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Abstract.
Base méthylation is a significant contributor to intrinsic DNA damage. 

Hum an Mex' cells deficient in the DNA repair enzyme O^-methylguanine-DNA 
methyltransferase (MGMT), are hypersensitive to killing by methylating agents.
DNA O^-meGua-mediated killing requires active mismatch repair (MMR). This 
property has been exploited to select MMR-defective human cells in the 
laboratory. Endogenous DNA méthylation is a possible contributor to the 
emergence of MMR defective colorectal tumours. Using cultured GM0637 human 
fibroblasts I demonstrated that chronic low dose exposure to a N-methyl-N'- 
nitrosourea can select for, or induce, MMR defects through defective hMSH6 
expression. Since defective MMR is associated with some inflammation- 
associated tumours, I explored the possibility that nitric oxide produced by 
activated macrophages might promote the formation of a selective agent for 
méthylation tolerance.

Using azaserine, a potential contribution of DNA damage introduced by 
carboxymethylating agents to the emergence of MMR defective cells was 
investigated. Cytotoxic DNA damage introduced by azaserine was repaired by 
nucleotide excision repair (NER). Azaserine cytotoxicity was not influenced by 
MMR or MGMT to a detectable extent and DNA carboxymethylation is unlikely 
to provide a significant selection pressure for loss of the MMR pathway.

The effects of MMR on the processing of persistent bulky DNA lesions 
were examined in MNU B4 a MMR deficient derivative of the NER defective 
XPA fibroblast cell line XP12RO. MNU B4 cells lacked detectable hMSH2 
expression. The combined XPA and hMSH2 defects did not affect sensitivity to 
persistent DNA damage induced by UV, cross-linking agents (cisplatin, 
mitomycin C, nitrogen mustard), ionizing radiation, and azaserine. MMR does 
not appear to act as a general DNA damage sensor.

I also isolated several MMR defective derivatives of the XPC cell line 
GM2249. The MMR defects in these derivatives did not detectably alter their 
sensitivity to UV irradiation. These variants provide an important resource to 
investigate the proposed role of MMR in the transcription coupled DNA 
nucleotide excision repair pathway.
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Chapter 1

Introduction.

As DNA is the central repository of genetic information in the cell, the 

maintenance of its integrity is vital, not only for survival but also for efficient 

reproduction. The genetic code is stored in the structure of the DNA molecule, 

and organisms throughout the evolutionary tree, from bacteriophage to humans 

encode multiple processes to protect this structure. The environment that DNA 

finds itself in, that is rich in water and oxygen, promotes alterations in the 

chemical structure of this molecule. DNA is under constant threat from attack by 

chemical and physical agents to such an extent that anything fromlO^-lO^ bases 

are damaged per day in human cells. The repair of DNA damage is therefore of 

prime importance to the cell. Unrepaired DNA damage can in higher organisms, 

lead to disease states through mutations in cellular proteins and can also result in 

malignant transformation of cells, cancer. Indeed many treatments designed to 

treat cancerous growth, such as radiotherapy and certain types of chemotherapy, 

rely on damaging DNA. Thus, knowledge of the processes that protect the 

structure of DNA will enable us to devise more effective treatment regimes. This 

knowledge will also enable us to identify routes to malignancy and possibly help 

us to identify risk factors for cancer. I will begin by introducing the main factors 

involved in damaging DNA before examining some of the repair pathways used 

by cells to counteract these threats.
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Spontaneous É

Hydrolytic base loss. 
Deamination. 
Oxidative damage. 
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Base misincorporation.
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Simple alkylating agents. 
Bifunctional alkylating 
agents.

Fig 1.1. The principle sources of DNA damage encountered by the cell.

DNA Damage.

DNA is a very complex chemical that undergoes many essential functional 

reactions in the cell. The structure of DNA is under constant threat from a wide 

variety of exogenous and endogenous sources. The principle DNA damaging 

agents can be regarded as either spontaneous or induced in nature (FIG 1.1).
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Spontaneous DNA Damage.

DNA has limited chemical stability. Hydrolysis, deamination, oxidation and 

nonenzymatic méthylation all occur at significant rates in vivo.

Hydrolytic Base Loss.

The N-glycosyl bond of DNA, which attaches the purine or pyrimidine base 

to the sugar-phosphate backbone, is quite labile under physiological conditions. 

Spontaneous base loss, resulting in the formation of AP sites

(apurinic /  apyrimidinic), not only weakens the double helix but also if not repaired 

represents a potential loss of genetic information. Purines are lost approximately 

20 times faster than pyrimidines (Friedberg, et al 1995). It has been estimated that in

each human cell between 2x10^ and 1x10^ DNA purine bases are turned over each 

day owing to spontaneous hydrolytic depurination and subsequent repair of these 

AP sites (Lindahl, 1993).

Deamination.

Hydrolytic deamination of DNA bases containing exocyclic amino groups 

(cytosine, adenine, guanine and 5-methylcytosine) occurs spontaneously in vivo, 

and in certain instances represents a significant mutational threat. Spontaneous 

deamination is most frequently associated with cytosine, (producing uracil) and 

with 5-methylcytosine (producing thymine). Uracil and thymine derived from
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cytosine and 5-methylcytosine in DNA are miscoding lesions, and if replicated 

pose a significant mutational threat. In mammalian cells, around 3% of the 

cytosines are in the 5-methylated form, but the repair of deaminated 5- 

methylcytosine (ie. G-T mispairs) is far less efficient than repair of uracil 

containing DNA. By comparison with the hydrolytic deamination of pyrimidines, 

the deamination of purines is a relatively minor reaction (Lindahl, 1993). Adenine is 

converted to hypoxanthine whilst guanine is converted to xanthine in DNA at 

around 2-3% of the rate of cytosine deamination. Both xanthine and hypoxanthine 

form stable base pairs with cytosine, so adenine deamination, although rare, is a 

potentially mutagenic lesion. Hypoxanthine and Xanthine-deoxyribose bonds are 

quite labile and are susceptible to spontaneous hydrolytic loss (Lindahl, 1993).

Oxidative Damage.

Active oxygen species such as singlet oxygen, hydroxyl radicals (*OH), 

superoxide (02"), peroxyl radicals (ROO*), hydrogen peroxide (H2O2), and alkoxyl 

radicals (RO*), are produced through the normal metabolism of aerobically 

growing cells. They represents a major endogenous source of damage to DNA as 

well as lipids and cellular proteins. Active oxygen species produce either directly 

or indirectly, a plethora of modified bases in DNA (H. Wiseman, 1996). Examples of 

the indirect DNA damaging effects of reactive oxygen species include, lipid 

peroxidation products (Burcham., 1998) and the formation of hydroxyl radicals 

from hydrogen peroxide through Fenton (divalent metal catalyzed) chemistry 

(Friedberg et al, 1995). The principal mutagenic lesion produced by hydroxyl
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radicals in DNA is 8-hydroxyguanine (8-oxo-guanine) (Lindahl, 1993). It 

preferentially pairs with adenine thus generating a transversion mutation upon 

replication. 8-hydroxy-dGMP residues can also be misincorporated into DNA 

opposite adenine. Noncoding modified bases such as thymine and cytosine glycols 

and pyrimidine hydrates are also produced by active oxygen species. Oxygen- 

derived DNA damage has been implicated as a probable causative agent of the 

cancer associated with chronic inflammatory conditions. The major source of 

oxidative metabolism in human cells exists away from the nucleus in the 

mitochondria. Since the mitochondrial genome is not protected by histones, the 

effects of endogenously generated oxidative DNA damage may also play a 

significant role in the genesis of mitochondrially-based diseases such as Leber's 

hereditary optic neuropathy.

Spontaneous Méthylation Damage.

Enzymatic méthylation of DNA is an important mechanism for modulating 

gene expression in mammalian cells. Practically all biological transmethylation 

reactions employ S-adenosylmethioine (SAM) as the methyl group donor. But 

SAM can act as a weak nonenzymatic methylating agent predominantly targeting 

the ring nitrogens of purines, forming 7-methylguanine and 3-methyladenine 

(Rydberg & Lindahl, 1982). Biologically relevant enzymatic méthylation of DNA 

occurs at the C5 position of cytosine. This is an extremely poor acceptor site for 

alkylating agents, therefore no overlap exists between targets for enzymatic and 

nonenzymatic méthylations (Lindahl, 1993). Although 7-methylguanine in DNA is
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thought to be innocuous, as it does not affect the coding properties of the base, 3- 

methyladenine is cytotoxic. It is estimated that about 4x10^ 7-methylguanine, 600 

3-methyladenine and between 10-30 O^-methylguanine residues are generated per 

day in a human cell through nonenzymatic SAM mediated méthylation (Rydberg & 

Lindahl, 1982). Other cellular metabolites can potentially form methylating agents 

under certain conditions. For example, carbamyl phosphate and methylamine can 

condense to form methylurea (Kodama & H.Saito., 1980) which, if nitrosated forms 

N-methyl-N-nitrosourea, a potent methylating agent. Indeed nitrosation of N- 

acetyl dipeptides such as N-acetyl-N-propylglycine and N-acetyl-N-valylglycine 

also results in the formation of methylating agents.

Base misincorporation.

The rate of spontaneous replicating errors is under tight control. Through 

the combined functions of correct base selection by the replicative polymerase, 3-5' 

exonucleolytic proofreading and DNA mismatch repair, a replication fidelity of

around one error per 10^^ nucleotides is achieved (J.D Roberts, 1996). DNA 

polymerases favour correct over incorrect nucleotide incorporations by factors of 

between 10^-10^, depending on the polymerase, the coding base and its location. 

The inherent proofreading capability of replicating polymerases reduces the 

frequency of errors to around one per 10^- Superimposed upon these checks of 

replicative fidelity is the contribution of DNA mismatch repair, which I will 

examine in more detail later in this chapter. This system scans newly replicated 

DNA for mismatches and corrects them.
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Induced DNA Damage.

Induced DNA damage can be considered to be derived from physical and 

chemical processes.

Physical DNA Damage.

The most abundant sources of physical DNA damage are those of 

ultraviolet light (UV) and ionizing radiation (IR).

UV light Induced D NA Damage.

UV radiation probably represents the most abundant DNA damaging agent 

in our environment. When DNA is exposed to electromagnetic radiation at 

wavelengths approaching its absorption maximum (around 260nm), various stable 

covalent base modifications are formed. The most abundant of these are 

cyclobutane pyrimidine dimers (CPD) and (6-4) pyrimidine-pyrimidone 

photoproducts (6-4 photoproducts). UV irradiation of DNA also produces minor 

base lesions such as thymine glycols. (Friedberg et al, 1995) (FIG 1.2).
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FIG 1.2. Structure of a cyclobutane pyrimidine dimer (CPD) and (6-4) pyrimidine- 

pyrimidone photoproduct, the major UV-induced DNA lesions.

Ionizing Radiation Induced DNA Damage.

The deposition of energy from ionizing radiation results in the formation of 

excited and ionized molecules. Ionizing radiation reacts randomly with all cellular 

components and can damage DNA either directly or indirectly. Due to the 

predominance of water in biological systems, radiolysis of water represents the 

most abundant indirect source of DNA damage (via the formation of hydroxyl 

radicals).
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FIG 1.3. An example of some of the predominant forms ionizing radiation-induced 

DNA damage.

Therefore many features of ionizing radiation induced DNA damage 

resemble those of reactive oxygen species (FIG 1.3). Modified bases such as 

thymine glycols, 8-hydroxyguanine and 4,6-diamino-5-formamidopyrimidine are 

the most common products. A major biological consequence of ionizing radiation 

on DNA (again either directly or indirectly) is the formation of potentially lethal 

strand breaks.

31



Chemically Induced DNA damage.

The study of the interaction of chemicals with DNA represents a significant 

research effort in cancer biology. Such studies are important not only because 

exploiting chemical-DNA interactions are useful in cancer chemotherapy, but also 

due to the serious pubic health concerns caused by environmental mutagens and 

carcinogens. We are constantly exposed to DNA damaging chemicals from our 

environment through inhalation or ingestion. Cigarette smoke contains a 

multitude of chemicals from simple methylating agents like dimethylamine up to 

structurally complex DNA alkylating species like benzo[a]pyrene. Charred food is 

an abundant source of polycyclic aromatic hydrocarbons which are capable of 

forming adducts with DNA. Chemical modification of DNA can form inter and 

intra strand cross-links, which can alter the coding properties of bases, and 

specifically for inter strand cross-links, can prevent strand separation which could 

blocks replication and transcription. I will emphasize the effects of simple 

alkylating agents on DNA, because they exemplify some of the most important 

types of DNA damage and because of their specific relevance to the work 

described in this thesis.

Simple alkylating agents.

Alkylating agents are electrophilic compounds which can be 

monofunctional or bifunctional. Monofunctional alkylating agents contain a single 

reactive center and react with only one nucleophilic center (although varied) in
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DNA. Bifunctional alkylating agents have two reactive centers and each molecule 

is potentially able to interact with two sites in DNA (FIG 1.4).

Phosphalf
Phosphate

Sugar

[ Phosphate ^

SugiSugar

PhosphatePhosphate

Sugar
Sugar

Phosphate

SugarSugar

FIG 1.4. An interstrand DNA cross-link formed by mechlorethamine.

Methylating agents such as temozolomide and DTIC, which are used in the 

treatment of melanoma and brain tumours, are analogues of the model 

methylating agents N-methyl-N-nitrosourea (MNU) and N-methyl-N'-nitro-N- 

nitrosoguanidine (MNNG). MNU and MNNG react with various nucleophilic 

centers in DNA including the phosphate backbone, in an Sn I type reaction. S]\jl 

tvpe reactions occur via formation of an intermediate methylcarbonium ion as the 

rate limiting step (FIG 1.5).
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I
C H ,   N  /  NHj

O
N-methyl-n-nitrosourea

C H , —  N =  N —  O - C H ,   N =  N —  OH C H ,   N  N  +

FIG  1.5. Decomposition of MNU into an S^l methylating agent via the formation 

of a carbocation intermediate.

Sn 2 type methylating agents, such as methylmethane sulphonate (MMS) or 

dimethylsulphate (DMS), react directly with DNA. They differ from Sn I type

agents in the proportion of the various methylated adducts formed (Lawley, 1984). 

(Table 1.1). Méthylation of DNA is mutagenic and cytotoxic. Two of the most 

important DNA adducts are N3-methyladenine (3-meA) and O^-methylguanine 

(O^-meC). Whilst O^-meG is both highly cytotoxic and mutagenic, 3-meA is 

considered to be only cytotoxic (Larson et al., 1985).



Methylating Agents.

% Total Alkylation 

SNl SN2

(MNU) (MMS)

N3-Me-Ada 8 11

N7-Me-Ada 1.5 1.9

N3-Me-Gua 0.8 0.7

N7-Me-Gua 68 83

O^-Me-Gua 7.5 0.3

Methylphosphotriester 12.1 0.82

Table 1.1. Distribution and proportion of methylated bases formed after treatment 

of dsDNA with 5̂ ,1 and 8^2 type methylating agents.

In addition to the analogous monoadducted bases bifunctional alkylating agents 

form an additional class of DNA adduct, that of the inter or intrastrand cross-link. 

Interstrand cross-links, which prevent strand separation, are particularly 

significant in that they constitute a complete block to DNA semiconservative 

replication and transcription (FIG 1.4). Bifunctional alkylating agents such as 

nitrogen mustard, czs-platinum(II) diaminodichloride, mitomycin C, CCNU and
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photoactivated psoralens have been used extensively and effectively in cancer 

chemotherapy.

Prevention of DNA Damage.

Before DNA can be damaged, a potential DNA damaging agent must first 

overcome/avoid a series of protective systems, that are designed to prevent any 

interaction of the damaging agent with DNA. Examples of such protective systems 

include cellular antioxidants (eg. superoxide dismutase, catalase) and cellular 

thiols (eg. glutathione, metallothioneins).

Cellular antioxidants.

Reactive oxygen radicals, either produced by oxidative metabolism or 

ionizing radiation, can be neutralized by the concerted action of a variety of 

cellular antioxidant systems (eg. ascorbr te, a-tocopherol). Among the most 

important are superoxide dismutase and catalase, which catalyze the following 

reactions:
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SuperO xide Dismutase. 

2 0  - + 2H+---------------------------------------

Cuialase.

H , 0 ,
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FIG 1.6. Reaction scheme for superoxide dismutase and catalase.

Cellular Thiols.

Glutathione (7GSH) is a nucleophilic tripeptide composed of glutamic acid, 

cysteine and glycine which can react with and detoxify a wide variety of 

electrophilic DNA damaging agents. The interaction of 7GSH with a particular 

chemical or radical may be direct, or can be catalyzed by anyone of a family of 

enzymes: the glutathione-s-transferases (7GST). Enhanced 7GSH levels are 

involved in resistance to ionizing radiation (Miller, 1970), and both enhanced 7GSH 

and 7GST levels have been correlated with resistance to DNA reactive drugs.
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Metallothioneins (MT) are low molecular weight, thiol rich proteins constitutively 

expressed in a wide variety of organisms from yeast to humans. Although the 

exact biological role of MT is unknown, they can selectively bind heavy metal ions. 

It is thought that MT are involved in the detoxification of toxic metals such as 

cadmium and mercury and in the regulation of the homeostasis of essential metals, 

such as zinc and copper. MT have also been implicated in resistance to DNA 

damaging agents, through direct reaction of their thiol rich sites with electophilic 

chemicals

Repair of DNA Damage.

Since the structural integrity of DNA is therefore under constant threat from 

the wide variety of both endogenous and exogenous sources, all organisms invest 

a great amount of energy in maintaining their DNA through a variety of DNA 

repair mechanisms. The importance of these DNA repair systems is underlined by 

the fact that their essential features are conserved from bacteria to humans. The 

principle DNA repair systems can be dhdded into two main mechanistic groups 

(FIG 1.7)

(I). Direct damage reversal.

(II). Excision resynthesis.

Although counterparts for each type of repair system exist in all species 

throughout the evolutionary tree, the complexity of specific repair mechanisms 

varies somewhat.
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The Principal DNA Repair Mechanisms

Excision Resvnthesis.Direct Damage Reversal,

* DNA Photo lyase.

* Alkyltransferases.

* Base excision repair

(specific glycosylases).

* Nucleotide excision repair.

* Mismatch repair.

F IG  1.7. The major modes for the repair of DNA damage.

Direct Damage Reversal.

This represents the simplest form of DNA repair conceptually, although 

mechanistically it can be complex. The damage or modification caused to a 

particular base is simply reversed by the action of a specific repair enzyme, 

restoring the original base.

D N A  Photolyase.

The best characterized enzymatic photoreactivation (a reaction that utilizes 

light energy to reverse a base modification) is catalyzed by DNA photolyase which

39



directly reverses UV induced cyclobutane pyrimidine dimers into monomers. 

DNA photolyase contains a chromophore that acts as an energy harvesting 

antenna by absorbing blue or near-UV light. This energy is then transferred to a 

reduced flavin adenine dinucleotide (FADH) cofactor. The excited FADH- cofactor 

splits the dimer by electron transfer, thus restoring the pyrimidines to their 

original monomeric form (Friedberg et al, 1995). DNA photolyase activities are 

present in a wide range of prokaryotes and eukaryotes (eg. Escherishia coli, 

Saccharomyces cerevisae, Neurospora crassa), but are missing, for unknown reasons, 

from many species such as, placental mammals including humans, all plant 

species, and even Saccharomyces pombe.(Wood, 1996).

Recently a low efficiency (6-4) photoproduct DNA photolyase activity was 

isolated from Drosophila melanogaster embryos. But the biological significance of 

this activity and its occurrence in other organisms is as yet unknown.(Toda et al,

1993)

Alkyltransferases,

Treatment of DNA with simple alkylating agents, produces amongst other 

adducts (see Table 1.1), O^-alkylguanine, O^-alkylthymine and alkylation of the 

oxygen atoms in the DNA phosphate backbone; alkyIphosphotriesters. 

Methylphosophtriesters can exist either as the R or S stereoisomer, depending on 

which oxygen atom in the phosphotriester bond is methylated (FIG 1.8).

MethyIphosphotriesters are apparently innocuous, nonmutagenic, nonlethal
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lesions (McCarthy & Lindahl, 1985). I will describe the repair of certain types of 

alkylated bases in DNA, catalyzed by alkyltransferases, in bacteria and h u m an  

cells.

Base

C H ,0

V

"  Base

/  \

O H

/f-Stereoisom er.

BaseH
C H ,0

/ ’ Base

o
O H

S-Stereoisom er.

FIG 1.8. Structures of the R and S m ethylphosphotriesters.
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A lky Hr ansferase in Bacteria.

E.coli have two alkyltransferases, a constitutive form, encoded by the ogt 

gene and an inducible form, encoded by the ada gene.

The adaptive response to alkylation damage in E.coli: the Ada protein.

Pretreatment of E.coli with low nonlethal concentrations of alkylating agent, 

allows them to survive subsequent challenge with a normally lethal dose. This 

adaptive response, which mitigates both killing and mutagenesis, was first 

identified by Samson and Cairns using MNU and MNNG treated E. coli (Samson & 

Cairns, 1977). The adaptive response was found to be transient and to require de 

novo protein synthesis. It is now known that the adaptive response of E. coli to 

methylating agents involves four genes, ada, alkA ,alkB and aidB. (Lindahl et al., 1988) 

(see Table 1.2). The protein encoded by the ada gene catalyses the transfer of the 

alkyl group from the O^-position of guanine and position of thymine onto its 

own cysteine-331 residue. The Ada protein also removes the alkyl group from the 

S -alkylphosphotriester stereoisomer (the R-stereoisomer appears not to be 

repaired at all) and transfers it to its ow-' cysteine-69. The efficiency of alkyl group 

removal decreases as the alkyl chain increases in size 

(methyl>ethyl>propyl>butyl). Alkylation of the cysteine-331 irreversibly 

inactivates the Ada protein. Thus, the Ada protein is consumed stoichiometrically 

in a suicide reaction. Levels of Ada can thus become limiting upon high level 

alkylating agent exposure. Therefore, the action of Ada is not catalytic, in the usual
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sense of the term. Naturally occurring methylating agents such as methyl chloride, 

the antibiotic streptozotocin and the generation of methylating species through the 

N-nitrosation of metabolites, all constantly threaten the bacterial genome. 

Therefore, it would appear that the main protective mechanism against alkylation 

damage is undesirable, insofar as it is saturatable and, energetically expensive. But, 

environmental stress appears to afford the potential for genetic diversification in 

bacterial populations, through mutation

Gene. Mutant
phenotype.

ada Sensitive to killing and 
mutagenesis.

alkB Sensitive to killing.

alkA Sensitive to killing.

aidB Resistant to killing.

ogt Sensitive to killing and 
mutagenesis.

Lesions
repaired.

Other
properties.

0 ‘ -MeG
O^-MeT

5-Methylphosphotriester.

3-MeA, 3-MeG, 
0^ -MeC, o'-MeT

0*‘-MeG
O^'-MeT

Positive regulator 
of the adaptive 
response.

Constitutive
alkyltransferase.

Table 1.2. The functions of the major components of the E. coli adaptive response 

to alkylation damage.
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The adaptive response is essentially controlled by the Ada protein. 

Alkylation of Ada protein on cysteine-69, converts it into a strong transcriptional 

activator of several genes, including its own. Therefore, only abstraction of

alkylation damage from S -alkylphosphotriesters but not from O^-alkyIguanine or 

0"^-alkylthymine, activates Ada into a positive transcriptional activator. Since S- 

alkylphophotriesters are a relatively minor product of alkylation damage 

compared to N7-methylguanine (see Table 1.1), and in an unchallenged cell it is 

thought that only around 2-4 molecules of Ada are present, this would explain the 

time lag of between 30-60 mins required for maximal Ada expression (around

3x10^ molecules per cell) and complete adaption to be achieved. Activated Ada 

binds to the promoters of ada, alkA and alkB. Both the ada and alkB genes are under 

the control of the same promoter. The unique consensus sequence for Ada binding 

to the ada promoter ("Ada box") is also only found in the distant alkA promoter. 

AlkA encodes a DNA repair glycosylase (3-methyladenine glycosylase II) involved 

in the repair of other alkylated base damage. The precise functions of the aidB and 

alkB gene products are unknown (Lindahl et ai, 1988). The adaptive response is 

terminated through Ada. Alkylation of Ada at cysteine-69 is irreversible. It is 

thought that the transcriptional activating ability of activated Ada is destroyed 

either by dilution of the alkylated Ada, by growth of the population in the absence 

of alkylating agents, or by specific proteolytic cleavage (Lindahl et ai, 1988). 

Therefore, Ada plays a major role in initiating, potentiating and terminating the 

adaptive response. It acts initially as a sensor of alkylation damage, then as a 

transcriptional activator of all the other genes involved in the adaptive response, it
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directly prevents transition mutations by repairing O-alkylation damage at 

guanine and thymine, and finally, it terminates the response.

O  - M eG  ^  CH3
O

D N A

O  - M eT  ^  CH3
O

D N A

N

FIG 1.9. Structure of O^-meGua and O^^-meThy.

The Ogt Protein.

E. coli cells also constitutively express a second alkytransferase (Ogt), that 

differs in several respects from the Ada protein. Ogt protein levels are not induced 

upon treatment with low doses of alkylating agent, and Ogt does not catalyze the 

removal of alkylation damage from phosphotriesters. Ogt is encoded by the ogt 

gene which is distinct from that of ada and lacks an Ada box. This is consistent with 

the fact that Ogt is not induced upon chronic alkylating agent exposure. E. coli

45



defective in ada but proficient in ogt function, are more resistant to mutation 

induction upon low level MNNG exposure than, doubly defective ada ogt E. coli. 

largely because of the basal repair capability of Ogt. Mutants defective in ogt are 

also more sensitive to killing by MNNG in an ada background (Rebeck & Samson,

1991).

Alkyltransferases in lower eukaryotes.

A  gene for O^-alkylguanine-DNA-alkyltransferase, designated MGTl, has 

been cloned from the yeast Saccharomyces cerevisae by functional complementation 

of and E. coli ada ogt double mutant (Xiao et ai, 1991). Yeast defective in MGTl 

have an increased spontaneous mutational rate and are sensitive to killing and 

mutagenesis following alkylating agent treatment (Xiao & Samson, 1992). MGTl 

levels are also not inducible following chronic treatment with low doses of 

alkylating agent, consistent with the absence of an adaptive response to alkylating 

agents in S. cerevisae (Xiao & Samson, 1992).

Chronic low dose treatment of the filamentous fungus Aspergillus nidulans, 

with agents such as MNNG results in a substantial increase in alkyltransferase 

activity. Four polypeptides with alkyltransferase activity are found in this 

organism, one that is weakly inducible, two that are strongly inducible and are 

active against O^-methylguanine, and one that acts against methylphosphotriesters 

(Barker el al, 1992). This represents the only known eukaryotic alkyltransferase 

activity that processes alkylphosphotriesters (Friedberg et al, 1995).
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Mammalian Alkyltransferase.

A  single, constitutively expressed enzyme is responsible for all 

alkyltransferase activity in mammalian cells, called O^-methylguanine-DNA- 

methyltransferase (MGMT) or O^-alkylguanine-DNA-alkyltransferase. The human 

enzyme located on chromosome 10 (Rydberg et ai, 1990) functions, like the E. coli 

Ada, Ogt and the S. cerevisiae MGTl proteins, in a suicide reaction, in which a 

single alkyl group is transferred to the active site cysteine. MGMT is similar to that 

of S. cerevisae MGTl, in that it is unable Lo remove alkylphosphotriester moieties. 

But, unlike the E. coli Ada protein, the human enzyme is only effective in the 

dealkylation of O^-alkylguanine residues. The efficiency of alkyl group removal 

decreases with increasing alkyl chain size. O^-alkylthymine is repaired by MGMT, 

though extremely poorly. Purified human and rat O^-alkylguanine-DNA- 

alkyltransferase remove O^-methylguanine from an alkylated poly [d(G-C)] 

substrate or poly (dG-dC) substrate with a rate constant of 1x10^ M'^min"^, 

whereas repair of O^-methylthymine from an alkylated poly[d(A-T)] or poly (dA- 

dT) substrate had a rate constant of only 1.8x10^ M"^min"^ (Zak & Laval, 1994). 

Human cells deficient in MGMT expression are extremely sensitive to the cytotoxic 

and mutagenic effects of alkylating agents, such as MNU and MNNG.
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Is there an adaptive response to alkylating agents in human cells?

The existence of an adaptive response to alkylating agents in bacteria such 

as E. coli, prompted the search for an analogous pathway in mammalian cells. The 

alkyltransferase activity in rat liver is increased after partial hepatectomy and, even 

after treatment with a diverse range of hepatotoxins, some of which are not 

alkylating agents (Pegg, 1990). But the maximal three-fold increase in 

alkyltransferase levels observed in these systems is in contrast to the several 

thousand fold increase in Ada, found in adapted E. coli. The Rat H4 hepatoma cell 

line, has been shown to be slightly adapted to alkylating damage after chronic low 

dose exposure, associated with an increased rate of O^-methylguanine removal 

from DNA (Laval & Laval, 1984). Adaption to killing and sister chromatid 

exchange (believed to be an indicator of persistent DNA damage), in human and 

Chinese hamster ovary (CHO) cell lines defective in MGMT activity after 

pretreatment with low doses of MNNG, has also been observed (Samson &

Schwartz, 1980). But, attempts to demonstrate a true adaptive response, involving 

significantly increased MGMT expression in species other than rat, including 

human cells, have all been negative (Pegg, 1990). Therefore, the particular case of 

MGMT expression in rat liver may not be a good model for generalization. Human 

cells are thought not to have an adaptive response to alkylating agents, akin to that 

of the E. coli situation.
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Regulation of O^-alkyIguanine-DNA-alkyltransferase levels in human cells.

There is a significant degree of variation in tissue specific MGMT activity in 

humans. Liver, consistent with its general detoxifying role is high in activity, 

whilst bone marrow has relatively low activity (Gerson et ai, 1986). In fact acute 

bone marrow toxicity, due to low intrinsic MGMT levels, is a confounding factor in 

alkylating agent based chemotherapeutic regimes. There is also a significant degree 

of cellular heterogeneity in MGMT expression within particular tissues. For 

example, the stem cell compartment of colonic crypts fails to stain histochemically 

for MGMT whilst the terminally differentiated cells at the top of the crypts stain 

strongly [Zaidi & Gerson, 1996). A significant proportion of cultured cell lines lack 

detectable MGMT activity (Day et ai, 1980) (Sklar & Strauss, 1981), despite the 

presence of an intact MGMT gene (Pieper et ai, 1990). This is referred to as the Mer- 

(methyl resistant minus) (Day et al., 1980) or Mex- (methyl excision repair 

defective) (Sklar & Strauss, 1981) phenotype. Mex- human cell lines are extremely 

sensitive to the cytotoxic effects of O^-methylguanine generating alkylating agents. 

The regulation of MGMT appears to be epigenetic but is complex (Wang et al,

1992) (Cairns-Smith & Karran, 1992). In a number of lymphoid cell lines, MGMT 

activity was found to be co-regulated with that of thymidine kinase and 

galactokinase genes, and changes in promoter méthylation patterns altered 

expression of these three genes (Cairns-Smith & Karran, 1992).
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M G M T  Knockout mice.

The protective role of MGMT against alkylating agent induced killing and 

mutagenesis, is illustrated by the extreme sensitivity of Mex- cell lines, and Mex+

cell lines treated with MGMT inhibitors such as O^-benzylguanine (Dolan et al.,

1990). MGMT deficient mice have been generated by targeted gene disruption 

(Tsuzuki et al, 1996). MGMT mice are hypersensitive to killing (Tsuzuki et al, 

1996) and tumourigenesis (Sakumi et al, 1997) by MNU, compared to their

MGMT+/+ counterparts. Death appeared to be a consequence of severe bone 

marrow damage and associated pancytopenia. Although MGMT levels are low in 

murine bone marrow (Gerson et al., 1986) MGMT seems to play a particular role in 

protecting bone marrow from the toxic effects of alkylating agents. Overexpression 

of MGMT by transduction in murine bone marrow significantly protects them 

from the toxic effects of l,3-bis(2-chloroethyl)-l-nitrosourea, a chemotherapeutic 

alkylating agent (Maze et al, 1996).

Excision and Resynthesis DNA repair.

This type of DNA repair mechanism involves the selective excision of the 

damage as a nucleotide, or as oligonucleotide tract containing the damaged base. 

Removal is then followed by repair DNA synthesis, using the undamaged DNA 

strand as a template.

50



Base Excision Repair.

Base excision repair is active against a wide variety of DNA lesions. It 

provides particular protection against those of endogenous origin such as 

deaminated bases, oxidatively damaged bases and N-methylated purines. Base 

excision repair is initiated by the excision of the damaged base, in free form. This is 

carried out by specific DNA glycosylases (via cleavage of the N-glycosidic bond). 

This generates an AP site, which is corrected by the concerted action of an AP 

endonuclease, which cleaves the DNA duplex either 3' or 5' to the AP site 

(generally 5'), a DNA polymerase and a DNA ligase (see FIG 1.10). I will examine 

some of the most important DNA repair glycosylases such as 3-methyladenine- 

DNA glycosylase and uracil-DNA glycosylase, and give a brief overview of some 

of the others.

3-Methyladenine repair in E. coli.

3-methyladenine adducts are cytotoxic, presumably through their ability to 

block DNA replication (Moore & Strauss, 1979), (Larson et al., 1985). E. coli has two 

distinct 3-methyladenine-DNA glycosylase activities, a constitutive and an 

inducible enzyme (Clarke et al., 1984). The constitutive activity is encoded by the 

tag gene (Karran et al., 1980), and it acts almost exclusively on 3-methyladenine 

residues, removing 3-methylguanine residues with a very low efficiency. The
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FIG 1.10. The basic mechanism for base excision repair.

inducible DNA-glycosylase, involved in the adaptive response is encoded by the 

alkA gene (Clarke el a l ,  1984), (Karran et a i ,  1982). The AlkA protein  has a very wide 

substrate range, rem oving 3-methyladenine, 3-methylguanine, 7-methylguanine, 

O^-methylcytosine and O^-methylthymine. E.coli alkA m utants  are very sensitive 

to simple alkylating agents such as MMS despite norm al levels of the Tag enzym e 

(Karran ef ciL, 1982). There is no homology between the peptide  sequences of AlkA 

and Tag (Sakumi K, 1990), suggesting that their m echanism s of action are distinct. 

This is perhaps reflected in their differing substrate specificities.
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Repair of 3-Methyladenine in Eukaryotes.

Genes encoding 3-methyladenine-DNA glycosylase activity have been 

isolated from yeast, murine and human sources. The S. cerevisae enzyme encoded 

by the MAG gene was identified by its ability to complement E. coli tag alkA double 

mutants, by protecting them from alkylating agent induced killing (Chen et ai, 

1989). The human 3-methyladenine glycosylase was identified using a similar 

approach (Samson et al., 1991). The murine counterpart was identified by genomic 

hybridization using probes derived from the human sequence (Engelward et al,

1993). The human and mouse proteins have a high degree of homology but are 

distinct from the S. cerevisiae MAG which more closely resembles the E. coli AlkA 

protein. Human 3-methyladenine-DNA glycosylase is active against 3- 

methyladenine in an alkylated DNA substrate (Samson et al., 1991). The human 3- 

methyladenine-DNA glycosylase has quite a wide substrate range. It can remove 

deaminated adenine (ie. hypoxanthine) (Saparbaev & Laval, 1994), 8-oxo-guanine, 

though not as well as the mouse 3-methyladenine-DNA glycosylase (Bessho et al, 

1993a), and the cyclic etheno adducts of both guanine and adenine, (Dosanjh et al,

1994), (Singer et al, 1992).

