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ABSTRACT

The A2780s is a cisplatin and radiation-sensitive human ovarian
carcinoma cell line from which the more resistant variant, A2780cp, was derived.
In vitro experiments on the radiosensitivity of these cells with different treatments
may be representative of the in vivo radiosensitivity, and maybe of use to
patients receiving radiotherapy. Therefore, many studies have been directed at
evaluation of the inhibition of DNA repair in order to improve radiotherapy.
Previous studies showed that drugs and hyperthermia are repair inhibitors
increasing the effectiveness of radiation. Cisplatin can also radiosensitize the
A2780s and A2780cp and inhibit the sublethal damage repair (SLDR) (Raaphorst
et al., 1995a). In this study we found no radiosensitization in the A2780s and
A2780cp cells when cisplatin is added immediately before or after radiation.
When cisplatin was added 24 hours prior to radiation, no increase in cellular
resistance (adaptive response) to radiation treatment was observed. On the
other hand cisplatin induced resistance when added during a pulse dose rate

(PDR of 1Gy/h) radiation treatment.
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1.0 INTRODUCTION

Cisplatin is a widely used chemotherapeutic agent. Unfortunately tumour
cisplatin resistance often develbps and causes failure of further cisplatin
treatment. To circumvent this problem, a multimodal therapy is now used. A
combination of different chemotherapeutic drugs with and without radiotherapy is

now studied in clinical trials.

1.1 Overview of clinical outcome of cisplatin-based radio-

chemotherapy

As we indicate below, studies demonstrate the positive effect of cisplatin-
based radio-chemotherapy in some types of cancer. But it is not the case with

every cancer, as we will see in the course of the present overview.

1.1.1 Cisplatin and radiation treatment of cervical, head and neck,

and non-small cell lung cancer

Radiotherapy with concurrent cisplatin-based chemotherapy regimen has
been viewed as the most decisive breakthrough in the treatment of cervical
cancer, showing approximately a 50 percent reduction in risk of recurrence (Rose
et al., 1999;Keys et al., 1999;Morris et al., 1999). Concurrent, but not adjuvant,

cisplatin based radio-chemotherapy has also been effective in head and neck



cancers (Brizel et al. 1998, Wendt et a/. 1998, Fountzilas et a/. 1997, Sharma &
Wilson 1999, Harrison et al. 1998, Robbins et al. 1997, Chougule et a/. 1994).

In a 2-year study of stage lll non-small cell lung cancer, there was a 21%
survival rate for cisplatin-based ch-emotherapy followed by radiotherapy
compared to 14 % for the radiotherapy only group. Distant metastases were
lower in the group that received cisplatin followed by radiation treatment and
local control was poor in both groups (Le Chevalier et al., 1991).

It was demonstrated in a 5-year study that concurrent cisplatin-based
chemotherapy with radiotherapy showed a better response rate compared to the
sequential approach in stage Il non-small cell lung cancer. The survival rate for
concurrent radio-chemotherapy was 15.8% compared to 8.9% for the sequential
approach. However, there was no difference in the development of distant
metastases (Furuse et al., 1999). The results suggest that higher dcses of
chemotherapy, used in the sequential approach, are believed to eradicate the
distant metastases and the smaller chemotherapy doses, used in the concurrent
treatment, improve local control by acting as a radiosensitizer (Gandara et al.,
2000).

An important improvement of treatment for lung, cervical and head and
neck cancers was obtained by the utilization of cisplatin in conjunction with
radiotherapy. According to those clinical studies, sequential treatments, with
cisplatin added before radiotherapy showed a lower or no therapeutic gain
compared to the concurrent treatment. Therefore, for an effective

chemoradiation treatment, cisplatin should be added simuitaneously with



radiation.

1.1.2 Cisplatin and radiation in the treatment of ovarian cancer

Ovarian cancer, the type of cancer upon which we experimented, is the
leading cause of death from gynecologic malignancies. It is also the fifth leading
cause of cancer death in women (Landis et al., 1998). Chemotherapy is often
used to treat ovarian cancer and radiotherapy has also proven to play a curative
role for patients with small volume disease after initial debulking surgery
(Cardenes & Randall, 2000).

The introduction of platinum compounds and paclitaxel treatments was
revolutionary in oncology. They were found to be successful for ovarian cancer
patients immediately after surgery. There remains the problem, however, that
there is often a relapse and progression of the disease, even if the initial
treatment is effective. When relapse occurs, drug resistance will render further
treatment ineffective and the cancer fatal (Cardenes & Randall, 2000).

The use of radiotherapy to overcome drug resistance also has its
limitations. Pelvic irradiation cures early stage disease, but whole abdomen
irradiation (WAR) has a limited role in the treatment of peritoneal metastases
(Thomas & Dembo, 1993).

Since cisplatin is a well-known radiation sensitizer, concurrent
chemotherapy and radiation therapy is now studied in the clinic. However, there

is no evidence of a favorable outcome for concurrent WAR and intraperitoneal



cisplatin in ovarian cancer patients in stages lll and IV (King et a/., 1991) or
abdominopelvic radiotherapy with cisplatin for the early ovarian cancer (Wong et
al., 1999).

