 % SDS, and 100 pg/ml of sheared salmon 

spem DNA for 1 hour at 65'C. Labelled probe was then added to the 

prehybridization solution and the membranes were incubated ovemight at 6S°C. 

Membranes were washed, four times briefly in 2x SSC and 0.1 % SDS at room 

temperature, one time for 30 minutes in 2x SSC and 0.1 % SDS at 65OC, one time 

for 5 minutes in 2x SSC and 0.1 % SDS at room temperature followed by one brief 

rinse in 2x SSC at room temperature. Membranes were placed in phosphoimaging 

cassettes and the amount of radioactivity was detemiined on a phosphoimaging 

system (Molecular Dynamics, Sunnyvale, CA). 



RESULTS 

Relationship Between c-tbs Expression and Cisplatin Resistance. 

Western analysis confimed c-Fos protein levels in 208F, CMVc-bs, and L1-3c-fos 

cells. Basal c-Fos protein levels were examined in logarithmically growing cells and 

were found to be elevated in the CMVc-fos cells compared to the parental 208F 

cells (Fig. la). We also confinned that addition of 2 mM IPTG to the medium was 

capable of reducing c-Fos protein levels in L1-3c-fos cells as previously deswibed 

(67) (Fig. la). IPTG, which should have no effect on the CMV promoter, did not 

alter c-Fos protein levels in CMVc-fos cells (Fig. 1 a). To assess whether reduced c- 

Fos protein levels, following addition of IPTG to LI-3c-fos cells, altered c-fos's 

function, we examined the levels of cyclin D l  in these cells since the levels of this 

protein appear to be regulated by c-fos expression (67). We found that cyclin D l  

levels were also reduced in LI-3c-fos cells following an ovemight incubation with 2 

mM IPTG suggesting that c-Fos protein function is reduced (Fig. 1 b). 

To evaluate the effect of c-fos expression on cisplatin sensitivity, 208F and 

CMVc-fos cells were treated with cisplatin (Fig. 2a). CMVc-fos cells were 3.2 I 0.6- 

fold (mean I SEM; n=3) resistant to cisplatin compared to 208F cells at an lCso as 

detenined by a DNA Ruorochrome assay. A ailony forming assay also showed 

that CMVc-fos cells were 2.9-fold (n=2) resistant to cisplatin compared to 208F cells 

at an ICm. In addition, LI-3c-hs cells were resistant to cisplatin compared to 208F 

cells. The lCso for cisplatin was 5.6 -1 1 .O FM in the U Jc-fos cells and 2.4 + 0.1 pM 



in the 208F cells (Fig. 2a). The awrelation between c-fis expression and cisplatin 

sensitivity was further investigated in LI  -3c-bs cells in the presenœ and absence of 

IPTG. We observed that lowering c-f0s expression in L1-3~-hs cells, through the 

addition of IPTG, did not increase the sensitivity of these cells to cisplatin (Fig. 2b). 

The correlation between c-fos expression and cisplatin sensitivity was also 

examined in a human ovarian carcinoma mode1 system. This system contained a 

parental line, 2008, and a cisplatin-resistant variant, C13*. Sinœ c-fos expression 

had not been detemined in these cells we looked at both c-fos mRNA and protein 

levels. There was no significant difference in either the basal levels of c-fos mRNA 

( C l  3' cells contained 1.2 + 0.3-fold (mean f SEM; n=6) more c-fos mRNA than 2008 

cells) or c-Fos protein (Fig. 3a) in C13' cells compared to 2008 cells. Furthemore, 

c-fos expression was not induceci, at either the mRNA (Table 1) or protein level 

(Figs. 3b & 3c), in either cell type, following a one hour treatment with their 

respective lCso concentration of cisplatin. 

It is possible that c-fos expression is already high in both 2008 and C l  3' cells 

and thus, the effed of lowering c-fos expression on cisplatin sensitivity, using an 

antisense oligonucleotide for c-bs mRNA, was examined. Western analysis 

showed that c-Fos protein levels were reduœd following c-fos antisense treatrnent. 