Uracil DNA glycosylase.

The presence of uracil in DNA via cytosine deamination posses a significant 

mutational threat to cells. Uracil-guanine mispairs once replicated can give rise to 

CG-TA transitions. The significance of this potential mutational threat is
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underlined by the existence of uracil-DNA glycosylase activities in all organisms, 

from bacteria to humans (Friedberg et al, 1995). Uracil-DNA glycosylase was the 

first DNA glycosylase to be discovered (Lindahl, 1974), (Friedberg et ai, 1975). The 

E. coli protein is encoded by the ung gene, and strains defective in this gene have 

an increased level of GC-AT transitions (Duncan et aL, 1978), (Duncan & Weiss,

1982). A yeast mutant defective in uracil-DNA-glycosylase activity was isolated by 

selecting strains that could support the propagation of uracil containing plasmids 

(Burgers et al, 1986). This facilitated the isolation of the S.cerevisae UNGl gene. The 

UNCI gene is cell cycle regulated in association with the genes required by DNA 

replication (Impellizzeri et al, 1991). Consistent with the antimutator role of UNGl 

in this organism, S.cerevisae deficient in UNGl activity show a 5-100 fold increase 

in spontaneous mutation frequency, with almost all mutations found being GC-AT 

transitions (Burgers et al, 1986). The human UNGl gene (Olsen et al., 1989), located 

on chromosomel2 (Aasland et al., 1990), has been shown to complement the 

mutator phenotype of E. coli ung deficient stains (Olsen L, 1991). The high 

resolution structure of the human uracil-DNA glycosylase has recently been 

published (Savva R, 1995), (Mol et al, 1995). Mammalian cells also possess a minor 

uracil-DNA-glycosylase that has the interesting ability of being able to excise 

thymine out of G-T mispairs (Neddennann & Jiricny, 1993), (Neddermann & Jiricny,

1994), (Gallinari P, 1996). This enzyme would appear to be one way of repairing the 

product of 5-methylcytosine deamination, as it can also selectively remove 

thymine from CT and TT mismatches, but does not recognize AT base pairs 

(Wiebauer & Jiricny, 1990), (Wiebauer et ai, 1993). The repair of specific mismatches 

in bacteria and human will be discussed later.
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Other DNA glycosylases.

A  multitude of other DNA glycosylases exist in nature that excise a plethora 

of modified bases in damaged DNA (Friedberg et al, 1995). Thymine glycol-DNA 

glycosylase (endonuclease III), originally identified from E.coli, removes damage 

generated by UV (apart from (6-4) and CPD) or ionizing radiation, and a 

counterpart for this enzyme also exists in humans (Breimer, 1983), (Doetsch & 

Cunningham, 1990). The bacteriophage T4 and the bacteria Miccrococcus luteus 

uniquely possess a pyrimidine dimer-DNA glycosylase. This unusual activity is 

only able to cleave one of the two N-glycosidic bonds, hence unlike the usual DNA 

glycosylase are not able to liberate free base directly. This is achieved by post 

excision DNA degradation (Friedberg et al, 1995).

When addressing the functional diversity of the wide variety of DNA 

glycosylases, special attention has to be paid to the repair of 8-hydroxy guanine (8- 

OH-G or 8-oxo-G) residues. As mentioned earlier, this residue is a product of 

ionizing radiation and more importantly, oxidative metabolism. 8-oxo-G residues 

are extremely mutagenic as they form stable bases pairs with adenine, and if not 

repaired, result in G-T transversion. The "GO system" in E. coli is thought to 

involve the coordinated and stepwise reaction of two distinct glycosylases on 8- 

oxo-G damage and a 8-oxo-dGTPase, which confer mutator phenotypes when 

defective, as shown in FIG 1.11. (Micheals et al, 1992). The coordinated use of two 

repair enzymes ensures the efficiency in preventing 8-oxo-G mutagenesis. The 

E.coli MutM protein can remove 8-oxo-G from 8- oxo-G-C mispairs in DNA
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(Michaels et al., 1991). If the 8-oxo-G-C mispair is replicated, creating an 8-oxo-G-A 

mispair, the MutY protein product can excise the adenine, which is replaced with a 

cytosine (Michaels et al, 1990). This recycles the mispair back to its original form (8- 

oxo-G-C), allowing MutM another chance to repair it, before it is replicated 

(Michaels et al, 1992). Oxidative damage can additionally result in the formation of 

8-oxo-dGTP in the nucleotide pool. This can be directly incorporated into 

replicating DNA. This triphosphate is converted to the monophosphate form by 

the E. coli MutT protein, thus preventing its incorporation into DNA (Maki & 

Sekiguchi, 1992).

Evidence for analogous systems of 8-oxo-G repair in human cells also exists 

(Mo et al., 1992), (Bessho et al., 1993b). Extracts of the human T-cell leukemia cell 

line Jurkat, were found to possess an 8-oxo-dGTP hydrolyzing activity, with 

features very similar to that of E. coli MutT (Mo et al., 1992). 8- hydroxyguanine (8- 

OHGua)-glycosylase and an 8-hydroxyguanine-endonuclease activities have been 

identified in Hela nuclear extracts (Bessho et ai, 1993a). These activities were only 

active on the 8-OHGua residue of

8-OHGua/C, 8-OHGua/T or 8-OHGua/G duplex substrates. DNA 

containing 8-OHGua/ A was found to be a very poor substrate, essentially 

resembling E. coli MutM  glycosylase activity (Bessho et al., 1993a), (Michaels et al.,

1991). Human 3-methyladenine-DNA glycosylase activity has also been shown to 

repair 8-oxo-guanine in DNA, to some degree, (though not as well as its murine
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FIG 1.11. The mechanism for the repair of 8-oxo-G residues in DNA of E. coli relies 

on the concerted action of the FAPY/M utM, MutY and MutT gene products.
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counterpart) as well as being able to partially suppress the mutator phenotype of 

E. coli MutM  defective bacteria (Bessho et al, 1993b). Recently the murine and 

hum an homologues of the yeast OGGI and £. coli MutM  genes have been isolated 

(Radicella et al, 1997), (Rosenquist et al., 1997). The human protein (hOGGl) is 

highly active against 8-oxo-G-C base pairs and is able to complement the mutator 

phenotypes of yeast mutant in OGGI and E. coli MutM  mutant strains (Radicella et 

a/., 1997).

Reconstitution of human Base Excision Repair.

The human base excision repair pathway has recently been reconstituted in 

vitro using purified recombinant proteins. Removal and repair of a uracil in a 

linear duplex substrate was achieved using human UNG, AP endonuclease, DNA 

polymerase P and a joining function provided by the DNA ligase III/XRCCl 

heterodimer (Kubota et al 1996). The role of DNA polymerase p in the reaction 

appears to be two fold. The enzyme catalyses the filling in of the one nucleotide 

gap generated in the reaction, but the small amino terminal basic domain of pol p 

also serves to excise the 5'-terminal deoxyribose phosphate residue in the abasic 

site by p-elimination (Matsumoto Y, 1995). The importance of the various 

components of this pathway in mammals is illustrated by the fact that knockout 

mice deficient in AP endonuclease (Xanthoudakis et al., 1996), DNA polymerase p 

(Gu et al., 1994), (Sobol RW, 1996) and XRCCl (Tebbs et al., 1996), are all embryonic 

lethal. But fibroblast lines isolated from DNA polymerase P embryos are viable, 

grow normally but, are hypersensitive to alkylating agents (Sobol RW, 1996). As

58



expected, extracts of these cells do not repair uracil in an oligonucleotide substrate. 

All these defects were reversed following stable transfection with a DNA 

polymerase p-containing minitransgene.

In addition to this major form of base excision repair in mammalian cells, an 

alternative pathway appears to exist. This second pathway, differs from the major 

one only in the latter stages of reaction. The distinct features of this pathway 

include, a repair patch several nucleotides long (instead of just one) and, its 

dependence on the replication factor PCNA and use of DNA ligase I (Frosina et al., 

1996). The reaction also shows an absolute dependence on the 5' nuclease DNase 

IV/FENl which cleaves the displaced DNA strand. (FIG 1.12).

BER Knockout Mice.

As already mentioned, knockout mice for some of the main participants of 

BFR are embryonic lethal. This may ho\-/ever reflect roles in other essential cellular 

processes, apart from BFR. For example, the fact that DNA polymerasep -/-  mice 

are embryonic lethal yet DNA polymerase p - /-  fibroblasts are viable and grow 

normally, hints at the requirement of this protein for normal embryonic 

development (Gu et ai, 1994), (Sobol RW, 1996). However, mice generated with 

deficient 3-methyladenine-DNA glycosylase, encoded by the Aag gene, are viable 

and develop normally (Fngelward et ai, 1997). It appears that Aag -/-  mice are
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FIG 1.12. Two distinct pathways exist for base excision repair in mammalian cells.

selectively sensitive to MeOS02(CH2)2-lexitropsin (Me-Lex), an agent that 

specifically introduces 3-methyladenine into DNA, but not to UV light which

introduces damage into DNA not repaired by BER (Engelward et al., 1997). Aag 

lines were also are sensitive to a variety of alkylating agent induced DNA damage

(Engelward BP, 1996). Extracts from the testes of these Aag mice appear to 

maintain a wild type level of repair for 8-oxo-guanine (Engelward el al, 1997). This
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hints at the possible ability of other DNA repair enzymes to repair damage 

normally repaired by Aag.

Nucleotide Excision Repair.

The second major form of DNA excision/ resynthesis repair is nucleotide 

excision repair (NER). NER differs from BER in that for NER, the damaged 

nucleotide is excised as part of an oligonucleotide tract, as opposed to a free base. 

The principal substrate for NER is UV pUotoproducts, and it probably evolved 

specifically to deal with UV light induced DNA damage. But, NER can repair a 

very wide range of distinct helix distorting forms of DNA damage, with varying 

efficiencies. NER differs considerably in complexity from prokaryotes to 

eukaryotes. I will begin by introducing the UvrABC system of E. coli, as an 

example of the basic mechanism of NER, before examining the biochemistry and 

functional implications of NER in eukaryotes.

UvrABC mediated nucleotide excision tpvair in E. coli.

Following the discovery of enzymatic photoreactivation, DNA repair 

following UV irradiation was classified as light repair (indicating the dependence of 

photoreactivation on visible light), and dark repair (indicating a DNA repair process 

independent of visible light), namely NER. Early genetic analysis implicated three 

distinct loci in NER. These were designated iwrA, uvrB and uvrC. (Howard-Flanders 

P, 1966b), (Howard-Flanders P, 1966a), (Mattern IE, 1965). An indication of the
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generality of this process in the repair of a wide variety of DNA damage, is the 

extreme sensitivity of E. coli mutants defective in UvrA, UvrB and UvrC not only to 

UV but also to diverse chemical damaging agents such as mitomycin C, nitrogen 

mustard, photoreactivated psoralen and even MNNG (Howard-Flanders P, 1966b), 

(Howard-Flanders P, 1966a), (Mattern IE, 1965), (Micheals ML., 1979). All these 

proteins are expressed constitutively, at very low levels in E. coli. But, promoters 

for both UvrA and UvrB are inducible as part of the 'SOS response' to DNA 

damage (reviewed in (Friedberg et al, 1995)). It appears that in solution, UvrA binds 

to UvrB forming a (Uvra)2(Uvrb)l protein complex. This complex has a very high 

affinity for damaged DNA. The complex binds to damaged DNA at a site distant 

from the actual damage, and translocates along the DNA helix to the site of 

damage This process is strictly dependent on ATP hydrolysis (Houten, 1990). When 

the damage is encountered, UvrA rapidly dissociates. It has been suggested that 

the fundamental role of UvrA is of a "molecular matchmaker" that delivers UvrB to 

the site of damage before dissociating, leaving a stable UvrB-DNA complex (Sancar 

& Hearst, 1993). This stable UvrB-DNA complex is associated with bending of the 

DNA. UvrC now binds to the UvrB-DNA complex, and induces a conformational 

change in UvrB that enables it to nick the DNA, generally 4 nucleotides 3' to the 

site of damage. Following this 3' incision, UvrC protein catalyzes nicking of the 

DNA around seven nucleotides 5' to the damage. The exact locations of the 5' and 

3' incisions vary slightly depending on the DNA damage (Houten, 1990), (Friedberg 

et al, 1995) (FIC 1.13). Substrate specificity of the UvrABC endonuclease appears to 

be governed by helix distorting capacity of the DNA damage (Houten, 1990). 

Following the bimodal incision reaction generated by UvrABC, UvrD (DNA
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helicase II) is required for the release of the dam age containing oligonucleotide 

tract. UvrB remains bound however to the gapped DNA and is only released 

during  the repair synthesis catalyzed by DNA polym erase I.

UvrA

DNA d am age binding.
V

UvrA
d e p artu re .

UvrB m edia ted  excision Wvi

3 ’ to dam age.

U vrC  m edia ted  excision

5 ’ to dam age.
U vrC  ’

U vrB

UvrB

UvrB

5’ r v r D  UvrB

UvrD and B d e p a r tu re  a n d  DNA 
polym erase  I

Polym erase re p a ir  synthesis.

UvrD b ind ing  and s tra n d  u nw ind ing .

/
U vrC  d e p artu re .

FIG 1.13. An outline of the uvrA, B, C mediated nucleotide excision repair 

pa thw ay  in E. coli.
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Eukaryotic Nucleotide Excision Repair.

An illustration of the complexity of the eukaryotic NER systems is the 

requirement of multiple proteins for the process (Table 1.3). In eukaryotes, the 

basic tenants of the E. coli NER process are adhered to, in that repair involves 

damage recognition, followed by cleavage and removal of the damaged nucleotide 

as part of an oligonucleotide tract (typically around 25-30 nucleotides in length). 

Repair synthesis and ligation complete repair (reviewed in (Wood, 1996)).

H um an  P ro tein . H um an
com plem entation
group.

S. cerevisae 
hom oiogue.

Function .

XPA XP-A R ad 14 P re re ren tia lly  b inds d am ag ed  
DNA.

XPB (E R C C 3) X P B, XPB CS. 
X PB-TTD .

S sL2/R ad25 3 ’-5’ DNA helicase. S u b u n it o f  the  
basal tra n sc rip tio n  fac to r  T F IIH .

XPC X P C Rad4 B inds d am ag ed  an d  single s tra n d e d  
DNA. Is no t req u ired  fo r  TO R .

hH R 23B Rad23 B inds to  X PC a n d  s tim u la te s  its 
activity .

XPD (E R C C 2) X P D, XPD-CS, 
XPD-TTD .

Rad3 5’-3’ DNA helicase. S u b u n it o f  the 
basal tra n sc rip tio n  fac to r  T F IIH .

X PE X P-E DNA d am ag e  b ind ing?

X P F  (E R C C 4/E R C C 11) X P-F R a d i S u b u n it o f en donuclease  th a t  c leaves 
5 ’ o f  th e  site o f  DNA dam age .

X PG  (ER C C 5) XP-G , XPG-CS. Rad2 DNA endonuclease  th a t  c leaves 3 ’ o f 
the  DNA dam age .

E R C C l R a d io S u b u n it o f  endonuclease  th a t  cleaves 
5 ’ o f th e  site o f DNA dam ag e .

Table 1.3. The principle components of the nucleotide excision repair pathway in 

yeast and human cells.

The importance of NER to humans is emphasized by the fact that it is the only 

pathway which is known to remove UV light induced DNA damage from our
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cells. Sun exposure is the principal environmental agent implicated in the 

induction of nonmelanoma skin cancer (basal cell carcinoma and squamous cell 

carcinoma). Patients with the rare inherited disorder, xeroderma pigmentosum 

(XP), are extremely sensitive to sun exposure and have around a 1000 times greater 

risk of developing nonmelonoma skin cancer compared to the rest of the 

population (Kraemer, 1997). XP cells are defective in NER. The isolation of a panel 

of rodent cell lines defective in NER (complementation groups 1-11) has also 

facilitated the elucidation of the biochemistry of NER in humans. Human genes 

that can complement the repair defects in these rodent lines are referred to as 

ERCC (excision repair cross complementing). Some of these ERCC genes have 

proved to be equivalent to particular XP genes.

The principal XP  complementation groups.

There are seven main XP genetic complementation groups: XP-A, XP-B, XP- 

C, XP-D, XP-E, XP-E, XP-G together with the variant group (XP-V). The functions 

of the XP proteins in the human NER process are shown in EIG 1.14 

XPA.

The amino acid sequence of the XPA protein shows that it has a single zinc 

finger motif, consistent with it being a DNA binding protein. This protein is 

implicated in DNA damage recognition (Cleaver & States., 1997). Purified XPA 

protein preferentially binds to UV damaged DNA, and to DNA treated with cis- 

diamminedichloroplatinum (cisplatin) (Jones & Wood, 1993)..
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FIG 1.14. An outline of NER in m am m alian cells. The process involves (I) DNA  

dam age  recognition, followed by (II) incision and (III) helix unw inding , followed 

by (IV) dam age excision and repair synthesis.
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Cells deficient in XPA are hypersensitive to killing by UV irradiation (Cleaver & 

States., 1997) and are completely defective in the repair of (6-4) photoproducts and 

CPD's in DNA (Cleaver et al., 1987), (Jones el al., 1992)

XPB (ERCC3).

The amino acid sequence of the XPB protein suggests that it functions as a 

DNA helicase, and it has been shown to have a 3'-5’ polarity (Drapkin R, 1994). The 

XPB cDNA complements the UV sensitivity and NER defect in cells derived from 

the XP-B genetic complementation group (Hoeijmakers et al, 1990). This protein acts 

as a subunit of the basal transcription factor TFIIH (reviewed (Conway & Conway,

1993)).

XPC.

Cloning of the XPC gene was facilitated by initial purification and partial 

amino acid sequence determination of the protein (Masutani et al., 1994). The 

purified XPC correcting activity was found to be composed of two polypeptides, a 

125kD protein corresponding to XPC and a 58kD protein which proved to be the 

human homologue of the yeast RAD23 ^ene, hHR23B (for human homologue of 

RAD23) (Masutani et al., 1994). hHR23B was found to be involved in, but not 

absolutely required for NER. One interesting property of the XPC protein is that, it 

appears not to be required for the preferential repair of damage from the 

transcribed strands of active genes. Therefore, XPC cells are characterized as being
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deficient in global genome repair but proficient in transcription coupled repair 

(TCR) (Kantor et ai, 1990), (Mu & Sancar, 1997). XPC cells in culture, have a wide 

range of survival following UV irradiation (Lei e t al 1993) . Although the exact 

function of XPC in NER is unknown, XFC/hHR23B complex has a preference for 

binding to single stranded and damaged DNA (Reardon et al., 1996), (Reardon et al.,

1996). The XPC-HR23B complex has recently been implicated as the first stepSn 

DNA damage recognition, even before XPA binding. This model suggests a two- 

step mechanism of damage recognition, involving damage detection by XPC- 

HR23B followed by damage verification by XPA (Sugasawa et al., 1998). The 

authors have proposed that this model may explain the extreme damage specificity 

exhibited by global genome repair, and that perhaps XPC-HR23B is indispensable 

for TCR because RNA polymerase II stalled at a transcription blocking lesion 

would serve as the damage detector (Sugasawa et al., 1998).

XPD (ERCC2).

Purified XPD protein was shown to function as an ATP dependent DNA 

helicase with a 5'-3' polarity, opposite to the 3-5' polarity of XPB (ERCC3) (Sung et 

al., 1993). It is also, like XPB (ERCC3), a functional subunit of the basal 

transcription factor TFIIH. Transfection of cDNA containing the XPD gene into 

cells from the XP-D complementation group rescues their UV sensitivity (Flejter et 

a/., 1992).
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XPE.

Because of the modest UV sensitivity of XPE cell lines, functional cloning of 

the XPE gene was not possible. XPE defective cell lines are also only moderately 

defective in NER, indeed XPE patients generally only display mild symptoms 

(Wood, 1996). It appears that the XPE protein participates to some extent in DNA 

damage binding (Keeney et al., 1992). The putative XPE factor has been shown to 

bind preferentially to UV irradiated DNA, and it has been shown to bind 

specifically to certain thymine dimer enantiomers and to (6-4) photoproducts 

(Reardon et al., 1993). Microinjection of the purified protein into two unrelated XPE 

cell lines, restores their repair synthesis levels to that of wild type (Keeney et al.,

1994), though not all cell lines of the XP-E genetic complementation group are 

defective in DNA damage binding (Keeney et al., 1992). A precise role for XPE in 

NER is still undefined as, reconstitution of the core NER reaction shows that XPE 

was not essential (Aboussekhra et al., 1995).

XPFIERCC4IERCC11.

In S. cerevisae, Radl-RadlO form a complex with a endonucleolytic activity 

of 5' polarity. Since humans were know to have a homologue of RadlO (called 

ERCCl), and that an activity that corrects the repair defect in XPF cells copurifies 

with ERCCl, the presumed human XPF protein was thought to be associated in a 

complex with ERCCl, analogous to the S. cerevisae Radl-RadlO endonuclease. 

ERCCl was known to form a tight complex with ERCC4, and it transpired that this
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is the human homologue of S. cerevisae Radi. The ERCC4 gene is equivalent to 

ERCCll and XPF (Sijbers et al, 1996), (Brookman et al., 1996). The ERCCl/XPF 

complex has been shown to be an endonuclease with 5' polarity, opposite to that of 

XPG (Sijbers et al., 1996), (O'Donovan et al., 1994b), (O'Donovan et al., 1994a). 

Mutations in this gene were demonstrated in an XPF patient (Sijbers et al., 1996), 

and overexpression of transfected XPFcDNA completely restores NER and, 

corrects the UV sensitivity of XPF cells (Yagi et al., 1998). The rodent UV sensitive 

complementation group 1 (RCGl) cell lines, who's defect is corrected by the 

human ERCCl gene is, along with RCG4 (corrected by ERCC4, XPF)cells, 

extremely sensitive to killing by cross-linking agents. Therefore the ERCCl/XPF 

structure specific endonuclease is also implicated in the repair of interstrand cross

links, along with its role in NER (Westerveld et al., 1984).

XPG(ERCC5).

The XPG cDNA was fortuitously isolated when the protein product of its 

^ g tll cDNA clone reacted with serum from a patient with the autoimmune disease 

systemic lupus erythematosus (Scherly et al., 1993). XPG is a structure specific 

endonuclease with a 3' polarity (O'Donovan et al., 1994b), (O'Donovan et al., 1994a) 

and is the human homologue of S. cerevisae Rad2 (Habraken et al., 1995), (Harrington 

& Leiber, 1994). The XPG protein also turned out to be equivalent to ERCC5 

(O'Donovan & Wood, 1993). XPG mutations have also been found to be associated 

with Cockayne syndrome, a disease characterized by defective transcription 

coupled repair, particularly of oxidative DNA damage, such as thymine glycols
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(Cooper et al, 1997) (see below). Recently, the XPG protein has been implicated in 

the activation of base excision repair of oxidative DNA damage (Klungland et al, 

1999).

CSB (ERCC6).

The CSB gene (Cockayne syndrome group B) was cloned by phenotypic 

complemei#ation, and the cloned gene corrects the UV sensitivity of CSB cells

(Hoeijmakers e t al 1990) . The amino acid and open reading frame sequence of 

the CSB gene suggest that the protein is a DNA helicase (Troelstra et al., 1992).

XPVgenetic complementation group.

The actual function of the XPV protein is as yet unknown, as its gene has 

yet to be discovered. Studies from XPV derived cell lines implicate XPV in 

postrepair replication. Cell lines derived from XPV individuals are very sensitive 

to the mutagenic effects of UV irradiation but, are only marginally sensitive, if at 

all, to UV light induced killing (Maher et al., 1976), (Myhr et al., 1979), (Wang et al., 

1993). XPV cell lines are also reported to be proficient in UV photoproduct 

excision, unlike cell lines derived from the classical XP complementation groups 

(Cleaver, 1972), (Mitchell et al., 1987), (Zelle & Lohman, 1979). After UV irradiation, 

XPV cells appear to have abnormal DN \  synthesis (Lehman et al., 1975), (Park & 

Cleaver, 1979), (Kaufmann & Cleaver, 1981). UV induced mutagenesis in XPV cells, 

suggests that these cells have a very error prone replication through
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photoproducts. This has been suggested as a possible means to explain their 

abnormal delay in replicating UV damaged DNA and, their extreme sensitivity to 

UV induced mutagenesis (Wang et al., 1993).

Reconstitution of human NER in vitro.

The core NER reaction has now been fully reconstituted in vitro using 

purified proteins. Around 30 polypeptides are required for the repair of a UV 

irradiated substrate (Aboussekhra et al., 1995). Highly purified XPA, XPG, TFIIH 

(which contains both XPB and XPD), XPC and RPA, along with partially purified 

ERCCl/XPF complex and a fraction called IE7 v/ere essential and sufficient for the 

reconstitution of the initial incision/excision stage of NER. XPE was found not to 

be essential for the core reaction, although its inclusion enhanced activity around 

two fold. The XPA damage recognition activity and that of XPE were found not to 

be interchangeable (Aboussekhra et al., 1995). Cap filling repair synthesis was 

reconstituted using RPA, PCNA RFC, DNA polymerase £ and DNA ligase I, 

although reconstitution with purified proteins, was not as efficient as 

reconstitution using crude cellular extracts, perhaps suggesting that additional or 

alternate factors are utilized in vivo for optimal NER repair capacity (Aboussekhra et 

al., 1995). Although NER in mammalian cells may operate either by sequential 

assembly of factors, or by the action of a performed repairosome (Lindahl et al.,

1997), a working model of NER may be envisioned as outlined in (EIC 1.14) based 

upon the interactions of the various NER components with each other (Wood,

1996), (Wood, 1997).
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Hum an Syndromes with a defect in NER.

Three rare, inherited, photosensitive, human disease states have now been 

associated with defective NER: xeroderma pigmentosum (XP), cockayne syndrome 

(CS) and trichothiodystrophy (TTD). In addition, patients displaying combined 

features of XP/CS and XP/TTD also exist.

Xeroderma Pigmentosum.

XP, of which seven principle genes are implicated (XPA, XPB, XPC XPD, 

XPE, XPF, XPG), is a rare autosomal, recessively inherited disorder with a 

worldwide distribution. Incidence varies from around 1 in 250,000 in Europe and 

the United States, to as high as 1 in 40,000 in Japan ( Friedberg et al, 1995). XP 

patients are extremely sensitive to sun exposure and, have around a 1000 times 

greater risk of developing nonmelenoma skin cancer compared to the rest of the 

population (Kraemer, 1997). The median age of onset of skin cancer in XP 

individuals is around 8 years, a reduction of almost 50 years in comparison to the 

general population (Kraemer et al., 1987), (Kraemer, 1997). XP individuals are also 

predisposed to occular abnormalities, particularly of the eyelids, cornea and 

conjunctiva, probably because these regions are subjected to substantial UV 

radiation exposure (Kraemer et al., 1987). Most XPA patients present with a very 

severe form of De Sanctis-Cacchione syndrome (Friedberg et al, 1995). This 

syndrome is typified by severe neurological abnormalities associated with central 

and peripheral neuronal degeneration, the etiology of which in XPA patients is 

unclear. Patients from other XP complementation groups also manifest
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neurological abnormalities, distinct from De Sanctis-Cacchione syndrome (Kraemer 

et al., 1987). Increased incidence of internal malignancies in tissues not exposed to 

UV radiation, has been reported in XP patients. A disproportionate level of 

malignant neoplasms of the brain (sarcoma) and oral cavity (excluding the tongue), 

exists in XP (Kraemer et al, 1984), (Kraemer et al, 1987). Possible exposure to 

environmental carcinogens has been suggested as playing a role in the etiology of 

these internal neoplasms (Kraemer et al., 1984). Cells derived from XP individuals 

are hypersensitive to killing and mutagenesis following UV irradiation (Maher et 

a/., 1979).

Cockayne Syndrome.

Cockayne Syndrome (CS), in which two genes CSA and CSB are 

implicated, is believed to be genetically transmitted in an autosomal recessive 

manner. The principle manifestations of CS are, dwarfism and arrested 

development, despite normal levels of growth hormone, neurological 

abnormalities, mental deficiency and a general appearance of premature aging. CS 

patients are also associated with UV sensitivity but unlike XP, not with an 

increased level of nonmelanoma skin cancer (Nance & Berry, 1992), (Chu & Mayne,

1996), (reviewed (Friedberg et al, 1995)). CS derived cell lines are more sensitive to 

killing and mutagenesis by UV irradiation and to certain UV-mimetic agents such 

as, N-acetoxy-N-2-acetyl-2-aminofluorene and 4-nitroquinoline-l-oxide (for 

example (Arlett & Harcouit, 1978)). CS is characterized by normal NER averaged 

over the entire genome but, with defective NER of UV induced damage in
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transcriptionally active DNA (Venema ei al., 1990b), (Hoffen et ai, 1993). Mutations 

in both CSA and CSB have been implicated in defective transcription coupled 

repair (TCR) (Troelstra et ai, 1992), (Henning et ai, 1995), but their exact roles in this 

process are as yet unclear. CSB deficient mice, containing an identical truncating 

mutation found in a CS-B patient, display all the expected phenotypes associated 

with CS but, showed increased susceptibility to UV-induced skin cancer (Gijsbertus 

et al, 1997). This discrepancy was thought to reflect the different contributions 

between global genome repair (GGR) and TCR to preventing DNA damage 

induced carcinogenesis, in humans and mice (Gijsbertus et al, 1997).

Trichothio dystrophy.

Trichothiodystrophy (TTD), is a syndrome typified by brittle 

sulphur deficient hair, ichthyosis (fish like scales on the skin), mental and physical 

retardation. The disease is transmitted in an autosomal recessive mode. Variations 

of brittle hair syndromes exist associated with TTD, with various features, BIDS 

(acronym for brittle hair, intellectual impairment, decreased fertility, and short 

stature). The acronym IBIDS refers to the additional presence of ichthyosis, and 

PIBIDS refers to the further presence of photosensitivity (Crovato et al., 1983). 

Photosensitivity is found in around half of TTD cases, yet within photosensitive 

TTD, a wide variation in UV survival and residual DNA repair capacity exists 

(Lehmann et al, 1988). Like CS, photosensitivity in TTD occurs without the 

increased risk of skin cancer (Lelnnann, 1987). Three genes have been implicated in 

TTD: XPB, XPD and TTD A, all of which are subunits of the basal transcription
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factor TFIIH. TTD mice have been generated, mimicking an XPD mutation from a 

TTD patient. Their phenotype strikingly resembles that of TTD, with brittle hair, 

developmental and skin abnormalities and UV sensitivity (Boer et ai, 1998b).

Genotype-Phenotype Relationships: The Transcription Syndrome.

The overlapping clinical features in some instances for XP, CS and TTD, 

coupled with the complex genotype-phenotype relationship of these disorders, has 

led to the "transcription syndrome" hypothesis. This model is derived from the 

observation that genes implicated in XP, XP-CS, TTD and XP-TTD (ie. XPB, XPD), 

are functional subunits of TFIIH. Therefore, mutations in any of these genes can 

not only affect NER but also transcription (Winkler & Hoeijmakers, 1998), (Boer et ai, 

1998b), (Gijsbertus et al, 1997), (Coin et a!., 1998), (Chu & Mayne, 1996). Depending on 

the specific type of mutation in these genes, they can be lethal, result in the cancer 

prone disease state XP, affect TCR (XP-CS), or result in a disorder with 

characteristics of both XP and TTD. This model has been used to describe the 

brittle sulphur deficient hair and skin phenotypes (ichthyosis) of TTD. TTD mice, 

in addition to defective DNA repair, have 2-3 fold reduction in the expression of 

follicular cross-linking cysteine-rich matrix proteins (CRTs), which normally 

strengthen hair, and also display a 2-3 fold reduction in mRNA expression of the 

SPRR2, a gene normally expressed in terminal follicular kératinocytes (Boer et al., 

1998b). The TTD mouse provides direct evidence of a mutation that effects NER 

and transcription.
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Knockout mouse models for NER.

To date knockout mice with complete gene disruption, and mice containing 

subtle gene mutations, have been generated for some of the principal components 

of NER.

XPA Deficient Mice.

Mice completely deficient in XPA have been generated, and are found to 

develop normally, are fertile, and show no enhanced mortality, at least up until 1.5 

years of age (Vries et al., 1995), (Nakane et al., 1995). These mice only showed a 

modest increase in spontaneous hepatocellular adenoma development (around 

15% of XPA "/■ at between 15-20 months). These liver adenomas were benign, and 

not life threatening (Vries et al., 1997). The reason why XPA mice should 

spontaneously develop liver adenomas is unclear, but spontaneous oxidative 

damage, as a result of normal hepatic metabolism, has been suggested (Vries et al.,

1996). Oxidative stress induces some fcrm of, as yet undefined, DNA damage 

that is not repaired by extracts of XP cell lines (Satoh et al., 1993). Knockout mouse 

embryonic fibroblasts were completely defective in the repair of UV damage, as 

judged by unscheduled DNA synthesis (UDS), and extremely sensitive to killing 

by UV irradiation and carcinogen treatment (Vries et al., 1996) , (Vries et al., 1995), 

(Nakane et al., 1995). Heterozygous XPA cell lines behaved like wild type,

arguing against a gene dosage effect- The skin of XPA mice was hypersensitive 

to low dose UV-B exposure, and developed squamous cell carcinomas at elevated
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frequencies at exposed sites. XPA deficient mouse skin was also sensitive to low 

dose dimethylbenz[a] anthracene treatment which induced acanthosis, epidermal

hyperplasia and, an increased incidence of skin papillomas. XPA mice also 

resembled human XPA individuals in that they had a high incidence of occular 

abnormalities, as well as displaying enhanced immunosuppression following UV 

exposure. XPA mice displayed an increased predisposition to internal tumours 

following carcinogen treatment. XPA mice orally treated with benzo[a]pyrene 

developed mainly lymphomas, at a higher frequency and rate than XPA + /+  or

XPA ■/+ mice (Vries et al, 1997). XPA mice treated with benzo[a]pyrene or 2- 

acetylaminofluorene displayed an elevated frequency of carcinogen induced HPRT 

mutations in T cells, compared to their XPA +/+  treated counterparts (Bol et aL,

1998). In almost all respects, the phenotype of XPA deficient mice resemble that of 

XPA individuals, apart from neurological abnormalities. XPA mice as old as 18 

months displayed no signs of central or peripheral neurodegeneration (Vries & 

Steeg, 1996) comparable to De Sanctis-Cacchione syndrome (Friedberg et al, 1995).

ERCCl Deficient Mice.

Mice completely deficient in ERCCl, one of the components of the 5' 

endonuclease complex essential for NER (ERCCl/XPE), have been generated.