Unlike other types of cancer, the above references indicate that combined
cisplatin and radiation has not been conclusively shown to be superior to either

cisplatin or radiation alone in ovarian cancers.

1.2 Radiotherapy

Radiotherapy is one of the most common ways to fight cancer. It has a
local action on the tumour itself with limited damage to surrounding tissue.
Unlike chemotherapy it is well tolerated by the body. The radiotherapy

weaponry is killing the targeted cancer cells through the emission of X-rays.
1.2.1 X-rays

When absorbed in the matter through which they pass, the X-rays release
their energy to produce fast-moving charged particles (fast recoil electrons).
These recoil electrons can ionize target molecules or indirectly interact with water
to produce hydroxyl radicals, which interact with the target molecule. The
hydroxyl radicals are responsible for two thirds of the biological damage caused

by X-rays (Hall, 1994).



1.2.2 Single strand breaks (ssbs) and double strand breaks (dsbs)

The main effective target of ionizing radiation is DNA. Many single strand
breaks are produced in DNA by ionizing radiation but are readily repaired, using
the opposite strand as a template. Breaks in both strands, if well separated, are
also readily repaired, since they are handled individually by the repair
mechanism. It is largely accepted that breaks in both strands that are opposite,
or separated by only a few base pairs, may lead to a double strand break. Thus,
radiation-induced breakage and incorrect rejoining lead to chromosome and

chromatid aberrations (Hall, 1994).

1.2.3 Potentially lethal damage repair (PLDR) and sublethal damage
repair (SLDR)

The component of radiation damage that can be modified by manipulation
of the post-irradiation conditicns is known as potentially lethal damage.
Potentially lethal damage repair (PLDR) can occur if cells are prevented from
dividing after irradiation. Such prevention is viewed as an increase in survival.

Sublethal damage repair (SLDR) is an operational term that describes the
increase in survival when a dose of radiation is split into two fractions separated
by incubation time at 37°C (Hall., 1994). Very few ssbs fail to rejoin, so the vast
majority are sublethal. Any such sublethal ssb may become a potentially lethal

break pair, if another sublethal ssb occurs within some range where it is possible



for both of them to interact and cause a dsb (Bedford, 1991).
1.2.4 Linear Quadratic Model

Our purpose was, in part, to shed some light on the cell survival after
radiation. The cell survival curve (Linear Quadratic Model) is used to assess the
relationship between the radiation dose and the survival of the cells. The colony
forming assay, or clonogenic assay, is often used to determine cell survival after
giving different doses of radiation. When a cell is unable to divide to produce a
large colony, it undergoes a reproductive death and it is no longer considered as
a survivor. After irradiation treatment the cells are plated and the number of
colonies counted. Survival is plotted against the radiation dose to give the
survival curve. The survival curve has a specific shape. The linear quadratic
model is used to describe the shape of the survival curve. According to this
model, the expression for the cell survival is
S = ¢ O
Where S is the fraction of cells surviving a dose D, and « and B are constants.
Normal or cancer cell lines derived from mammals or humans exhibit irradiation
survival curves. In those cell lines, at the lower doses, the survival curve shows
a decrease in survival proportional to the dose. At higher doses, the decrease in
survival is proportional to the square of the dose. The linear component (a)
accounts for dsbs from a single ionizing event. The quadratic component (B)

accounts for dsbs from two distinct ionizing events (Hall., 1994).



The Linear Quadratic Model was used to fit all of our survival curves, even

if it is not normally applied to the combined cisplatin and radiation treatment.

1.3 Repair of radiation damage

The DNA repair of radiation damage, the very mechanism that insures the
survival of the species from exogenous and endogenous onslaughts, is the same
mechanism that interferes with the radiation treatment. The relationship between
cell viability. and repair of dsbs was shown in yeast (Frankenberg-Schwager &
Frankenberg, 1990). The study of various mammalian mutant cell lines indicated
as well that cell survival did not correlate with the number of dsbs inflicted, but
depended solely on the proficiency of particular cells to repair dsbs (Eguchi-
Kasai et al., 1991).

The types of DNA damage produced by radiation are base damage, a
single strand break, a double strand break and cross-links. An excision repair
process restores the base damage and ssb. A ssb can be restored by the repair
mechanism through using information present on the remaining intact strand
(Frankenberg-Schwager, 1989).

DNA double strand breaks are repaired by at least two repair
pathways: The homologous repair (HR) pathway and the non-homologous
end-joining pathway (NHEJ). Both systems are conserved throughout eukaryotic
organisms, but while the NHEJ is a major repair pathway for DNA dsb repair in

higher eukaryotes, unicellular organisms, such as yeast, rely most importantly on



HR {Jeggo 1998 86 /id}.

We will see now how the repair process of the double strand breaks and

the damaged base operates.
1.3.1 The homologous repair (HR) pathway

The HR pathway uses an undamaged homologous strand as a template to
repair the broken DNA strands. This is a high-fidelity repair mechanism since the
information loss at the break is repaired using information from the undamaged
homologous chromosome or sister chromatid.