The c-fos antisense was capable of lowering c-Fos protein levels in a dose- 

dependent fashion by 24 hours and the levels remained low after 48 hours in C l  3' 

cells (Fig. 4a). To investigate whether the addition of any oligonucleotide to Cl 3' 

cells would effed c-Fos protein levels, C l  3' cells were incubateci with a control 



oligonucleotide which has no known complementary mRNA. At a concentration 

equivalent to the highest concentration of efos antisense used (0.625 nmoles), the 

control oligonudeotide did not appear to alter c-Fos protein levels (Fig. 4b). c-lbs 

antisense was also shown to be specific for c-fos mRNA, since there was no obvious 

reduction in c-Shc protein levels following c-fos antisense treatment (Fig. 4c). 

However, the levels of cydin Dl  protein, which have been reported to be regulated 

by c-fos expression (67), where decreased in C13* samples following c-fos 

antisense treatrnent (Fig. 4d). Similar results were observed in 2008 cells (Figs. 5a 

& 5b). 

Cisplatin sensitivity was investigated in 2008 and C13' cells following 

treatment with c-fos antisense. When 2008 and C13' cells were exposed to c-fos 

antisense for 4 hours followed by a one hour cisplatin treatment either immediately 

after the antisense treatment (Figs 6a & 6b) or 24 hours after c-fos antisense 

treatment (Figs. 6c & 6d), a synergistic interaction between cisplatin and c-fos 

antisense was not observed. However, a reduction in c-fos expression was capable 

of lowering the amount of cisplatin required to obtain an equivalent decrease in cell 

survival, particularly in C 1 3* cells. 

Relationship Between Mitochondrial Membrane Potential and Cisplatin 

Resistance. There was no significant ciifference in the mitochondrial membrane 

potential in the human ovarian carcinoma cell line, A2780, wmpared to its cisplatin- 

resistant variant, A2780DDP as indicated by Rh123 accumulation in media 



supplemented with 137 mM KCI (Fig. 7a). To ensure that an alteration in 

mitochondrial number had not ocairred, A2780 and A27800DP cells were probed 

with NAO, an indicator of inner mitochondrial membrane rnass (71,72). There was 

no significant differenœ in NA0 staining; A2780 cells had 1.3 I 0.2-fold (mean t 

SEM; n=3) more NA0 staining than A2780DDP cells. We have shown that cells 

with elevated mitochondrial membrane potentials are hypersensitive to Deca (61) 

and thus we examined Deca sensitivity in A2780 and A2780DDP cells (Fig. 7b). 

A2780DDP did not display an increased sensitivity to Deca compared to A2780 cells 

further suggesting that cisplatin resistanœ in A2780DDP cells was not associated 

with an increase in mitochondrial membrane potential. 

Since we had-shown that CMVc-fos cells were resistant to cisplatin compared 

to 208F cells we also tested these cells for changes in their rnitochondrial membrane 

potential. There was no significant difference in mitochondrial membrane potential 

between CMVc-fos and 208F cells as indicated by Rh123 accumulation in media 

supplemented with 137 mM KCI (Fig. 8a). Aiso, CMVc-fos cells did not retain Rh123 

for longer penods of time compared to 208F cells (Fig. 8b) nor were CMVc-fos cells 

more sensitive to Deca than 208F cells (Fig. 8c). These data support the Rh123 

accumulation data in suggesting that cisplatin resistance in CMVc-fos cells is not 

associated with an increase in mitochondrial membrane potential. In addition, 208F 

cells had 1.2 I 0.2-fold (mean + SEM; n=4) more NA0 staining than CMVc-bs cells 

suggesting that the two cell types did not differ in their mitochondrial mass. 



Relationship Between c-fbs Expression and Mitochondrial Membrane 

Potential. We exarnined whether c-bs was capable of regulating mitodiondial 

membrane potential as was observed with v-lbs, by Zarbl et al. (75,76). A 

correlation between an increase in c-fos expression and an elevation in 

mitochondrial membrane potential was not observed; (i) CMVc-fos œlls, which 

overexpress c-bs compared to 2ûûF cells, did not possess an elevated 

mitochondrial membrane potential compared to 208F cells (Fig. 8a), (ii) lowering c- 

fos expression in LI-3c-fos cells by treatment with IPTG did not alter the 

rnitochondrial membrane potential (Fig. 9) or effect NA0 staining (NA0 staining in 

the presence of IPTG was 1.0 f 0.2-fold (mean + SEM, n=3) more than in the 

absence of IPTG), (iii) A2780DDP cells which have been reported to have elevated 

levels of c-fos mRNA compared to A2780 cells (53), did not have an elevation in 

their mitochondrial membrane potential relative to A2780 cells (Fig. 7a), and (iv) 

C13' cells which have an elevation in their mitochondrial membrane potential 

compared to 2008 cells (56,61) did not wntain significantly more c-fos mRNA than 

2008 cells. Similarly, there was no apparent difference in c-Fos protein levels 

between C l  3* and 2008 cells (Fig. 3a). 