They are runted at birth and die before weaning, due to liver failure. Spontaneous 

oxidative damage has again been invoked as a possible reason why these mice 

should fail to develop normally and die of hepatic failure (MeWhir et al., 1993).
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Mice with a complete disruption of ERCCl generated by Hoeijmakers group, 

recapitulate and extend the phenotype observed by McWhir et al (Weeda et al.,

1997). Hoeijmakers group also generated mice with a more subtle ERCCl 

mutation, a seven base pair carboxy-terminal truncation. They found that both 

types of ERCCl mutant mice display multiple tissue abnormalities: lack of 

subcutaneous fat, early onset ferritin deposition in the spleen, kidney malfunction, 

and gross abnormalities in the nuclei of liver and kidney. Mouse embryonic 

fibroblast lines derived from these mice were severely compromised for DNA 

repair after UV irradiation (as measured by UDS), were sensitive to killing by UV 

light, 7,12-dimethylbenz[a]anthracene and cross-linking agents such as mitomycin 

C and cisplatin (Weeda et al, 1997). Cells from the completely disrupted ERCCl 

mice also undergo premature replicative senescence. The accumulation of 

endogenously derived DNA interstrand cross-links (e.g. from species derived from 

lipid peroxidation, such as the interstrand cross-linking agent malondialdehyde), 

that are normally repaired by a ERCCl-dependent recombinogenic pathway, has 

been proposed as an explanation for the severe phenotype of these mice (Weeda et 

ai, 1997). The extreme consequences of defective or deficient ERCCl in mice, may 

indicate why no human DNA repair disorder is associated with mutations in 

ERCCl.

XPC Deficient Mice.

Mice deficient in XPC do not display an increased incidence of spontaneous 

tumours, at least not up until the age of one year. UV irradiation of these mice.
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produces acute effects on the skin (hyperkeratosis, erythema) and eyes followed by 

a high incidence of skin and eye tumours (Sands et al., 1995). In this respect XPC 

mice phenotypically resemble XPC individuals (Vries & Steeg, 1996).

XPB and XPD Deficient Mice.

Both XPB and XPD helicases are subunits of the basal transcription factor 

TFIIH and thus, have functions not only in NER but also in transcription from 

RNA polymerase II initiated promoters. Total disruption of both XPB and XPD 

genes in mice result in preimplantation embryonic lethality (Boer et al., 1998a). This 

confirms the absolute requirement for XPB and XPD in TFIIH mediated 

transcription. The embryonic lethality of the complete knockout XPB and XPD 

mice is also consistent with the observation that only subtle missence point 

mutations in these genes are found in XP, XP/CS and TTD (Hwang et al., 1996), 

(Winkler & Hoeijmakers, 1998), (Coin et al., 1998), (Boer et al, 1998b), (Gijsbertus et al

1997), (Chu & Mayne, 1996).

Mismatch Repair.

DNA mismatch repair (MMR) corrects non-Watson-Crick base pairings and 

small distortions (ie. loops) that are generated by the incorrect alignment of DNA 

strands. MMR acts essentially as an editor of DNA replication by scanning newly 

replicated DNA for mismatches that ha\^e evaded the proofreading activity of the 

replicative polymerase. To repair a given mismatch correctly, the MMR system
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must not only recognize the anomalous base pair, but must also be able to 

distinguish which DNA strand contains the incorrect base. Repair of the wrong 

(correct base-containing), strand would result in mutation fixation. Variations in 

strand discrimination represent only one of the examples of the mechanistic 

differences in specific MMR systems from E. coli to humans. Removal of the 

mismatch can involve the excision and resynthesis of a relatively long tract of 

DNA, up to 1Kb. This form of MMR is referred to as "Long Patch", and is distinct 

from the relatively short excision tracts produced by NER and BER. In addition to 

long patch mismatch repair, there are examples of more specialized mismatch 

correction pathways, known as "Short Patch" mismatch repair. Some examples 

include, the selective removal of T residues from G-T mismatches specifically 

generated by deamination of 5-methylcytosine, and the preferential excision of A 

from 8-oxo-G-A mispairs by MutY, as already mentioned. Both of these repair 

functions involve DNA glycosylases and are really examples of BER. I will focus 

my discussion on long patch mismatch repair, and begin by describing MMR in 

bacteria for both historical and mechanistic reasons, before exploring in detail, 

mammalian mismatch repair.

Bacterial Mismatch Repair.

The mismatch repair systems of Streptococcus pneumoniae and E. coli, known 

respectively as the Hex and Mut systems, are the prototypical mismatch repair 

pathways (Claverys & Lacks, 1986), (Modrich & Lahue, 1996). The study of the Hex 

system has particularly highlighted the antirecombinogenic function (which has
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implications for spéciation), and antimutator function (which has implications for 

genome stability) of MMR, whilst the study of the Mut system has provided 

detailed information on the enzymology of repair, and has acted as a springboard 

for the dissection of the mammalian MMR pathway.

The Hex System of S. pneumoniae.

The bacterium Streptococcus pneumoniae, naturally takes up exogenous DNA 

and integrates it into its genome by recombination. Heteroduplex recombination 

intermediates, between divergent DNA sequences generate mismatches. Because 

of the wide variation in the efficiency of integration of donor DNA segments, it 

was proposed that donor DNA could sometimes be eliminated by selective 

excision of mismatches in heteroduplex intermediates (Ephrussi-Taylor & Gray,

1966). In this model, high efficiency (HE) integration was thought to correspond to 

poorly recognized mispairs, whist low efficiency (LE) integration corresponds to 

efficiently repaired mismatches. The possibility of selective excision of incorrectly 

paired bases had initially been raised to explain a similar recombinational 

anomaly, that of gene conversion in fungi (Holliday, 1964). In S. pneumonia, mutants 

(hex) in which the integration efficiency was uniform for all markers were 

identified (Claverys et al., 1984), reviewed in (Claverys & Lacks, 1986). These 

mutants, hexA and hexB, were found to have high spontaneous mutation rates, thus 

implicating this proposed heteroduplex excision repair pathway in mutational 

avoidance. It is now clear that the HexA and HexB proteins both participate in

82



mismatch repair (Claverys & Lacks, 1986) in S. pneumonia, and this system has some 

similarities to the Mut system of E. coli (Modrich & Lahue, 1996).

The M u t system ofE. coli.

The E. coli counterparts of HexA and HexB, MutS and MutL, and another 

protein, MutH, were identified in mutant strains, (mutS, mutL and mutH ) which 

had extremely high rates of spontaneous mutations (reviewed in (Cox, 1976)). The 

long patch mismatch repair pathway of E. coli has since been characterized in some 

detail and reconstituted using purified proteins (Lahue et al, 1989), and is outlined 

in FIG 1.15 The MutS protein functions as a mismatch recognition factor, that binds 

as a homodimer to mispairs and small unpaired loops (Su & Modrich, 1986). ATP 

binding and hydrolysis are intrinsic to E. coli MMR, and MutS has a weak ATPase 

activity that is highly conserved amongst mutS homologue family members. 

Mutations within the ATP binding domain of E. coli mutS, that substantially 

reduce ATP hydrolysis, greatly impairs MMR activity (Wu & Marinus, 1994). The 

precise biochemical function of MutL in the process is unclear (Grilley et al, 1989), 

although through its interaction with MutS, activates the latent endonuclease 

activity of the MutH protein, which is involved in mismatch excision (Welsh et al, 

1987), (Au et al., 1992). MutL has been described as a "molecular matchmaker" 

similar to that of UvrA in NER (Sancar &. Hearst, 1993), that recruits and links up 

individual participants of a repair pathway, thus coordinating their activities. 

Further evidence for this is the fact that MutL also seems to significantly activate
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DNA helicase II, the mutUIiivrD gene product, which catalyzes strand unwinding 

after incision (Yamamguchi et ai, 1998), (Dao & Modrich, 1998).

Strand recognition in E. coli M M R .

E. coli, and the closely related Salmonella typhimurium , both utilize DNA 

méthylation to identify the nascent DNA strand discrimination during MMR 

(reviewed in (Barras & Marinus, 1997)) The adenine within the CATC signal 

sequence, is methylated to 6-methyladenine by the Dam methylase. This 

méthylation is a post-replicative process, so newly replicated DNA is transiently 

(for only around 0.5-3 minutes) unmethylated. As the parental DNA strand is fully 

methylated, the new (mismatch containing) strand, can be discriminated on the 

basis of being the unmethylated strand in a hemimethylated duplex. 

Hemimethylated CATC sites are the substrate for MutH endonuclease which 

cleaves immediately 5' to the G in the unmethylated CATC sequence, thus 

initiating mismatch excision. Effective surveillance of the bacterial genome is 

achieved through the bidirectional nature of MMR (Grilley et ai, 1993), MutH can 

incise unmethylated CATC sites either 5 or 3' to the mismatch (Au et ai, 1992), and 

through the nonrandom distribution of CATC sequences, which are never more 

that 2Kb apart (Barras & Marinus, 1997). This system of strand discrimination 

appears to be unique to E. coli and the closely related Salmonella. No MutH  

homologue exists in S. pneumonia, where it appears possibly that nascent DNA 

strands are discriminated on the basis of preexisting DNA ends, such as the
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extremities of replication intermediates or the invading donor strands involved in 

recombination (Claverys & Lacks, 1986).

(1)

1

on P o l I I I  h o io e i iz y m e .

I ( I V )

( i l l )

S i n g l e  s t r a n d  b i n d i n g  
p r o t e i n

FIG 1.15. The E. coli M ut system for mismatch repair. This process involves 

mismatch recognition (I), followed by recruitment of M utL and M utH  (II) to the 

mismatch. This activates the latent endonuclease of M utH  (III) which cleaves the 

DNA and initiates repair synthesis (IV) & (V).
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A model  f o r  M utS  directed M M R  in E. coli.

The use of méthylation at distant GATC sites to direct MMR can result in 

the mismatch being up tol-2Kb away from the GATC site. Recent work has shed 

light on how effective repair is achieved between distant mismatches and 

hemimethylated GATC sites. Electron microscopy studies (Allen et al, 1997), using 

a linear substrate and purified proteins revealed that in the presence of ATP, the 

linear molecule adopted a looped configuration (resembling the Greek letter a), in 

which MutS bound at the bottom of the loop with the mismatch being displaced 

into the loop (see FIG 1.16).

I) S ite. I) s ite  open  und I. s ite  closed.

I. S ite
T h is  re su lts  in loop  fo rm a tio n
be tw een  th e  su b u n its .

I. s ite  now o p en . DNA is th re a d e d  
th ro u g h  th e  s u b u n its  re su ltin g  in 
tra n s lo c a tio n .

M u tS  fu n c tio n a l su b u n its .  T h e  s u b u n its  o f  on ly  o ne  
M u tS  m olecu le  is show n.

FIG 1.16. A model for ATP dependent MutS translocation.
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MutL, although not absolutely required, accelerated loop formation and remained 

associated with MutS at the base. It was proposed that ATP hydrolysis then 

facilitates the translocation of flanking DNA on both sides towards the bound 

complex, resulting in translocation of the complex over the DNA. This results in 

feeding the flanking DNA through the bound complex and displacing the 

mismatch into the loop. The hemimethylated GATC site, whether 5' or 3' to the 

mismatch, will eventually also be drawn through the complex, where it is 

positioned for MutH mediated cleavage. Precise kinetic measurements of the rate 

of MutS/M utL mediated loop formation (Allen et al, 1997), ATP binding and ATP 

dependent translocation along a linear substrate by the human mismatch binding 

complex (Blackwell et al., 1998b) has lead to a novel model for loop formation. This 

relies on two adjacent functional sites on each MutS subunit, a site through which 

DNA can freely diffuse (D site) and a latch site (L site) which, depending on 

whether ATP or ADP is bound to it, blocks DNA diffusion, as shown in FIG 1.16. 

When the latch site is locked (ATP bound), DNA diffusing through the D site 

results in loop formation between the D and L sites. ADP binding by the L site, 

opens the clamp, and allows the movement of the looped DNA out through the L 

site. Repeated L site opening and closing, results in the threading of the DNA 

molecule through the MutS complex, and thus translocation of the binding 

complex in a bidirectional, ATP dependent fashion (Blackwell et al., 1998b).
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Human Mismatch Repair Genes.

The realization of the close sequence similarity between the PMSl protein of 

the yeast S. cerevisae, and that of MutL and HexB, provided the first evidence of a 

evolutionary conservation of mismatch repair between prokaryotes and 

eukaryotes (Kramer et al, 1989). This important discovery also implicated MMR in 

the post-meiotic segregation (PMS) phenotype of yeast originally described by 

Fogel et al (Williamson et a l, 1985), and thus in meiotic recombination. Moreover, 

this high level of conservation of MMR through evolution, enabled the 

characterization of S. cerevisae MutS and MutL homologues (MSH, for Mut S 

homologue, and MLR for Mut L homologue respectively), and made it possible to 

isolate human mismatch repair genes, using degenerate PCR primers (Leach et al, 

1993), (Bronner et al, 1994), (Papadopoulos et al, 1994), (Fishel et al, 1993). Mutations 

in the hMSH2 (human) gene, located on chromosome 2pl6, were identified in two 

kindreds of the cancer predisposition syndrome, hereditary nonpolyposis 

colorectal cancer (HNPCC) (Leach et al, 1993), (Fishel et a l, 1993). Another HNPCC 

locus on chromosome 3p21-23, was found to encode hMLHl, the human 

homologue of E. coli MutL (Bronner et al, 1994), (Papadopoulos et al, 1994). Hence a 

direct link between MMR and cancer was established. Similar genetic approaches 

were used to identify two additional MutL homologues, hPMS2 on chromosome 

7p22 and hPMSl on chromosome 2q31-33, both of which appear to be mutated 

much less frequently in HNPCC (Nicolaides et al, 1994). The majority of known 

familial HNPCC mutations are confined to either hMSH2 or hMLHl . Two 

additional MutS homologues have also been implicated in mismatch repair by



biochemical approaches, hMSH6 on chromosome 2pl6 and syntenic to hMSHl, 

and hMSH3 on chromosome 5qll-13 (Palombo et al., 1995), (Palombo et al, 1996).

The Biochemistry of the Human Mismatch Repair pathway.

There are some functional similarities between the Mut system of E. coli and 

long patch mismatch repair in humans. For example, both serve to maintain 

genome stability (Modrich & Lahue, 1996), and both are bidirectional (Grilley et al., 

1993). But the human pathway, which employs heterodimers as opposed to 

homodimeric complexes, has a built-in redundancy with regard to substrate 

specificity, and also does not rely on méthylation as a means of DNA strand 

discrimination (reviewed in (Modrich & Lahue, 1996), (Jiricny, 1998), (O'Driscoll et al.,

1998)).

Human MMR is initiated by two hMSH2 containing mismatch binding 

heterodimers: hMutSa and hMutSp. The hMutSa heterodimer is composed of 

hMSH2 and hMSH6 (GTBP) (Palombo et al., 1995), (Drummond et al., 1995), and was 

purified from HeLa cells by its ability to restore mismatch correction to extracts of 

the hMSH2 deficient colorectal carcinoma cell line LoVo (Drummond et al., 1995) 

diminished in LoVo cells, indicating that this protein is probably only stable in the 

presence of hMSH2 (Palombo et al., 1995). The pattern of residual mismatch repair 

in a series of defective human cell lines suggested that hMSH2 may.
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FIG 1.17. An outline of the com ponents of the MMR pathw ay  in hum an  ceils.

Levels of the hMSH6 protein  are very m uch recognize som e m ism atches 

independen tly  of hMSH6 (Drummond et fiL, 1995). The form ation of the o ther 

hM SH2 containing complex: hM utSp, w hich is m ade up  of hM SH2 and  hM SH3, 

w as dem onstra ted  using recom binant proteins (Palombo et al., 1996). The hM utS a 

and hM utSP b inding  com plexes appear to have distinct bu t com plem entary
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specificities for mismatch recognition and repair (Palombo et al, 1996), (Genschel et 

al., 1998). Using simple duplex oligonucleotide substrates, hMutSa preferentially 

binds to single base mispairs and to single base loops, that are the likely 

intermediates in +1 base frameshifts. The ability of hMutSa to recognize other 

looped structures diminishes with increasing loop size, but it can repair loops of 

up to eight base pairs (Genschel et al, 1998). The affinity of hMutSP is highest for 

loop structures of containing two or greater bases (Palombo et al, 1996), up to 

around eight (Genschel et al., 1998), but its ability to recognize one base loops and 

single mismatches is relatively poor (Palombo et al., 1996), (Genschel et al., 1998). As 

the E. coli MutS protein is probably the prototypical mismatch recognition factor, 

and is able to bind strongly to single base mispairs and loops of up to three bases, 

(with four base loops being bound poorly and five base loops not being recognized 

at all (Parker & Marinus, 1992)), recognition by the hMutSa and hMutSp complexes 

between them, appears to be able to initiate repair on the entire spectrum of 

probable mismatches. The mismatch binding activity in cell extracts was shown to 

recognize preferentially substrates containing one and two base loops when the 

loops were situated in repeated sequences, for example a G loop in (C)4 and a CA

loop in (CA)2 (Aquilina et al., 1994). This general preference has since been 

confirmed using highly purified hMutSa (Macpherson et al, 1998). As it is in this 

type of reiterated sequence that frameshift mutations arise, probably due to 

polymerase slippage (Streisinger et al., 1966), it appears that mismatch repair plays 

a particularly significant role in frameshift avoidance.

The role of ATP in mismatch binding in human cells is still emerging. It has
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been known for some time that addition of ATP to hMutSa-mismatched DNA 

complex, promotes dissociation of hMutSa, and in fact this step is used in the 

purification of hMutSa (Drummond et al., 1995), (Hughes & Jiricny, 1992). It was 

initially assumed that, by analogy to the E, coli MutS protein (Allen et al, 1997), that 

this reflected ATP-dependent translocation of hMutSa relative to the mismatch, 

until it actually fell off the end of the short duplex DNA substrates. An alternative 

mechanism has recently been proposed in which dissociation of hMutSa from 

mismatched DNA is promoted by the direct exchange of a bound ADP molecule 

for ATP (Garadia et al., 1997). In this model, ATP binding, but not hydrolysis is 

required for dissociation. hMutSa is active for mismatch binding in an ADP-bound 

form, and inactive in an ATP -bound form. Subsequent hydrolysis of ATP by 

hM utSa results in the recovery of its mismatch binding ability, implying that ATP 

hydrolysis is necessary for eventual repair. This model has lead to the suggestion 

that hMutSa functions as a molecular switch, similar in action to that of G proteins 

(Garadia et al., 1997). The lack of requirement of ATP hydrolysis for the dissociation 

of hM utSa from mismatched DNA is supported by recent work from Jiricny et al 

(laccarino et al., 1998), and also confirms the requirement for ATP hydrolysis for 

subsequent repair (laccarino et al., 1998), (Garadia et al., 1997). An alternative model 

has been proposed, in which ADP is not required for mismatch recognition by 

hM utSa in which ATP promoted dissociation of hMutSa from small 

heteroduplexes. This model is consistent with the original translocation 

mechanism (Blackwell et al., 1998b), (Blackwell et al., 1998a). The effects of ATP,

ADP and nonhydrolyzable ATP analogues on hMutSa-mismatch binding were 

carefully monitored using surface plasmgn resonance spectroscopy. All of these
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nucleotides were found to increase the rate of dissociation of hMutSa from 

mismatch containing substrates, and also showed that ADP was not required for 

mismatch recognition by hMutSa. Instead, ADP seems to alter the dynamics of 

formation and dissociation of specific mismatch binding complexes (Blackwell et 

al., 1998b). By using a linear mismatch containing substrate that had physical 

blocks placed at both ends (both ends 5' biotinylated then incubated with 

streptavidin), the ATP dependent dissociation of hMutSa from the mismatch 

containing DNA was prevented (Blackwell et al, 1998b).(Blackwell et al., 1998b)

The second step in the pathway, analogous to that carried out by MutL of E. 

coli, involves the action of a third heterodimer: hMutLa. This complex is composed 

of two homologs, hMLHl and hPMS2 (Li & Modrich, 1995). The precise role of 

hMutLa, like that of MutL, in the repair process is obscure. It is likely that it may 

participate in rearranging the configuration of the mismatched DNA to facilitate 

correction and /o r recruitment of other repair factors. Nevertheless, in vitro 

experiments suggest that hMutLa is an obligatory component of human mismatch 

repair (Risinger et al, 1995).

The helicase(s) that carries out the displacement of the mismatched strand 

in human mismatch repair is/are not yet identified. It has recently been shown 

that fibroblasts, but not lymphoblasts, of patients with the premature cancer-prone 

condition of Werner syndrome, are defective in mismatch correction (Benett et al.,

1997). The defective gene product in Werner syndrome, located on chromosome 

8pl2, encodes the WRN helicase, which is a member of the RecQ DNA helicase
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family. Whether WRN actually functions in human mismatch repair is not clear, as 

it is difficult to explain why only fibroblasts and not lymphoblasts of Werner's 

individuals are mismatch repair deficient. In S. cerevisae the EXOl gene encodes a 

5'-3' exonuclease: EXOl. EXOl interacts with MSH2 in S. cerevisae, and mutations 

in EXOl cause both a recombinational defect and mutator phenotype, consistent 

with defective mismatch repair (Trishkoff et al, 1997). Recently the human 

counterpart of the yeast EXOl {yEXOl) was identified, hEXOl (Schmutte et al, 

1998), (Tishkoff et al., 1998), and the protein encoded by this gene also interacts 

strongly with hMSH2 (Schmutte et al, 1998), implying that it may play a role in 

human mismatch repair (Schmutte et al., 1998), (Tishkoff et al., 1998).

The resynthesis step in human mismatch repair is most probably performed 

by DNA polymerase 6 (Longley et al., 1997). Proliferating cell nuclear antigen 

(PCNA), a processivity factor for DNA polymerase Ô or £, is also required for the 

reaction in human cells (Umar et al., 1996). But, it may have other roles in human 

mismatch repair, apart from being a DNA polymerase processivity factor. 

Interestingly, in vitro mismatch correction assays by human cell extracts indicate 

that PCNA interacts directly with the hMutLa complex, most likely at a step 

preceding DNA polymerization (Umar et al., 1996). PCNA also functions in NER 

(Shivji et al., 1992) and in one of the pathways of BER (Frosina et al., 1996). Single 

strand binding protein (SSB) and replication protein A (RPA) are also required for 

human mismatch repair, presumably at the DNA repair synthesis stage (Lin et al., 

1998). Of the four known DNA ligases, DNA ligase I may be a good candidate for
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human mismatch repair, based on its frequent association with DNA polymerase Ô 

and PCNA dependent processes (Jiricny, 1998), (Montecucco, 1998).

Strand Discrimination in Human Mismatch Repair.

Correct strand discrimination during mismatch repair is vital to avoid 

mutation fixation. The Dam GATC methyl directed MutH mediated pathway of E. 

coli and Salmonella appear to be the exception rather than the rule for mechanisms 

of strand discrimination. In lower eukaryotes such as S. cerevisae, there is no, or 

very little, DNA méthylation. In human cells, the principle type of DNA 

méthylation is mediated by DNA cytosine methylases (Dcm), which form 5- 

methylcytosine. Human cells also lack functional counterparts to the E. coli Dam 

methylase and MutH endonuclease. In vitro studies indicate that strand nicks can 

direct exonucleolysis to the nicked strand (Holmes et al, 1990), (Thomas et al., 1991). 

This is true even for the Mut system of E. coli, where a single nick can substitute for 

MutH (Au et al, 1992). In Human cells, where lagging DNA strand synthesis is 

discontinuous, the existence of Okazaki fragments, whose processing involves the 

appearance of transient nicks could possibly direct mismatch repair. But a problem 

with this model is leading strand synthesis, which is continuous. The presence of 

some form of epigenetic modification on the leading strand that identifies it as the 

template is possible but as yet, unsupported experimentally. The apparent physical 

association of PCNA with mismatch repair proteins (Gu et al., 1998), and the 

requirement of PCNA for efficient mismatch repair (Umar et al., 1996) suggests a 

physical and functional association between mismatch repair components and the
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replication machinery. It has been suggested that the presence of PCNA bound to 

the primer termini at the replication fork, may itself be sufficient to act as a strand 

discrimination signal.

Micro satellite Instability: the Consequence of Defective Mismatch Repair.

Mismatch repair functions as an editor of DNA replication and the stability 

of the genome is threatened when the etticiency of mismatch repair is 

compromised. If we take colorectal cancer as an example, mismatch repair 

defective tumour cells are generally characterized as having a stable karyotype, 

with no gross anueploidy, unlike sporadic microsatellite stable colorectal tumours 

(Aaltonen et al., 1993), (Lengauer et al., 1997b). Defective mismatch repair results in a 

mutator phenotype, that is expressed as elevated levels of spontaneous mutational 

rates and high rates of microsatellite instability (referred to as MI+ phenotype). 

Because the acquisition of a tumour requires, in many cases, multiple mutations in 

a variety of different genes (Fearon & Vcgelstein, 1990), it is often considered 

axiomatic that a mutator effect is necessary for the development of malignancy 

(Loeb, 1991). Tumours derived from HNPCC individuals contain multiple 

mutations in simple repeat sequences (generally at both mononucleotide and /o r 

dinucleotide repeats), known as microsatellites (Aaltonen et al., 1993), (Ionov et al.,

1993), (Thibodeau et al., 1993), as do MMR defective cell lines (Parsons et al., 1993). 

This phenotype is referred to as RER+ (replication error positive) or MI 

(microsatellite instability). It had been realized for some time that replication
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through reiterated sequences has a high probability of error, due to polymerase 

slippage, as shown in FIG 1.18. (Streisinger et al., 1966), (Streisinger & Owen, 1985).

DNA Replication.

DNA Polymerase slippage.

Out of frame base.

+ 2 Frameshift upon replication

FIG 1.18. Polymerase spillage at reiterated sequences in DNA results in frameshift 

mutations.

Polymerase slippage at these sites could result in the formation of extrahelical 

loops and if not repaired, eventually frameshift mutations. The requirement of E. 

coli MutS protein to repair loops was fully consistent with a role for postreplicative 

mismatch repair in the prevention of frameshift mutation fixation (Parker & 

Marinus, 1992). This is reinforced in human cells by the binding preferences of
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hM utSa and hMutSp (Palombo et al, 1996), (Genschel et al, 1998), (Macpherson et al.,

1998). In mismatch repair defective cells, the stochastic evolution of MI simply 

reflects the accumulation of unrepaired frameshifts (Kunkel, 1993). The 

accumulation of frameshifts coupled with persistent base misincorporations 

contributes to the dramatic increase in spontaneous mutation rates, often around 

two or even three orders of magnitude, observed in mismatch repair defective 

tumour cells (Parsons et al, 1993), (Bhattacharyya et al, 1994), (Eshleman et al, 1995), 

(Glaab & Tindall, 1997). It was this unusual instability at microsatellite loci, that first 

associated human mismatch repair gene mutations with the hereditary colorectal 

cancer syndrome, HNPCC (Leach et al, 1993), (Bronner et al, 1994), (Papadopoulos et 

al, 1994), (Fishel et al, 1993). The spontaneous mutational spectra of mismatch 

repair defective cell lines is dominated by frameshifts, with little evidence that 

mismatch repair dramatically alters the rates of transitions or transversions (Kat et 

al, 1993), (Bhattacharyya et al, 1994), (Malkhosyan et al, 1996a), (Ohzeki et al, 1997). 

One notable exception is the hMSH6 defective colorectal cancer cell line DLD- 

l/HCT-15, in which the spontaneous mutational spectum at the HPRT locus is 

dominated by transitions and transversions (Papadopoulos et al, 1995). Nevertheless 

DLD-l/HCT-15 cells do display the mononucleotide instability typical of hMSH6 

mutations, so ±1 frameshifts do occur in this line. Correction of the mismatch 

repair defect in these cells, by supplying a normal copy of the defective gene by 

chromosome transfer, reduces the mutator effect by >90% (Umar et al, 1997). This 

implies that the majority of the mutator effect is a consequence of deficient 

mismatch repair but, a secondary effect, possibly as a result of the known mutation 

in the putative proofreading domain of DNA polymerase ô in DLD-l/HCT-15 may
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serve to influence its mutational spectrum (Costa et al., 1995). In this respect DLD- 

l/HCT-15 may resemble the proofreading defective E. coli mutD strains, which 

exhibit high spontaneous mutations rates because their mismatch repair system is 

saturated (Schaaper & Radman, 1989). Recent work on mismatch repair defective 

mice using transgenes, confirms that frameshifts are one of the most important 

consequences of mismatch repair deficiency (Narayanan et al., 1997), (Andrew et al.,

1997).

Hypermutation and Mismatch Repair.

In terms of genomic stability and evolution, spontaneous mutations rates 

must be finely controlled to minimize the accumulation of deleterious mutations, 

whilst retaining enough flexibility to adapt to the external environment. E. coli can 

adapt to conditions of extreme stress by modulating their long patch mismatch 

repair, in a process referred to as "adaptive mutagenesis" (Cairns et ai, 1988), 

(Rosenberg et al., 1995), (Bridges, 1998). In nutritionally starved conditions, life- 

saving mutations arise in the bacterial population which enables them to survive 

such conditions. Apparently, these mutations occur randomly in a small 

subpopulation of cells that have entered a transient hypermutable state. The 

mutations observed under these conditions are frameshifts (Rosenberg et al, 1994), 

(Longerich et al., 1995), and it appears that these hypermutating cells can modulate 

their mismatch repair system so that MutL becomes limiting (Harris et al., 1997). 

The ability of a bacterial cell to modulate its mismatch repair could have clinical 

implications. Pathogenic strains of Escherichia coli such as E. coli 0157, and
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Salmonella display high mutation frequencies associated with defective mutS 

(LeClerc et al., 1996). In fact, it has been suggested that Helicobacter pylori, the 

bacterium strongly associated with gastric cancer, which does not encode a MutL 

or a MutH homologue, varies its antigens through microsatellite mutation, thus 

evading attention from the immune system (Tomb & al, 1997). As has already been 

discussed, the possible existence of a human counterpart to these processes 

(Strauss, 1992), (Richards et al., 1997), and their implications for mutistep tumour 

development has been raised (Loeb, 1991).

Frameshift Mutagenesis and the Pathway to Malignancy in Mismatch Repair 

Defective Cells.

Frameshifts almost invariably produce an inactive protein, and the selective 

tendency to increase frameshifts in mismatch repair defective cells has major 

implications for malignant transformation. Genes that contain repeat sequences 

(microsatellites), are particularly susceptible to frameshift mutagenesis in cells 

with defective mismatch repair. Inactivating frameshift mutations have now been 

found in a variety of genes in mismatch repair defective tumours (Table 1.4) 

including, transforming growth factor p type II receptor (TGF-P II receptor) 

(Markowitz et al, 1995), insulin dependent growth factor II receptor (IGF-II 

receptor) (Souza et al, 1996), BAX (Rampino et al., 1997), p2-microglobulin (p2-M) 

(Branch et al., 1995), (Bicknell et al., 1996), the transcriptional factor E2F-4 (Yoshitaka 

et al, 1996), (Souza et al., 1997b) and even the mismatch repair genes themselves, 

hMSH6 and hMSH3 (Malkhosyan et al., 1996b). I will examine the selective growth
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advantage that defects in these particular genes might confer on a potential 

mismatch repair deficient tumour cell.

Gene. Function. M icrosatellite
m utation.

TGFp-II- Receptor.

IGF-ll-Receptor.

BAX.

E2F-4.

hMSH3.

HMSH6.

P2-M icroglobulin

Negative autocrine growth factor 
receptor.

Negative growth factor rcveptor.

Promotes apoptosis.

Transcription factor which facilitates 
the transactivation o f  genes nessecary 
or cell cycle progression from GO-G1.

Mismatch repair.

Mismatch repair.

Essential component for antigen 
presentation

Frameshift in a run o f  
(A ) 10 spanning codons 125-128.

Frameshift in a run of 
(G)8 spanning nucleotides 4080-4096.

Frameshift in a run of 
(G)8 spanning 
codons 38-41.

Frameshift within a poly(A G C ) tract 
that encodes 13 serine residues in the 
coding region.

Frameshift in a run o f  
( A)8 spanning codons 381 -383.

Frameshift in a run o f  
(C)8 spanning codons 1116-1118.

CT deletion in a (CT)4 tract from 
bases 37-44 o f  the leader sequence o f  
all HLA class I m olecules.

Table 1.4. Targets for defective MMR mediated inactivation through frameshift 

mutation in microsatellites found within these genes.

TGF-p is a potent, autocrine growth factor that inhibits the growth 

particularly, of epithelial cells (reviewed (Benson & Wells, 1995)). The action of 

TGF-p is mediated through the TGF-p receptor, of which there are two principle 

forms: TGF-p receptor type I and receptor type II, which cooperate in binding TGF- 

p and transducing its growth inhibitory signal into the cell. Within the coding 

sequence of the type II receptor, a run of adenine residues exists (Aio) which, is a
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very likely target for mutation in MI positive (MI+) cells. Up to 90% of MI+ 

colorectal cancers displayed a mutated A%o tract, indicating the importance of this

gene in MMR defective colorectal cancers (Markowitz et al., 1995), (Parsons et al.,

1995). A mutant TGF-p type II receptor frees epithelial cells (from which colorectal 

tumours arise), from the growth inhibitory constraints imposed on them by TGF-P, 

thus affording them uncontrolled proliferation.

Reasoning that other cancer related genes might possess small repeats that 

could be targets for MI induced inactivation. Cymes and colleagues focused on the 

gene encoding the IGF-II receptor (Souza et al., 1996). This gene has a (G)g tract in 

its coding sequence. The IGF-II receptor binds the latent complex of TGF-pi and is 

essential for its activation. It is the active form of TGF-p 1 that exerts the growth 

inhibitory effects on epithelial cells, through the TGF-p type I/II receptor complex. 

Therefore, if TGF-pi is not activated, then epithelial cells are devoid of this brake 

on proliferation. IGF-II receptor is also essential for the degradation of IGF-II, itself 

an extremely potent growth stimulant. Thus, the IGF-II receptor, by antagonizing 

the growth stimulatory effects of IGF-II, acts effectively as a growth suppressor 

gene. The consequences of a defective IGF-II receptor for epithelial cells are 

therefore two fold: not only is the growdi inhibitory effects of TGF-pi quashed, 

through the nonactivation of TGF-pl, but also the growth promoting effects of IGF- 

II are left unchecked. Around 90% of gastrointestinal tumours analyzed (Souza et 

al., 1996) displayed mutations in the polynucleotide tracts of either IGF-II receptor 

or TGF-p type II receptor, but not both. This indicates that the IGF-II receptor and
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TGF-p type II receptor genes comprise parallel points in the same tumourigenesis 

pathway (Souza et al., 1996).

Colorectal MI+ tumours are usually wild type for the p53 tumour 

suppressor gene (Ionov et ai, 1993). p53, in addition to its central role in cellular 

growth arrest, is also a principal player in apoptosis (programmed cell death) in 

response to DNA damage. The p53 protein transactivates BAX, a member of the 

BCL2 gene family that promotes apoptosis. The human BAX gene contains a (G)g

polynucleotide tract in its third exon, a potential target for MI+ induced mutation 

(Rampino et al., 1997). More than 50% of MI+ colorectal adenocarcinomas, and all 

MI+ colorectal carcinoma cell lines examined, contained inactivating frameshift 

mutations in the (G)s tract of BAX (Rampino et al, 1997). Inactive BAX removes an 

apoptotic threat, thus allowing cells to proliferate unchecked. Inactivating BAX in 

this context also appears sufficient to eliminate the selective pressure for p53

mutations in MI+ colorectal carcinomas (Rampino et al., 1997).

All cellular proteins produced by the cell and novel peptide antigens 

encountered by the cell, are digested into peptide fragments and complexed 

together with human leukocyte antigen (HLA) and p2-microglobulin (p2-M). These 

peptides are presented at the cell surface to cytotoxic T lymphocytes (CTLs) in a 

process that functions to educate the immune system in discriminating self from 

non-self antigens, and directing an appropriate immune response. Non-self 

antigens provoke cytotoxic T cell mediated lysis of the antigen presenting cell 

(Townsend et al., 1989). p2-M is essential for the correct functioning of this immune
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surveillance system. Frameshift mutations are more likely to form greatly altered 

(nonsence) proteins, and therefore, are quite likely to provoke CTLs. Thus, a 

selective pressure exists for tumour cells, particularly of the MI+ type, to overcome 

this form of immune surveillance (Browning et al., 1993). Inactivating frameshift 

mutations in a (CT)4 tract in the leader sequence of the p2-M gene are found in 

MI+ colorectal tumours (Bicknell et al 1996). Indeed, several mismatch repair 

deficient MI+ colorectal cancer cell lines are defective in p2~M expression (Branch et 

a/., 1995).