In yeast, the set of genes, whose products play an important role in HR
pathway, are the Rad series, Rad 50,51,52,54,55,57,59, the Mre11 and the Xrs2
genes. There are known mammalian homologues of these factors. The Rad 50,
Mre11 and Xrs2 are involved in nuclease activity operating in the resection of the
DNA dsb in the 5° to 3" direction. These resulting single strand tails are then
bound by Rad 54 and 52. The Rad 51 finds an homologous sequence on an
undamaged chromosome, or sister chromatid, bring it in close proximity of the
damaged area and catalyses an exchange of DNA strands. The DNA
polymerase copies information from the undamaged homologue strand to the
damaged DNA strand. DNA ligase finally joins the DNA ends, the branch then

migrates and the cross-over (Holliday junction) is resolved (Cromie et al., 2001).



1.3.2 Non homologous end joining (NHEJ) pathway

The NHEJ repair pathway predominates in the restoration of mammalian
double strand breaks. It ligates the two ends of DNA together at regions of little
or no homology. The NHEJ in yeast and vertebrate cells involves essentially the
same proteins: Ku70, KuB80, DNA ligase IV, and XRCC4 dimer. The
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is also required in
mammalian cells, but its yeast homologue is still to be found. Direct ligation of
the DNA ends is possible, but in most cases, the ends require some processing,
leading to sequence deletions of various length. (Leskov et al., 2001;Jeggo,
1998).

There is evidence that the activities of these repair pathways may vary in
different phases of the cell cycle. After radiation, the HR pathway plays a
dominant role in the S-G; phase, while the NHEJ pathway may play a greater
role in the G1-S phase of the cell cycle (Takata et al., 1998;Lee et al., 1997).

1.3.3 Base excision repair (BER) pathway

The base excision repair (BER) pathway involves the majority of the base
and sugar phosphate lesions generated Aby ionizing radiation (Wallace, 1998).
The enzymes involved in the BER pathway are the DNA glycosylases, with an

associated AP (apurinic/apyrimidinic) lyase activity, and the AP endonuclease.



The DNA glycosylase recognizes the damaged bases. It releases the damaged
bases and cleaves the AP site. The AP endonucleases hydrolyze the
phosphodiester bonds at AP sites and remove blocking groups, such as
3'-phosphate and 3’ -phosphoglycolate, produced during strand break formation
by free radical reactions on the deoxyribose. If the base lesions are on the
opposite strand, or if a ssb is in the vicinity of the base lesion, the BER may lead
to a dsb (Weinfeld et a/, 2001). Now that we have reviewed the repair
mechanism of the cell after radiation, let us review those mechanisms that detect
damage and trigger a cascade of events that lead to repair of the damaged DNA

or the death of the cell.
1.4 Cellular signaling of radiation damage

Once the DNA is damaged by radiation, multiple events lead to its repair
and may also lead to the death of the cell when the damage is too severe. Cell
suicide or apoptosis occurs when there is a risk for the damaged DNA to induce
mutations that would compromise the integrity of the entire organism. The
phosphoprotein P53, is involved in signaling for either apoptosis, cell cycle arrest
or DNA repair. Itis the key element in the protection of the genome. Before P53
is triggered there are different models for DNA damage detection.

There are various models for detecting and signaling DNA damage, but we
have limited ourselves to those that appear more promising and more generally

accepted.
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1.4.1 Ataxia telangiectasia mutated protein (ATM)

The ATM (ataxia telangiectasia mutated protein) and the ATR (ATM
related protein) are protein serine-threonine kinases which are involved in the
signaling of the DNA dsbs in mammalian cells (Abraham, 2001). The ATM
patients are hypersensitive to irradiation and are predisposed to cancer and
neuro-degenerative disorders (Shiloh, 2001). When the ATM gene is disrupted
in mouse cells, the ATM-/- deficient cells become hypersensitive to irradiation.
The cells are also defective in cell cycle arrest and P53 up-regulation following
irradiation (Xu & Baltimore, 1996). The in vivo experiments in ATM deficient
mice also showed defective induction of P53 in the thymus of the animal after

whole body irradiation (Barlow et al., 1997).

1.4.2 DNA protein kinase (DNA-PK)

It is also believed that DNA-PK, invoived in the NHEJ pathway, has a
similar sequence and function to the ATM and ATR (ATM related) proteins and
acts as a sensor for DNA dsbs. (Rosen et al., 1999) (Smith & Jackson, 1999). It
is also known to phosphorylate P53 (Smith & Jackson, 1999). The severe
combined immune-deficient (SCID) mouse has a mutated DNA-PK and is
extremely sensitive to radiation (Kirchgessner et al., 1995). Once the radiation
damage is sensed by the cells, P53 is activated, its haif-life is increased and a

nuclear signal is triggered, that leads to apoptosis or repair (Rosen et al., 1999).
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1.5 Different radiation regimens used in the clinic

After the above-overview_of the effects of radiation on the cell, let us look
at how they transiate in the clinical treatment of cancer.

There is variation in the dose and the frequency of the irradiation
treatment of cancer in general. The goal to achieve is always to have both a

maximum tumour damage and a minimum normal tissue damage.