OlSCUSSlON 

This study was designed to examined the correlations between (i) c a s  

expression and cisplatin resistanœ and (ii) elevated mitochondrial membrane 

potential and cisplatin resistanœ in an attempt to identfy novel approaches for 

treating cisplatin-resistant tumoun. Elevated expression of the cas gene has been 

associated with cisplatin resistance in patienfs tumoun that did not respond to 

cisplatin-based chemotherapy and in established cisplatin-resistant cell lines 

(54,77). This study demonstrated that constitutive overexpression of the c-fas gene 

can lead to cisplatin resistanœ since CMVc-hs and LA-3c-fos cells were resistant to 

cisplatin compared to 208F cells. It remains unclear why addition of IPTG to LA30 

fos cells, which lowers c-Fos protein levels, did not effect cisplatin sensitivity. This 

IPTG treatment has been shown to reduce c-Fos binding to AP-1 sites and inhibit c- 

Fos target gene expression in LI-3c-fos cells (67). It is possible that c-fos 

expression is rapidly inhibited, yet, some c-Fos target genes may have longer half 

lives and it is these target genes which may ultimately be responsible for 

detemining cisplatin sensitivity. Altematively, the reduœd growth rate observed in 

L I  -3c-fos cells treated with IPTG (67) may limit cisplatin cytotoxicity since cisplatin is 

more effective against rapidl y proliferating cells (3). 

Although a correlation between an increase in 01- expression and cisplatin 

resistance has been observed in this study (CMVc-bs and LI-3c-fos cells) and in a 

human ovarian carcinoma cell line (53), overexpression of c-bs rnay not oaxir in al1 

cases of cisplatin resistance. Cisplatin resistance, in the absence of c-fos 



overexpression, was observed in C13* cells. C13* œlls are resistant to cisplatin 

compared to 2008 œlls, but C13* cells have similar levels of c-los mRNA and 

protein as 2008 cells. Furthemore, the interadion between c-&s antisense and 

cisplatin did not produœ synergistic cell kill in either 2008 or Cl  3' cells. This finding 

is in contrast to observations previously reported in a different human ovanan 

carcinoma cell line. Scanlon et al. (53,55,78) showed that lowering c-fos expression 

using either cyclosporin A or a c-fos ribozyme, restored cisplatin sensitivity. The 

differenœ between this study and those by Scanlon et al. (53,55,78) is that we 

observed a dose-dependent toxicity of c-fos antisense treatment alone in both 2008 

and C l  3* cells while cell survival following treatment with the c-fos ribozyme was not 

provided. It seems unlikely that the c-fos ribozyme would have no effect on cell 

growtNsurvival since we found that cJos sntisense treatment alone, decreased 

growth/survival in A2780 and A2780DDP cells (data not shown). We did find that a 

c-fos antisense concentration of 0.195 nmoles reduced the amount of cisplatin 

required to kill 50% of C13' cells by approximately 6-fold (n=2) but the interaction 

between cisplatin and c-fos antisense was additive at best. These results suggest 

that Cl 3' cells have acquired cisplatin resistance through rnechanisms independent 

of an increase in c-fos expression. A la& of an association between c-fos 

expression and cisplatin sensitivity has also been observed in NIH 3T3 cells 

transfected with the c-bs gene (79). 

A mitochondrial membrane potential is essential for cellular processes such 

as protein import into rnitochondria and produdion of AT? through oxidative 



phosphorylation (57,59,60,80). Changes in mitochondflal characteristics have been 

associateci with cell transformation (63.80) and dnig resistance (22,23,56,81). 

Although an increase in mitochondrial membrane potential was associated with 

cisplatin resistanœ in C13* cells, we found no correlation between cisplatin 

resistanœ and an increase in mitochondrial membrane potential in either the 

208FICMVc-bs or A2780/A2780DDP model systems suggesting that u s  plat in 

resistance can ocair independent of an increase in mitochondrial membrane 

potential. 