The E2F-4 transcription factor is involved in controlling the transition of cells from 

the resting state (Go) into C l of the cell cycle, as well as in the early phase of C l, 

facilitating the transactivation of genes necessary for cellular proliferation (Sardat et 

al., 1995). Regulation of E2F-4 by pl30 and pl70, two members of the 

retinoblastoma protein family is characteristic of normal growth. The E2F-4 gene 

contains a polymorphic trinucleotide (ACC) microsatellite within its coding region, 

which is found to be selectively mutated in MI+ gastrointestinal tumours 

(Yoshitaka et al., 1996), (Souza et al., 1997b).

Frameshift mutations in the (A)g tract of hMSH3 and the (C)g tract of

hMSH6 appear to be common events oi uncertain origin, in MI+ tumours 

(Malkhosyan et al., 1996b). Mutations in mismatch repair genes, such as hMSH.2 or 

hMLHl, could lead to mutations in other mismatch repair genes, such as hMSH3 

and hMSH6, as they contain putative target microsatellite tracts in their coding 

sequences (Ionov et al., 1993). The functional consequences of these "frameshift
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mutator mutations" (Malkhosyan et al., 1996b) is unclear but, it may represent a 

means of overcoming the functional redundancy of the mismatch repair pathway 

in recognizing frameshift intermediates (Palombo et al., 1996), (Genschel et al., 1998).

Routes to mismatch repair deficiency.

The consequences of defective mismatch repair are enhanced spontaneous 

mutation rates and frameshift mutations in key cellular genes that eventually 

results in cellular transformation. There are several known routes to mismatch 

repair deficiency in human cells. Mutational inactivation of mismatch repair genes 

is perhaps the most basic route. Loss of function requires mutational events in both 

copies of a particular mismatch repair gene, consistent with Knudsons 'two hit' 

hypothesis. This however, would be a rare event. HNPCC individuals are 

heterozygous for a specific mismatch repair gene. A single mutational event to 

required to render them mismatch repair defective. This is probably reflected in 

the early onset of colorectal tumours in HNPCC (Lynch et al., 1997). The 

endogenous generation of mutagenic methylating agents, through the N- 

nitrosation of cellular amines/amides may be one potential means of inducing 

mismatch repair defective cells. The ability of chronic low dose methylating agent 

exposure (likely to occur in vivo at site such as the colorectum), to select for 

mismatch repair defective cells is examined using a variety of model systems in 

this thesis and is discussed in Chapter 7.
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It has recently become clear, that epigenetic silencing of mismatch repair 

genes is an important mechanism of mismatch repair deficiency. Méthylation at 

the C5 position of cytosine within CpG dinucleotide islands, is often associated 

with transcriptional silencing of genes. Altered patterns of cytosine méthylation 

are a known feature of cancer cells, particularly those of the colorectum (Jones & 

Buckley, 1990). Higher levels of CpG méthylation activity have been observed in 

mismatch repair defective than in repair proficient cells. Expression of a 

transfected retroviral construct was consistently lost in mismatch repair proficient 

but not repair deficient cell lines. This differential silencing was correlated with 

increased CpG méthylation of the viral DNA by the repair defective cells (Lengauer 

et al., 1997a). The higher levels of CpG méthylation were proposed to be the

"normal" situation, as reflected by the general genomic stability of MMR" tumours, 

apart from microsatellite instability. Thus, low levels of méthylation were thought 

to be essential in the selection of mismatch repair proficient Ml" tumours, 

characterized by grossly altered karyotypes (Lengauer et al., 1997a). The ability of 

CpG méthylation to directly effect the expression of mismatch repair genes was 

initially demonstrated by Kane and coworkers. Loss of hMLHl expression was 

correlated with increased promoter méthylation in several repair defective tumour 

cell lines and more importantly, tumours (Kane et al., 1997). Reversal of promoter 

méthylation using the demethylating agent 5-aza-2'-deoxycitidine not only results 

in hM LHl reexpression, but also restores functional mismatch repair capacity to 

mismatch repair defective cells (Herman et al., 1998), (Veigl et al., 1998), (Cunningham 

et al., 1998). Inactivation of hMSH2 gene by promoter méthylation has not been 

observed (Herman et al., 1998), (Cunningham et al., 1998). Additional indirect
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evidence that expression of mismatch repair genes can be modulated by alteration 

in cytosine méthylation comes from the observation that conditions of drug 

exposure that are used to select mismatch repair defective cells induce, and /o r 

select for, epigenetic changes (Hampson et al, 1997).

The epigenetic phenomenon of genomic imprinting in normal somatic cells, 

although its mechanistic basis is unknown, ensures that gene expression is 

restricted to either the maternal or paternal allele. Loss of imprinting (LOI), is a 

recently identified epigenetic alteration found in some cancers involving loss of 

paternal-origin specific expression of imprinted genes (reviewed in (Miyaki, 1998)). 

LOI of the insulin growth factor II (IGF-II) growth promoting gene, has been found

to associate with some MI"  ̂sporadic colorectal patients (Cui et aL, 1998). Because 

the maternal IGF-II allele is imprinted, only the paternal allele is expressed in 

normal colonic mucosa. LOI of the maternal allele results in both maternal and 

paternal expression of IGF-II, and it is though that such an overexpression of this 

potent growth promoting factor, plays a role in neoplastic transformation (Cui et 

al, 1998), (Miyaki, 1998). This could represent an important route to malignancy in 

MI-i- tumours that lack any mismatch repair gene mutations (Cui et al., 1998).

Because human mismatch repair involves the concerted, coordinated, action 

of several protein complexes, an imbalance in the pools of the protein participants 

can have a profound effect on mismatch repair efficiency. The hMSH3 gene 

(originally called DUG or MRP-1), one of the components of the hMutSp binding 

complex, is divergently expressed from a promoter that it shares with the
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dihydrofolate reductase {DHFR) gene (Fujii & Shimada, 1989), (Watanabe et al.,

1996). The DHFR gene catalyzes the reduction of dihydrofolate to tetrahydrofolate 

in a reaction essential to one-carbon metabolism. This gene is a widely used target 

in chemotherapy, using the DHFR inhibitor, methotrexate. However, human 

tumour cells treated with methotrexate often acquire resistance to this agent. One 

of the mechanisms of acquired methotrexate resistance involves genomic 

amplification of the region containing the DHFR gene, which leads to massively 

elevated levels of DHFR expression, that circumvents the metabolic block 

produced by this drug (Schimke, 1986). Amplification of the DHFR gene can also 

result in the coamplification of the hMSH3 gene. Excess hMSH3 protein levels 

drive the cell's hMSH2 into the hMutSp complex. Because hMSH2 is an essential 

partner for hMSH6, and hMSH6 appears to be unstable in the absence of hMSH2, 

excessive hMSH3 effectively depletes the cell's hMutSa. Therefore, hMSH3 

overexpressing cells originally selected for methotrexate resistance phenotypically 

resemble hMSH6 deficient cells, in that they display reduced efficiency of base- 

base mismatch correction, reduced hMSH6 expression and hypermutability at the 

HPRT locus (Drummond et al, 1997), (Marra et al, 1998).

The Phenotypes of Mismatch Repair Deficient Knockout Mice.

Mice with targeted disruption of MSH2 (Wind et al, 1995), (Reitmair et al.,

1995), MSH3 (Prolla et al., 1996), MLHl (Baker et al., 1996), (Edelmann et al., 1996), 

MSH6 (Edelmann et al., 1997), FMSl ( P r o l l a al, 1998) and PMS2 (Baker et al., 1995), 

(Baker, 1995) have been generated. These gene inactivations have no effect on
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embryonal or immediate post-natal development, indicating that high levels of 

somatic mutation are not incompatible with development. One obvious and 

expected feature of mismatch repair defective mice is their tumour susceptibility, 

though unlike HNPCC in humans, these mice are not particularly susceptible to 

tumours of the colorectum. The validity of mismatch repair defective mice as 

models for HNPCC is discussed below. The most striking feature of some 

mismatch repair nullizygous mice is infertility. The first division of meiosis is 

arrested in MLHl deficient males and as a result they produce neither spermatids 

or spermatozoa. MLHl deficient females produce oocytes which fail to develop 

beyond the single cell stage after fertilization (Baker et ai, 1996), (Edelmann et al,

1996). In PMS2 deficient mice, sterility is confined only to males (Baker et al, 1995). 

Meiotic abnormalities in PMS2 deficient mice affect a much latter stage in 

spermatid development than those of the MLHl deficient mice. Despite the fact 

that the PMS2 deficient mouse spermatocytes complete meiosis and actually 

mature, they go on to produce abnormal spermatoza (Baker et ai, 1995). Therefore 

both MLHl and PMS2 participate in different stages of meiotic recombination in 

murine germ cells (Baker et al, 1996), (Edelmann et al, 1996), (Baker et al., 1995). The 

role of mismatch repair in germ cell meiotic recombination is however, complex, as 

both MSH2 (Wind et al, 1995), (Reitmair et al., 1995) and MSH6 (Edelmann et al.,

1997) deficient mice, as well as MSH3 defective mice (Prolla et al., 1996) are fully 

fertile. The recently generated MSH5 knockout mice (a gene known to be involved 

in meiotic recombination in yeast (Modrich & Lahue, 1996)), display a disruption of 

chromosome pairing at prophase I, and as a result both males and females are 

sterile (Edelmann et al., 1999).
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Disruption of the mismatch repair genes in mice generally has a profound 

effect on their spontaneous rates of mutation. MSH2'^~ and MLH1~^~ embryonic 

stem cells, normal tissues of PMS2~^~ and mice, and tumours arising in

MSH2~^~, MLHl'I~ and PMS2'^~ mice, all display microsatellite instability. The 

spermatozoa of M L H l'! '  and PMS2'!' mice also have microsatellite instability. 

Microsatellite instability in PM Sl'^ ' mice is less dramatic and appears to be 

confined to (A)n repeat tracts (Baker, 1995), (Baker et al., 1996), whilst MSH6"/"

mice have no microsatellite instability, even in their tumours (Edelmann et al, 1997). 

Nevertheless the spontaneous rate of mutation in a supF transgene in tissues of 

PMS2'^~ mice are elevated up to 100-fold (Narayanan et at., 1997), whilst for a lad

transgene in MSH2~/~ mice, mutational rates are also elevated, though the effect is 

more modest (5-15 fold), perhaps reflecting sequence differences in the target 

genes (Andrew et al, 1997). Mice which are heterozygous for loss of the 

adenomatous polyposis coli (APC) gene (so called Min mice), develop tumours at a 

greater frequency and rate in an MSH2~^~ (Reitmair et al., 1996a) and PMS2'^~ 

(Baker et al., 1999) background, relative to just the Min background. This perhaps 

illustrates the advantage of a mutator phenotype in the pathway to 

tumourigenesis.
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Mismatch Repair Knockout Mice as Models for HNPCC.

The mismatch repair defective human syndrome HNPCC, is typified by the 

early onset of colorectal carcinoma, but also carcinoma particularly of the 

endometrium, ovary and upper urinary tract (Watson & Lynch, 1992). HNPCC 

colorectal adenocarcinomas are characteristically located in the proximal colon and 

tend to be diploid with a fairly normal karyotype (Lynch et al, 1997). HNPCC 

probably accounts for at least 5% of all forms of colorectal cancer (Lynch et al.,

1997), and MMR" MI+ tumours are thought to representl0%-20% of apparently 

sporadic colorectal cancers. It seems that in humans, particular mutations in the 

HMSHl gene of certain kindreds, predisposes these families to sebacous tumours of 

the skin, in addition to colorectal cancer. This condition is referred to as Muir-Torre 

syndrome, and is generally regarded as a subset of HNPCC (Kolodner et al., 1994), 

(Honchel et al., 1994). The association of mismatch repair defective colorectal cancer 

with microsatellite unstable primary brain tumours (glioblastoma multiforme) 

(Miyaki et al., 1997), is referred to as Turcot's syndrome. This condition is also 

associated with mutations in a variety of mismatch repair genes (Hamilton et al., 

1995), (Parafg/ a/., 1997).

Although mismatch repair deficient mice are prone to tumour development, 

the spectrum of tumours to which they succumb is in general, different to that

found in humans. MSH2~I~ mice develop metastasizing lymphomas of T cell 

origin with a peak of around 2 months of age (Wind et al., 1995). Lymphomas are a 

relatively rare occurrence in HNPCC (Watson & Lynch, 1992). The majority of
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MSH2~/~ mice older than 6 months of age develop MI+ intestinal neoplasms, 

associated with APC inactivation (Reitmair et aL, 1996b). Significantly, unlike 

HNPCC, these intestinal tumours tend to be concentrated almost exclusively in the 

small intestine (duodenum, jejunum and less frequently in the ileum) (Reitmair et

ai, 1996b). A small proportion (7%) of the MSH2~^~ older mice also developed skin 

tumours, the majority being sebaceous carcinomas, reminiscent of the Muir-Torre 

variant of HNPCC (Reitmair et al., 1996b), (Kolodner et al, 1994), (Honchel et al.,

1994). Mice generated with defective MF.H6 also develop a spectrum of tumours, 

the most predominant being gastrointestinal, located exclusively in the small 

intestine and defective in APC. They also develop lymphomas, of both B and T cell 

origin (Edelmann et al., 1997). Tumours of the liver, skin and lung were also present 

in some animals. Unusually, none of these tumours displayed any significant 

microsatellite instability. MSH3~^~ mice show no signs of tumour development up

to 6 months of age (Prolla et al., 1996). MLHl"/" mice also develop a wide spectrum 

of neoplasms, principally lymphomas, but also gastrointestinal tumours with a 

distribution from the small to the large intestine (Prolla et al., 1998). They also 

develop sarcoma and tumours of the skin, although of multiple distinct 

histological types from that of Muir-Torre syndrome (squamous cell carinoma, 

haemangiona, and pylomatricoma compared to sebacous carcinomas) (Prolla et al.,

1998). Mice deficient in PMS2 almost exclusively develop lymphomas, with no 

evidence of gastrointesinal tumour development (Prolla et al., 1998), whilst PMS1~

/" mice are not tumour prone to any detectable extent (Prolla et al., 1998).

Therefore, it can be concluded that the tumour spectrum of mismatch repair
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deficient mice appears to differ to that of HNPCC (Lynch et al., 1997), (Watson & 

Lynch, 1992).

Although the spectrum of tumours found in HNPCC and the mismatch 

repair deficient mice differ, this may reflect a difference in the relative targets for

MI+ induced gene inactivation between humans and mice. The most striking 

example of this regards the TGPP-II receptor. The human TGPP-II receptor contains 

a (A) 10 polynucleotide tract, between nucleotides 229-239 of its coding region, that

is a target for MI+ induced frameshift mutation. Up to 90% of MI+ colorectal 

cancers displayed a mutated Aiq tract, indicating the importance of this gene in

MMR defective hum an colorectal cancers (Markowitz et al, 1995), (Parsons et al.,

1995). Interestingly, the murine gene encoding the TGPp-II receptor, lacks this 

(A) 10 polynucleotide target sequence. Considering the important role mediated by 

the TGPp signaling pathway in controlling epithelial cell growth (reviewed in 

(Benson & Wells, 1995)), this may offer a possible explanation as to the absence of 

epithelial cell derived colorectal tumours in mismatch repair deficient mice. 

Correspondingly, the targets for lymphoma development in humans may be 

different to those of mice.

The vast majority of HNPCC mutations are recessive, and there are no 

known cases with homozygous germ line mismatch repair mutations. Therefore, 

mice heterozygous for mismatch repair mutations probably represent the most 

appropriate model for HNPCC. There is some evidence for a small increase in 

tumour frequency in heterozygous MSH2+/" and MSH6 mice, although these
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tumours are not normally the cause of death (Edelmann et al, 1997), (Wind et al,

1998). Tumours from MSH6+/" mice are not MI+ (Edelmann et al, 1997), and the 

tumours that develop in MSH2+/" mice affect multiple sites apart from the 

colorectum, are not MI+ and retain the functional mismatch repair allele (Wind et 

al, 1998). The heterozygous mismatch repair knockout mice differ fundamentally 

from heterozygous HNPCC individuals, in that loss of mismatch repair does not 

seem to be the governing factor in their tumour development. In this respect, the 

mismatch repair defective mice appear not to represent a complete model for 

HNPCC. The reasons for this are, as yet unclear, but may perhaps be a 

consequence of the apparent differences in mismatch repair capacity between 

hum ans and mice (Humbert et al, 1999).

Somatic Hypermutation, Mismatch Repair and the Generation of Antibody 

Diversity.

In vertebrate cells, the huge level of antibody diversity is generated by 

recombination between a few hundred different variable (V), diversity (D) and 

joining (J) genes in the immunoglobin locus that encode the heavy and light 

antibody chains, before linking these rearranged segments to constant (C) genes. 

Through V(D)J recombination, enough potential gene combinations are produced 

to allow each B cell to produce a distinct antibody. Following antigen exposure, the 

B cells that produce an appropriate antibody proliferate during a process of 

primary selection. To refine the antibody-antigen interaction, a second cycle of 

'affinity maturation' takes place, which selects for B cells producing the most
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specific antibody. Affinity maturation is characterized by the targeted introduction 

of subtle point mutations throughout the V gene. This process occurs with an 

estimated frequency of between 10"  ̂to 10""̂ /base pair/cell generation, at least a 

million fold higher than the rate of mutation of most other genes in mammalian 

cells. This somatic hypermutation' process occurs in B cells when they migrate to 

and mature in germinal centers, concentrated in lymphoid tissue such as the 

spleen, or Peyer's patches scattered along the wall of the small intestine. Affinity 

maturation associated somatic hypermutaion, can increase the affinity of an 

antibody for a particular antigen by as much as 30,000-fold (Wedemayer et al, 1997). 

The possible involvement of systems that control genome stability, in this process 

were investigated (reviewed in (Wood, 1998)). Cells with defects in NER (XPB, 

XPD, XPC, XPA) (Wagner et al, 1996), (Kim et ai, 1997), (Jacobs et al., 1998), (Shen et 

al., 1997) transcription coupled repair (CSA, CSB) (Kim et al., 1997), (Jacobs et al.,

1998), base excision repair (Jacobs et al., 1998), and even recombination defective 

mice {PARP and Rad54) (Jacobs et al., 1998), are all capable of normal somatic 

hypermutation. However, B cells from the Peyer's patches of MSH2~^~ and PMS2~ 

/" mice showed a 3-5 fold unexpected reduction in somatic hypermutation (Frey et 

al., 1998), (Rada et al., 1998). Mismatch repair defective B cells showed evidence of 

decreased maturity and a diminished immune response (Rada et al., 1998). It was 

also found that 50-60% of germinal center B cells, of both MSH2~^~ and PMS2~/~ 

mice, displayed microsatellite instability (Frey et al, 1998). This high rate of 

microsatellite instability could cause problems for B cell growth and division that 

would prematurely eliminate repeatedly stimulated B cells from the population.
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This would explain why the rate of somatic hypermutation is reduced, and not 

increased, as one would expect, in mismatch repair deficient mice. The direct 

involvement of mismatch repair in this process needs to be further probed.

Mismatch Repair Defects and Drug Resistance.

Defective mismatch repair has been implicated in the resistance to an ever

growing number of DNA damaging agents. I will begin by describing the

interaction of mismatch repair with O^-methylguanine producing agents, before 

exploring some of the other types of drugs.

D N A  Méthylation Tolerance in E. coli.

Resistance to DNA methylating agents, can arise as a form of tolerance, in 

which cells survive despite having levels of DNA méthylation damage that are 

normally cytotoxic (Karran & Bignami, 1992), (Karran & Bignami, 1994). It appears

that long patch mismatch repair mediates the toxicity of O^-meG lesions, and in 

the absence of mismatch repair, cells become tolerant (resistant) to the lethal effects

of DNA O^-meC (Karran & Hampson, 1996). Clues to the mechanism of toxicity of 

O^-meG and méthylation tolerance were first found in E. coli. DNA adenine 

methylating (dam) defective E. coli, which are defective in GATC méthylation, and 

thus have compromised mismatch repair, are sensitive to base analogues such as 2-

aminopurine, but also to agents that selectively form DNA O^-meG (Marinus & 

Morris, 1975), (Bale et al, 1979), (Karran & Marinus, 1982). It was found that
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secondary mutations in either mutS or mutL mismatch repair genes, rescued the 

sensitivity E. coli dam mutants (Karran & Marinus, 1982). These were the first 

connections between mismatch repair and O^-meG tolerance.

Tolerance to Méthylation Damage in Mismatch Repair Deficient Mammalian  

cells.

Methylating compounds that introduce O^-meC into DNA, such as 

methyltriazenes and temozolomide are effective in chemotherapy. The emergence 

of drug resistant tumours is generally a confounding factor in chemotherapy. 

Methylating agents are no exception. Methyltriazines and temozolomide kill cells 

in much the same way as the well studied laboratory mutagens MNU and MNNG. 

The O^-meG they introduce into DNA is a miscoding lesion, predominantly base 

pairing with thymine during DNA replication (Gaffney & Jones, 1989). It has been 

hypothesized that mismatch repair mediates the cytotoxicity of O^-meG by 

engaging in mutilple repair attempts at O^-meG-T mispairs (FIG 1.19). It is 

proposed that when targeting the O^-meG-T mispair, mismatch repair selectively 

removes the thymine residue in the nascent DNA strand. The repeated excision 

and insertion of the unmodified base in the nascent strand by the mismatch repair 

machinery, delays the progression of the replication fork (Ceccotti et al., 1993), 

(Ceccotti et al., 1996), and is thought eventually to lead to cell death, possibly due to 

the appearance of double strand breaks (Karran & Bignami, 1994). Therefore, in the 

absence of a functional mismatch repair pathway, cells are able to tolerate
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persisten t, norm ally  toxic levels of O^-rneG in their DNA. M M R defective cells are 

extrem ely resistant to m ethylating agent exposure (Karran & Marinus, 1982), (Karran 

& Bignami, 1992), (Karran & Bignami, 1994). Mex" hu m an  cells are extrem ely 

sensitive to killing by m ethylating agents. Mex" cell lines selected for resistance to 

M NU or M N N G  have m ism atch repair defects. T olerant cell lines w ith  defects in 

hMutScx (Kat et a l ,  1993), (Branch et a i ,  1993a), (Hampson et al., 1997) (and this 

thesis), and h M utL a (Hampson et a i ,  1997), have been generated  in the laboratory. 

The association betw een defective m ism atch repair and  m éthylation  tolerance is 

fu rth er su p p o rted  by studies using knockout m ouse cell lines.
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Embryonic stem cells from MSH2~/~ mice are resistant to MNNG, even in the 

presence of the MGMT inhibitor O^-benzylguanine (Wind et al., 1995), and 

fibroblast lines from PMS2'^~, and MSH2~^~ are extremely resistant to

MNU (Fritzell et al., 1997). The ability to select for, or induce mismatch repair 

defects using methylating agents has profound implications for methylating agent 

based chemotherapy. Defective mismatch repair could result in the development 

of drug resistance, through tolerance. In fact, loss of mismatch repair capacity has 

been demonstrated in a human xenograft treated with procarbazine, an O^-meG 

generating agent (Freidman et al., 1997). Methylating agent based chemotherapy 

could also potentially result in mismatch repair defective, therapy related 

secondary malignancies, such as leukemias (Yehuda et al., 1996). Tumour derived 

cell lines with mutations in hMSH2, hMSH3, hMSH6, hPMS2 and hMLHl have all 

been described.

Méthylation tolerant cell lines frequently display cross-resistance to the base 

analogue 6-thioguanine (6-TG) (reviewed in (Karran & Bignami, 1996)), (Aquilina et 

al., 1989), (Aquilina et al., 1990), (Aquilina et al., 1993). 6-TG is a metabolic product of 

the therapeutic drugs, mercaptopurine, which is used in the treatment of acute 

leukemia, and azathioprine, an immunosuppressant used following transplatation 

(Elion, 1989). 6-TG is incorporated into DNA by the purine salvage pathway 

enzyme, hypoxanthine phophoribosyltransferase (HPRT) (Diggelen et al., 1979), 

(Elion, 1989). 6-TG in DNA is cytotoxic, and a mechanism through which mismatch
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repair may mediate its cytotoxicity in DNA has recently been proposed (Swann et 

al, 1996), (Waters & Swann, 1997). It is proposed that, after incorporation into DNA, 

6-TG is methylated nonenzymatically by S-adenosylmethionine (SAM), forming 

S^-methylthioguanine (S^-ThioMeC). This modified base is not an efficient 

substrate for MGMT, and it remains in the DNA (Swann et al, 1996), (Waters & 

Swann, 1997). S^-ThioMeG has a superficial structural resemblance to O^-meG (FIG 

1.20) and, during DNA replication, S^-methylthioguanine directs the incorporation 

of either cytosine or thymine (Swann et al., 1996). Using cell extracts with different 

mismatch binding capabilities, it was found that hMutSa appears to bind well to

S^-ThioMeGua-T base pairs (Waters & Swann, 1997) and it is thought that mismatch 

repair processes this modified mispair by a mechanism identical to that proposed 

for O^-methylguanine (Swann et al, 1996), (Waters & Swann, 1997). The tolerance of 

mismatch repair defective cells to 6-TG is also emphasized by results using MSH2~ 

/"murine fibroblasts (Reitmair et al., 1997). Transplantaion patients have an 

elevated risk of cancer development, such as nonmelanoma skin cancer following 

renal transplantaion (McGregor & Proby, 1996). Although the majority of these 

tumours are probably the result of the combination of opportunistic human 

papilloma virus (HPV) infection and immunosuppression (Shamanin et al., 1994), 

Swann and colleagues have suggested that the use of 6-TG producing drugs, like 

azathioprine as immunosuppressants, may contribute to the high proportion of the 

tumours associated with transplatation (Swann et al., 1996). Circumstantial 

evidence exists to support this notion, in that some posttransplant 

lymphoproliferative disorders seem to display microsatellite instability (Larson et
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al., 1996). The same argument could be used as a mechanism for the formation of 

therapy related malignancies. Indeed, evidence exists associating potential defects 

in mismatch repair with secondary malignancies (leukemias) (Yehuda et al., 1996), 

(Hangaishi et al., 1997).

Thioguanine
S - IVIethylthioguanine.

SAM

O - MeG ^  CHj

A r>
DNA

FIG 1.20. Structure of 6-thioguanine, S^-methylthioguanine and O^-methylguanine.

The Interaction of Mismatch Repair with Other forms of Induced DNA Damage.

Mismatch repair defects also appear to be associated with resistance to other 

DNA damaging agents. I have already mentioned the unusual situation where 

HMSH3 coamplification with the DHFR gene, is associated with methotrexate
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resistance (Drummond et al., 1997), (Marra et al, 1998). But, direct interaction of the 

mismatch repair system with diverse types of DNA damage appear to modulate 

survival to a range of structurally unrelated DNA damaging agents.

The possibility that mismatch repair may mediate the toxicity of cis- 

diamminedichloroplatinum(II) (cisplatin) was raised some time ago. This was 

based on the ability of secondary mutations in mismatch repair genes to rescue the 

sensitivity of E. coli dam- mutants to cisplatin toxicity (Fram et al., 1985). Thus,

cisplatin appears to mimic O^-meG producing agents (Karran & Marinus, 1982). 

Human cell lines selected for high level resistance to cisplatin, and doxorubicin 

exhibit a mutator phenotype (Anthoney et al., 1996), (Aebi et al., 1996) which is 

correlated with the absence of detectable mismatch correction ability in cell 

extracts. The cells exhibit cross-resistance to methylating agents, and with loss of 

expression of hMLHl (Aebi et al., 1996), (Drummond et al., 1996), (Brown et al., 1997). 

Mello and colleagues showed that purified hMSH2 could bind selectively to 

platinum damaged DNA, and more specifically to 1,2- diguanyl intrastrand cross

links, the major adduct formed in DNA by cisplatin (Mello et al., 1996). These 

results were extended by the observation that purified hMutSa could bind also to 

1,2-diguanyl intrastrand cross-links (Duckett et al., 1996). Significantly more 

binding by hMutSa to 1,2-diguanyl cisplatin cross-links was found if the cross-link 

was superimposed upon a mismatch (Yamada et al., 1997). These "compound 

lesions" could conceivably be produced by error-prone replication past a DNA 

adduct (Mu et al., 1997). This binding was as strong as hMutSa binding to an 

unplatinated substrate containing a single G-T mismatch, but only when the
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complementary strand contained a T opposite the 3', and a C opposite the 5' 

guanine in the cross-link (Yamada et al, 1997). Biological evidence, associating 

defective mismatch repair with cisplatin resistance, has come from knockout 

mouse and chromosome transfer studies. Knockout mouse cell lines deficient in 

MSH2 or PMS2 are 1.5-2.4 fold resistant to cisplatin (Fink et al, 1997a), (Reitmair et 

al., 1997). This low level resistance is also a feature of human tumour cell lines 

defective in hMSH2 and hMLHl, compared to their chromosome transfer 

counterparts, which have their mismatch repair defects restored (Aebi et al., 1996), 

(Fink et al., 1996). In contrast to the extreme resistance of mismatch repair defective 

cells to methylating agents, and to an extent, 6-TG, it appears that defective 

mismatch repair is only associated with a low level of resistance to cisplatin 

(reviewed in (O'Driscoll et al., 1998)). Low level cisplatin resistance may, however, 

have important clinical implications. It appears that the degree of cisplatin 

resistance conferred by mismatch repair defects, is sufficient to select for 

preexisting mismatch repair deficient cells in a mixed population of MMR" and 

MMR+ cells, in vitro (Fink et al., 1997b), (Fink et al., 1998b). Xenografts established 

in athymic mice from M5H2"/" embryonic stem cells, were also much xenografts 

(Fink et al., 1997b). The relevance of these findings may be underscored by the fact 

that, in a panel of paired ovarian tumours, taken from cancer patients before and 

after three cycles of platinum based drug therapy, a reduction in hMLHl 

immunohistochemical staining, was detected in 66% of the cases (Fink et al., 1998b).
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Purified hMutSa also binds to the C^-guanine adducts of the environment 

aromatic amines aminofluorene (AF) and N-acetyl-2-aminofluorene (AAF) (Li et 

al, 1996). The relevance of this interaction is unclear, as the base modifications 

induced by AF and AAF are most probably substrates for NER. In agreement with 

this, E. coli mutD {umuD/mutU) mutants, which are defective in NER and are UV 

sensitive, display enhanced sensitivity to killing by AAF. In contrast, the mismatch 

repair defective E. coli mutants mutH, mutS and mutL do not (Schnarr et al., 1986).

Mismatch repair appears to influence the survival of cells exposed to 

ionizing radiation, although not in a consistent fashion. MSH2~^~ and

PMS2~^~ mouse cell lines were found tc> be slightly more resistant to y-irradiation, 

compared to their mismatch repair proficient matched controls (Fritzell et al., 1997). 

The authors suggested that because y-irradiation introduces a wide variety of

lesions in DNA, the small differences in survival between MMR" and MMR+ cells 

could be as a result of mismatch repair processing a small subset of IR induced

DNA damage (Fritzell et al., 1997). Embryonic stem cells, from both MSH2"/" and 

MSH2+/" mice, displayed significantly increased levels of survival following 

protracted exposure to low levels of ionizing radiation, compared to MSH2+/+  

cells (DeWeese et al., 1998). Only MSH2'/ " cells, in this context, displayed a small 

increase in survival, following acute ionizing radiation exposure (DeWeese et al., 

1998). In contrast, using spontaneously immortalized and E7/Ras-immortalized 

fibroblasts from MSH2~/~ mice, Reitmair and colleagues found similar survival 

responses following y-irradiation between MSH2 "/"/ MSH2+/+ and MSH2+/" cell
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lines (Reitmair et al, 1997). The human hMLHl defective colorectal cancer cell line 

HCT-116, is slightly more sensitive to y-irradiation, compared to its chromosome 

transfer, mismatch repair proficient counterpart (Davis et al., 1998). The reasons for 

these contradictory findings, using different types of mismatch repair proficient 

and deficient cell systems is unclear. It may, however, simply indicate a different 

balance of repair and death promoting pathways in the various cell types, but it 

certainly cautions against making general extrapolations from small differences 

between poorly matched cell lines. All tne studies indicate that mismatch repair is 

likely to be at best, a relatively minor determinant of cellular sensitivity to ionizing 

radiation.

Mismatch repair defective cell lines are selectively sensitive to the lethal 

effects of the clinically important drug, N-(2-chloroethyl)-N'-cyclohexyl-N- 

nitrosurea (CCNU) (Aquilina et al., 1998). Sensitivity to CCNU, which forms 

interstrand cross-links in DNA, is associated with defects in hMSH2, hMSH6 and 

hMLHl. The mechanism of this sensitivity is not yet fully understood, and appears 

to be overwhelmed in some mismatch repair defective cell lines, by other 

undefined changes that confer CCNU resistance (Aquilina et al., 1998).

Nonsteroidal anti-inflammatory drugs (NSAIDs) are well known colonic 

cancer preventatives, who's efficacy is largely attributed to their antiproliferative 

and apoptotic inducing activities (reviewed extensively in (Taketo, 1998a), (Taketo, 

1998b)). Two NSAIDs, aspirin and sulindac, were found to markedly reduce the 

extent of microsatellite instability in colorectal cancer cells lines defective in
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hMSHl, hMLHl and HMSH6 in a reversible, time and concentration dependent 

manner (Ruschoff et al., 1998).

An Overview of the Work Presented in this Thesis.

In Chapter 3 of this thesis, I examine the interaction between MMR and 

persistent UV-induced DNA damage, using a doubly MMR and NER deficient cell 

line. In Chapter 4 ,1 investigate the proposed model that MMR functions as a 

general DNA damage sensor by examining the survival of the doubly MMR and 

NER defective cell line to a range of structurally diverse types of DNA damaging 

agents. Chapter 5 explores the possibility that other factors, aside from DNA 

repair, can influence the survival of cells exposed to DNA damaging agents. In this 

chapter, I also discuss the possibility that these factors may be capable of 

overwhelming the contribution of DNA repair to cellular survival following DNA 

damage. In Chapter 6, 1 investigate the repair of DNA carboxymethylation 

damage, a potential endogenous form of DNA damage, using a panel of cell lines 

with different defects in specific DNA repair pathways. Following on from this, 

because of the association of deficient MMR with colorectal malignancy and the 

fact that methylating agents are likely to be abundant in the colon, in Chapter 7 ,1 

describe two models which attempt to mimic the in vivo generation of methylating 

agents and examine whether they can select for MMR defective cells. Selection for 

méthylation tolerance is a convenient method of introducing MMR defects into 

cultured cell lines. Therefore, in Chapter 8, 1 describe the generation of méthylation 

tolerant MMR defective variants of an XPC deficient lymphoblastoid cell line. 

These cell lines could have potential for investigating the proposed role of MMR in 

transcription coupled NER.
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Chapter 2.

Materials and Methods. 

Materials. 