1.5.1 High dose rate (HDR), pulse dose rate (PDR) and low dose rate

(LDR) irradiation

In the clinic, irradiation treatment can be given as HDR (high dose rate) for
external beam therapy, or as LDR (low dose rate) and PDR (pulse dose rate)
regimens for interstitial (into the tumour) and intracavitary therapy (proximity to
the tumour). With the HDR treatment, patients receive, in general, 2 Gy per day.
The radiation dose given cannot exceed the maximum dose that can be tolerated
by the surrounding normal tissues.

The optimum fractionation can be defined as a schedule providing

-maximum tumour suppression and minimal normal tissue complications. It
critically depends on the proliferative state of the tumour celis relative to that of
the normal tissue at risk.

There are biological factors that influence the optimum total dose and the

fraction size of fractionated radiotherapy. Fast proliferating tumours need shorter
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irradiation schedules and for slow proliferating tumours, where there is large

intracellular repair, larger doses per fraction are necessary (Fowler, 2001).

1.5.2 Brachytherapy treatment

Brachytherapy, a therapeutic modality currently used in the clinic, employs
radioactive sources placed in proximity or directly into the tumour. The
administered dose rates range between 0.6-0.8 Gy per hour. The malignant
tissue receives very high doses compared to the normal tissues.

A good alternative to LDR brachytherapy is PDR brachytherapy. Instead
of giving a constant low dose of irradiation, the dose is given as a pulse of
radiation with an hour or more between each pulse.

The clear advantages of PDR treatment over LDR treatment in clinic are
as follow:

1. The iridium source used can move stepwise through the implant and

there is accurate control of the source position.

2. All the implants can be handled with one source.

3. The dose and dose rate can be prescribed for each point along the

implant.

4. The source can deliver the pulse dose in an implant in 10 minutes or

less.

5. There is no radiation exposure to the staff between the pulses,

allowing visits between pulses of radiation.
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6. No treatment interruption is necessary

7. The treatment time remains the same as LDR (de Pree et al., 1999).

The dose rate in PDR brachytherapy is a very important component of the
treatment. A study on human radiation sensitive and resistant cell lines showed
that two different puise dose rates, 4.25 Gy/h (a medium dose rate (MDR)), and
63 Gy/h (an HDR), given during each puise of radiation, demonstrated different
biological effectiveness. If less than 1 Gy is used every hour, the survival is
equal to the LDR continuous irradiation treatment. Higher doses given during
each pulse will largely decrease the survival of tumour cells and will locally act as
an HDR irradiation treatment. (Pomp et al., 1999).

Sensitization of PDR with hyperthermia (a known radiation sensitizer) is
demonstrated in the glioma cells (U-87MG) at the plateau phase using 41°C
hyperthermia treatment. The thermosensitizing effect is equal in both LDR
(0.5Gymh) and PDR (1 Gymh, 1 Gy/2h) (Raaphorst et al., 1999). 40 °C
hyperthermia also sensitizes the A2780s parental and A2780cp cisplatin resistant
ovarian carcinoma cell lines to a PDR irradiation treatment of 1.6 Gy given every
3 hours. No sensitization was seen in the 0.53 Gy/h regimen (Niedbala et al.,
2001b).

What we have seen so far is a short summary of state of science on

research and application of radiation in the treatment of cancer.
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1.6 Cisplatin treatment

Cisplatin (cis-diamminedichloroplatinum Il) is one of the most potent
chemotherapeutic anti-tumour drugs. Its activity has been demonstrated against
several types of tumours, such as testicular, ovarian, head and neck, and small
cell lung cancers. Cisplatin follows a definite biochemical pattern in the treatment

of cancers as we will see hereafter.

1.6.1 Activation of the cisplatin molecules (Fig.1.1.1)

Cisplatin is less reactive in blood and extra-cellular fluids where chloride
concentration is high. The cisplatin reactivity increases when it enters the cell in
a low chioride environment, where it undergoes hydration. It is the aquated
cisplatin species that forms the reactive compound. The exchange of an anionic
chloride for water molecules gives a platinum complex with a positive charge.
The aqua group is a good leaving group and the positively charged complex is
thought to be electrostatically attracted to the negatively charged DNA helix and
allows the cisplatin molecule to react with nucleophilic groups containing oxygen,
nitrogen or sulphur atoms with unpaired electrons. The nucleophilic groups are
present in amino acid side chains, as well as purine bases of DNA and RNA

(Jordan & Carmo-Fonseca, 2000;Cohen & Lippard, 2001a).
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Figure 1.1.2. The cisplatin-DNA adduct complexes. Formation of
the monofunctional and bifunctional cispiatin-DNA adducts.
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1.6.2 Formation of the cisplatin adducts (Fig 1.1.2)

The cisplatin cytotoxic effect is mostly mediated through damaging DNA
by the formation of inter- and intrastrand cross-links, monofunctional adducts or
DNA-protein cross-links. DNA repair deficient cells are more sensitive to cisplatin
toxicity (Dijt et al., 1988). The binding of cisplatin to RNA and protein is minimal
and thus does not inactivate them (Akaboshi et al., 1992). Cisplatin binds aimost
exclusively to the N7 atom of the purine bases with a preference for guanine over
adenine.