This study also examined the relationship between c-fos expression and 

mitochondrial membrane potential. Zarbl et al. (75) observed that transfection of rat 

fibroblast cells with v-fos induced an increase in mitochondrial membrane potential, 

as determined by Rh123 accumulation and retention, in v-fos-transfeded cells 

m p a r e d  to non-transfected controls. A number of other viral oncogenes including 

v-Ha-ras and v-myc were unable to alter the mitochondrial membrane potential (75). 

Furthemore, a gene termed ffe-1, which shares considerable homology to a gene 

involved in mitochondrial protein import in yeast, was found to be essential for the 

elevation in mitochondrial membrane potential in the v-fos transformed cells (82). 

To Our knowledge, the ability of c-bs ta regulate mitochondrial adivity has not been 

examined. We found no relationship between c-fos expression and mitochondrial 

membrane potential in any of our three model systems suggesting that c-fos, is 

unlike v-fos, in its ability to regulate rnitochondria. Differenœs in protein produds 

behnreen of v-fos and c-fos andlor differences in the regulation of v-Fos and c-Fos 



protein may contribute to the contrasting mitochondrial influence these two genes 

possess (83,84). It is possible that c-fos could alter some other mitochondrial 

characteristic since we only examined the mitochondrial membrane potential. 

In summary, we have observed that while bath overexpression of c-bs and 

elevations in mitochondrial membrane potential have been associated Mth cjsplatin 

resistance these charaderistics are not interdependent Treatrnent of cisplatin- 

resistant turnours may be improved by modulating c-bs expression or mitochondrial 

function but it appears that pre-screening tumours would be required to determine 

the optimal approach to restore cisplatin sensitivity. 
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FIGURE LEGENDS 

Fig. 1. (a) c-Fos protein levels in 208F, CMVc-fos, and L1-3c-b~ œlls in the 

absence and presence of 2 mM lPTG and (b) cydin D l  protein levels in LI-3c-bs 

cells in the absence and presence of 2 rnM IPTG. 

Fig. 2. Effect of cisplatin on (a) (O) 208F, (a) CMVc-fos, and ((0 LI-3c-fos cell 

survival or (b) LI-3c-fos cell survival in the (O) absence or (e) presence of 2 mM 

IPTG. Cytotoxicity was assessed by a DNA fluorochrorne assay 5 days after a 1- 

hour cisplatin exposure. Values are expressed as percentage of control + SEM 

(bars), (n=4). 

Fig. 3. Protein levels of c-Fos in (a) 2008 and C l 8  cells with no cisplatin pre- 

treatment, (b) 2008 cells after a 1 hour incubation with an ICm concentration of 

cisplatin, and (c) C13' cells after a 1 hour incubation with an lCs concentration of 

cisplatin 

Fig. 4. Protein levels in Cl 3* cells; (a) c-Fos protein levels 24 or 48 hours after c-fos 

antisense treatment, (b) c-Fos protein levels 48 hours after no treatment or 

treatment with a control oligonucleotide, (c) c-Shc protein levels 48 hours after c-fos 

antisense treatment, and (d) cydin Dl protein levels 48 houn after c a s  antisense 

treatment. 



Fig. 5. Protein levels of (a) c-Fos or (b) cycfin D l  in 2008 cells 48 hours Mer c-fos 

antisense treatrnent. 

Fig. 6. Interaction of cisplatin and c-fos antisense in 2008 and C l  3' cells. Cells 

were treated with various concentrations of cisplatin for 1 hour either immediately 

afler the 4 c-fos antisense treatrnent in (a) 2008 and (b) C l  3' cells or 24 houn after 

the c-fos antisense treatrnent in (c) 2008 and (d) C13' cells. Cell survival was 

detemined using a DNA fluorochrome assay. Values are expressed as mean + 
SEM (bars), (n=3). 

Fig. 7. Evaluation of mitochondrial membrane potential in A2780 and A2780DDP 

cells by measuring (a) Rh123 accumulation and (b) Deca sensitivity. Rh123 

accumulation was deterrnined in Dulbecco's media supplemented with 1 37 mM KCI 

in (0) A2780 and (a) A2780DDP celis. Deca sensitivity was assessed in (O) 

A2780 and (a) A2780DDP cells 5 days after a 3 hour treatment with Deca. Cell 

survival was deterrnined using a DNA fluorochrome assay. Values represent mean 

k SEM (bars), (n=3). 