Chemicals

Chemicals were obtained from Gibco BRL Life Technologies, Merck/BDH, 

BioRad Laboratories, National Diagnostics, Anachem Ltd. and the Sigma Chemical 

Company unless otherwise stated. Recrystalized N-methyl-N-nitrosourea (MNU) 

was a kind gift of Prof Peter Swann (University College London, London, UK) and 

potassium diazoacetate (KDA) was a generous gift from Dr David Shuker (MRC 

Toxicology Unit, University of Leicester, UK)

Radiochemicals.

Hypoxanthine-8-l^C (49.5mCi/mmol) was purchased from Sigma (UK). 

Redivue [y 32P] dATP (500Ci/mmol) was purchased from Amersham International 

pic.

Cell lines.

All cell lines, including the SV40 transformed fibroblasts GM0637 and 

XP12RO, the endometrial tumour cell line HeLa MR, the ovarian carcinoma cell 

line A2780, the mouse monocyte macrophage J774A.1 and the lymphoblastoid cell 

lines GM2345 (XPA), GM2252 (XPB), GM2498 (XPC), GM2249 (XPC), GM2248
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(XPC), GM2485 (XPD), GM2449 (XPV), were obtained from the Cell Production 

Laboratory Imperial Cancer Research Fund at Clare Hall. Raji Mex+ and Raji Mex" 

were originally obtained from the American Type Culture Collection, Rockville, 

Maryland. RajiF12 and Raji RIO were established as a variant of Raji Mex" in this 

laboratory (Branch et al., 1993a), (Hampson et al., 1997).

Methods.

Standard Solutions Used Throughout Experimental Procedures.

Disodium ethylenediaminetetraacetic acid (EDTA), Tris EDTA, phosphate 

buffered saline (PBSA) and Tris borate EDTA solutions were prepared as described 

by (Sambrook et al., 1989) and diluted as required.

Maintenance of Cell Cultures.

All lymphoblastoid cell lines, as well as the murine macrophage cell line 

J774A.1, were maintained at between 1x10^-2x10^ cell/m l at 37^C in 2% RPMl 

1640 medium (Gibco) supplemented with 10% foetal calf serum in a humidified 

atmosphere containing 5% CO2. All SV40 transformed fibroblastoid cultures and

tum our cell lines, were routinely maintained at around 10^ cell/m l at 37^C in 

Dulbecco's modified Eagle's medium supplemented with 10% foetal calf serum. 

Stocks were stored at -80^C and in liquid nitrogen in 2ml of the appropriate 

growth medium supplemented with 10% dimethylsulphoxide in Nunc cryotubes. 

Cells were retrieved by thawing in a 37^C water bath and resuspended in 10-15ml 

of the appropriate growth medium.
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Measurement of Protein Concentrations in Aqueous Solution.

Protein concentrations were estimated according to (Bradford, 1976). An 

aliquot of extract (typically Ipl) was added to 900|il Bradford reagent and the 

volume made up to 1ml with dH 20. After thorough mixing the absorbance of 

595nm wavelength light by the solution (A595) was determined and the A595 of a

preparation without extract subtracted. The concentration of protein in this sample 

was estimated by means of a standard curve established by determining the A595

of samples with known amounts of Bovine Serum Albumin. Bradford Reagent is 

composed of

lOOmg Coomassie Brilliant Blue G-250 50ml 95% (v/v) Ethanol, 100ml 

Orthophosphoric acid (85% (v/v))

Made up to 11 with dH 20 and stored at 4°C protected from light.

Measurement of Nucleic Acid Concentrations in Aqueous Solution.

Concentrations of DNA in solution were determined by the method of 

(Sambrook et a l, 1989). The optical density of solutions was determined at 260 and 

280nm (A26O and A28O) iri quartz cuvettes. 1 optical density at 260nm corresponds

to approximately 50mg/ml dsDNA, 40mg/ml RNA and 20mg/ml single stranded 

oligonucleotide. The ratio A26O/A28O is an estimate of sample purity. Ratios of 1.8

to 2 are associated with pure samples.

Isolation of Genomic DNA from Cells.

Small scale DNA preparations of high purity were obtained by pelleting 

cells, washing twice in PBSA, resuspending the pellet in extraction buffer (50-100|il
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extraction buffer per 10^ cells to be extracted; lOmM EDTA, 50mM Tris.HCl (pH 

8.0), 0.5% w /v  sodium-lauryl sarkosinate, 0.5 m g/m l Proteinase K) and incubating 

the lysate for 2 hrs at 50^C. After 1 hr of the incubation, lOpl RNAaseH (lOmg/ml) 

were added per 20pl extraction buffer used. After completion of the 2 hrs 

incubation, and equal volume of phenol:chloroform:isoamyl alcohol (ratio 25:24:1 

(v/v)) was added. After brief vortexing, the samples were centrifuged at room 

temperature to separate phases. The upper phase was processed by repeating the 

phenol:chloroform:isoamyl alcohol treatment. The top phase from the second 

phenol:chloroform:isoamyl alcohol treatment was treated by addition of an equal 

volume of chloroform, brief vortexing and removal of the top phase. To this 1/3 

volume of 3M sodium acetate (pH 5.2) and 2 volumes of ethanol (-20®C) were 

added and the DNA allowed to precipitate for 1 hr at -70^C. Samples were pelleted 

using a benchtop Sigma centrifuge, the supernatant removed and the pellet 

resuspended in TE.

O^-Methylguanine-DNA methyltransferase (MGMT) Assay.

MGMT activity was determined using the protocol described by (Harris et 

a/., 1983).

Cell Extracts for MGMT Assay.

Cell extracts were prepared by lysis of approximately 10^ cells in 100-200pl 

of Triton extraction buffer (50mM Tris.HCl (pH7.5); lOmM DTT; ImM EDTA; 0.2% 

(v/v) Triton X - 100; stored at -20OC); lysate was clarified by centrifugation (5 

m inutes at llOOOxg in a Sigma 113 Laboratory Centrifuge) and the protein 

concentration of the supernatant determined.
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MGMT Assay: Substrate and Reaction Conditions.

M. leutus DNA was methylated with N-[methyl-^H]-N'-nitrosourea as 

enzyme substrate; heat treatment of the DNA removes heat labile N-methylated 

bases thus increasing the proportion of O^meGua in the total am ount of 

méthylation damage (Karran et ai, 1979). Enzyme reactions (10-100|ig extract) were 

performed in lOOpl assay buffer (70mM Hepes KOH pH 7.8; lOmM DTT; ImM 

EDTA; substrate DNA so that approximately 1.5 x 10^ counts per lOOpl; stored at - 

20^C). Reactions were incubated 20 minutes at 37^C protein and substrate DNA 

precipitated by addition of 120pl ice cold 0.8M trichloroacetic acid and lOpl carrier 

DNA (2m g/m l heat denatured herring sperm DNA) and incubation on ice for 5 

minutes. The precipitate was pelleted by centrifugation at ISOOOxg for 10 minutes 

at 4°C  (Hereus Biofuge 17RS centrifuge) and the supernatant removed and 

discarded. 0^-[^H]meGua in DNA was hydrolysed by incubation with lOOpl of 

O.IM HCl. This does not hydrolyse [^H]methyl groups associated with the 

methyltransferase therefore, transferred and non transferred methyl groups can be 

distinguished. After incubation on ice for 5 minutes and centrifugation (1 minute, 

lOOOxg at room temperature) 80pl of the hydrolysate were added to 5ml Picofluor 

(Picofluor 15, Packard) and activity measured in a liquid scintillation counter 

(Tricarb 1500 Liquid Scintillation Counter, Packard).

Calculation of MGMT Activity

In order to estimate the amount of radioactivity removed from the DNA by 

incubation with cell extracts, the count of radioactive disintegration's per minute 

(dpm) in the sample containing extract is subtracted from the num ber of
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disintegration's detected in the control reaction without protein. The specific 

activity of the substrate is approximately 5x10^ dpm per pmole DNA, the counting 

efficiency is assumed to be 20% thus approximately 10^ counts per minute (cpm) 

per pmole substrate will be recorded. If the data are plotted as am ount of 

radioactivity removed versus the amount of protein used in the incubation, the 

slope of the graph represents the cpm removed per mg of protein incubated with. 

The MGMT activity of the extract can thus be calculated as: 

slope X 10^ = cpm /m g

1Q4 cpm/pm ole

with 1 unit of methyltransferase being able to remove 1 pmole of O^meGua.

Hypoxanthine Phophoribosyl transferase (HPRT) Assay.

This assay is based on the formation of inosine m onophosphate from 

hypoxanthine-8-l^C by cell extracts.

Cell extracts were prepared from 10^ cells using 100-200|il extraction buffer 

(lOmM Tris.HCL pH 7.4, lOmM MgCl2, 30mM KCl, O.lmM DTT, 0.5% Triton

XlOO). Extracts (0-25mg) were incubated in 50|li1 reaction mix (50mM Tris.Cl pH7, 

9mM MgCl2, 2mM DTT, 2mM phosphoribosyl pyrophosphate, [^^C] hypoxanthine

at lOmCi/ml) for 15mins at 37^C, then transferred to 70^C for 5mins, before being 

put on ice for Smins. Triplicate lOpl aliquots of the mix were then spotted onto 

DE81 paper (Whatman), washed twice in 200ml 50mM Tris.Cl pH 8, dried and 

counted in 5ml permablend. HPRT activity was calculated using the slope of the 

plot of counts per minute against |ig protein extract and expressed as 

pm ol/m in /pg  where one unit of enzyme activity liberates 1 pm ol/m in/pg .
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Total Glutathione-S-transferase (7GST) and Glutathione-S-transferase-7C (7GST- 

7c) Assays.

Total glutathione-S-transferase (7GST) and Glutathione-S-transferase-7C 

(tGST-tc) activity were determined spectrophotometrically by the method of (Habig 

et al, 1974). Basically, cell extracts were prepared as for the MGMT assay and  ̂

incubated (0-200|Xg for total 7GST and O-lOOpg for 7GST-7C) in O.IM potassium 

phosphate (pH6.5) with reduced glutathione (2mM for total 7GST and 0.25mM for 

TGST-tc) and substrate (2mM l-Chloro-2,4 dinitrobenzene for total 7GST and 

0.2mM Ethacrynic acid for 7GST-71) at 25®C in a final volume of Imls for 30mins. 

Both substrates solutions were made up in water. For total 7GST, absorbance at 

340nm with e=9.6mM'icm"i and for 7GST-71 absorbance at 270nm with e=5mM'icm‘ 

1 was used (Habig et al., 1974). A plot of absorbance (at either 340nm was 270nm) 

against mg protein extracts was used to calculate enzyme activity which was 

expressed as nm ol/m in/m g.

Determination of Acid Soluble Thiols.

Cells (5X10^) were sonicated in around 200fxl ice-cold PBSA and protein 

concentration determined using the crude sonicate. Specific amounts of sonicate 

(0|ig-200|Lig) were extracted in 200|iL 5% TCA. Acid insoluble material was pelleted 

and !00|li1 of the supernatant was added to 900|il of Ellmans reagent (0.2m g/m l of 

5,5'-Dithio-bis(2-nitrobenzoic acid) in IM Hepes pH 7.8). The absorbance at 410nm 

was calibrated against a standard curve made using reduced glutathione as the 

acid soluble thiol. Levels of acid soluble thiols were expressed as fxmol.
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y-Glutamyl Transpeptidase (y-GGT) Assay.

This assay monitors the y-GGT catalyzed transfer of the y-glutamyl moiety 

from the substrate L-y-glutamyl-p-nitroanilide to glycylglycine, thus releasing the 

reaction product p-nitroaniline, which has a maximum absorbance at 410nm. 

Extracts were prepared by sonicating cells (10^) in around 200|xl ice-cold PBSA and 

protein concentration was determined using the crude sonicate. Protein (0-500|ig) 

was incubated for 1 hr at 37^C with 2.5mM L-y-glutamyl-p-nitroanilide, 30mM 

glycylglycine (brought up to pH 8.5 with IM NaOH), 0.075M NaCl, 0.05M 

Tris.HCl pH 8.8 in a volume of 1ml. The reaction was terminated by the addition of 

20|xl glacial acetic acid and the tubes clarified by spinning in a benchtop centrifuge. 

The absorbance of the supernatant was determined at 410nm. p-Nitoroaniline 

purchased from sigma was found to have a £=6.8nM"l.cm“l. y-GGT activity was 

expressed as nm ol/m in/m g.

Greiss Reaction: an Indirect Determination of Nitric Oxide Concentrations.

This assay is used as an indirect determination of nitric oxide concentration 

the basis of which relies on the formation of nitrous acid under acidic conditions 

from nitrite (N02“), a breakdown product of nitric oxide. Nitrosation of sulphanilic

acid by nitrous acid in the presence of N-l-nathyl-ethylenediamine 

dihydrochloride forms a diazo compound (purple in colour) which has a 

maximum absorbance at 550nm. This assay was used to monitor the formation of 

nitric oxide derived nitrite from the activated murine macrophage cell line 

J774A.1. Basically, lOOpl of medium from the simulated macrophage culture was 

added to 900|il of reaction mix containing 0.5% (w/v) sulphanilic acid, 0.002% 

(w /v) N-l-nathyl-ethylenediamine dihydrochloride, 14% (v/v) glacial acetic acid. 

Reactions were incubated at 37^C for 5-10 mins before reading the absorbance at
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550nm. The formation of the purple diazo compound can only be monitored using 

cell culture medium without phenol red. Nitrite concentrations produced from the 

activated macrophage cultures were estimated from a standard curve using 

sodium nitrite.

Levels of DNA Platination in Cultured Cells.

The levels of DNA platination in GM0637, XP12RO and MNU B4 were determined 

by atomic absorption (AA) spectroscopy by Dr Lloyd Kelland and Mr Ciaran 

O'Neil at the CRC Center for Cancer Therapeutics, Sutton, UK.

Approximately 4x10^ cells/cell line were treated using cisplatin (0, 25,50 

lOOpM) and incubated for 2 hrs. Medium was removed and the monolayers were 

washed twice using PBSA before being pelleted. DNA was extracted by phenol 

cholorform precipitation as described, and dried overnight at 37^C before being 

dissolved in 500|il 0.2% nitric acid. lOOpl aliquots were used for AA analysis as 

describe in (Koberle et al, 1997).

Oligonucleotide Synthesis.

Oligonucleotides were synthesized by Dr Y. Z. Xu University College London, 

London, UK.

Duplex oligonucleotides containing G-T, O^-meGua-T, or a single unpaired 

C were prepared according to (Griffin et al, 1994) and (MacPherson et al., 1999). The 

principle for chemical synthesis of the 34-mer oligomer containing 

carboxymethylated thioguanine

(5'AGCTTGGCTGCAGGTXGACGGATCCCCGGGAATT-3', where X is S^-

carboxymethylated guanine) is described in (Xu, 1998). Basically, a 34-mer
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containing 6-thioguanine in position X was first prepared as described in (Xu et al., 

1992). Then, two OD (A26O) units of purified thioguanine-containing 34-mer was

dissolved in 300|li1 of 0.4M phosphate buffer (pH 9.2) and treated with 50|il of O.IM 

sodium 2-iodoacetate. The carboxymethylation reaction was monitored by FPLC 

by which the starting oligomer (thioguanine-oligomer) and the product oligomer 

(carboxymethyl-thioguanine oligomer) were well separated (Xu & Swann, 1992). 

The entire reaction was complete within 4 hrs. The product peak was isolated by 

FPLC and desalted with NAP-10 (Pharmacia).

^2p labelling of oligonucleotides.

Oligonucleotides were 5' ^^P end-labelled using T4 polynucleotide kinase as 

described by (Sambrook et al, 1989). Labelled oligonucleotides were separated from 

unincorporated [^^P-ATP] by Sephadex G50 spin column chromatography.

Bandshift Analysis.

Bandshift experiments were carried out by P. MacPherson in the laboratory.

Bandshift analysis using duplex ^^P-labelled oligonucleotides, formed by 

annealing 5' end-labelled 34-mer oligonucleotides to an excess of the appropriate 

complementary strand, were carried out as described in (MacPherson et al., 1999). 

Purified hMutSa (MacPherson et al., 1999) was incubated for 5 mins at room 

temperature with 2 pmol of perfectly matched non-radioactive duplex in 20 |l i 1 

Hepes. KOH pH8, 0.5mM EDTA, O.lmM ZnCl2,10% glycerol, 50pg poly(dl.dC).

The radiolabelled duplex (20 fmol) was then added and incubation continued for a
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further 20 mins. Aliquots were analyzed by electrophoresis on non-denaturing 6% 

polyacrylamide gels and the reaction products detected by autoradiography.

Western Blotting.

Cell extracts were prepared by incubating cell pellets with extraction buffer 

(1% NP40, lOmM NaF, lOpg/ml leupephn, lOpg/ml aprotinin ImM AEBSF in a 

10% (v/v) solution of PBSA) on ice for 1 hr before pelleting using a benchtop 

centrifuge. Supernatants were snap frozen using dry-ice and stored at -80^C until 

required. Western blotting for the mismatch repair proteins hMSH2, hPMS2 and 

hMLHl were carried using mouse monoclonal antibodies (Pharmingen USA) all at 

Ipg /m l. A rabbit polyclonal anti-hMSH6 antibody was kindly provided by Dr J. 

Jiricny (Institute for Medical Radiobiology, Zurich, Switzerland.) and used at 

1/3000 dilution. Anti-PCNA (mouse monoclonal) was used at Ipg /m l 

(Pharmingen USA). Anti-p53 and anti-p21^^^P^/ wafl antibodies (Oncogene 

Research Products USA) were used at 2.5pg/ml and Ipg /m l respectively.

For western blots, 50pg of nuclear extracts were loaded per well in either 8% 

(for mismatch repair proteins) or 12% (for p53 and p2ic ip l/w afl)  SDS-PAGE gels 

along with Kaleidoscope prestained molecular weight standards (Biorad). 

Separated proteins were transferred to PVDF membranes (Immobilon USA) for 45 

mins-1 hr at 18V using a transblot semi-dry transfer cell (Biorad). Membranes were 

blocked for 1-3 hrs at room temperature with a 5% solution of powdered milk in 

TBS-Tween (0.05% Tween), before being incubated with the appropriate primary 

antibody. Membranes were washed three times with TBS-Tween (0.05% Tween) 

prior to, and after, each antibody incubation. Immunoreactive proteins were
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visualized with the Amersham HRP detection kit using the secondary antibodies 

provided.

Lymphoblastoid Growth Curves.

Lymphoblasts were seeded from exponentially growing stocks in 24 well 

plates at 1-2x10^ cells/well in 2 ml medium and allowed grow for 24 hrs prior to 

treatment. A lOmM stock of N-nitroso-N-methylurea (MNU) was made up in 4mM 

potassium acetate buffer PH4. 2-amino-6-mercaptopurine (6-TG) was made up to a 

5mM stock in O.IM potassium hydroxide, and a 20mM stock of 8-Azaguanine (8- 

AG) was also made up in O.IM potassium hydroxide. 5mM stocks of both 

azaserine and 5-diazo-6-oxonorleucine were made up in PBSA. A 50mM solution 

of hypoxanthine was made in O.IM potassium hydroxide. Cisplatin (at lOmM) was 

dissolved in a minimum volume of dimethylsulphoxide and then made up to the 

correct volume in the appropriate culture medium. Lymphoblast cell lines were 

treated with different concentrations of these drugs on day 1 after seeding. 

Treatment with cisplatin was for 1 hr before the cells were gently pelleted, washed 

and resuspended in fresh medium. Exponential growth in untreated control wells 

was maintained by dilution.

Colony Formation Assays.

Cells were seeded from exponentially growing stock cultures at between 

200-10^ cells/lOcm plate and allowed attach for 3-4 hrs prior to drug treatment. 

After addition of the specific drug, cells were incubated for 10-14 days and colonies 

counted after being fixed with methanol and stained with Giemsa. For MNU, 6- 

TG, 8-AG and azaserine, the drug was not removed. For cisplatin, drug treatment
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was for 1 hr. For mitomycin C treatment was for 1 hrs and for mechlorethamine 

(HN2) treatment was for 30 mins. Both mitomycin C and HN2 solutions were 

prepared fresh each time in H2O. For UV survivals, medium was removed and the

cells were irradiated at a fluence of IJ/m^ per second for various times using a 

254nm germicidal lamp calibrated with a Latajet dosimeter.

M utation Frequency and Rate.

Mutation frequency at the HPRT locus was usually determined in 96 well 

plates. Cells were seeded at 10  ̂per well (200p,l) in ten plates (10  ̂cells approx) in 

30|iM 6-TG. The cloning efficiency of each line was determined by plating cells at 

3/w ell in 96 well plates. Cloning efficiency was estimated using the equation 

CE= -ln(fraction of -ive wells)/(No cells per well).

Mutation frequency was estimated using the equation

MF=-ln(fraction -ive wells)/(No cells per well)(CE).

Determination of the mutation rate (p) at the same locus was by fluctuation 

analysis. Several (between 12-20) independent clones from each cell line, 

established by serial dilution in 96 well plates, were grown up to a defined cell 

number and seeded in a separate 96 well plate in 30|liM 6-TG. Rate (p) was 

estimated using the equation 

)i= MC"^ln2.

M= mutations per culture which= -InPo 

Po= probability of -ive cultures 

C= total No of cells in selection.
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Flouresence Associated Cell Sorting (FACS) Analysis.

FACS analysis was carried out with the aid of Mr Arron Rae and Mr Derek Davies 

of the Imperial Cancer Research Fund FACS Laboratory, Lincoln's Inn Fields 

London, UK.

FACS analysis of UV-irradiated or drug treated cells was determined by 

propidium iodide staining. Cells (10^-10^) were seeded from exponentially 

growing populations and allowed attach overnight. Following treatment, cells 

were harvested at specific time points to monitor cell cycle distribution in response 

to the various treatments. After harvesting cells and washing twice in PBSA, they 

were fixed in 1ml of 70% ethanol and stored for up to seven days at 4^C. For 

propidium iodide staining fixed cells were pelleted and washed with PBSA and 

then treated with lOOgl of lOOfig/ml ribonuclease for 5 mins at room temperature. 

This step is required because propidium iodide also stains double stranded RNA. 

After addition of 400)11 propidium iodide (50|ig/ml) the cells were analyzed on a 

FACScan system with an air-cooled 15mW argon ion laser emitting at 488nm using 

Cell Quest (version 3.1) software.

SCE Induction.

SCE Induction on XP12RO and MNU B4 was carried out by S. Matinelli and C. 

Ciotta at the Institute Superiore di Sanita Rome, Italy.

Briefly, one day after seeding, cells (3x10^) were exposed to UV radiation at 

a dose rate of O.lJ/m^/sec (up to 0.8Jm^) and subsequently grown for 2 days in 

medium containing 5|iM 5-bromodeoxyuridine. Mitotic cells were accumulated by 

treatment (2 hrs) with 0.5|ig/ml of colchicine, fixed in glacial acetic acid and
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methanol (1:3). Metaphase chromosomes were visualized by staining slides in 

Hoechst (0.5|Lig/ml), diluted in 2X standard sodium citrate (SSC) for 20 mins, 

exposed to light from an Osram Ultra-vitulux sunlamp in Ü.5X SSC for 40 mins, 

then rinsed for 5 mins in Sorensen's buffer, before being stained with 3% Giemsa 

solution in Sorensen's buffer for 7 mins. For each determination at least 1000 

chromosomes were analyzed.

Cell Extracts for the in vitro Mismatch Correction Assay.

Cell extracts were prepared from no less than 2x10^ cells (grown by the Cell 

Production Unit, Imperial Cancer Research Fund, Clare Flail) by washing cells in 

4°C hypotonic buffer (20mM Hepes.KOH pH 7.5, 5mM KCl, 1.5mM MgCl2, 0.5

mM DTT) containing 250mM Sucrose followed by a wash with hypotonic buffer 

alone. Cells were dounce homogenised and centrifuged for 20min at 10,000xg at 

4°C. The supernatant was recentrifuged at 50,000xg in a Beckman TL100.2 rotor at 

4°C for Ihr, the protein concentration of the supernatant determined and stored in 

aliquots at -80°C.

The Substrate for the in vitro Mismatch Correction Assay.

The substrate was prepared by Dr S. Oda in the laboratory.

The substrate for in vitro mismatch correction was constructed from 

molecules derived by subcloning a 211bp PvuI/PstI fragment of the previously 

described HK7 M13 (Brooks et al., 1989) into the pBK-CMV phagemid (Stratagene). 

The inserted region contained the heteroduplex cassette sequence that can
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be used to generate specific mismatches within restriction endonuclease sites that 

are diagnostic for mismatch correction. For the experiments described in this 

thesis, C-containing viral strands were purified by standard techniques (Sambrook 

et al., 1989). Closed circular duplexes, which contained T in the complementary 

position, were purified by banding on CsCl gradients. Following ethanol 

precipitation, duplex circular DNA was linearised by digestion with Ndel. After 

phenol extraction and ethanol precipitation, linear DNA (150-250pg) was mixed 

with a 2-fold excess of single stranded DNA and the mixture adjusted to 50% 

formamide, lOmM EDTA, pH 8.0 in a total volume of 2-3ml. The mixture was 

dialysed sequentially against: 95% formamide/lOmM EDTA pH 8.0 (2 hrs), 50% 

formamide/ 200mM Tris-HCl/lOmM EDTA pH 8.0 (2 hrs), lOOmM Tris-HCl, pH 

7.5/lOOmM NaCl, lOmM EDTA (2h) and finally against TE pH 7.5 (2hr). Nicked 

circular molecules were purified by agarose gel electrophoresis and electroelution. 

The purified 4470bp molecules contain a unique C T mispair that inactivates an 

Mlul restriction site. The mispaired T is located 580bp 5' of a single nick. Small 

amounts of reannealed matched linear molecules were present in all preparations. 

These, and their Mlul digestion products could be easily resolved from the 

diagnostic products and did not detectably affect the correction assay.

In vitro Mismatch Correction.

Mismatch correction was assayed in 25|il 30mM Hepes-KOH, pH 8.0, 7mM 

MgCl], 0.5mM dithiothreitol, O.lmM each dNTP, 4mM ATP, 40mM 

phosphocreatine, Ipg creatine phosphokinase (rabbit muscle type I), 70mM KCl, 

90ng DNA substrate and up to 200mg cell extract. Mixtures were incubated for 

15min and the reaction was terminated by the addition of lOmM EDTA/0.5% SDS. 

Samples were freed of protein by proteinase K digestion (Im g/m l, 15min)
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followed by phenol extraction. DNA was ethanol precipitated, dissolved in buffer 

and digested with Mlul, which is diagnostic for removal of the mismatch. 

Digestion products were separated on 0.8% agarose gels. The mismatched 

substrate contains a single Mlul site located at position 463. Digestion of the 

uncorrected substrate generates unit length linear 4470bp molecules. Molecules 

that have undergone nick-directed correction (T-C to G-C) to regenerate the Mlul 

site produces two fragments of 3.9kbp and 570bp on digestion. Digestion of the 

small amount of contaminating matched linear molecules generated during the 

annealing reaction produces small amounts of fragments of 3.3 and 1.17kbp. These 

are resolved from the products of mismatch correction. Therefore, digestion with 

Mlul of DNA recovered after incubation with repair-proficient cell extracts 

generated a diagnostic repair band that was absent in reactions incubated with 

mismatch repair deficient cell extracts.
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Chapter 3

Results I

Is Mismatch Repair Involved in the Processing of Persistent UV 

Induced DNA Damage? 

Introduction.

The interaction between mismatch repair (MMR) and UV induced DNA 

damage is complex. E. coli dam mutants are somewhat sensitive to UV irradiation 

(Marinus & Morris, 1975), (Bale et ai, 1979). Circumstantial evidence, from both E. 

coli (Feng et al., 1991), (Feng & Hayes, 1995) and S cerevisae (Bertrand et al., 1998) 

seems to point to some type of interaction, perhaps to do with recombination, 

between MMR and UV DNA photoproducts. MMR is directly implicated in the 

transcription-coupled nucleotide excision repair (TCR) (Hanawalt, 1994) of UV 

induced DNA damage in E. coli (Mellon & Champe, 1996) but not in S. cerevisae 

(Sweeder et al., 1996). In human cells, the relationship between TCR and MMR is 

complex and a precise role for MMR in the process is not firmly established (Mellon 

et al., 1996), (Leadon & Avrutskaya, 1997). The work described in this chapter probes 

the interaction between the human MMR system and persistent UV induced DNA 

damage. Méthylation tolerant and MMR defective tumour cell lines are not 

generally resistant to UV irradiation, although all examined are nucleotide excision 

repair (NER) proficient and can thus remove DNA photoproducts (Karran & 

Bignami, 1992), (Afzal et al., 1995). In order to examine the possible interactions 

between MMR and persistent photoproducts, I used a cell line of the XP-A 

complementation group. These cells are completely defective in nucleotide
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excision repair (NER), do not remove UV photoproducts from their DNA, and as a 

result, are hypersensitive to killing and sister chromatid exchange (SCE) induction 

following UV irradiation. Two distinct but complementary strategies were used to 

approach the problem of probing the interaction of MMR with persistent UV 

photoproducts. In the first, attempts were made to isolate derivatives of an XPA 

cell line with stable resistance to UV light and to assess the possible role of 

defective MMR in this UV resistance. This type of system mimics the selection for 

méthylation damage resistance (tolerance) in a Mex" cell line (in which the 

méthylation damage persists), and its association with defects in MMR. The 

alternative approach, was to examine the effects of UV irradiation on survival, 

recombination (SCE induction) and cell cycle progression in the same XPA cell line 

into which a MMR defect had been introduced.

In this chapter, I will describe the generation and characterization of a 

novel, doubly MMR and NER defective cell line. This cell line, designated MNU 

B4, was generated from the Mex", NER defective, XP-A fibroblastoid cell line 

XP12RO. MNU B4 was selected on the basis of tolerance to the O^-methylguanine 

(O^-meC) generating agent N-methyl-N-nitrosourea (MNU). Mex" cells selected 

for tolerance to MNU or MNNG in this way, have previously been found to have 

defects in hMSH6 (Kat et al, 1993), (Hampson et al, 1997) or in components of the 

hM utLa complex (Ceccotti et al., 1996), (Hampson et al., 1997).

MMR also mediates the cytotoxicity of 6-thioguanine (6-TG) in DNA 

(Swann et al, 1996), (Waters & Swann, 1997), (Karran & Bignami, 1996), most likely 

through the inappropriate processing of 6-ThioMeG-T base pairs (Swann et al., 

1996), (Waters & Swann, 1997). Cross resistance to 6-TG is useful additional criterion 

of MMR defects.
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The human fibroblast cell line XP12RO, is derived from a xeroderma 

pigmentosum complementation group A (XP-A) patient. XP12RO cells do not 

produce detectable XPA protein (Jones et al., 1992), are unable to excise UV- 

induced photoproducts to any measurable extent and are extremely sensitive to 

killing by UV irradiation (Cleaver et ai, 1987).

Results.

Selection for UV Resistance in XP12RO.

As expected, XP12RO cells were found to be extremely sensitive to killing 

by UV irradiation (Cleaver et ai, 1987), and Fig 3.1. To select for resistance to UV 

radiation, five independent cultures of XP12RO cells were exposed to escalating 

doses of UV light over a three month period. Cells were initially seeded at 

2.5x10^/10cm plate and irradiated using a 254nm germicidal lamp. The initial dose 

was IJ/m ^. When a significant number of survivors of this highly cytotoxic dose (, 

1% survival) had repopulated the dish, the cells were re-irradiated at 2J/m^. UV 

selection was continued using repeated cycles of treatment, employing doubling 

UV doses, up to a final dose of 16J/m^. The surviving cells were then irradiated 

twice at 25Jm^, and clonal isolates established from the survivors. The UV 

survivals of three independent surviving clonal isolates UV F2, UV F4 and UV F5, 

are shown in FIG 3.1.
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FIG 3.1. The UV survival (average of at least three experiments) of the UV selected 

XP12RO clones as determined by colony formation 12-14 days post-irradiation. 

GM0637 is an SV40 transformed fibroblast from a normal individual.

FIG 3.1 indicates that despite surviving multiple supralethal doses of UV, 

these surviving clones of XP12RO did not exhibit a stable resistance to UV light.

None of the XP12RO clones UV F2, UV F4 and UV F5 exhibited méthylation 

tolerance. FIG 3.2 shows that these cell lines retained the hypersensitivity to MNU, 

consistent with their Mex" phenotype and retention of an intact MMR pathway. A 

protocol similar to the MNU treatment which routinely isolates MMR defective 

cells (Hampson et al, 1997) did not yield UV resistant clone with MMR defects.
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Therefore, this approach does not provide evidence that the lethal effects of 

persistent UV damage are mediated by MMR.
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FIG 3.2. The MNU survival (average of two experiments) of the UV selected 

XP12RO clones as determined by colony formation 12-14 days post drug exposure.

Selection of MNU Resistant Variants of XP12RO.

XP12RO are Mex" and hypersensitive to killing by MNU (FIG 3.2 & 3.3). 

They have a D37 (the concentration of MNU that reduces cell survival to 37%) of

approximately 40|llM. MNU resistant variants of XP12RO were selected by 

continuous exposure to escalating doses of MNU over a period of four weeks.
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XP12RO cells seeded at 10^ cells/10cm plate, were initially exposed to lOOpM 

MNU. When the surviving cells had repopulated the plates, they were exposed to 

200pM MNU. Treatments using lOOpM increments were continued successively up 

to a final and repeated (twice) concentration of 500|iM MNU.
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FIG 3.3. MNU Survival of the MNU selected XP12RO clones. This plot represents 

an average of two separate experiments in which each data point was done in 

duplicate.

Three clones each derived from independent cultures of MNU treated 

XP12RO, designated MNU B2, MNU B3 and MNU B4, exhibited stable resistance 

to MNU (FIG 3.3).
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MGMT Activity in the MNU Resistant Variants of XP12RO.

MNU resistance may be acquired by reexpression of MGMT. Therefore, 

MGMT activity in the MNU resistant clones, MNU B2, MNU B3 and MNU B4, was 

compared to the Mex+ Raji cell line which express 0.3 units/m g MGMT. In each 

case MGMT levels were below the limit of detection (0.05 units/m g). This 

indicated that the stable resistance of MNU B2, MNU B3 and MNU B4 to MNU 

was due to méthylation tolerance and was not a consequence of reexpression of the 

MGMT activity.

Table 3.1: The MGMT Activity in Cell Extracts of the MNU Resistant Variants of 

XP12RO.

Cell Line Units* of MGMT per mg

protein.

Raji Mex+ 0.31 units

XP12RO (mex-) < 0.05 units

MNU B2 < 0.05 units

MNU B3 < 0.05 units

MNU B4 < 0.05 units

* One unit is defined as the amount of MGMT that removes 1 pm ol of O^-meC.
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Cross Resistance of the XP12RO Variants to 6-thioguanine.

30)
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FIG 3.4. The 6-TG survival of the MNU selected XP12RO clones. This plot shows 

an average of three separate determinations.

Tolerant MMR defective cells are usually cross-resistant to killing by 6-TG. 

Of the three MNU resistant clones isolated, MNU B4 exhibited the greatest 

resistance towards 6-TG (FIG 3.4). Because 6-TG resistance may also arise as a 

consequence of defective HPRT expression (Elion, 1989), (Diggelen et al., 1979) the 

HPRT status of the 6-TG resistant XP12RO variants was analyzed. Enzyme levels 

were determined by direct assay of freshly prepared cell extracts (Table 3.2). The 

base analogue 8-azaguanine (8-AzaG) is cytotoxic to HPRT proficient cells. 