Cisplatin forms approximately 65% 1,2-d(GpG), 25% 1,2-d(ApG) and 5-
10% 1,3-d(GpNpG) intrastrand cross-links and a small percentage of interstrand
cross-links and monofunctional adducts. The trans-DDP
(trans-diamminedichloroplatinum Il) has demonstrated very low anti-tumour
activity. It forms predominantly the 1,3 intrastrand and interstrand cross-links.
Since the configuration of the trans-isomer does not allow the formation of the
1,2 intrastrand cross-links, it suggests that the toxicity of cis-DDP originates from

the 1,2-intrastrand cross-links (Cohen & Lippard, 2001b).
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Figure 1.1.1. Biochemistry of cisplatin. Formation of the reactive
aquated cisplatin species.
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1.6.3 Cisplatin resistance

The potential mechanisms responsible for the acquired
cisplatin-resistance fall into two categories. The first category is comprised of
mechanisms which lead to a redudion in the formation of cytotoxic DNA lesions,
such as a decrease in drug accumulation; an increase in drug efflux; and an
enhanced intracellular drug inactivation by thiol-containing proteins or by non-
protein sulphydryl molecules. The second category includes mechanisms that
minimize the impact of cisplatin DNA lesions such as enhanced DNA repair;
induced alterations in topoisomerase II; and an increase in tolerance for DNA
damage (increased replicative bypass and alteration of p53-levels) (Crul et al.,
1997).

Studies involving three radiation-sensitive mutant celis and their more

radiation-resistant counterparts showed no cross-sensitivity to cisplatin treatment

(Raaphorst et al, 1994). According to those studies, mechanisms causing
radiation sensitivity may not be involved in cisplatin sensitivity.

1.7 Repair of the cisplatin adducts

The repair of cisplatin adducts is somewhat complex as we will see below.
The nucleotide excision repair (NER) pathway plays a major role in its repair.
Cisplatin resistance and increased repair often go together. Proteins binding to

the cisplatin adducts as well as other repair mechanisms highly influence
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cisplatin toxicity.

1.7.1 Nucleotide excision repair (NER) pathway

Cisplatin adducts are primarily repaired by the nucleotide excision repair
(NER) pathway. Cell lines cultured from patients with xeroderma pigmentosum
(XP), a disease caused by genetic deficiencies in the NER pathway, show a loss
of the fast initial repair component and thus are highly sensitive to cisplatin (Diit
et al., 1988).

It has been demonstrated that the three major adducts, the 1,2-d(GpG),
1,2-d(ApG), and the 1,3-d(GpTpG) intrastrand cross-links are repaired by the
mammalian NER system. The 1,3-d(GpTpG) intrastrand adduct is the most
efficiently repaired adduct and the level of repair in the 1,2-d(GpG) intrastrand
adduct is similar to the 1,2-d(ApG) intrastrand adduct (Huang et al.,
1994b;Zamble et al., 1996b).

In a study involving 28 patients with ovarian cancer, the level of mMRNA in
tumour tissues of two genes involved in the NER [the ERCC1 gene (human
excision repair gene cross-complementing Chinese hamster ovary mutant cell
lines of complementation group1) and XPAC (human excision repair gene that
corrects the defect in XP group A cells)] were quantified before treatment.
Sensitive tumours to platinum-based chemotherapy showed low levels of these
NER factors. High levels of the ERCC1 and XPAC were found in

non-responding tumours (Dabholkar et al., 1994).
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Enhancement of the repair pathway often resulted in cisplatin resistance.
The cisplatin-resistant ovarian carcinoma A2780cp cell line shows an increase in
DNA excision repair after exposure to cisplatin compared to its homologue
parental cell line A2780s. The DNA excision repair was measured in these cell
lines using bromodeoxyuridine DNA incorporation after cisplatin treatment (Lai et

al., 1988b).
1.7.2 High mobility group (HMG) proteins

Several proteins containing a high mobility group (HMG) domain bind
cisplatin in a structured-specific manner. The HMG-domain proteins recognize
the typical distortion of the 1,2-d(GpG) and 1,2-d(ApG) cisplatin-DNA intrastrand
adducts but not the 1,3-d(GpTpG) intrastrand adducts. The HMG-domain
proteins inhibit NER of the 1,2-d(GpG) and 1,2-d(ApG) intrastrand cisplatin
adducts but not the 1,3-intrastand adducts (Huang et al., 1994a;Zamble et al.,
1996a;2amble et al., 1996b). No HMG-specific protein known to date binds
transplatin (Crul et a/., 1997).

In yeast, the IXR1 gene encodes a structured-specific recognition protein
(SSRP1). This protein contains two HMG domains, which are binding specifically
to DNA modified by the cisplatin adduct but not DNA modified by the transplatin
adduct. Disruption of the IXR1 gene results in increased cisplatin resistance in
yeast (Brown et al., 1993).