Fig. 8. Evaluation of mitochondrial membrane potential in 208F and CMVc-fos cells 

by measuring (a) Rh1 23 accumulation, (b) Rh1 2'3 retention, and (c) Deca sensitivity. 

Rh1 23 accumulation was detemined in Dulbecco's media supplemented with 137 

mM KCI in (O) 208F and (O) CMVc-fos cells. Rh123 retention was deterrnined in 



(0) 208F and (a) CMVG- cells at various time Intervals following a 3 hour 

incubation with Rh1 23 in RPMl media mntaining 137 mM KCI. Following the 3 hour 

Rh123 incubation, cells were maintained in RPMl media + 137 mM KCI. Deca 

sensitivity was assessed in (O) 2ûûF and (a) CMVc-fos cells 5 days aiter a 3 hour 

treatrnent with Deca. Cell survival was detemined using a DNA fluorodirome 

assay. Values in all experiments represent mean + SEM (bars), (n=3). 

Fig. 9. Rh1 23 accumulation after a 3 hour incubation in LI  -3c-fos in the absence or 

presence of 2 mM IPTG. Rh123 accumulation was detemined in (i) normal 

Dulbecco's media or (O) Dulbecco's media supplemented with 137 mM KCI. Values 

represent mean (mlumns) k SEM (bars), (n=3). 



Lanes 1 208F 
2 CMVc-fos 
3 CMVC- OS + IPTG 
4 LI-3c-fos 
5 L I  -3~- OS + IPTG 

cyclin D l  

Lanes 1 LI-3c-fos 
2 L 1 -3~- OS + IPTG 
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Lanes 1 2006 
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Lanes 1 no cisplatin treatment 
2 2 houn after cisplatin treatment 
3 4 hours after cisplatin treatment 
4 6 hours after cisplatin treatment 
5 12 houn after cisplatin treatment 



Lanes 1 24 hour control 
2 24 hours after 0.1 56 nrnoles of c-fos antisense 
3 24 hours after 0.3125 nmoles of c-fos antisense 
4 24 hours after 0.625 nmoles of c-fos antisense 
5 48 hour control 
6 48 hours after 0.156 nrnoles of c-fos antisense 
7 48 hours after 0.3125 nmoles of c-fos antisense 
8 48 hours after 0.625 nmoles of c-fos antisense 

Lanes 1 48 hour control 
2 48 hours after control oligonucleotide 



Lanes 1 48 hour control 
2 48 hours after O. 156 nmoles of c-fos antisense 
3 48 hours after 0.31 25 nmoles of c-fos antisense 
4 48 hours after 0.625 nmoles of c-fos antisense 
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Table 1 c-fos mRNA levels following a 1 hour exposure to an /CM cisplatin 
concentration 

2008 
C13' 
" the arnount of c-fos mRNA relative to no cisplatin treatment. 

no 
cisplatin 

1 .O 
1 .O 

lmmediately after 
cisplatin treatment 

1.2 + 0.2a 
0.8 + 0.2 

1 hour after 
cisplatin treatment 

0.9 t 0.2 
0.9 ,t 0.3 

2 hours after 
cisplatin treatment 

1 .O k 0.2 
1 .O ,+ 0.3 



Discussion 

Since little is known about the regulation of mitochondria, work by Zarbl et 

al. (482), in which transfection of rat fibroblasts with the v-fos gene resulted in an 

increase in mitochondrial membrane potential, provided intriguing information. 

This observation combined with the reported association between 

overexpression of c-fos and cisplatin resistance lead us to examine whether 

overexpression of the c-fos gene regulated mitochondrial function and in doing 

so rendered cells resistant to cisplatin. 

Overexpression of c-fos has been associated with some cases of cisplatin 

resistance (1 45,154,155,487) and thus, the correlation between cisplatin 

resistance and c-fos expression was initially examined. Rat fibroblast cells 

transfected with the c-fos gene were observed to be resistant to cisplatin 

compared to non-transfected controls. However, reduction of c-fos expression in 

LI-Sc-fos cells, with IPTG, was unable to restore cisplatin sensitivity. It is 

possible that even though c-Fos protein levels were reduced after an overnight 

IPTG treatment, proteins expressed from c-Fos target genes may still be present 

in adequate amounts. The observations of Miao and Curran (391 ) indicated that 

LI-3c-fos cells retained cell morphology which was consistent with a 

transformed phenotype for at least two days after c-Fos protein repression with 

IPTG. Therefore, adequate amounts c-fos-regulated protein may still have be 

present when cisplatin was added to these cells. 