Resistance to this agent is therefore an indicator of HPRT deficiency (Diggelen et al.
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1979). The resistance to 8-AzaG for each of the MNU selected cells lines was 

determined by clonal survival. The HPRT status of the various XF12RO clones is 

presented in Table 3.2.

As can be seen form Table 3.2, all the MNU resistant cell lines, including 

MNU B4, are proficient in HPRT activity and express the enzyme at levels 

comparable to XP12RO. A HPRT defective variant of XP12RO, that was selected by 

growth in 30pM 6-TG (XP12RO HPRT") was included as a negative control.

Table 3.2: The HPRT Proficiency of the MNU Resistant XP12RO Variants.

Cell Line D37 Value 

8-AzaG (|iM)

Units of HPRT per 

mg protein.

XP12RO 18 1.7 units

XP12RO HPRT- 90 Not Detectable

MNU B2 18 1.7 units

MNU B3 18 1.7 units

MNU B4 18 1.7 units

* One unit of HPRT catalyses the formation of 1 pmol IMP per min.

Therefore, MNU B2, MNU B3 and MNU B4, by virtue of their stable 

resistance to MNU despite being Mex", and their cross resistance to 6-TG, even
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though proficient in HPRT activity, can be regarded as having a méthylation 

tolerant phenotype.

The Mutator Phenotype of MNU B4.

Mismatch repair defective cells display a mutator phenotype which is 

evident in their elevated spontaneous mutational frequencies and rates at the 

HPRT locus (Aquilina et al, 1994), (Bhattachaiyya et al, 1994), (Eshleman et al., 1995), 

(Glaab & Tindall, 1997). The spontaneous mutation frequencies of all the MNU 

resistant variants of XP12RO were determined by plating around 10^ cells, at 10^ 

cells/well in 96 well plates in 30|iM 6-TG. This concentration is toxic even to 

méthylation tolerant MMR defective cells. The values for mutational frequency at 

the HPRT locus are shown in table

Table 3.3: Mutation Frequency at the HPRT Locus.

Cell Line CE Mean No. Pg

+ive wells - 6-TG

PE

+ 6-TG

Mutation

Frequency.

XP12RO 76 0.033 0.53 1x10-7 1.9xl0-'7/cell

MNU B2 73 0 0.47 IxlO' '̂" <2.1xl0"'7/cell

MNU B3 70 0 0.44 IxlO-^'' <2.3xl0''7/cell

MNU B4 73 43.4 0.48 4.3x10-5 9xl0‘5/cell
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The XP12RO and MNUB4 data are a mean of three separate determinations.

* Pp+6-TG values were calculated based on the assumption of a mean of 1 +ive well/plate.

CE: The mean number of positive wells in the four control 96 well plates. Each well was seeded at 3 
cells/well.

No. + ive wells: The mean number of positive wells in the 6-TG treated plates. Cells were seeded at 
lO'̂  cells/w ell in the presence of 30|iM 6-TG. A total of ten 96 well plates were used per cell line.

Pg: Plating efficiency Pp= P o/N o cells per well. This value was calculated for the plates with and 
without 6-TG.

Po= -In [(total No. of wells) - (total No of positive wells)] /  (total No of wells)

Mutation Frequency: PE +6-TG /  Pg -6-TG.

Méthylation tolerance in MNU B4 cells was associated with a substantial 

increase in the frequency of HPRT" cells. As can be seen from Table 3.3, the 

frequency of HPRT" mutants in XP12RO cultures was <10"^ per cell. The 

corresponding frequency in MNU B4 cells was 9x10"^ per cell, an increase of 

around 10^-fold. Because the phenotype of MNU B2 and MNU B3 were less 

pronounced (slight cross-resistance to 6-TG, no detectable mutator effects at 

HPRT), subsequent work focused on characterization of MNU B4.

The rate of spontaneous mutation at the HPRT locus was determined in 

XP12RO and MNU B4 and is presented in Table 3.4. Independent cultures were 

established and expanded from each cell line by single cell cloning. For XP12RO 

mutational rate was determined by Luria-Delbruck fluctuation analysis using 96 

well plates (28 cultures at 6x10^ cells/well) or 10cm dishes (23 cultures at 5x10^ 

cells/10cm dish). Each independent culture was seeded in 30pM 6-TG and scored 

as positive (+ive) or negative (-ive).
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Table 3.4: Mutational Rate at the HPRT Locus.

XP12RO

No Cultures. Mean No 

cells/well/Plate.

No +ive M 

Cultures.

C-1 11.

(/cell/generation)

28 6x10^ <0.04 <1.7x10-5 <4.6x10'^

23 5x10^ <0.05 <2x10-7 <6.9x10-9

No +ive cultures were recovered from two determinations with XP12RO. Hence, for the purpose 

of the calculations it was assumed that 1 +ive culture was found for each determination.

MNU B4.

No Cultures. Mean No No +ive M

cells/well/Plate. Cultures.

C-1 p.

(/ cell/generation)

18 800 12 1.1 1.3x10- 1x10-5

39 650 10 0.3 1.5x10- 3.2x10-4

Mutational Rate (p) was determined by Luria-Doibruck fluctuation analysis using the equation 

p= M C-lln 2 where M= -In Pq

Pq= (The No of cultures without mutants]/[total No of cultures)

C= The No of cells/well or plate in selective medium

155



For MNU B4, the rate of mutation to HPRT" on average 1.6x10"^ per cell per 

generation. No HPRT" mutants were recovered in two independent experiments 

with XP12RO, indicating a mutation rate of <10^ per cell per generation. Thus, the 

méthylation tolerant phenotype of MNU B4 confers a several hundred fold 

increase in spontaneous mutation rate at HPRT. This elevated mutation rate is 

consistent with the méthylation tolerant phenotype of MNU B4 being the 

consequence of a loss of mismatch repair capacity in these cells.

MNU B4 Cells are Defective in hMSH2 Expression.

Expression of specific MMR proteins was examined in MNU B4 by 

western blotting. The hMSH2 protein was undetectable in extracts of MNU B4 cells 

(FIG 3.5(a)). In this respect, MNU B4 resembled Jurkat, a T cell leukemia cell line 

that is known to be deficient in hMSH2 expression (Brimmel et al., 1998). hMSH2 

protein was present at approximately similar levels in extracts of the parental 

XP12RO cell line, in GM0637, an SV-40 transformed human fibroblast line derived 

from a clinically normal individual, and in the hMLHl-deficient colorectal tumour 

cell line HCT-116. As expected, hMLHl was absent from extracts of HCT-116 (Li & 

Modrich, 1995), whilst the hMLHl and hPMS2 proteins were present in similar 

levels in both XP12RO and MNU B4 (FIG 3.5(b) and (c)). The méthylation tolerant 

and mutator phenotype of MNU B4 is probably a consequence of a MMR defect 

resulting from the severely reduced or absent expression of hMSH2.
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FIG 3.5. M NU B4 is deficient in the expression of HMSH2 (a), b u t retains 

expression of hM L H l (b) and hPMS2 (c).
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The UV Survival of MNU B4.

Compared to the NER proficient GM0637 cell line, the parental XP12RO 

cells exhibited the expected sensitivity to killing by UV irradiation, consistent with 

their defect NER (Cleaver et al, 1987) and EIG 3.6. The UV sensitivity of MNU B4 

did not differ significantly from that of its XP12RO parental line (FIG3.6 and EIG 

3.7(b)). Thus, cell killing by persistent UV-induced DNA damage in MNU B4, in 

contrast to that induced by MNU or 6-TG, is not detectably altered by the 

introduction of the hMSH2 defect.
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FIG 3.6. The UV survival of MNU B4 compared to its XP12RO parents. GM0637 is 

included as an NER proficient control (average of three determinations).
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SCE Induction in MNU B4 and XP12RO Following UV Irradiation.

SCE analysis on XP12RO and MNU B4 was carried out by S. Martinelli and 

C. Ciotta at the Istituto Superiore di Sanita, Rome, Italy.

In addition to its lethal effects, O^-meG in DNA is also a potent inducer of 

SCE in Mex" cells with a functional long patch MMR system (Aquilina et al., 1988), 

(Bean et al, 1994). UV light is an efficient inducer of SCE particularly in an NER 

deficient background (Wolff et al, 1975), (Afzal et al, 1995). Therefore, UV-induced 

SCE provides a sensitive alternative marker for the effects of persistent UV- 

induced DNA damage. No difference was apparent in the frequencies of 

spontaneous SCE in XP12RO and MNU B4, which were in good agreement with 

published values for XP12RO cells (Afzal et al., 1995). SCE induction was measured 

in these lines after exposure to 0-0.8J/m^ UV light. The total SCE scored and the 

frequencies of SCE per chromosome are presented in Table 3.5.

Table 3.5. UV-lnduced SCE in XP12RO and MNU B4 cells.

Cell Line UV Dose Total SCE per total SCE per Chromosome

(J/m^) Chromosome. (± Standard Error)

XP12RO 0 395/1490 0.27+0.02

0.3 904/1490 0.61+0.05

0.4 1070/1490 0.72+0.05

0.6 1244/1490 0.83+0.03

0.8 1390/1490 0.93+0.03
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M NU B4 0

0.3

0.4

0.6

0.8

378/1476

892/1476

1040/1476

1423/1771

1460/1624

0 .26+ 0.02

0.60+0.04

0.70+0.05

0.80+0.07

0.90+0.07

Both cell lines exhibited a dose dependent increase in SCE induction, and 

both lines were very sensitive to UV-induced SCE, consistent with the general 

sensitivity of XP lines (FIG 3.7(a)) (Wolff et al., 1975), (Afzal et ai, 1995). There was 

no significant difference in the sensitivity of MNU B4 and XP12RO to SCE 

induction by UV light (FIG 3.7(b)). Thus, the absence of MMR in MNU B4 does not 

detectably influence the yield of spontaneous or UV-induced SCE.
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FIG 3.7 (a). A diagrammatic representation of the UV-induced SCE of XP12RO and 

MNU B4.
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FIG 3.7 (b). Survival curve from 0-lJ/m^ for XP12RO and MNU B4 as determined 

by colony formation. The data indicate no differential survival between the two 

cell lines over this UV range.

These data provide alternative evidence of the absence of any significant 

role for human MMR in the processing of persistent UV photoproducts.

The Effect of Defective MMR on Cell Cycle Progression following UV 

Irradiation.

Cell cycle distribution was monitored in both XP12RO and MNU B4 

following UV irradiation over a 48 hour period using propidium iodide 

flourescence associated cell sorting (FACS) analysis. Both cell lines were irradiated
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with 2J/m^, a UV dose that results in less than 1% survival in each cell line as 

judged by colony formation assay (FIG 3.1). The percentage of cells in each part of 

the cell cycle is presented as histograms in FIG 3.8(a) and (b). No significant change 

in cell cycle distribution was apparent in either cell line over the first 8 hours after 

UV irradiation. Between 8-24 hours, both XP12RO and MNU B4 begin to 

accumulate in the S-phase of the cell cycle. Forty eight hours after UV irradiation, a 

significant proportion of both XP12RO and MNU B4 cells are in S phase. There was 

no discernable difference in cell cycle distribution between the two cell lines at any 

of the time points examined. The steady accumulation of cells from both XP12RO 

and MNU B4 in S phase following UV irradiation, is consistent with the ability of 

persistent UV photoproducts to inhibit DNA replication (Orren et ai, 1997). 

Therefore, the hMSH2 defect in MNU B4 did not significantly influence its cell 

cycle progression, compared to its MMR proficient XP12RO parents. These results 

are consistent with the inability of MMR to process persistent UV-induced DNA 

damage. NER defective rodent cells also show accumulation in S-phase of the cell 

cycle following UV irradiation, consistent with their inability to remove UV- 

induced DNA damage (Orren et al., 1997).

Cell cycle progression following UV irradiation at 2J/m^ in the NER 

proficient GM0637 cell line is shown in FIG 3.9. This UV dose produces negligible 

cell death in GM0637. In GM0637 cells, a slight accumulation in S-phase of the cell 

cycle was noted over the first 8 hours following irradiation. Between 8-24 hours, 

the cell cycle distribution returned to that of the unirradiated control cells (0 

hours), and persists even 48 hours after irradiation.
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FIG 3.8. Cell cycle progression following UV-irradiation (2J/m^) for XP12RO (a) 

and MNU B4 (b). The histograms above were determined from the CellQuest 

FACS analysis, which can be found in the appendix.
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GM0637 UV FACS: 2 J/m2.
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FIG 3.9. The cell cycle distribution of GM0637 following UV-irradiation at 2J/m^.

The ability of these cells to escape the S-phase accumulation seen in XP12RO and 

MNU B4, is probably a consequence of the ability of GM0637 cells to remove UV- 

induced photoproducts. No evidence was obtained for a G1 or G2 block under the 

conditions used here.

S um m ary .

The work presented in this chapter analyzed the effects of human mismatch 

repair on the processing of persistent UV DNA damage. Two complementary 

approaches were used. Attempts to generate a UV resistant, NER defective, variant 

of XP12RO did not produce clones that exhibited a stable UV resistance, despite 

these clones surviving a supralethal selection protocol. MMR deficiency was not
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implicated in the survival of these UV selected cell lines. Although this approach 

was unsuccessful, it indicates that the selection of MMR defective cells by multiple 

exposures to DNA methylating agents does not extend to UV damage.

In a complementary approach, a mismatch repair defect was introduced 

into XP12RO, and the effects of UV irradiation on the doubly NER/MMR deficient 

cell line was examined. A clone designated MNU B4, was selected for tolerance to 

MNU from the Mex" parental line XP12RO. This cell line exhibited a stable 

enhanced resistance to MNU despite remaining Mex", was cross resistant to 6-TG 

though proficient in HPRT activity, had a significant mutator phenotype at the 

HPRT locus, and was deficient in hMSH2 expression by western blotting. All these 

properties are consistent with méthylation tolerant MMR defective cells. The 

introduction of an hMSH2 defect into the XP-A deficient XP12RO cell line had no 

significant effect on UV survival, UV-induced SCE induction or cell cycle 

progression following UV irradiation.

Discussion

MNU B4 represents the first example of a human cell line in which defects 

in three important DNA repair functions: MGMT, MMR and NER have been 

combined. The approach taken in the introduction of a MMR defect into XP12RO 

should be generally applicable and would facilitate investigations of the 

interaction of MMR with other DNA repair pathways or inherited conditions. 

Preliminary experiments using this approach to investigate possible involvement's 

of MMR with TCR are described in chapter 7 of this thesis. MNU B4 also 

represents the first example of a MMR deficient human cell line selected for 

tolerance that is deficient in hMSH2 expression. The dramatic mutator effect at the
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HPRT locus, although typical for MMR defective tumour cell lines (Bhattacharyya et 

al., 1994), (Glaab & Tindall, 1997), is unusual for MMR deficient cell lines selected 

for tolerance (Branch et al, 1993a), (Hampson et al., 1997). It is unclear whether this 

effect on the mutation frequency and rate in MNU B4 is a result of the combination 

of defects in three major DNA repair pathways, MGMT, NER and MMR, in this 

cell line, or a consequence of the hMSH2 defect.

The work described in this chapter, clearly indicates that defective MMR is 

not detectably associated with enhanced survival, or an altered pattern of SCE 

induction in response to persistent UV induced DNA damage. Consistent with 

this, defective MMR did not significantly alter the cell cycle progression of MNU 

B4 compared to XP12RO following UV-irradiation. Although the experimental 

system used here specifically excludes analysis of the complex role of MMR 

proteins in TCR (Mellon et al., 1996), (Leaden & Avrutskaya, 1997), the results are 

consistent with human MMR not playing a significant role in the processing of 

persistent UV induced DNA damage. It has previously been noted that NER 

proficient méthylation tolerant cells are not cross resistant to UV. This can now be 

ascribed to a failure of MMR to interact significantly with UV photoproducts 

rather than to their lack of persistence in DNA. Support for this comes from a 

variety of biochemical sources. Purified hMutSa does not appear to recognize UV 

DNA photoproducts (Mu et al., 1997), and a tumour cell line with a defect in 

hMutSa has efficient NER capacity (Moggs et al., 1997). Although recent work on S. 

cerevisiae also rules out a major role for MSH2 protein in the processing of UV 

induced DNA damage, it does suggest that it may participate in a minor, possibly 

recombinational, repair pathway (Bertrand et al, 1998). This is consistent with the 

likely role of MSH2 in double-strand break rejoining by single-strand annealing or 

gene conversion pathways, in S. cerevisLe (Paques & Haber, 1997), (Sugawara et al,
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1997). If a similar hMSH2-dependent recombinational repair pathway is active in 

hum an cells, the properties of MNU B4 argue that it differs from that of SCE, and 

does not appreciably effect UV survival, even at very low fluences (FIG 3.7(b)).

Because MNU B4 is defective in MGMT, MMR and NER, this cell line offers 

a convenient system to investigate the interaction of the human MMR system with 

various forms of persistent DNA damage. This is the basis for the work described 

in Chapter 4.
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Chapter 4.

Results II 

DNA Mismatch Repair as a Sensor of General DNA Damage. 

Introduction.

In the introduction of this thesis, I described the observations that MMR 

defects of the kind associated with méthylation tolerance and 6-TG resistance, have 

been found in cells selected for high level resistance to unrelated DNA modifying 

agents such as cisplatin and doxorubicin (adriamycin) (Anthoney et al., 1996), 

(Drummond et al., 1996), (Brown et al., 1997). This, coupled with the fact that MMR 

defective cells appear to lack a G2/M  cell cycle arrest in response to methylating

agent, 6-TG (Hawn et al., 1995), (Carethers et al, 1996), and ionizing radiation (IR) 

exposure (Davis et al., 1998), has been interpreted to suggest that MMR may 

function as a general sensor of DNA damage. In this model, MMR proteins act as 

sensors for DNA damage, initiate cell cycle checkpoints and thereby influence the 

cells sensitivity to a variety of structurally distinct DNA lesions (Kat et al., 1993), 

(Hawn et al., 1995), (Carethers et al., 1996), (Fink et al., 1998a). If true, this would have 

important implications for the mechanism of toxicity of a wide range of 

chemotherapeutic drugs. The general sensor paradigm is completely distinct from 

the original model of MMR interacting with DNA damage which postulates a 

requirement for similarity between damaged base pairs and normal mispairs 

(Karran & Bignami, 1994), (Karran & Bignami, 1996), (Swann et al, 1996) to trigger 

recognition by MMR. I have already reported in the previous chapter, that the
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human MMR system does not influence the SCE induction or killing by persistent 

UV induced DNA damage. In this chapter I will examine the influence of MMR on 

the cytotoxicity of a diverse range of structurally unrelated types of persistent 

DNA damage, using the doubly MMR and NER defective MNU B4 cell line that 

was described in Chapter 3.

If the human MMR system functions as a significant general sensor of DNA 

damage it is then reasonable to assume that defective MMR should alter the 

survival response of cells to a diverse range of DNA lesions. The effects of the 

hMSH2 defect in MNU B4 on the processing of ionizing radiation, cross-linking 

agent (mitomycin C, nitrogen mustard, cisplatin), and carboxymethylation induced 

DNA damage are presented here. All these agents produce multiple DNA lesions 

some of which are substrates for NER, and thus persist differentially in MNU B4 

because it is a derivative of the XP-A human fibroblast XP12RO.

Results.

Cellular parameters that influence the reaction of DNA damaging species with 

DNA.

Several parameters that can potentially influence the initial reaction of a 

DNA damaging agents with DNA were first examined. Cellular resistance to 

ionizing radiation, mitomycin C, nitrogen mustards, cisplatin and 

carboxymethylating agents may arise because of reduced DNA modification. This 

in turn may be influenced by intracellular levels of metallothionein (MT) (Kasahara 

et ai, 1991), (Kelley et al, 1998), glutathione (7GSH) (Lewis et al., 1988), (Godwin et
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al., 1992), as well as glutathione-S-transferase (7GST) (Lewis et al., 1988), (Beaumont 

et al., 1998) and 7GST-71 activity (Peters & Roelofs, 1992). Each of these parameters 

was determined for GM0637, XP12RO and MNU B4. The values are outlined in 

Table 4.1.

Table 4.1. Levels of Intracellular Compounds that Potentially Effect the Extent of 

Reaction with DNA.

Cell Line [Thiol] >GST 7GST-71

(|iM) (nM/min/mg) (nM/min/mg)

GM0637 248.6 57.3+7.1 25.6+3.8

XP12RO 248.6 67.5+6.1 25.8+0.5

MNUB4 248.1 66.2+6.1 23.5+0.8

All values represent the mean + standard deviation from at least three separate determinations.

Each determination was carried out using freshly prepared extracts.

The levels of total cellular acid soluble thiols (which would include MT and 

7GSH levels), 7GST and 7GST-7C activity were all found to be similar in these cell 

lines. The small differences observed would therefore be unlikely to influence the 

extent of DNA damage.
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Ionizing Radiation.

It has been suggested that MMR processes some component of ionizing 

radiation (IR) induced DNA damage and modulates the survival of irradiated 

cells. However, according to published reports MMR does not influence the 

survival of IR irradiated cells in a consistent fashion. MMR defective mouse cells 

are reported to be slightly more resistant to acute IR exposure (Fritzell et al., 1997), 

(Reitmair et al., 1997), and also to chronic low dose IR exposure (DeWeese et al., 

1998) compared to their MMR competent counterparts. In contrast, the hMLHl- 

defective colon tumour cell line HCT-116 is slightly more sensitive to IR compared 

to its chromosome 3 transfer counterpart, which is proficient in MMR (Davis et al.,

1998). Under oxic conditions, exposure to IR introduces DNA lesions which are 

excised by NER (Satoh et al., 1993). These undefined DNA lesions will therefore 

persist in XP12RO and MNU B4. The influence of defective hMSH2 expression on 

the survival to IR was therefore investigated in these cell lines.

As can be seen in FIG 4.1, the hMSH2 defect in MNU B4 does not significantly 

affect the resistance of this cell line relative to its MMR proficient control. The 

slight sensitivity of the two NER defective cell lines XP12RO and MNU B4 to IR, 

compared to the NER proficient cell line HeLa MR may be consistent with a minor 

contribution of NER to IR survival, although HeLa MR is not isogenic with 

XP12RO.
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FIG 4.1. Survival following ionizing radiation was determined by colony 

formation. Each curve represents an average of at least three independent 

experiments with each data point determined in duplicate.

Mitomycin C Induced DNA damage and Survival.

Mitomycin C (Mito C) metabolites react preferentially with the N2 amino 

group of guanine (Bizanek et al, 1993). These guanine monoadducts (Tomasz et al., 

1986) may then form interstrand and intrastrand diguanyl cross-links (Bizanek et 

al, 1992), (reviewed in (Chaney & Sancar, 1996)), as shown in FIG 4.2.
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FIG 4.2. The structure of Mito C DNA monoadduct interstrand and intrastrand 

cross-links.

XP-A cells are defective in the excision of Mito C monoadducts and are 

sensitive to the drug. They are not as sensitive to Mito C as Fanconi's anemia cells 

which are defective in interstrand cross-link repair (Kano & Fujiwara, 1981), (Plooy 

et ah, 1985). As can be seen in Fig 4.3, XP12RO is sensitive to the toxic effects of 

Mito C compared to the NER proficient GM0637 fibroblast. This is consistent with 

a role for NER in excising a proportion of lethal Mito C induced DNA damage 

(most likely the monoadducts). This type of lethal damage would persist in 

XP12RO and be available for interaction with MMR. FIG 4.3 shows that the hMSFI2 

defect in MNU B4 does not significantly influence its sensitivity to Mito C. These 

data suggest that human MMR does not participate significantly in either the
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excision of lethal Mito C DNA adducts or in their processing into lethal DNA 

lesions.

cn
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FIG 4.3. Mito C survival curve was determined by colony formation 10 -14 days 

after a 1 hr treatment with the drug. These data represent an average of two 

independent determinations.

Nitrogen Mustard induced DNA Damage and Survival.

Mechlorethamine (HN2) is the simplest nitrogen mustard (FIG 4.4). 

Reaction of HN2 with DNA produces primarily monoadducts at the N7 position of 

guanine, but also a significant proportion (around 10% of total adducts) of inter 

and intrastrand diguanyl cross-links (reviewed in (Povirk & Shuker, 1994)). FIG 4.5
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shows that XP12RO cells are selectively sensitive to HN2, compared to the NER 

proficient GM0637.

Mprhlorfthjiminp

CH.  N

Cl

Mechlorcthamine Monoadduct

CH.

FIG 4.4. Structures of mechlorethamine and its monoadduct via reaction with the 

N7 position of guanine.

This differential sensitivity of XP12RO reflects the repair of potentially 

lethal HN2 induced DNA damage by NER. In agreement with this, cell free 

extracts from cell lines defective in XPF and XPG selectively fail to excise 

melphalan (another nitrogen mustard) monoadducts from an oligonucleotide 

substrate (Grant et al., 1998). The hMSH2 defective MNU B4 cells are slightly more 

sensitive to HN2 compared to their MMR proficient XP12RO parents. The 

significance of this apparent small sensitivity is unclear, but may reflect the 

participation of hMSH2 in some aspect of cross-link repair (Aquilina et al., 1998).
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FIG 4.5. HN2 survival was determined by colony formation 12-14 days post drug 

treatment. Cell were exposed to HN2 for 30 mins. The data represent the average 

of three independent determinations.

Since the hMSH2 defect in MNU B4 did not increase the resistance of this 

line to persistent HN2 induced DNA damage, I conclude that MMR does not 

actively process HN2 induced DNA damage into lethal DNA lesions.

Cisplatin Induced DNA damage and Survival.

The initial reaction of cisplatin with DNA is at the N7 of guanine. It can also 

react, to a lesser extent, with the N7 of adenine. A second reaction with an adjacent 

purine may then occur forming 1,2 dipurinyl intrastrand cross-links which

76



comprise > 80% of cisplatin DNA adducts (Eastman, 1983). 1,3 diguanyl intrastrand 

cross-links (G-N-G; where N= an undefined base) account for around 5%-10% 

cisplatin diadducts. Diguanyl interstrand cross-links are thought to represent less 

than 1% of total adducts formed (reviewed in (Chaney & Sancar, 1996)). The 

structures of two of the principal cisplatin DNA adducts are shown in FIG 4.6.
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FIG 4.6. Structure of cisplatin along with the 1,2 dipurinyl and 1,3 diguanyl 

intrastrand cross-links.

NER is the main mechanism for removing intrastrand cross-links induced 

by cisplatin (Hannson & Wood, 1989), (Moggs et aL, 1996). NER processes the highly 

DNA distorting 1,3 diguanyl intrastrand cross-links more efficiently than the more 

abundant but less distorting 1,2 dipurinyl intrastrand cross-links (Moggs et al, 

1997). Consistent with the action of NER on lethal cisplatin DNA damage, cell lines 

of the XP-A complementation group are generally considered to be sensitive to
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killing by cisplatin (Fraval et al, 1978), (Poll et al, 1984), (Plooy et al, 1985), (Dijt et 

al, 1988), (Fujiwara cr a/., 1993).
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FIG 4.7. Cisplatin survival was determined by colony formation after treatment for 

1 hr. These data represent the average of three independent determinations.

Surprisingly, XP12RO did not exhibit the expected sensitivity of an XP-A 

cell line to cisplatin, and was as resistant as the NER proficient GM0637 (FIG 4.7). 

This was despite the fact that all three cell lines had similar levels of total cellular 

acid soluble thiols, 7GST and 7GST-71: activity, all of which can influence the level of 

DNA platination (Table 4.1). The hMSH2 defect in MNU B4 did not increase the 

resistance of this line to cisplatin (FIG 4.7). If anything, MNU B4 was slightly more 

sensitive to cisplatin compared to XP12RO.
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Factors Effecting DNA Platination.

To investigate whether the anomalous cisplatin resistance of XP12RO was a 

consequence of reduced cispIatin-DNA interaction I examined the effects of 

modulating 7GST activity in XP12RO, MNU B4 and GM0637. Overnight incubation 

of all three cell lines with a nontoxic concentration (10|iM) of the 7GST inhibitor 

buthionine sulfoximine (BSD) lowered the activity of XP12RO, MNU B4 and 

GM0637 about 3-fold (see Table 4.1). Values were reduced to 22.9 nM /m in/m g, 

22.6nM /m in/m g and 22.6 nM /m in /m g for GM0637, XP12RO and MNU B4 

respectively.
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FIG 4.8. Cisplatin survival following overnight incubation with lOpM BSO. Data 

represents the average of three colony forming experiments.
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This treatment sensitized all the cell lines to cisplatin (around 2-fold based 

on D37 values) consistent with a reduction in the protective effect of 7GST. It did

not affect the differential resistance of the XPA cell lines and GM0637 to cisplatin 

(see FIG 4.8). XP12RO remained as resistant to cisplatin as the NER proficient 

GM0637 cell line. These data suggest that the unexpected resistance of XP12RO to 

cisplatin compared to GM0637 is not due to a differential protection by 7GST 

activity.

Determination of y-Glutamyl transpeptidase (y-GGT) Activity in XP12RO, 

MNU B4 and GM0637.

The y-GGT protein functions as a glutathionase that hydrolysis extracellular 

glutathione as a means of cellular glutathione ('^GSH) uptake (for a review see 

(Hanigan, 1998)). This enzyme modulates levels of intracellular yGSH and enhanced 

y-GGT expression is associated with high level cisplatin resistance in cultured cells 

(Godwin et al., 1992), (Hanigan, 1998). y-GGT expression in tumours in nude mice is 

correlated with resistance of these tumours to cisplatin (Hanigan et ai, 1999). Levels 

of y-GGT were measured in the cell lines. The y-GGT activity in XP12RO and 

GM0637 was similar. Therefore, the unexpected cisplatin resistance of XP12RO 

cannot be attributed to differential levels of activity of y-GGT between XP12RO 

and GM0637. MNU B4 was found to express around 3-fold more y-GGT activity 

compared to XP12RO and GM0637 (Table 4.2). If increased y-GGT levels decrease 

the extent of DNA platination, these data suggest that the cisplatin resistance of 

MNU B4 may also be influenced by factors apart from MMR.

180



Table 4.2. The y-GGT levels in GM0637, XP12RO and MNU B4.

Cell Line. y-GGT

(nM/min/mg)

GM0637 0.8+0.1

XP12RO 0.7+0.2

MNU B4 2.1+0.8

All values represent the mean + standard deviation from at least three separate determinations.

Each determination was carried out using freshly prepared extracts.

Levels of DNA Platination in XP12RO, MNU B4 and GM0637.

Determination of DNA platination was carried out by Dr Lloyd Kelland and 

Mr Ciaran O'Neil at the CRC Center for Cancer Therapeutics, Sutton, UK.

The level of DNA platination in these three cell lines was determined by 

atomic absorption spectroscopy of DNA extracted from the cells following a 2 hour 

exposure to cisplatin. There was no significant difference in the extent of DNA 

platination in the range 25-100|iM cisplatin between the three cell lines (0.27ng 

F t/m g DNA/jiM  cisplatin) (FIG 4.9). This indicates that the higher level of y-GGT 

in MNU B4 was insufficient to significantly alter the extent of DNA platination. 

These data provide direct confirmation that the anomalous cisplatin resistance of is 

not a consequence of differential DNA platination.
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FIG 4.9. A plot of DNA platination against cisplatin concentration as determined 

by atomic absorption spectroscopy following a 2 hrs exposure of cells in culture to 

cisplatin.

Nevertheless, in the genetically matched XP12RO and MNU B4 pair, which 

incur similar levels of DN A platination, the introduction of a hMSH2 defect into 

MNU B4 did not increase the resistance of this line to cisplatin. This perhaps 

indicates that under certain conditions the small resistance to cisplatin conferred 

by defective MMR (Fink et al., 1997a), (Fink et al, 1997b), (Fink et al., 1998b), (Fink et 

al., 1998a) can be overwhelmed, perhaps by a secondary defect, in XP12RO. I will 

investigate the unexpected cisplatin resistance of XP12RO in detail in chapter 5 of 

this thesis.
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Carboxymethylation Induced DNA damage.

Carboxymethylation represents a potential source of endogenous DNA 

damage to which cells, particularly of the colorectum are exposed. 

Carboxymethylation induced DNA damage has been implicated as a potential 

etiological agent in gastrointestinal cancers (Shuker & Margison, 1997). 

Carboxymethylating agents are formed via N-nitrosation of glycine and N-acetyl- 

glycine containing dipeptides, and of secondary bile acids such as glycocholic acid 

(Shuker et al, 1981), (Shuker & Margison, 1997). I have used azaserine (O- 

diazoacetyl-L-serine) as a model DNA carboxymethylating agent here.

Azaserine T
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FIG 4.10. The principal azaserine induced DNA carboxymethylation adducts.

The principal DNA adduct induced by azaserine is 7- 

carboxymethylguanine, but azaserine also forms a variety of other modified bases
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to different extents, including O^-carboxymethylguanine and N3- 

carboxymethyladenine (FIG 4.10). I will discuss in detail the repair of DNA 

carboxymethylation damage in Chapter 6.

E. coli uvrA mutants are hypersensitive to killing and mutagenesis by 

azaserine (Williams-Hill et al., 1984). This suggest that NER is active against lethal 

carboxymethylation induced DNA damage. Therefore, this damage should persist 

in XP12RO and MNU B4. Azaserine also kills cells via inhibition oide novo purine 

biosynthesis (Lyons et al., 1990). Inclusion of hypoxanthine in the growth medium 

alleviates these metabolic effects as cells are able to bypass the blockage by using 

their salvage pathway (via hypoxanthine phosphoribosyl transferase (HPRT)). This 

aspect is discussed in detail in Chapter 6 of this thesis. HPRT activity is 

comparable in XP12RO, MNU B4 and GM0637 (1.7 units/m g). Cell survival after 

azaserine treatment was determined in medium supplemented with ImM 

hypoxanthine.

FIG 4.11 shows that the hMSH2 defect in MNU B4 does not affect the 

survival of these cells to azaserine. As with cisplatin, XP12RO and MNU B4 did not 

however, exhibit the expected sensitivity to azaserine, and were as resistant as 

GM0637. The reasons for this anomalous resistance are unclear. Although 

decreased azaserine-DNA reaction in XP12RO and MNU B4 cannot be ruled out, 

cellular levels of total acid soluble thiols, 7GST and 7GST-71 activity are all 

comparable in GM0637, XP12RO and MNU B4 (Table 4.1). Nevertheless, the 

similarity between the azaserine sensitivity of MNU B4 and XP12RO implies that 

human MMR is not significantly involved in the processing of persistent azaserine 

induced DNA carboxymethylation damage.
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FIG 4.11. Azaserine survival in the continuous presence of ImM hypoxanthine. 

Data represents the mean of three independent determinations.

Summary.

In this chapter, I have utilized the doubly MMR and NER defective cell line 

MNU B4 to investigate the role of MMR as a potential general DNA damage 

sensor. The effects of MMR on sensitivity to several structurally distinct forms of 

persistent DNA damage was examined. In marked contrast to MNU and 6-TG, the 

hMSH2 defect in MNU B4 did not increase the resistance of this cell line to the 

cytotoxic effects of IR, Mito C, HN2, cisplatin induced DNA damage or azaserine 

induced DNA carboxymethylation damage. XP12RO cells were found to be 

unexpectedly resistant to killing by both cisplatin and azaserine. The unusual
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cisplatin resistance was not explained by differential DNA platination between 

XP12RO and GM0637 cells.

Discussion.