There are two models of modulation of cisplatin toxicity by the HMG
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proteins. They could either shield the cisplatin-DNA intrastrand adducts from the
repaired enzymes, or they might be drawn away from their natural binding sites
by binding to cisplatin-DNA intrastrand adducts. These mechanisms could also

work in concert (Crul et al., 1997).
1.7.3 Mismatch repair (MMR) proteins

Cisplatin adducts are also recognized by mismatch repair (MMR) proteins.
The MMR system eliminates mistakeé made during replication from newly
synthesized strands. It also participates in the cell cycle checkpoint control
system. Loss of MMR often resuits in resistance to cisplatin, carboplatin,
ectoposide and other cytotoxic agents, but not transplatin. Recent observations
support the hypothesis of a direct role for MMR in coupling cisplatin damage to
an apoptotic response whereas a lack of MMR leads to cisplatin resistance (Fink

et al., 1998).

Loss of MMR can also resuit in an increased mutation rate throughout the
genome and can lead to oncogenesis or drug resistance. The A2780s parental
cell line is cisplatin sensitive and expresses the mismatch, mRNA and proteins
(human MLH1, PMS2, MSH2 and MSH6). The A2780cp cisplatin-resistant cell
line derived from the A2780s and 9 out of 10 cisplatin-resistant clones, derived
independently from the A2780s after muitiple exposures to cisplatin, lack hMLH1
mMRNA and proteins. These hMLH1 deficient cell lines also show a loss of ability

to engage G1 and G2 cell cycle arrest after cisplatin exposure. It was also found
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that patients with ovarian cancer show an increased level of hMLH1-negative
tumours after chemotherapy treatment (Brown et al., 1997).

The hMLH1-deficient human colorectal adenocarcinoma HCT116 cell line
is a known MMR deficient cell line. It lacks the hMLH1 MMR protein. The
integration of chromosome 3 restores the expression of the hMLH1 gene. For
example when a mixture of 5% of the original HCT116 cells with 95%
chromosome 3-complemented HCT116 (HCT116 + chromosome 3) cells are
treated with increasing levels of cisplatin, this results in an enrichment of the
HCT116 MMR deficient cells (Fink et al., 1997). The cisplatin treatment selected
the MMR deficient cells and made the remaining population of cells more
cisplatin-resistant. _

Embryonic stem cells, which are deficient in the MSH2 MMR protein, also
show resistance to cisplatin. The injection of these stem cells into nude mice
showed that, after cisplatin treatment, the MMR deficient tumours were
significantly bigger. The loss of MMR, which results in a higher level of
resistance, could lead to failure of treatment in vivo (Fink et al., 1997).

The level of P53 in MMR deficient HCT116 cells is higher after 72-96
hours post-cisplatin treatment, compared to the HCT116 +chromosome 3 cells.
HCT116 cells become as sensitive to cisplatin (similar to the HCT116
+chromosome 3 celis) following disruption of the P53 gene. This indicates that
the lack of the hMLH1 proteins in the HCT116 cells would enhance the protective

role of pS3 from the cisplatin-induced DNA damage (Vikhanskaya et al., 1999).
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1.8 Cisplatin cytotoxicity

Similarly to radiation cisplatin induced its cytotoxicity through activation of
PS3 and triggering of apoptosis. It could aiso interfere with DNA transcription

and replication.

1.8.1 Cisplatin induction of apoptosis

The specific mechanisms that trigger apoptosis in response to cisplatin
stresses have not yet been defined. These mechanisms have to include ways to
detect DNA damage and determine whether it is strong enough to be lethal. The
apoptosis pathway had been extensively studied in the ovarian carcinoma A2780
cell lines. In the case of both the sensitive and the cisplatin-resistant derivatives
of A2780s cells, cisplatin DNA damage results in cell death via apoptosis

(Henkels & Turchi, 1997).

We know that the P53 tumour suppressor gene is critical in regulating cell
proliferation following DNA damage. P53 stops the cell cycle progression of
damaged cells and in many cases it even causes apoptosis of the cells in a last
attempt to protect the organism (Vogelstein et al., 2000).

A model of two different pathways was proposed for the induction of P53.
The first pathway involves the blockage of RNA polymerase Il by its inhibitors
(actinomycin D, a-amanitin, DRB, H7), UV (ultraviolet) radiation or cisplatin which

appears to be sufficient for the induction of P53 in normal fibroblasts. In the
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second pathway, the P53 response can be triggered by DNA strand breaks
without the requirement of RNA polymerase Il inhibition following exposure to
ionizing radiation (Ljungman et al., 1999).

Mutations in P53 were found to be in IGROV-1/Pt cisplatin-resistant
ovarian cancer cell lines. As opposed to the parental cell line IGROV-1), these
mutations impaired the induction of apoptotic regulator genes, P21 and bax
(Perego et al., 1996). The A2780cp cisplatin-resistant cell line showed higher
levels of P53 and Bcl-2 than the parental cell line A2780s. The A2780s Bcl-2
transfected cell line becomes cisplatin-resistant, showing the protective role of
Bcl-2 against cisplatin. Bcl-2 expression delays P53 accumulation and induction
of Bax mRNA. Also the A2780s mutant that over-expresses P53 becomes
resistant to cisplatin. Bcl-2 and P53 mutant A2780s cells are even more
resistant. Thus, the data confirms the importance of Bcl-2 and P53 genes in
cisplatin-induced apoptosis and resistance (Eliopoulos et al., 1995).