Another possible explanation for the la& of increased cisplatin sensitivity 

following a reduction in c-Fos protein levels is that IPTG somehow interfered 

with cisplatin cytotoxicity. Although reduœd cisplatin sensitivity in the presence 

of IPTG has not been previously reported, it was observed that pretreatment of 

CMVc-fos cells with IPTG slightly reduced cisplatin sensitivity in these cells 

(unpublished data). Since IPTG had no effect on c-fos expression in CMVc-fos 

cells, these results suggest that IPTG may somehow effect cisplatin-mediated 

cell kill. 

A third possible explanation for decreased cisplatin sensitivity in the 

presence of IPTG, is that the reduced growth rate of LI-3c-fos cells in the 

presence of IPTG limits cisplatin sensitivity (391). Cisplatin appears to be more 

effective on rapidly proliferating cells and thus, reduced proliferation rates may 

render cells less sensitive to cisplatin (26). To eliminate any potential 

interaction between IPTG and cisplatin, we attempted to lower c-fos expression 

using an antisense oligonucleotide against c-fos mRNA. However, reasonable 

transfection efficiencies could not be attained in these cells. lnstead of pursuing 

the correlation between c-fos expression and cisplatin sensitivity in a rat 

fibroblast cell line, a more relevant, human ovarian carcinoma cell line was 

investigated. 

In the human ovarian carcinoma cell line, 2008, and its cisplatiniesistant 

variant, C13' there was no apparent difference in the basal levels of either c-fos 

mRNA or protein. These results suggest that c-fos expression is not an 



important determinant of cisplatin sensitivity in these cell types. To further 

investigate the validity of this statement, c-fos expression was lowered using an 

antisense oligonucleotide wmplementary to c-fos mRNA An antisense 

approach was used to lower c-fos expression, rather than a ribozyme, for several 

reasons; (i) antisense therapy is more clinically relevant and thus transition from 

the laboratory to the clinical setting would be more rapid, (ii) time-consuming 

generation of stable transfectants is not required as transient transfection with c- 

fos antisense can be performed more rapidly, (iii) reduction of c-fos expression 

can be obtained in a dosedependent manner using the c-fos antisense, and (iv) 

agents such as dexamethasone, which are used to induce ribozyme expression 

from a vector, are not required in this antisense protocol. 

The effect of lowered c-fos expression on cisplatin sensitivity was 

determined by examining the interaction between the c-fos antisense and 

cisplatin on cell survival. It was reasoned that if c-fos expression regulated 

cisplatin sensitivity, then lowering c-fos expression should render cells 

hypersensitive to cisplatin. Although the amount of cisplatin required to achieve 

and ICW in both 2008 and C13* cells was reduced by the addition of the c-fos 

antisense, the interaction was not synergistic. These results support the basal 

c-fos expression in these cell, which together, suggest that c-fos expression 

does not influence cisplatin sensitivity in these cells. 

Our data wntrasts that of Scanlon et al. (155) who observed that 

treatrnent of a cisplatin resistant variant, with a ribozyme specific for c-fos 



mRNA, completely restored cisplatin sensitivity. However, we did observed that 

treatment with the c-fos antisense was capable of reducing the amount of 

cisplatin required to obtain a certain amount of cell kill compared to cisplatin 

alone, but this effect was due to the toxicity andlor reduction in cell proliferation, 

produce by the c-fos antisense itself. Effects of the c-fos ribozyme on cell 

proliferationlsurvival were not provided in the studies performed by Scanlon et 

al. (155). Our prelirninary data showed that c-fos antisense treatment was 

capable of inhibiting cell proliferation/survival in both the parental and cisplatin- 

resistant variant that were used in the study by Scanlon et al. (155) (unpublished 

data). Therefore, restoration of cisplatin sensitivity may have been a result of a 

fos ribozyme-mediated decrease in cell growthlsurvival. Cells transfected with 

the c-fos ribozyme were also obtained from Dr. K. Scanlon but adequate 

expression of the c-fos ribozyme, as determined by Western analysis of c-Fos 

protein levels and cisplatin survival assays, could not be obtained. 