Overall, the data presented in this chapter indicate that the introduction of 

an hMSH2 defect into an XPA deficient cell line did not increase the resistance of 

that cell line to the persistent cytotoxic DNA lesions induced by ionizing radiation, 

mitomycin C, mechlorethamine, cisplatin and azaserine. Therefore, there are 

striking differences in the extent to which MMR processes these DNA lesions 

compared to DNA O^-meG and 6-Thio-meG. Recognition by mismatch binding 

activities is a prerequisite for processing by MMR. MMR appears only to strongly 

interact with certain types of damaged base pairs, (exemplified by O^-meGua-T 

(Duckett et al., 1996), (Griffin et al, 1994) and 6-Thio-meGua-T base pairs (Swann et 

al., 1996), (Waters & Swann, 1997), (Griffin et al., 1994)), that exhibit structural 

features which mimic mispairs between undamaged bases. Why processing of 

these anomalous base pairs by MMR has an extremely high probability of a lethal 

outcome remains to be elucidated.

The work presented in this chapter complements that reported in Chapter 3. 

Together the data indicate that hMutSa is not required to transduce signals from 

several types of diverse DNA lesions and thereby activate cell death. Since UV 

radiation represents an abundant source of exogenous DNA damage to human 

cells, it would be fair to assume that any general DNA damage sensor should 

recognize and process UV photoproducts. MMR appears not to fulfill this criterion. 

In this chapter, I examined the ability of MMR to modulate the sensitivity of cells
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to structurally diverse persistent DNA damage. The hMSH2 defect in MNU B4 did 

not increase the resistance of this cell line to IR, Mito C, HN2, cisplatin or azaserine 

induced carboxymethylation DNA damage. The hMSH2 defect in MNU B4 seems 

to have increased the sensitivity of this cells line relative to XP12RO to HN2 and 

cisplatin (around 1.5-2-fold at D37 for each drug). This could represent the

influence of defective MMR on cross-linking agent sensitivity, although the basis 

for this interaction are unclear (Aquilina et al., 1998).

The reason why XP12RO does not exhibit the expected sensitivity to 

azaserine is unclear. One possible route to azaserine resistance, not investigated 

here, could be through expression of high levels of phophoribosyl N- 

formylglycinamide amidotransferase (FGAR amidotransferase), a glutamine 

amidotransferase that functions in de novo purine biosynthesis. Azaserine binds 

strongly to this enzyme and inhibits de novo purine biosynthesis (Lyons et al., 1990). 

High levels of this enzyme could sequester the drug and prevent its interaction 

with DNA. CHO cells selected for resistance to azaserine expressed 5-10 fold 

greater FGAR amidotransferase activity over the parental azaserine sensitive cell 

line (Barnes et al., 1994). Examination of FGAR amidotransferase levels in XP12RO 

may therefore disentangle the anomalous azaserine resistance of this cell line from 

its unexpected cisplatin resistance. The resistance of XP12RO to these two 

chemicals is quite specific as XP12RO is hypersensitive to killing by UV irradiation, 

Mito C and HN2 induced DNA damage, as expected from its NER defect.

Although the majority of the properties of XP12RO were consistent with its 

NER defect, this work uncovered certain anomalous feature of this cell line. 

XP12RO were also as resistant to cisplatin compared to the NER proficient GM0637
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cell line, despite sustaining an equivalent level of DNA platination. Possible 

reasons for this unexpected cisplatin resistance are explored in Chapter 5.

Although these anomalies indicate that the response of XP12RO to both cisplatin 

and azaserine is unusual, in both cases no increased resistance was observed in 

MNU B4. The evidence linking cisplatin resistance to defective MMR has been 

discussed in the introduction to this thesis (Chapter 1). In brief, hMutSa only binds 

some cisplatin-DNA adducts (Mello et al, 1996), (Duckett et al., 1996), particularly 

the 1,2 diguanyl intrastrand cross-link superimposed upon a G-T mismatch where 

the T must be opposite the 3' guanine in the cross-link (Yamada et al., 1997). This is 

presumably an extremely rare type of cisplatin DNA adduct. Both murine (Fink et 

al., 1997a), (Reitmair et al., 1997) and human (Fink et al., 1996), (Aebi et al., 1996) 

MMR defective cell lines exhibit a modest 1.5-2 fold increased resistance to 

cisplatin. Based on the properties of the hMSH2 defective MNU B4 I concluded, 

with some caution, therefore, that human MMR does not process persistent 

azaserine induced carboxymethylation damage into significantly lethal lesions.

In conclusion, the data described in this chapter does not support the notion 

that the human MMR system functions as a general sensor of DNA damage that 

can significantly influence the sensitivity of cells.
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Chapter 5.

Results III

The Relationship Between Nucleotide Excision Repair and Cisplatin 

Survival in the XPA Defective Simian Virus 40 Transformed 

Fibroblast XP12RO.

Introduction.

It is generally accepted that cisplatin kills cells through DNA damage and 

that nucleotide excision repair (NER) is one of the principal factors that mediate 

sensitivity to this drug. Primary human XPA (Fraval et al, 1978), (Poll et al, 1984), 

(Plooy et al., 1985), (Dijt et al., 1988), (Fujiwara et al., 1993), XPF (Plooy et al., 1985), 

and XPG (O'Donovan & Wood, 1993) defective fibroblasts are sensitive to killing by 

cisplatin. In the previous chapter, 1 showed that the NFR defective simian virus 40 

(SV40) transformed XPA fibroblast XP12RO are not detectably more sensitive to 

killing by cisplatin than the NFR proficient similarly transformed GM0637 

fibroblasts. XP12RO nevertheless retained their expected hypersensitivity to UV- 

irradiation characteristic of an XPA cell line (Chapter 3). This unexpected cisplatin 

resistance was not explained by differences in DNA platination between XP12RO 

and GM0637. Alterations in the cell cycle have been implicated in resistance to DNA 

damage. Therefore, 1 examined the possibility that some feature of the cell cycle.
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functioning in response to cisplatin induced DNA damage, was altered or different 

in XP12RO compared to GM0637, and that this could mask the contribution of 

defective NER to cisplatin toxicity.

Progression through the cell cycle is regulated by distinct checkpoints which 

ensure that the genome is duplicated efficiently. Arresting cells in G1 is thought to 

permit a greater time interval for DNA repair. Arrest in S phase prevents the 

replication of damaged DNA, whilst transition from G2 into M phase is blocked by 

the cell in response to the presence of damaged and /o r incompletely replicated 

DNA. In mammalian cells, the interplay between the cyclins and their partner cyclin 

dependent kinases (CDK), along with CDK inhibitors govern progression through 

the cell cycle (reviewed in (Hunter & Pines, 1994)). The G1 checkpoint, involving 

p53-p21 Wafl / Cipl-retinoblasotoma (Rb), can be evoked by DNA damage and the 

conventional view is that it allows time for the cell to either attempt to repair the 

DNA damage or activate an apoptotic program. Hypophosphoryated Rb binds to 

and sequesters the E2F family of transcription factors thereby arresting cells in G1 

phase. Phosphorylation of Rb by cyclin-CDK complexes releases Rb bound E2E, 

which then activates expression of genes required for the Gl-S phase transition. The 

tumour suppressor p53 is induced following DNA damage. This protein is a 

transcription factor that regulates the G1 checkpoint through transcriptional 

induction of several genes including the CDK inhibitor The

p2l'^^^^/C'Piprotein inhibits phosphorylation of Rb and thereby blocks progression 

from G1 into S phase. The p53 protein was originally identified through its strong 

interaction with the Large T antigen of simian virus 40 (Lane & Crawford, 1979). It
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is generally assumed that immortalization of primary human fibroblasts with SV40 

is a consequence of SV40 T antigen binding to and inactivating p53 functions. This 

results in an impaired G1 checkpoint and is regarded as producing essentially a 

p53-null phenotype. The G1 checkpoint is a common target for cellular 

transformation by other DNA tumour viruses. For example, the human papilloma 

virus 16 (HPV-16) E6 and E7 oncoproteins bind to and functionally inactivate p53 

(Scheffner et al., 1990) and Rb (Scheffner et al., 1990) respectively. Indeed it is 

possible that abrogation of this checkpoint is a requirement for cellular 

transformation.

Defective p53 activity is known to influence the survival of cells in response 

to DNA damage. Thymocytes from p53 knockout mice are resistant to ionizing 

radiation and chemotherapeutic agents (Lowe et al, 1993) and loss of function of 

p53 in many tumour cell lines results in resistance to both radiation and 

chemotherapeutic DNA damage (O'Connor et al., 1993), (Fan et al., 1994). Defective 

p53 clearly influences survival following cisplatin treatment. Lymphoid cells 

mutant in p53 appear to be resistant to cisplatin compared to those with functional 

p53 (Fan et al, 1994), (Allday et al., 1995b), (Piovesan et al., 1998). Adenoviral- 

mediated p53 gene transfer into the bladder cancer cell line HT1376 which has 

mutant p53, sensitizes this cell line to cisplatin (Miyake et al, 1998). Consistent with 

this observation, transfection of the p53 proficient ovarian carcinoma cell line A2780 

with a dominant negative p53 confers cisplatin resistance (Vasey et al., 1996). In 

contrast, however, hypersensitivity to similar chemotherapeutic DNA damaging 

drugs is correlated with p53 mutations in several cell lines (Fan et al, 1995), 

(Hawkins et al., 1996). For example, inactivation of p53 dependent functions via
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HPV-16 E6 and E7 transfection in normal human foreskin fibroblasts (Hawkins et 

al., 1996) and the breast carcinoma cell line MCF-7 (Fan et al., 1995) bave both been 

reported to increase sensitivity to cisplatin. However, the reasons for this 

discrepancy are not yet understood and may reflect the contribution of p53 to 

different control pathways for cellular growth and death in different cell types.

Resistance to DNA damage has also been correlated directly with 

p2l'^"’̂ i/C'PHnvolvement in the G1 checkpoint independent of p53. Induced 

p21'^afi/cipigxpression in the p53-null lung cancer cell line H1299 protects against 

ionizing radiation and doxorubicin toxicity (Wang et al., 1999). Expression of 

p21^a^i/C'Phn the p53 mutant colorectal cell line DLD-1 also enhanced survival to 

ionizing radiation and adriamycin (Lu et al, 1998). In contrast, overexpression of 

p2%wafi/cipi-̂  the p53 mutant EJ bladder carcinoma cell line sensitized these cells to 

mitomycin C (Fang et al., 1999). Defective p2l^^^^/( '̂P^expression has been implicated 

in acquired cisplatin resistance in the ovarian carcinoma cell line IGROVl (Poulain 

et al., 1998). Transforming growth factor b l can induce p2l'^^^^^^'P^expression 

independent of p53 (Elbendary et al., 1994), (Datto et al., 1995). Treatment of MDA- 

231 breast cancer cells with neutralizing anti-TGF pi antibodies resulted in 

decreased p21^^“^̂ ‘P^expression and sensitivity to cisplatin (Ohmori et al., 1998). 

Therefore, although p21^^̂ ^̂ ‘̂ ‘PTevels can influence survival to DNA damaging 

agents, like p53, its effects appear to be unpredictable.

In this chapter, I will present evidence to suggest that the apparent cisplatin 

resistance of XP12RO is not unusual. The selective resistance of XP12RO to cisplatin 

may be a consequence of the abolition of the p53-p2l'^^” ‘̂̂ 'PLRb cell cycle checkpoint
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in this cell line as a result of SV40 transformation. I will also describe preliminary 

data which indicate that disruption of the p53-p2l'^^^^^‘“'PhRb checkpoint may mask 

the contribution of defective NER to cisplatin, but not to UV sensitivity, 

highlighting a fundamental qualitative difference in the way that NER processes 

these distinct types of cytotoxic DNA damage.

Results.

The p 53.p2iwafi/cipi-Rb Pathway in XP12RO.

Recent work has indicated that p53 responses may be active in some SV40 

transformed murine (Hess & Brander, 1997) and human cell lines (Kohli & 

Jorgensen, 1999). Therefore, it was important to establish whether the p53-p21-Rb 

dependent pathway was functional in XP12RO and GM0637. The ability of UV- 

irradiation to induce expression of p53 and its downstream effector p21'̂ ^̂ '̂̂ ‘“‘P^was 

analyzed by western blotting. Cells (10 )̂ were irradiated at 30J/m^ in 10cm plates. 

Fresh medium was added and cell extracts were prepared 18-20 hrs later. FIG 5.1(a) 

shows that XP12RO, GM0637 and MNU B4 the hMSH2 defective XP12RO variant 

contained the constitutively high levels of p53 typical of the SV40 transformed cells. 

Levels of p53 did not increase following UV-irradiation. In contrast, A2780, which is 

an ovarian carcinoma cell line with a normal p53 response, expressed a low 

constitutive level of p53, which was induced following UV-irradiation. These data 

are consistent with loss of function of p53 in XP12RO, GM0637 and MNU B4.
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(h)

FIG 5.1. Expression of p53 (a) and p2l'^ ‘̂ ‘̂ '̂P (̂b) follow ing UV- irrad ia tion  at 30J/m ' 

SV40 transform ed fibroblasts expressed constitutively high  levels of p53 and  p21

W a f l / C i p l

C onsistent w ith  this, levels of p21^'’“ ^̂ 'P’did  not increase in any of the SV40 

transform ed cell lines after U V -irradiation (FIG 5.1(b)). This w as in contrast to 

A2780 cells w here there was a clear increase in p21 ^^'^^expression. The levels of 

p2U^^“^ ‘̂f’'w ere m uch reduced in both XP12RO and M NU B4 after U V -irradiation. 

Inhibition of p2l^^"/^'P^expression has been observed in o ther XP cell lines
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irradiated at high UV fluences and has been interpreted as being a consequence of 

the persistence of high levels of transcription-blocking UV photoproducts in the 

DNA of NER deficient cells (McKay et ah, 1998). The inability of UV-irradiation to 

induce p53 or p2l^^"/'^'P^expression together with its inability to induce a G1 block 

(see chapter 3) in any of the SV40 transformed cell lines indicates that the p53- 

p2%wan/cip]_py dependent pathway is not functional in GM0637, XP12RO and MNU 

B4.

Induction of SV40 Transformed Cells Independent of p53.

p2l'^^^i/cip’can be induced independently of p53. Because of the contribution 

of altered p2l'^^^^ ‘̂“’P^expression to cisplatin resistance, it was important to determine 

whether p2l'^^^’ ‘̂“'P^could be induced in the SV40 transformed cells. Induction of 

p2%wafi/cipq̂  the context of deficient p53 has been illustrated in many cell types 

using a diverse array of structurally unrelated non-DNA damaging agents 

including, TGF-(31 (Elbendary et ah, 1994), (Datto et al., 1995), butyrate (Nakano et 

al., 1997), phorbol myristate acetate (Biggs et al., 1996), (Zeng & El-Deiry, 1996), 

mimosine (Bissonnette & Hunting, 1998), vitamin D3 (Liu et al., 1996) and lovostatin 

(Lee et al., 1998).

Cells seeded at 10 /̂flask in 10ml of medium, were treated with 5mM 

butyrate (FIG 5.2(a)) or lOOng/ml phorbol myristate acetate (FIG 5.2(b)) and 

allowed 18-20 hrs expression time before extracts were prepared to analyze 

p2%wafi/cipq^^^^ -̂Q  ̂ In each case the drug was not removed. These conditions have
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been shown to induce p2l'̂ ®̂ ^̂ ‘“*P^expression efficiently using both these agents 

(Nakano et al, 1997), (Biggs et al, 1996), (Zeng & El-Deiry, 1996). Butyrate treatment 

dramatically induced p2l'^^^^^ ‘̂P^expression not only in A2780, but also in the SV40 

transformed GM0637, XP12RO and MNU B4 cell lines (FIG 5.2(a)). This indicates 

that p21̂ ^̂ ^̂ *̂ 'P̂ can be induced in these cell lines despite the fact that they are SV40 

transformed and do not have functional p53. p53-independent p21^^^^ ‘̂̂ 'Phnduction 

in the SV40 transformed cell lines was also observed following treatment with 

phorbol myristate acetate (FIG 5.2(b)). Induction of p2l' '̂'^^ ‘̂“'PHn GM0637 by phorbol 

myristate acetate is difficult to assess as the untreated GM0637 cells had a very high 

background level of Nevertheless, since butyrate treatment induced

p2%wafi/cipi-̂  GM0637, it appears that the p53-independent pathway of 

p2l'^^^’/C‘Phnduction is intact in these cells. Phorbol myristate acetate did not appear 

to induce p2l'^“̂ ^̂‘~*Phn the p53 proficient A2780 cell line.

The Functionality of the p53-independent p2i^^^ /̂ '̂P înduction in SV40 

Transformed Fibroblasts.

In order to determine whether the p2l'^^“^^'Phnduced by the p53-independent 

pathway could induce a G1 cell cycle block, cell cycle analysis after butyrate 

treatment was performed on the p53 proficient ovarian tumour cell line A2780 and 

the SV40 transformed fibroblasts GM0637, XP12RO and MNU B4. Cells were seeded 

at 5x10^/10ml in 10cm plates and allowed to attach overnight. After treatment with 

5mM butyrate cells were harvested at different time points up to 48 hrs for 

propidium iodide FACS analysis. This drug concentration was chosen because it
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w as found to efficiently induce all these cell lines after 18-20 hrs (FIG

5.2(a)).

(a)

( b )

/ / / /
+ + + +

FIG 5.2. Expression of p21^ "̂’“^̂ ‘‘"hollowing trea tm ent w ith  5mM b u ty ra te  (a) and  

lOOng/m l phorbol m yristate acetate (b).
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The proportion of cells in each phase of the cell cycle following butyrate treatment is 

illustrated graphically for each cell line in FIG 5.3.

The cell cycle profile of butyrate treated A2780 indicates that the C l checkpoint is 

responsive in these cells (FIG 5.3 (a)). A gradual increase in cell number with G1 

DNA content was observed over time, concomant with a gradual decrease in the 

fraction of cells in S phase. Therefore, ^^'^Tnduction following 5mM butyrate

treatment of A2780 results in a G1 cell cycle arrest. In contrast, butyrate treatment of 

the SV40 transformed fibroblasts does not induce a G1 cell cycle arrest (FIG 3 (b),

(c), (d)). In general cells tended to accumulate in G2/M  phase of the cell cycle with 

clearly no increase in G1 phase cell number. This is particularly evident in MNU B4 

(FIG 5.3 (d)). Hence, p53-independent p2l'̂ ^̂ ^̂ *̂ ‘PTnduction does not promote 

detectably a G1 arrest in any of the SV40 transformed cell lines. Since neither 

XP12RO or GM0637 undergo a G1 arrest in response to p21'̂ ^̂ ^̂ ‘̂ 'Phnduction, a 

difference in the operation of this checkpoint between XP12RO and GM0637 cannot 

account for the cisplatin resistance of XP12RO.

The Ability of Cisplatin to Induce p2l'̂ '*̂ ^̂ ‘̂ ‘PTndependent of p53 in SV40 

Transformed Fibroblasts.

Independent evidence against a role of p53-independent p2l'^^^^ ‘̂“'Phnduction 

in mediating cisplatin toxicity in XP12RO, was provided by an examination of the 

ability of cisplatin to induce p2l'^®^ '̂'* '̂PHndependently of p53 .10̂  cells were treated 

in a volume of 10ml in 10cm plates with 40mM cisplatin for 1 hr. The level of 

p21'^a«/cipigxpression was analyzed by western blotting 18-20 hrs later.

198



A2780 Butyrate Facs.

(a)

Time (hrs)

(b)

GM0637 Butyrate FACS.

S
G2/M

Time (hrs)

(c)

XP12RO Butyrate FACS.

Time (hrs)

(d)

MNU B4 Butyrate FACS.

Time (hrs)

FIG 5.3. FACS analysis of A2780 (a), GM0637 (b), XP12RO (c) and MNU B4 (d) 

following treatm ent w ith 5mM butyrate. An increase in cell num ber in the C l 

fraction in A2780 is clearly visible. None of the SV40 transform ed cell lines show ed 

accum ulation in C l phase of the cell cycle, in response to butyrate. The histogram s 

above were determ ined from the CellQuest FACS analysis, which can be found in 

the appendix.
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As expected, treatment with 40|.iM cisplatin significantly induced 

p22 âfi/cipi-ĵ  the p53 proficient A2780 cell line (FIG 5.4). In contrast, p21'̂ "'̂ ^̂ '̂Pdevels 

were not detectably increased in any of the SV40 transformed cell lines by cisplatin 

treatment. These data indicate that the absence of the expected difference in 

cisplatin survival between the NER proficient GM0637 and the NER defective XPA 

cell line XP12RO is not a result of a difference in p53-independent

between the two cell lines.

FIG 5.4. Induction of p21^'’“ ‘̂̂ 'PTollowing treatment with 40pM cisplatin for 1 hr. 

After an 18-20 hrs induction period, p2P^‘’"̂  ̂'•'Tevels did not increase in any of the 

SV40 transformed cell lines compared to the p53 proficient A2780 cell line.
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In summary, two lines of evidence argue against p53-independent induction 

of p2l^^^ /̂" '̂P^being responsible for the unexpected resistance of XP12RO to cisplatin 

compared to GM0637. Firstly although p21̂ ®̂ ^̂ '̂P̂ can be induced independently of 

p53 in both GM0637 and XP12RO, it does not induce a functional G1 cell cycle 

checkpoint. Secondly, cisplatin does not induce ^^'^^expression independently

of p53 in GM0637 or XP12RO.

Is XP12RO Typical of SV40 Transformed XPA Fibroblasts?

In order to examine whether the cisplatin survival of XP12RO was typical of 

SV40 transformed XPA fibroblasts, 1 examined a second SV40 transformed XPA 

deficient fibroblast line XRS-70. Like XP12RO, XRS-70 exhibits the expected 

hypersensitivity to UV-irradiation typical of XPA defective XP cells (FIG 5.5).

XRS-70 (XPA)

UV (J/m2)

FIG 5.5. The UV survival of XRS-70 (XPA) and XP12RO (XPA) compared to the 

NER proficient GM0637 SV40 transformed fibroblast. Each data point represents the 

mean of at least three independent determinations.
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Following treatment with UV light (30J/m^), cisplatin (40fiM for Ihr), 

butyrate (5mM) and phorbol myristate acetate (lOOng/ml), the p53-independent 

induction profile in XRS-70 was similar to that of XP12RO and GM0637 

(FIG 5.6). No induction of p2l'^'’” ‘̂“''"’was observed following UV-irradiation or 

cisplatin treatment. Levels of p2l'^'’“''^'Pdecreased following high dose UV- 

irradiation consistent with other observations with XP cell lines (McKay et al., 1998). 

Butyrate and phorbol myristate acetate both induced Thus, XRS-70

behaves in an essentially identical fashion to XP12RO and GM0637.

FIG 5.6. Expression of p2l'' '̂"'^^^ '̂Phollowing treatment with 40|liM cisplatin (1 hr), 

phorbol myristate acetate (lOOng/ml), butyrate (5mM) and UV-irradiation (30J/m^).

The clonogenic survival of the XPA defective SV40 transformed XRS-70 

fibroblast line to cisplatin, compared to the NER proficient GM0637 cell line is 

shown in EIG 5.7. XRS-70 displayed an approximate 2-fold sensitivity (based on D37)
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to cisplatin compared to GM0637 and X^12RO. Therefore, the XPA defects of both 

these SV40 transformed fibroblast cells lines, whilst rendering them dramatically 

hypersensitive to killing by UV-irradiation, only appears to slightly sensitize them 

to killing by cisplatin, compared to an NER proficient SV40 transformed cell line.

100

10

1

.1 GM0637
XRS-70
XP12R0

.01
0 10 20 30 40

[CisPt](nM ).

FIG 5.7. Survival curve of XRS-70 (XPA), XP12RO (XPA) and GM0637 following a 

Ihr exposure to cisplatin. Each curve represents the mean of three separate 

experiments with each data point determined in duplicate on each occasion.

The Functionality of the p53-p2l'^'’̂ ^^ '̂P^Pathway in Epstein-Barr Transformed XPA 

Lymphoblastoid cells.

To assess whether the apparent resistance of XPA defective SV40 

transformed fibroblasts was simply a consequence of the p53-null phenotype of 

these cell lines as a result of SV40 immortalization, I examined the cisplatin
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sensitivity of a panel of Epstein-Barr (EBV) transformed XPA defective 

lymphoblasts.

EBV transformed lymphoblasts can be regarded as having effectively a 

deregulated pSB-pZr'^/'^'PhRb cycle (Allday ef 1995a), (Chen gf a/., 1998). This 

was confirmed using three EBV transformed XPA deficient cell lines GM2345, 

GM02250A and GM2344. Raji is a p53 defective NER proficient Burkitt's lymphoma. 

Western blotting indicated that none of the EBV transformed XPA lymphoblasts 

could induce either p53 (EIG 5.8(a)) or p2l'^''“ ‘̂̂ ‘PXFIG 5.8(b)) protein levels above 

their high constitutive levels following UV-irradiation.

FIG 5.8. Expression of p53 (a) and p21 in EBV transformed XPA

lymphoblasts following UV-irradiation (4J/m2). Raji is an NER proficient p53 

defective Burkitt's lymphoma cell line. Raji was irradiated at 10J/m\
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Raji cells did not appear to express a constitutively high level of 

Cells (4xl0^/cell line) were irradiated at 4J/m^ in 5ml PBSA for the XPA cell lines 

and at lOJ/m^ for Raji, before being seeded at 10^/ml in a final volume of 10ml fresh 

medium and allowed an expression time of 18-24 hrs prior to western blotting. 

These UV fluences were chosen to represent <1% survival for each cell line, as 

determined by extrapolation of growth curves. It is notable that levels of 

p2]^wafi/cipi -̂̂  not decrease, unlike XP12RO and MNU B4, in the XPA lymphoblast 

following UV radiation under the conditions described here. This is probably due to 

the fact that the fibroblasts were irradiated at 30}/m^ which would introduce 

considerably more transcription-blocking UV lesions into DNA than irradiation at 

4J/m^.

The UV survival of the lymphoid cell lines was determined by extrapolation 

of growth 3 days post-irradiation. 10̂  cells were irradiated at increasing UV 

fluences. Cells from each dose were seeded in a final volume of 2ml fresh medium 

at between 2x10^/m l and 10Vml, depending on the UV dose. After 3 days 

incubation, cell number was determined by counting, and the percent survival 

calculated relative to the unirradiated control. The XPA lymphoblastoid cell lines 

were about 5-fold more sensitive to killing by UV-irradiation with D37 (dose 

required for 37% survival) values of 0.7-lJ/m^, compared to the NER proficient 

Burkitt's lymphoma Raji cell line and the GM1953C lymphoblasts which had a D37 

of around 4J/m^ by this method (FIG 5.9). GM1953C is an EBV transformed 

lymphoid cell line from a clinically normal individual.
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FIG 5.9. UV survival 3 days post irradiation. Data represent the mean of five 

independent determinations per cell line. Raji and GM1953C are included as NER 

proficient controls.

Epstein-Barr Transformed XPA Defective Lymphoblasts are not Hypersensitive 

to Cisplatin.

Burkitt's lymphoma cell lines with mutant p53 are resistant to killing by 

cisplatin (Allday et al, 1995b). The cisplatin survival of the XPA lymphoblasts was 

determined 5 days after a 1 hr treatment with cisplatin. FIG 5.10 shows that three 

XPA deficient EBV transformed lymphoid cell lines, GM2345 and GM02250A are
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not dram atically  sensitive to killing by cisplatin, com pared to Raji or GM1953C, as 

determ ined  by extrapolation of grow th after 5 days. GM2344 cells appeared  

som ew hat slightly sensitive to cisplatin.

22
3

(/)5?

0 10 20 30 40 50

GM1953C 
Raji tk- 

Tfc—  GM2345(XPA) 
O  - GM2250A(XPA) 
n  GM2344(XPA)

[CisPt](KM)

FIG 5.10. C isplatin  survival determ ined  after 5 days incubation. D ata represen ts the 

m ean of five independen t determ inations for each cell line.

The Ability of Cisplatin to Induce in EBV Transformed Lymphoblasts.

The ability of cisplatin to induce p21 ^^^"'^"^'^^expression in the three EBV 

transform ed XPA lym phoblast cell lines w as exam ined 18-24 hrs after trea tm en t of 

10' cells w ith cisplatin at 40pM for 1 hr, by w estern  blotting. C isplatin  trea tm ent did 

not significantly increase levels of p21^"’"''^'f’’protein  in any of the XPA lym phoid  

cell lines (FIG 5.11). This is consistent w ith the results obtained using  the SV40
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transformed fibroblasts and confirms the inability of cisplatin to induce 

p2l'^'’"/C’Piindependently of functional p53.

#e

FIG 5.11. Expression of p21^'’” ‘̂̂ 'Phollowing treatment with 40|LiM cisplatin (1 hr). 

This treatment did not induce expression of p2l'^‘̂̂ '̂̂‘“'P âbove the constitutively high 

levels of this protein in any of the EBV transformed cell lines.

S um m ary .

In this chapter, I have presented evidence suggesting that the unexpected 

cisplatin survival of the SV40 transformed XPA fibroblast XP12RO described in 

Chapter 3 of this thesis, is perhaps a consequence of transformation by SV40. This 

results in a defective p53-p2l'^‘̂^̂ ‘̂̂ ''̂ hpt? mediated Cl cell cycle checkpoint.

Although XP12RO is as resistant to cisplatin as the NER proficient GM0637 cell line, 

another SV40 transformed XPA cell line, XRS-70, was only slightly sensitive (2-fold 

based on D37) to cisplatin, whilst exhibiting extreme sensitivity to UV-irradiation. 

The Induction of p53 in GM0637, XP12RO, and MNU B4, all SV40 transformed
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fibroblasts was defective following UV-irradiation, as expected. Induction of 

p21^^fi/C’PHndependently of p53 following treatment with butyrate or phorbol 

myristate acetate was demonstrated in SV40 transformed NER proficient and 

deficient fibroblasts. However, the ability of p53-independent p2l'^^^^^^'Phnduction 

to induce a G1 cell cycle arrest was defective in SV40 transformed fibroblasts. 

Furthermore, since cisplatin treatment was found not to induce 

p2l'^'’̂ i/cip^expression independently of p53 in any of the SV40 transformed 

fibroblasts, any differential effects of p53-independent p21^^̂ ^̂ ’̂PHnduction in 

mediating cisplatin toxicity in these cell lines can be ruled out.

Three EBV transformed XPA defective lymphoblastoid cell lines were shown 

to be hypersensitive to UV-irradiation. These EBV transformed cell lines did not 

induce p53 expression following UV-irradiation. This is consistent with a 

deregulated G1 checkpoint in EBV transformed cells. XPA lymphoblastoid cell lines, 

in general, were not hypersensitive to killing by cisplatin compared to two NER 

proficient cell lines. Also, consistent with the SV40 transformed fibroblasts, cisplatin 

was unable to induce p2I^^^^/^'P^expression in the EBV transformed XPA cell lines. 

These data suggest that XPA cells with an abrogated p53-p21 "̂'̂ ^̂ '̂ 'PEpy cell cycle 

checkpoint have differential sensitivities to UV and cisplatin.

Discussion.

Immortalization of primary fibroblasts by SV40 abrogates the p53 dependent 

G1 cell cycle checkpoint. The p53 status also has a profound, although cell specific
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effect, on survival to cisplatin. Tlierefore, considering the unexpectedly high 

resistance of XP12RO to cisplatin, it was necessary to examine whether 

immortaliztion itself might affect the cisplatin survival of NER defective cells. 

Disruption of the p53-p21' '̂*^^^ ‘̂P̂ -Rb pathway through SV40 immortalization can 

effect survival to y-irradiation (Su et al, 1992a), (Su et al, 1992b). Circumstantial 

evidence supports the notion that cellular transformation may affect cisplatin 

cytotoxicity. IMR-90, a primary human embryonic lung fibroblast, was highly 

sensitive to cisplatin (around 6-fold based on D37) compared to VA-13, an SV40 

transformed fibroblast (Erickson et al, 1981). Although, these cells were of different 

genetic backgrounds which may have influenced their cisplatin survival. 

Nevertheless, it is important to distinguish the precise contribution of different 

genetic backgrounds towards cell survival, and to determine whether different 

genetic combinations can significantly influence drug cytotoxicity. Transformation 

of XP fibroblasts with SV40 does not detectably affect the sensitivity of these cell 

lines to UV-irradiation (Royer-Pokora et al, 1984), (Barbis et al, 1986), (Hashimoto et 

al., 1986), (Canaani et al, 1986), (Wood et al, 1987). But, expression of wild type p53 

is required for efficient global genomic NER after UV irradiation (Ford & Hanawalt, 

1995), (Ford & Hanawalt, 1997). Li-Fraumeni syndrome fibroblasts, homozygous for 

mutation in p53, are deficient in global genomic NER but proficient in transcription- 

coupled repair (TCR) of UV light induced DNA damage. They are reportedly 

slightly resistant (around 2 fold) to killing by UV-irradiation (Ford & Hanawalt, 

1997). The significance of this is unclear as p53-deficient Li-Fraumeni syndrome 

patients, although predisposed to a wide variety of internal malignancies, do not 

develop nonmelanoma skin cancer (Kraemer, 1997). In this study, I showed that
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UV-irradiation does not induce p53 or p21^"'“ ‘̂̂ ’P^expression in any of the SV40 

transformed fibroblasts described here. This is in agreement with the complete 

deregulation of the p53-p21^"'^^^ '̂^ -̂Rb cell cycle checkpoint in SV40 transformed 

cells. Since all the XPA cell lines described here remained hypersensitive to killing 

by UV light compared to the NER proficient controls, the data suggest NER as being 

the dominant determinant of cellular survival following UV-irradiation. Therefore, 

there appears to a qualitative difference in the way that NER process cytotoxic UV- 

induced DNA damage compared to that of cisplatin. FIG 5.12 shows cisplatin 

survivals for primary XPA versus normal primary fibroblasts taken from the 

literature (Fraval et al, 1978), (Poll et al, 1984), (Plooy et al, 1985), (Dijt et al, 1988), 

(Fujiwara et al., 1993), with the cisplatin survival for XP12RO added for 

comparison. Two separate, but overlapping populations are visible from the plot. 

This diagram also shows that cisplatin survival for primary normal human 

fibroblast cell lines, and for primary XPA fibroblasts can vary as much as 3-fold 

(D37). If an average survival is taken for each group, primary XPA fibroblasts are 

about 2-4 fold sensitive to killing by cisplatin. This is in stark contrast to the 

hypersensitivity observed in both primary and transformed XPA cells to UV 

irradiation (this study and for example, (Fraval et al., 1978), (Plooy et al., 1985), 

(Cleaver et al., 1987)).