Incidentally, loss of P53 function is associated with the acquisition of
cisplatin resistance. P53 genetic suppressor elements, which confer resistance
to cisplatin, were found in the A2780 cell lines (Gallagher et al., 1997). In both
the cisplatin-resistant and the sensitive A2780 cell lines, cisplatin-induced
apoptosis proceeds via a caspase-3 dependent and independent pathway
(Henkels & Turchi, 1999). Using the DNA microarray, it was found that P53
related gene P73 activates P53 targets such as P21 and Bax in the A2780 cells.
Overexpression of P73 was found to confer resistance to cisplatin and increase

expression of DNA repair genes involved in MMR and NER (Vikhanskaya et al.,
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2001).
In the various array of experiments done on cisplatin-induced apoptosis,
we only reported those related to ovarian cancer cells in general or ovarian

A2780 cell lines used for our own experiment.

1.8.2 Cisplatin inhibition of transcription and replication

Cisplatin is a known transcription inhibitor (Mymryk et al., 1995). A
cisplatin or transplatin-modified B-galactosidase reporter gene was transfected
into hamster and human cell lines. The level of transcription was two to three
times higher in the transplatin-modified reporter gene compared to the
cisplatin-modified reporter gene. This difference was not due to increased repair
of the transplatin adducts since the NER deficient cell lines still showed the same
differences in the level of transcription. However, the RNA polymerase Il bypass
was significantly higher in the transplatin-treated reporter gene (Mello et al.,
1995). Since transplatin is largely less toxic than cisplatin, we can infer that the
lower transcription activity in the presence of the cisplatin would account for part
of its toxicity.

The use of a simian virus in an African green monkey cell line indicates
that for the same amount of adducts bound to the viral DNA, both transplatin and
cisplatin show the same inhibition level of replication. However, at the same drug
concentration, the level of adducts was lower for the transplatin, due to an

increase in repair, resulting in a decrease in inhibition of replication (Ciccarelli et
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al., 1985). Therefore, we cannot conclude that cisplatin toxicity is due to

inhibition of DNA replication.

1.9 Cisplatin radiosensitization

Cisplatin is increasingly used in combination with irradiation for
experimental studies and is also used in clinic. Cisplatin is found to be a
radiosensitizer in bacteria and some mammalian cells in culture. It can also
inhibit both sublethal damage repair (SLDR) and potentially lethal damage repair
(PLDR). Most studies find that cisplatin causes the largest supra-additive effect
when added immediately or a short time period before radiation (Dewit, 1987).
So far, it is not clearly established how, when it does, cisplatin acts as a radiation
sensitizer. But, different models have been made to tentatively explain the

potentiation of radiation by cisplatin.

1.9.1 Mathematical model of cisplatin and radiation interactions

Chadwick's model implies that when a cisplatin intrastrand adduct is
present in the vicinity of an ssb in the opposite strand, the ssb cannot be
repaired. Replication of the ssb will lead to a double strand break and becomes
lethal to the cells (Chadwick et al., 1976).

The probability of interaction (Pix) is described by the following equation:

Pint=(-n.A.B.107'%), where A is the number of adducts in the cell, B is the number
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of single strand breaks in the cell and n is the number of base pairs required for
the interaction to occur.

The enhancement ratio (ER) is described as follows:
ERusp=(dsb,+dsbinter)/dsby,. The dsby are the number of double strand breaks
induced by radiation and the dsbixer are the number of double strand breaks
induced by the interaction of cisplatin and radiation. The ER will increase with
closer interaction distance and the dose of radiation or drug. It decreases when
repair is taking place. An ER of 1.2 is often seen. The ER increases if the repair
of the interacting lesion is severely compromised. The evaluation of the increase
in dsb, when cisplatin is combined with radiation has been difficult. The cross-
links reduce the elution rate of DNA in the electrophoresis gel, opposing any

increase in elution caused by more breaks (Begg, 1990).

1.9.2 Mouse model for the use of cisplatin as a radiosensitizer

Intratumoural delivery of cisplatin with,a polymer implant potentiates the
effect of fractionated radiation treatment in the RIF1 mouse tumour model.
Cisplatin given with fractionated regimens of 5 Gy per day for 5 days (Begg,
1990) or 5, 8 and 12 fractions of 9 Gy per day (Yapp et al., 1998) significantly

increases tumour growth delay in the RIF1 tumour in mice.
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1.9.3 Cisplatin used as a radiosensitizer in cell cultures

Well-oxygenated cells are more sensitive to ionizing radiation than hypoxic
cells (Douple, 1985). Oxygen as a radiosensitizer has been intensively studied,
since there is strong evidence that hypoxia exists in rapidly dividing tumours,
limiting the success of standard radiotherapy treatment.

Radiosensitization by oxygen and cisplatin at a low dose of radiation was
studied in Chinese hamster V79 cells. Below 0.5 Gy, there was evidence of
hypersensitivity followed by a resistant portion in the shape of the survival curves
(Marples & Joiner, 1993). This resistance could be explained by an induction of
a repair mechanism or a cell cycle delay, allowing more time for repair. Non-
toxic cisplatin doses of 1 uM, for 1 hour prior to irradiation in hypoxic CHO cells
sensitized the cells. The region of increased resistance is no longer seen. The
question remains: Are the cells more radiation-sensitive in low dose regions or do

they become resistant at higher radiation doses? (Skov et al., 1994).