In the cisplatin-resistant variant, A2780DDPI overexpression of c-fos was 

associated with elevated expression of enzymes involved in DNA synthesis and 

repair (1 55). Enhanced repair of cisplatin-damaged DNA has been observed in 

A2780DDP cells compared to their parental line and thus offers a potential 

mechanism through which c-fos overexpression can induce cisplatin resistance 

(25,37,115,126,127). The lack of c-fos overexpression in C l  3' cells supports 

our data in Chapter 4 in that C l  3' cells do not repair cisplatindamaged DNA 

more efficiently than 2008 cells. One report has shown a slight increase in the 



repair of interstrand crosslinks from actively transcribed genes in Cl 3' cells 

wrnpared to 2008 cells (1 26). 

Our findings and those previously reported in the literakire indicate that c- 

fos overexpression is associated with cisplatin resistance in some cell lines 

(1 45,154,155,487). Furthermore, c-fos has been shown to transform cells 

(390,391). These properties of c-fos have made it a potential target in cancer 

therapy. Although antisense therapy directed against c-fos has been 

demonstrated to prolong survival in mice following injection of the human breast 

cancer cell line MCF-7 (480), c-fos may not represent an ideal target. Severai 

properties of c-fos may limit its usefulness for anticancer therapy; (i) expression 

of c-fos is involved in normal cell proliferation, (ii) redundancy of function within 

the Fos family may permit cell survivallproliferation independent of c-fos 

expression (465,466,478) and (iii) expression of c-fos rnay be required for 

differentiation and programmed cell death (437). 

Although targeting c-fos itself may not be ideal, some of the cellular 

processes regulated by c-fos expression may prove more useful for destroying 

tumour cells. For this reason the ability of c-fos to regulate mitochondrial 

activity, particularly the mitochondrial membrane potential, was investigated. If 

c-fos overexpression is associated with an increased mitochondrial membrane 

potential, a way of treating c-fos overexpressing tumors exists. It was observed 

in Chapter 1 that cells with elevated mitochondrial membrane potentials can be 

effectively treated with lipophilic cations. Also, understanding the regulation of 



mitochondrial membrane potential may lead to more effective therapies against 

tumours with elevated mitochondrial membrane potential. Since an increase in 

mitochondrial membrane potential is commonly associated with cell 

transformation (165-167), altering this property may represent a relevant 

antitumour strategy. 

To our knowledge, this is the first report to examine whether c-fos 

overexpression, like v-fos overexpression, can result in an increase in 

mitochondrial membrane potential. Rat fibroblasts transfected with a murine c? 

fos gene did not have an elevated mitochondrial membrane potential compared 

to non-transfected controls. In addition, suppression of c-fos expression in L1- 

3c-fos cells did not alter the mitochondrial membrane potential in these cells. 

Moreover, human ovarian carcinoma cells resistant to cisplatin and possessing 

elevated expression of c-fos mRNA did not have an elevated mitochondrial 

membrane potential compared to the parental line. Finally, in C13' cells which 

have an elevated mitochondrial membrane potential compared to their parental 

line, no alteration in c-fos expression, at either the mRNA or protein level, was 

observed. In al1 of the cases, cells were probed with NA0 and it was determined 

mitochondrial mass was unaffected by alterations in c-fos expression. 

Therefore, in the model systems examined, there is no apparent correlation 

between c-fos expression and mitochondrial membrane potential. 

As outlined in the introduction of this chapter, several important 

differences exist between regulation and function of c-fos and v-fos. A potential 



effector gene of v-fos, namely Re-1, has been implicated in mediating the v-fos- 

induced increase in mitochondrial membrane potential (484). It is possible that 

c-fos does not regulate this gene and is therefore unable to alter the 

mitochondrial membrane potential. Further investigations of the mechanisms 

through which v-fos regulates mitochondrial membrane potential have not been 

re ported. 

Finally, we examined the association between an elevated mitochondrial 

membrane potential and cisplatin resistance in our three cisplatin-resistani 

variants. In the two cisplatin-resistant variants in which there was an elevation 

in c-fos expression, CMVc-fos and A2780DDP cells, there was no alteration in 

the mitochondrial membrane potential compared to their respective parental 

lines. As previously mentioned, C13' cells in which there is an elevation in 

mitochondrial membrane potential, there is no increase in c-fos expression. 

Therefore it appears that if a cells has an elevated expression of c-fos it does 

not require an alteration in its mitochondrial membrane potential to becorne 

resistant to cisplatin. 