1.9.4 Cisplatin radiosensitization in the A2780cp and A2780s

In vitro experiments on the radiosensitivity of cancer cells with different
treatments may be representative of in vivo radiosensitivity and may be useful for
characterizing and optimizing responses to radiotherapy and/or chemotherapy.
The present study investigates the response of the A2780s (cisplatin-sensitive)

and the A2780cp (cisplatin-resistant) ovarian cell lines to both radiation and
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cisplatin treatment.

Previous studies have also shown that simuitaneous treatment with
cisplatin, mild hyperthermia and low dose rate (LDR) irradiation of the A2780s
and A2780cp cell lines induces a synergistic interaction resulting in the inhibition
of sublethal damage repair (SLDR). For the A2780s, cisplatin and mild
hyperthermia was effective for radiosensitization when, given before or after LDR
irradiation. However, when submitted to the same process, the A2780cp
resistant cell line showed less radiosensitization on the LDR irradiation response
curve (Raaphorst et al., 1997).

For the A2780s and A2780cp, cisplatin can also cause radiosensitization
and inhibit SLDR, when given in combination with high dose rate (HDR)
irradiation. Cisplatin-induced radioresistance may also occur in these cell lines.

This would need further investigation.

1.10 Induced-radioresistance

Recent studies of Saccharomyces cervisia reported that the
radiosensitizing effect of cisplatin was due to the inhibition of DNA repair
processes involving error-free RAD-52-dependent recombinational repair. In
contrast, sublethal doses of cisplatin given 2 hours before radiation increase the
resistance to cell killing (Dolling ef al., 1999). However, the mechanisms of
resistance are not yet known.

Previous studies on A2780s and A2780cp show that there was no obvious
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difference in their level of radiation-induced DNA dsb or their dsb-rejoining rate.
However, in the A2780cp cell line, there was a significantly lower level of dsb
mis-rejoining events involving deletions between 13 to 444bp that arose through
illegitimate recombination of short repetitive sequences such as those that
appear through non-homologous repair. This demonstrates that the acquired
resistance to radiation in the A2780cp cell line may be the result of an up-
regulation of the homologous repair pathway (Britten et al., 1999a).

Some research has shown that low doses of ionizing radiation and low
doses of cisplatin induced nuclear activity in the A2780cp cell line that catalyses
homologous double strand recombination. These studies have indicated a
possible pathway for development of induced-resistance in the A2780cp cell line

(Lehnert & Chow, 1997).

1.11 Specific aims of our study

The literature review has lead us to conclude that cisplatin interaction with
radiation is complex and may not always lead to radiosensitization.
Radiosensitization and possibly induction of radioresistance may be dependent
on radiation application such as dose rate, puised irradiation, as well as the
sequence of application. Therefore we set out to further characterized cisplatin-
induced radiosensitization and radioresistance in an homologous pair of cell
lines, the cisplatin-sensitive A2780s and cisplatin-resistant A2780cp lines. As

previously indicated, there is an actual cisplatin radiosensitization in A2780s and
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A2780cp, but no investigation has been undertaken to study radioresistance in
these cell lines. We gave different doses of cisplatin immediately before and
after irradiation to radiosensitize the cells. The previously published data could
not be reproduced due to the use of different experimental procedures.

To test the radioresistance theory, small doses of cisplatin were given at
different times before irradiation to check for an increase in cell survival after
irradiation. No radioresistance was observed. To complete the study, pulse
dose rate (PDR) experiments were conducted to test the effect of cisplatin on
radiosensitization using pulsed irradiation. Our experiments on the ovarian
tumour cell lines should lead to a better understanding of the effectiveness of

cisplatin as a radiosensitizer and may help define optimal clinical protocols.



1.12 Hypothesis

1.12.1 Cisplatin added before a radiation dose

When cisplatin is added immediately before a radiation dose it could sensitize the

cell to radiation.

Cisplatin X-Rays

" Cisplatin
— - . P .
Timescale radiosensitization

If cisplatin is added 24 hours before a radiation dose it could lead to an increase

in_repair_and allow the cells to be more resistant to the subsequent dose of

radiation.

" Cisplatin-induced
Time scale resistance

35



1.12.2 Cisplatin added after a radiation dose

Cisplatin added immediately after a radiation dose would radiosensitize the cell

through inhibition of potentially lethal damage repair (PLDR) :

Pt Cisplatin
Time scale ®  radiosensitization

1.12.3 Cisplatin added during pulsed dose rate of radiation (PDR

Cisplatin added during and between pulses of radiation would radiosensitize the

cells through inhibition of sublethal damage repair:

&" g E ; \ E ; §; H» Radiosensitization

Time scale




2.0 MATERIALS AND METHODS

The A2780s cell line was derived from an untreated patient and provided
by Dr. S. Aaronson of the National Cancer Institute. The A2780cp phenotype
was established by progressively increasing concentrations of cisplatin up to
70 uM. By doing this, the cells were rendered more resistant to cisplatin and
showed cross-resistance to radiation (Behrens et al., 1987a;La