In summary, both overexpression of c-fos and elevations in rnitochondrial 

membrane potential have been associated with cisplatin resistance. These two 

characteristics appear to act independently since mitochondrial membrane 

potentials did not correlated with c-fos expression. These data suggest that c- 

fos is unlike v-fos in its ability to regulate mitochondrial membrane potential and 

further illustrates the multifactorial nature of cisplatin resistance. 



OVERALL CONCLUSIONS 

Changes in mitochondrial function have been associated with normal 

cellular activities such as proliferation and motility (1 89,197). Since cells 

modulate their mitochondria during times of activity, it is not surprising that 

transformed cells require an elevation in their mitochondrial membrane potential 

to maintain the increased metabolic activity of these cellular process which are 

characteristic of many types of tumour cells (165). Following this rationale, it is 

conceivable that resistance to certain chernotherapeutic agents would also 

require elevated mitochondrial activity. Several well characterized drug 

resistance mechanisms including, drug efflux via P-glycoprotein and DNA repair, 

require ATP. Since mitochondria are the primary source of ATP in most cells 

(164), elevations in mitochondrial function andlor content rnay be required to 

provide the energy necessary to maintain the activity of a resistant mechanism. 

The data provided in this thesis supports this concept. 

Manuscripts in this thesis have shown that cells resistant to Photofrin II- 

mediated PDT possessed mitochondria which differ in structure and function 

from the parental cells. Moreover, these POT-resistant variants were cross 

resistant to cisplatin, supporting the idea that mitochondrial alterations may 

modulate tumour cell sensitivity to a number of cancer therapies. However, it 

rernains unclear whether changes in mitochondria are causal in the induction of 

PDT andlor cisplatin resistance. The datum in this thesis suggests that an 

elevated rnitochondrial membrane potential does not render a cell less sensitive 



to cisplatin by modulating DNA repair, since there was no association between 

mitochondrial membrane potential and repair of cisplatin-DNA lesions. 

Scavenging of positively charged cisplatin species and altering calcium- 

mediated signal transduction have been proposed as potential mechanisms 

through which mitochondria could decrease a d l ' s  sensitivity to cisplatin and 

need to be evaluated (1 52). 

This thesis also investigated a potential regulator of mitochondrial activity. 

It is thought that communication between the nucleus and mitochondria exists, 

but the mediators remain uncharacterized (171). The c-fos gene was 

considered a reasonable candidate for mediating nuclear-mitochondrial 

interaction. Expression of c-fos regulates cell cycle progression and 

mitochondrial activity has been shown to change throughout the cell cycle (190- 

192,464). Moreover, v-fos, the viral homologue of c-fos, has been implicated in 

regulating mitochondrial membrane potential (482,483). However, data 

generated in this thesis suggests that c-fos, does not regulate mitochondrial 

membrane potential. It was observed that cells which overexpressed c-fos or 

had an elevated mitochondrial membrane potential were resistant to cisplatin. 

These two characteristics were not CO-expressed in any of the cisplatin-resistant 

variants examined, suggesting that c-fos overexpression and elevated 

mitochondrial membrane potential are not interdependent. 

The most important finding in this thesis was the ability of lipophilic 

cations to sensitize cells to cisplatin. The interaction of Deca and cisplatin 



resulted in synergistic tumour cell kill in both the parental cell line and cisplatin- 

resistant variant. It was also observed that Deca was capable of sensitizing 

cells to cisplatin thereby greatly reducing the amount of cisplatin required while 

maintaining similar levels of tumour cell kill. Sensitizing cells to cisplatin is 

clinically relevant since cisplatin's efficacy against cisplatin-resistant turnours is 

limited by host toxicity (7-1 1 ). Moreover, adding Deca or other lipophilic cations 

in chemotherapeutic regimens may take advantage of the selectivity of these 

agents for tumor cells (1 68,220,238,251,252). Furthermore, it appears that 

Rh123 retention in tumour cells, which c m  be examined within hours, can 

predict which tumours would be most responsive to Iipophilic cations and thus 

which patients would benefit from having lipophilic cations included in their 

therapy. Renewed interest in rnitochondria and the future use of "anti- 

mitochondrial" agents may well rest on the fate of ongoing clinical trials 

examining lipophilic cations with enhanced tumour selectivity (264-266). 
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