Although some cisplatin-DNA adducts are recognized (Jones & Wood, 1993) 

and repaired by NER, repair efficiency of different adducts in DNA varies widely 

(Moggs et al, 1996), (Moggs et al, 1997). Hypersensitivity to cisplatin is observed 

only in XPF (Plooy et al., 1985), XPG (O'Donovan & Wood, 1993), (Vilpo et al., 1995) 

and Fanconi's anemia cell lines (Poll et al, 1984), (Fujiwara et al, 1993), consistent 

with defective interstrand cross-link repair rather than defective NER in these cells.
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FIG 5.12. This plot represents the cisplatin survival of primary XPA and normal 

fibroblasts (wild type = WT) taken from the literature. All cell lines were treated 

identically with cisplatin (1 hr ). The cisplatin survival for XP12RO is added for 

comparison. The broken lines represent the XPA cell lines whilst the solid lines 

represent primary NER proficient cell lines. Identical symbols represent matched 

data from particular publications. WT(1) and XPA(l) (Fraval et al, 1978), WT(2) and 

XPA(2) (Plooy et al, 1985), WT(3) and XPA(3) ], (Poll et al, 1984), WT(4) and XPA(4) 

(Dijt gf aZ., 1988).
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XPA cell lines may be able to repair interstrand cross-links (Kano & Fujiwara, 1981), 

(Fujiwara et aL, 1993). Taken together, it appears that the contribution of NER in 

human cells to cisplatin resistance may be rather minor, compared to UV light. It is 

conceivable that other factors might overwhelm this minor contribution of NER to 

cisplatin resistance. This has in fact been observed. For example, the primary XPA 

fibroblast cell line XP12BE, despite exhibiting hypersensitivity to UV, is not 

significantly sensitive to cisplatin compared to the normal foetal lung fibroblast 

FL/A. Sensitivity (2-3-fold at D37) was only observed in an XPA fibroblast 

compared to the NER proficient control cell line after levels of DNA platination 

were taken into account (Fraval et aL, 1978). Depletion of glutathione levels in 

cisplatin resistant L1210 mouse leukemia cells by treatment with buthionine 

sulphoximine increased the sensitivity of the resistant cells to that of their parental 

L1210/0 cells (Hromas et aL, 1985). L1210/0 cells have since been shown to be 

defective in XPG/ERCC5 function (Vilpo et aL, 1995).

In this chapter, I showed that although which can influence

cisplatin toxicity, could be induced independently of p53 in SV40 transformed 

fibroblast (using butyrate or phorbol myristate acetate), this pathway did not induce 

a G1 arrest in SV40 transformed cells. This is probably due to the ability of SV40 T 

antigen to bind to and inactivate Rb, which is downstream of SV40 T

antigen inhibits the p53-p21^^^^ '̂ '̂PERt) cell cycle checkpoint both upstream (p53-T 

antigen complex) and downstream (Rb-T antigen complex) of p21^^"/*^T\ I 

additionally showed that cisplatin was unable to induce p2l'^"“^̂ ‘P^expression in a 

p53-independent manner in any of the SV40 transformed cell lines. Thus, by two 

independent criteria- loss of p53 related checkpoint function, and the inability of
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cisplatin to induce a p53-independent manner in SV40 transformed

cells, the data indicates that a difference in the ability to mediate a G1 cell cycle 

arrest between XP12RO and GM0637 is unlikely to account for the unexpected 

cisplatin resistance of XP12RO. I also examined the cisplatin survival of another 

SV40 transformed fibroblast, XRS-70. This line exhibited hypersensitivity to UV- 

irradiation consistent with its XPA defect, but was at most only 2-fold sensitive to 

cisplatin, compared to GMG637 (based on D37). To investigate whether abolition of 

the p53-p2l' '̂*^^^ '̂P’-Rb dependent cell cycle checkpoint as a whole, as a result of 

immortalization, could explain the cisplatin survival of the two XPA defective SV40 

transformed fibroblasts, I examined the survival to cisplatin of three EBV 

transformed XPA lymphoblast cell lines, which were shown to be defective in p53 

and p2l'̂ "'̂ '̂̂ ‘“'PHnduction following DNA damage. Again, although hypersensitive to 

killing by UV-irradiation, hypersensitivity to cisplatin, in general, was not observed 

in these cell lines. Cisplatin treatment did not result in p2l'̂ ^̂ ^̂ *“'PHnduction in any of 

the EBV transformed XPA lymphoblasts. A common denominator among all the 

XPA cell lines is that they are demonstrably defective in p53-dependent functions. 

Taken together, the data suggest a fundamental difference in the contribution of 

defective NER to killing by UV-irradiation and cisplatin. Survival studies using 

XPA defective mouse cells support the notion that NER defective cells respond 

qualitatively differently to UV light compared to drug-induced DNA damage (Vries 

& Steeg, 1996). The sensitivity of embryonic fibroblasts from XPA defective mice to 

DNA damaging drugs such as dimethylbenz[a]anthracene, N-acetoxy-acetyl- 

aminoflourene, butylnitrosourea and benzo[a]pyrene ranges from only 1.1-3.5 fold. 

These same cells are 8-fold sensitive to killing by UV
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The implication that defects in cellular signaling might overwhelm the 

modest sensitivity of XPA cells to cisplatin could have implications for cisplatin 

based chemotherapy. In contrast to other solid tumours, testicular germ cell 

tumours are cured in over 90% of patients using cisplatin based combination 

chemotherapy (reviewed in (Bosl & Motzer, 1997)). It has long been suggested that 

the inherent sensitivity of testis tumour cell lines to cisplatin (Walker et aL, 1987) is a 

result of a diminished ability to repair cisplatin induced DNA damage in these cells 

(Bedford et al., 1988), (Hill et al, 1994), (Koberle et al, 1997). Recently, defective NER 

has been implicated directly in the sensitivity of testicular tumour cell lines to 

cisplatin. Koberle et al found that extracts from two human testis tumour cell lines, 

833K and GCT27, were defective in the removal of a single 1,3-diguanyl cisplatin 

intrastrand DNA cross-link from a substrate in vitro (Koberle et aL, 1999). This 

adduct is normally repaired efficiently by NER (Moggs et aL, 1996). The authors 

presented evidence suggesting that this failure to repair 1,3-diguanyl cisplatin 

intrastrand cross-links was a consequence of the intrinsically low levels, specifically 

of XPA protein in extracts of these particular tumour cell lines. To support this, 

extracts of the two testicular cell lines supplemented with purified XPA protein 

efficiently repaired the cisplatin adduct. This is consistent with the finding that 

normal mammalian testis tissue has relatively low levels of XPA RNA (Layer & 

Cleaver, 1997). These data imply that testis tissue may intrinsically have limited 

NER capacity. 833K and GCT27 are both 2-fold sensitive to killing by cisplatin 

compared to bladder tumour cell lines (Koberle et aL, 1997). Interestingly, both cell 

lines are also proficient in p53 function (Chresta et aL, 1996). Testicular tumours 

rarely exhibit p53 mutations and this has been suggested as being a factor in the 

sensitivity of this tumour type to cisplatin therapy (Peng et aL, 1993), (Fleischhacker
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et al., 1994), (Guillou et al, 1996). In fact, cisplatin resistance in a subset of testis 

tumours has been correlated with p53 mutation (Houldsworth et aL, 1998). The 

somewhat surprising conclusion described in this chapter, that defective p53- 

p2l'^'*“/c*pi-Rb might override sensitivity of XPA cells which are completely deficient 

in NER, supports this possibility. I would therefore add a qualification to the 

relationship between low levels of XPA and the curability of testis tumours by 

cisplatin. Testis tumours are curable by this therapy notably because they are 

intrinsically sensitive due to reduced XPA levels but, crucially, perhaps, because 

they rarely acquire mutations in the p53-p2l'^^̂ ^̂ '̂PhRb pathway. Further studies are 

needed to confirm this idea. An obvious starting point would be to introduce 

dominant negative p53 constructs into p53 proficient cisplatin sensitive testicular 

tumour cell lines with known NER capacity and examine their response to cisplatin.
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Chapter 6.

Results IV 

The Cytotoxicity of DNA Carb oxy me thy 1 a ti on and Méthylation by 

the Model Carboxymethylating Agent Azaserine. 

Introduction.

Endogenous DNA damage contributes to spontaneous mutagenesis, and 

methylated bases are likely to be significant contributors to intrinsic DNA damage. 

Most cells have DNA repair pathways to repair méthylation damage (see Chapter 

1). Human cells deficient in O^-methylguanine-DNA methyltransferase (MGMT 

enzyme: the Mex" phenotype), the enzyme that specifically removes O^- 

methylguanine from DNA by in situ déméthylation, are hypersensitive to killing 

and mutagenesis by methylating agents. When Mex" cells are exposed to 

methylating agents, they experience a selective pressure to lose their MMR 

pathway. This is the basis for selection of MMR" méthylation tolerant cell lines (see 

chapter 3). The reason for the predominance of colorectal carcinoma in HNPCC 

individuals, and why a significant proportion of apparently sporadic colorectal 

cancers display microsatellite instability consistent with defective MMR, is 

unknown. It is tempting to speculate that some feature of the colorectum makes it 

particularly susceptible to loss of MMR function. Because of the relationship 

between MMR defects and méthylation tolerance, endogenous sources of DNA 

méthylation have been proposed as potential contributors to the emergence of 

MMR defective human gastrointestinal and, particularly, colorectal tumours 

(Karran & Bignami, 1994), (Shaker & Marg’son, 1997). Several potential sources of
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endogenous DNA méthylation have been considered including, nonenzymatic 

méthylation by S-adenosylmethionine (Rydberg & Lindahl, 1982), and the 

nitrosation products of abundant naturally occurring compounds such as poly- or 

monamines (eg. methylamine, spermine, spermidine) or polypeptides (Vaughan et 

aL, 1991), (Tavema & Sedgwick, 1996), (Sedgwick, 1997). The latter grouping are of 

particular interest because gastric (Ziebarth et aL, 1997) and colonic bacteria are 

capable of carrying out simple N-nitrosation reactions of this type (Calmels et aL, 

1985), (reviewed in (Goldin, 1986)). Nitrosated amines or peptides introduce O^- 

meCua into DNA and are selectively mutagenic towards the bacterial counterparts 

of Mex" human cells (Sedgwick, 1997).

N-nitrosated bile acid conjugates also represent a potential source of 

endogenous DNA damage to which the colorectum is exposed (Shuker et aL, 1981), 

(Puju et aL, 1982), (Busby et aL, 1985), (Shuker et aL, 1987), (Dayal & Ertel, 1997). 

Primary bile acids, such as cholic acid and chenodeoxycholic acid, whose main 

function is the émulsification of dietary lipids, are synthesized by the liver. Cholic 

acid and chenodeoxy cholic acid are conjugated to the amino acids glycine and 

taurine respectively. The resulting bile salts are stored in the gall bladder, from 

where they are secreted into the duodenum. Bile salts are mostly reabsorbed from 

the terminal ileum. A small proportion escapes into the large intestine where they 

are metabolized by the colonic microflora. Colonic bacteria deconjugate the bile 

salts releasing free, lipophilic, bile acids. The lipophilicity of the released bile acids 

aids absorption from the colon. Bile acids also undergo bacterially catalyzed 7- 

dehydroxylation, generating secondary bile acids (eg. deoxycholic acid from cholic 

acid) which also aids their reabsorption. Reabsorbed bile acids are returned to the 

liver for reconjugation. The bile acid pool is then resecreted back into the bile for a 

further enterohepatic cycle. The entire bile pool undergoes 6-10 cycles per day, so
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the colonic mucosa can be exposed to up to lOg of bile acids per day (reviewed in 

(Malet & Soloway, 1988) and (Hill, 1990)).

Bile acid exposure is associated with increased risk of colorectal cancer (Hill,

1990). Although, by themselves bile acids are not directly mutagenic (Mori et aL,

1991), they can promote colorectal tumours (Reddy et ah, 1977). The promoting 

effect of bile acids on colorectal cancer is thought to arise as a consequence of their 

lytic effects on the colorectal epithelium, resulting in epithelial proliferation (Lapre 

& Meer, 1992). Bile acids may also indirectly increase mutagenicity/ in the colorectal 

epithelium by aiding the solubilization of hydrophobic environmental mutagens 

(Ferguson et aL, 1990). More directly, N-nitrosation of bile acid conjugates such as 

glycocholic acid (forming N-nitrosoglycocholic acid), produces carcinogenic (Busby 

et aL, 1985) and mutagenic (Puju et aL, 1982) N-nitroso bile salts. These compounds 

are DNA carboxymethylating agents (Shuker et aL, 1987), (Shuker & Margison, 1997) 

which form predominantly N7-carboxymethylguanine (N7-CMGua), but also N3- 

carboxymethyladenine (N3-CMAde) and O^-carboxymethylguanine (O^-CMGua). 

It has recently been shown that N-nitrosated bile acid conjugates also introduce a 

significant amount of O^-meGua into DNA (Shuker & Margison, 1997). Analogous 

N-nitrosated glycine derivatives, such as N-acetyl-N'-nitroso-N'-propylglycine 

(Challis, 1989), (Challis et aL, 1994), are also DNA carboxymethylating and 

methylating agents (Shuker & Margison, 1997), to which gastrointestinal cells might 

be exposed.

Azaserine (O-diazoacetyl-L-serine), is a rat pancreatic carcinogen 

(Longnecker, 1981), (Lilja et aL, 1982). It is a carboxymethylating agent that also 

introduces O^-meGua into DNA (Zurlo et aL, 1982), (Shuker & Margison, 1997), 

(Harrison et aL, 1997a), and can therefore be considered as a model for N-nitrosated
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bile salts. The O^-meGua formed in DNA by azaserine has a demonstrable 

biological activity, and azaserine is selectively mutagenic in E. coli which lack O^- 

meGua repair (Sedgwick, 1997). Azaserine kills human cells by two known 

mechanisms. It is a structural analogue of glutamine that abolishes de novo purine 

biosynthesis by inhibiting glutamine amidotransferase (Levenberg et aL, 1957), 

(Lyons et aL, 1990). Azaserine is also lethal through its ability to damage DNA 

(Staiano et aL, 1980), (Lilja et aL, 1982), (Kubitschek & Sepanski, 1982), (Williams-Hill et 

aL, 1984). In the work described in this chapter, I examine the effects of azaserine 

on the survival of a number of human cell lines defective in specific DNA repair 

functions. In particular, the possible role of MMR and nucleotide excision repair 

(NER) in processing cytotoxic azaserine-induced DNA damage (the principal 

forms of which are shown in FIG 6.1)) and the ability of carboxymethylating agents 

to select for MMR defective cells is investigated.

Results.

Azaserine Kills Human cells by Inhibition of de novo Purine Biosynthesis.

Part of the cytotoxicity of azaserine is a result of its ability to inhibit de novo 

purine biosynthesis (Levenberg et aL, 1957), (Lyons et aL, 1990). FIG 6.2(a) shows 

that in the absence of exogenously supplied hypoxanthine (Hpx), Raji Mex" cells, 

which express 1.5 units/m g HPRT, are killed by 300|liM azaserine. In contrast, in 

the presence of ImM Hpx, the HPRT+ Raji Mex" cells grow normally following 

treatment with this azaserine concentration. This indicates that, in cells with a 

functional purine salvage pathway grow th inhibition mediated by azaserine, can 

be alleviated by the simultaneous addition of exogenous Hpx.

2 2 0



NH2 COOH

Azaserine

Diazoacetate
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FIG 6.1. A schematic illustration of the decomposition of azaserine and some its 

DNA lesions.
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FIG 6.2(a). Growth curve of Raji Mex- treated with 300|iM azaserine in the 

presence and absence of exogenously supplied hypoxanthine. Azaserine was 

added on day 1. Growth of Raji Mex- ceUs not treated with azaserine is unaffected 

by ImM Hpx.
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FIG 6.2(b). Growth of a HPRT deficient variant of Raji Mex- is completely inhibited 

by 5pM azaserine (added on day 1) in the presence or absence of exogenous Hpx.
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In accordance with this, a HPRT deficient subline of Raji Mex” which is 

unable to salvage purines, is particularly sensitive to the drug. The HPRT" Raji 

Mex" subline is killed by concentrations as low as 5|iM azaserine, even in the 

presence of ImM Hpx (FIG 6.2(b)). In all subsequent survival experiments, ImM 

Hpx was maintained in the medium. This permits the distinction between cell 

killing via the DNA damaging effects of azaserine and its ability to inhibit de novo 

purine biosynthesis.

DNA Damage: The Effects of MGMT Expression on Azaserine Toxicity.

Azaserine forms O^-meGua in DNA (Harrison et aL, 1997b), (Shuker & 

Margison, 1997), and E. coli ada mutants are sensitive to killing by azaserine 

(Williams-Hill et aL, 1984). In addition, £. coli ada ogt double mutants which 

completely lack O^-DNA methyltransferase activity are hypersensitive to mutation 

induction by azaserine. This indicates that azaserine introduces biologically 

significant levels of O^-meGua into DNA in E. coli (Sedgwick, 1997). The effects of 

azaserine on the cytotoxicity of human cells was investigated using closely 

isogenic counterparts, which differ in proficiency of O^-meGua repair. The Raji 

Burkitt's lymphoma cell line, Raji Mex+ expresses MGMT (0.3 units/m g protein) 

and is >50-fold more resistant to MNU that its Mex" counterpart (<0.05 units/m g
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protein). In contrast, there was no significant difference in azaserine sensitivity 

between the two Raji sublines (FIG 6.3(a) and (b)).

(a) Raji Mex+

o

200uM
350UM
400uM

Day

Raji Mex-

FIG 6.3. Azaserine treated Raji Mex+ (a) and Raji Mex- (b). Each plot represents the 

mean of at least three separate experiments with each data point determined in 

triplicate on each occasion.
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In the presence of ImM Hpx, the growth of Raji Mex" and Mex+ was 

unaffected by azaserine concentrations up to 200|xM. Growth inhibition of both 

sublines was reproducibly inhibited at concentrations between 350|iM and 400|llM. 

The similarity of responses of the Mex+ and Mex" sublines suggests that MCMT 

does not provide any selective protection against azaserine cytotoxicity. It suggests 

that O^-meCua is likely to be, at best, a minor contributor to the cytotoxicity of this 

drug.

The Effects of Defective MMR on Azaserine Toxicity.

Raji Mex" cells are proficient in MMR (Hampson et al., 1997). The méthylation 

tolerant variants of Raji Mex", Raji RIO which does not express detectable hMLHl 

(Hampson et al, 1997), and Raji F12 which is defective in hMSH6 (Branch ef a/., 1993b), 

retain the Mex" phenotype, and are both >50-fold resistant to MNU compared to 

the parental Raji Mex" line (Branch et al, 1993b), (Hampson et al., 1997). The MMR 

defects of these cell lines did not significantly affect their sensitivity to azaserine, 

and their growth after drug treatment was indistinguishable from that of the 

parental Raji Mex" cells (see FIG 6.4(a) and (b)). This indicates that MMR does not 

interact with azaserine-induced DNA damage in a way which demonstrably 

affects survival. Since the MMR defects of both Raji RIO and F12 confer tolerance to 

the presence of O^-meGua in DNA, the absence of significant azaserine resistance 

in these cells provides an independent indication that the O^-meGua produced by 

azaserine is not a significant factor in its cytotoxic effects. Thus, the absence of a 

protective effect of either MGMT or loss of MMR in Raji Mex" cells suggests that 

the DNA O^-meGua induced by azaserine (Sedgwick, 1997), (Harrison et al., 1997b) 

does not contribute significantly to the cytotoxicity of this model 

carboxymethylating agent to human cells.

225



(a)

(b)

Raji R10

1 0 '

1 0 '
50 2 3

400uM

Day.

10
Raji F I2

10
4 50 2 3

Con.
ZOOuM.
400uM

Day.

FIG 6.4. Growth curve of the MMR defective Raji variants Raji RIO (a) and Raji F12 

(b) following treatment with azaserine (added on day 1). Each plot represents the 

mean of at least three separate experiments with each data point determined in 

triplicate on each occasion.
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Can Carboxymethylating Agent Exposure Select for MMR Defective Cells?

Since MGMT or the absence of MMR did not appear to confer a detectable 

resistance to azaserine treatment, the ability of azaserine and potassium 

diazoacetate (KDA), a second model carboxymethylating agent, to select for MMR 

defective cells was investigated. This study used a protocol that mimics that used 

for the successful selection of méthylation tolerant cells by MNU treatment 

(Hampson et al., 1997).

Azaserine Selection.

Three independent cultures of Raji Mex" cells were exposed to increasing 

concentrations of azaserine in the presence of Hpx over a four week period. The 

initial concentration of SOOpM was highly cytotoxic to the cells. Surviving cells 

were allowed to recover growth and retreated with SOOpM azaserine. The resultant 

survivors were exposed to two further rounds of treatment with ImM azaserine. 

Cells that survived were allowed to recover before being exposed to a final 

concentration of 3mM azaserine.

Despite having survived repeated treatments with highly cytotoxic 

concentrations of azaserine, none of the surviving populations displayed a stable 

resistance to azaserine. An example of one such azaserine selected population is 

shown in FIG 6.5. Single clones from each of the independent azaserine-treated 

cultures did not display enhanced resistance either to MNU (FIG 6.6) or 6-TG (Fig 

6.7), the two characteristic features of méthylation tolerant cells. MMR defective 

variants of Raji Mex" can grow in 200pM MNU and IpM 6-TG (see Chapter 7). The 

absence of a stable tolerance to MNU in the azaserine exposed cells indicates that,
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using a protocol which closely mimics the one which used successfully to isolate 

méthylation tolerant cells, repeated exposure to highly toxic concentrations of 

azaserine does not select for méthylation tolerance.

0 1 2 3 64 5

C o n
4 0 0 u M .
6 0 0 u M .

D ay

FIG 6.5. Growth curve of azaserine treated Raji Mex- cells following treatment 

with azaserine. The drug was added on day 1. Each plot represents the mean of 

two separate experiments with each data point determined in triplicate on each 

occasion.
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F IG  6.6 . Growth curve of azaserine selected Raji Mex- following exposure to MNU 

(day 1). Each plot represents the mean of two separate experiments with each data 

point determined in triplicate on each occasion.
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FIG  6.7. Growth curve of azaserine selected Raji Mex- following treatment with 

TG. Drug was added on day 1. Each plot represents the mean of two separate 

experiments with each data point determined in triplicate on each occasion.
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Potassium Diazoacetate Selection.

Diazoacetate is a postulated intermediate in the breakdown of several 

compounds, including azaserine, into DNA carboxymethylating and methylating 

species (see FIG 6.1). Potassium diazoacetate (KDA) introduces significantly more 

DNA O^-meCua than azaserine in calf thymus DNA treated in vitro (Harrison et al., 

1997b). KDA was used to treat the Raji variants Mex" and the méthylation tolerant 

F12, described in the previous section. The growth response of cells following 

treatment with this agent were more variable, perhaps reflecting the instability of 

KDA in biological systems. Overall, however, no significant differences in survival 

were found between Raji Mex" and the méthylation tolerant Raji F12 cell lines. 

Both were consistently killed by KDA at concentrations above 200|iM (FIG 6.8(a) 

and (b)).

In an attempt to select for KDA resistant Raji Mex" variants, three 

independent cultures of Raji Mex" were initially exposed to lOOpM KDA and then 

to increasing concentrations at 200pM increments over a four week period, up to 

ImM KDA. The surviving cells were allowed to repopulate the flasks between 

treatments. Representative clones isolated from independent cultures, did not 

exhibit stable resistance to MNU (Fig 6.9) or 6-TG (Fig 6.10) indicative of defective 

MMR. Survivals for one such KDA selected clone are shown in FIG 6.9 and FIG 

6 . 10 .
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FIG 6.8. Growth curve of Raji F12 (a) and Raji Mex- (b) following exposure to KDA 

(day 1). Each plot represents the mean of at least three separate experiments with 

each data point determined in triplicate on each occasion.

231



1 0 ®

s>ü

0 2 3 4 5

Con
200uM

Day

FIG 6.9. Growth curve of KDA selected Raji Mex- clone B following exposure to 

MNU (day 1). Each plot represents the mean of two separate experiments with 

each data point determined in triplicate on each occasion.
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FIG 6.10. Growth curve of KDA selected Raji Mex- clone B following exposure to 

6-TG (day 1). Each plot represents the mean of two separate experiments with each 

data point determined in triplicate on each occasion.
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Although the survival data after KDA treatment were somewhat variable, 

they did not provide evidence of a protective effect of méthylation tolerance. 

Together with the inability of KDA to select for MNU and 6-TG resistance in Raji 

Mex-, the data do not support a significant contribution for O^-meCua in the 

cytotoxic effect of KDA.

Recognition of DNA Carboxymethylation Damage by hMutSa.

Purification of hMutSa and binding experiments were carried out by P. 

Macpherson in our laboratory. The S^-carboxymethylguanine-containing oligo was 

prepared by Y.Z. Xu at the CRC Nitroamine-Induced Cancer Research Group,

Dept of Biochemistry and Molecular Biology, University College London, UK.

Recognition by one of the mismatch recognition factors is a prerequisite for 

processing by MMR. To investigate whether MMR might recognize O^-CMGua, 

band-shift analysis was used to compare the binding of a highly purified human 

MutSa mismatch recognition complex to oligonucleotides containing single 

defined mispairs or adducts. An oligonucleotide containing a single S^-CMGua 

was used as a model for O^-CMGua-containing DNA, because its synthesis and 

purification is relatively straightforward (Xu, 1998). It is likely to be a reasonable 

model for O^-CMGua-hMutSa-interactions because the mismatch recognition 

factor is known to bind both O^-meGua and S^-methythioGua-containing DNA 

(Griffin et al, 1994), (Swann et al, 1996), (Waters & Swann, 1997).

FIG 6.11 shows that a single nucleotide loop is the preferred substrate for 

hMutSa. Binding to the S^-CMGua-containing substrate is extremely limited in
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comparison to a G-T mispair. Recognition of a single O^-meCua by this mismatch 

recognition complex is also limited.

h M ut S cx (p l )  0 . 5

FIG 6.11. Bandshift assay using purified hMutSa incubated with oligonucleotides 

containing various modifications. hMutSa binds very poorly to the S^CMGua 

containing oligonucleotide.

Although not in itself conclusive, the relatively poor interaction between 

hMutSa and S^-CMGua is consistent with the unchanged azaserine sensitivity of 

MMR defective cells compared to their MMR proficient controls. Taken together, 

my data indicate that processing of O^-CMGua or O^-meGua by MMR is not likely 

to be a significant factor in the cytotoxicity of carboxymethylating agents.
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Azaserine Sensitivity in NER Defective Human Cells.

In E. coli, repair of azaserine induced DNA damage appears to be mediated 

through the NER and SOS systems. E. coli uvrA, recA or lexA mutants are sensitive 

to mutagenesis and killing by azaserine (Kubitschek & Sepanski, 1982), (Williams-Hill 

et al., 1984). When tested against lymphoblastoid cells, I found that cell lines from 

various XP complementation groups, including the XP variant, were all extremely 

sensitive to the cytotoxic effects of azaserine. GM2345 cells belong to the XP-A 

complementation group. They are Mex+ (0-3 units/m g) and HPRT"*" 

units/mg)^ are completely NER deficient and are extremely sensitive to killing by 

UV (see Chapter 5).

Ü
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FIG 6.12. Growth curve of GM2345 (XPA) following treatment with azaserine (day 

1) in the presence of ImM Hpx. Each plot represents the mean of two separate 

experiments with each data point determined in triplicate on each occasion.
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GM2345 cells were also highly sensitive to killing by azaserine in the 

presence of Hpx. Their growth was inhibited by concentrations as low as 15|LiM 

(Fig 6.12). This is in contrast to the NER proficient Raji cells which were unaffected 

by azaserine concentrations more than 10-fold higher (FIG 6.3(a) and (b)).

HPRT+ XP cell lines (1-1.5 units/m g HPRT) from several complementation 

groups were all sensitive to similar low concentrations of azaserine. Growth of 

GM2498, GM2248 (both XP-C, Mex"), GM2249 (XP-C, Mex+), GM2252 (XP-B, 

Mex+), GM2485 (XP-D, Mex+) and GM2449 (XP-V, Mex+) were inhibited by 

azaserine at concentrations of 10-25|iM (FIG 6.13(a)-(f)). The general sensitivity of 

the XP cell lines indicates that the major determinant of azaserine resistance is the 

ability to remove by NER, or, in the XP variant cells, to tolerate, azaserine-induced 

DNA damage.

The Sensitivity of NER Proficient and Deficient Cell Lines to the Azaserine 

Analogue 6-Diazo-5-oxo-norleucine.

6-Diazo-5-oxo-norleucine (DON) is a nonmutagenic (Staiano et al., 1980) 

structural analogue of azaserine (see FIG 6.1). DON lacks the ester linkage found in 

azaserine, and is therefore unable to break down into a carboxymethylating agent 

(Zurlo et al, 1982). Consequently, DON is unable to damage DNA (Lilja et al, 1982). 

DON inhibits both de novo purine and pyrimidine biosynthesis (Lyons et al., 1990). 

In the presence of Hpx, the sensitivities of the GM2345 (XP-A) and GM2485 (XP-D) 

cell lines were comparable to that of the NER proficient Raji cells (FIG 6.14(a)-(c)).
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FIG 6.13. Growth curves following azaserine treatment (day 1) for GM2498(XPC) 

(a), GM2248(XPC) (b), GM2249(XPC) (c), GM2252(XPB) (d), GM2485(XPD) (e) and 

GM2449(XPV) (F). Each plot represents the mean of at two separate experiments 

with each data point determined in triplicate on each occasion.
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These observations are consistent vvith the conclusion that persistent DNA 

damage induced by azaserine, and not differential inhibition of the synthesis of 

DNA precursors, is responsible for the selective azaserine sensitivity of XP cells.

(a)

(b)

Raji Mex-

Day

Day.

(c)

GM2345 (XPA)

i
s
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à
1 0 ®

s

1 0 ®
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FIG 6.14. Growth curves of Raji Mex- (a), GM2345(XPA) (b) and GM2485(XPD) (c) 

following treatment with the non DNA damaging structural analogue of azaserine, 

DON (added on day 1). Each plot represents the mean of at least three separate 

experiments with each data point determined in triplicate on each occasion.
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Azaserine Cytotoxicity, Intracellular Thiols and Thiol Metabolizing Enzymes.

The cellular response to azaserine m ay be influenced by its ability to 

in teract w ith DNA. The levels of intracellular thiol com pounds have been show n to 

affect azaserine sensitivity, p resum ably  by reducing the level of d ru g  available for 

reaction w ith  DNA (Perantoni et al., 1984). The y-glutam yl transpep tidase  (y-GGT) 

enzym e (review ed in (Hanigan, 1998)) is also know n to affect azaserine sensitivity  

in cu ltu red  cell lines (Perantoni et al., 1979), (Perantoni et al., 1984). There w as 

considerable variation in y-GGT activity am ongst extracts of the XP cell lines and 

Raji M ex” (FIG 6.15(a)). Values ranged from  40 u n its /m g  pro tein  in the GM2449 

(XP-V) cell line to 5 u n its /m g  protein  in GM2485 (XP-D). The values for Raji Mex- 

cells (15 u n its /m g ) and  the XP-B cell line GM2252 (20 u n its /m g ) w ere 

interm ediate. The levels of y-G GT activity did not correlate w ith  

sensitivity  to azaserine.
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FIG 6.15(a). y-GGT levels. Each value represents the m ean + s tandard  deviation 

from three independen t determ inations.
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FIG 6.15(b). tGST levels. Each value represents the m ean + stan d ard  deviation  

from  three independen t determ inations.
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FIG 6.15(c). tGST-ti levels. Each value represents the m ean + stan d ard  deviation 

from  three independen t determ inations.
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The activities of the glutathione-S- transferase (7GST), often overexpressed in 

colorectal tumours and cell lines (Ranganathan & Tew, 1991), (Moorghen et al., 1991), 

were similar in all the XP lines (FIG 6.15(b)). The 7GST activity of the NER 

proficient Raji Mex" cell line was considerably lower compared to the XP cell lines. 

Since these cells exhibited the greatest resistance to azaserine, it is clear that the 

level of this enzyme did not correlate with azaserine resistance, among the cell 

lines I studied. The glutathione-S-transferase k (tGST-tt) subfamily of enzymes was 

also measured. 7GST-7C overexpression is often associated with drug resistance in 

colorectal cancer cell lines (Peters & Roelofs, 1992). Values for this enzyme were not 

demonstrably different between Raji and the XP cell lines (FIG 6.15(c)).

300 T

200  - -

100  - -

FIG 6.15(d). Levels of acid soluble thiols. Each value represents the mean ±  

standard deviation from three independent determinations.
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The relative sensitivities of the XP and Raji cells, were not consistent with a 

determining role for total acid soluble intracellular thiols in controlling sensitivity 

to azaserine. The azaserine resistance of the NER proficient Raji Mex" cells was not 

accompanied by a high level of intracellular acid soluble thiols when compared to 

the XP cell lines. In fact, the XP-V cell line had more than twice the level of acid 

soluble thiols than Raji Mex" (FIG 6.15(d)). This is consistent with the increased y- 

GGT activity of this cell line. The data suggest that variations in the levels of 

intracellular thiols, within the limits I observed, are unlikely to influence azaserine 

sensitivity to a significant degree. I conclude that the NER defect in the XP cell 

lines is the major contribution to azaserine sensitivity and overrides any potential 

effect of thiols or thiol metabolizing enzymes (y-GGT, yGST and yGST-jc).

Summary.

In this chapter, I have reported an examination of the cytotoxicity of the 

model DNA carboxymethylating and methylating agent azaserine using DNA 

repair defective human cell lines. The results can be summarized as follows:

Firstly, MGMT was found not to provide any survival advantage to cells exposed 

to azaserine. Secondly, two MMR derivatives of the Raji Mex" cell line, Raji F12 and 

Raji RIO, defective in hMSH6 and hMLHl respectively, which are tolerant to 

persistent DNA O^-meGua, were not selectively resistant to azaserine. Thirdly, 

repeated exposure of Raji Mex" to highly toxic concentrations of either azaserine or 

KDA, the postulated intermediate in the carboxymethylation and méthylation 

pathway of carboxymethylating agents, did not produce méthylation tolerant 

MMR defective survivors. Fourthly, a highly purified hMutSa preparation did not 

detectably bind to an oligonucleotide containing a single S^-CMGua adduct, which 

was used as a model for an O^-CMGua lesion. Finally, human cells lines of the XP
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complementation groups XP-A, XP-B, XP-C, XP-D and even XP-V were found to be 

selectively sensitive to the toxic effects of azaserine. GM2345 (XPA) and GM2485 

(XPD) were found not to be selectively sensitive to the non-DNA damaging 

azaserine structural analogue 6-diazo-5-oxo-norleucine. I conclude that repair of 

cytotoxic azaserine induced DNA damage appears to be mediated primarily 

through the NER pathway. Other cellular determinants of azaserine resistance 

such as, thiol levels and those of the thiol metabolizing enzymes varied among the 

cell lines used but they did not correlate with cell survival.

Discussion.

Carboxymethylation DNA damage, derived form N-nitrosated bile acid 

conjugates and N-nitrosated glycine derivatives such as N-(N'-acetyl-L-propyl)-N- 

nitrosoglycine, may represent a significant contribution to the level of endogenous 

DNA damage sustained by the colorectal epithelium. It was recently shown that 

carboxymethylating agents also introduce O^-meGua into DNA (Shuker &

Margison, 1997), (Harrison et al, 1997b). This is an important observation in view of 

the ease with which O^-meGua producing agents such as MNU, can select for 

MMR defective cells in the laboratory. It has been proposed that the DNA O^- 

meGua found in gastrointestinal tissue (Hall et al, 1991) may be derived from N- 

nitrosated bile acid conjugates and N-nitrosated glycine derivatives, and may offer 

a selective pressure for the emergence of MMR defective gastric cells (Shuker & 

Margison, 1997). The O^-meGua produced by the model carboxymethylating agent 

azaserine has a demonstrable biological effect in ada (Williams-Hill et al., 1984) and 

ada ogt (Sedgwick, 1997) E. coli. Neither MGMT expression nor the méthylation 

tolerant phenotype affected survival to azaserine or KDA in human cells. This 

suggests that O^-meGua is not a significant contributor to the lethal effects of these
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model DNA carboxymethylating agents in human cells. Supporting evidence was 

provided by the inability of these two agents to select for méthylation tolerant 

MMR defective variants from Raji Mex" after chronic treatment with toxic doses of 

each drug. Whether analogous carboxymethylating agents which might arise in 

vivo, could select for MMR defective cells is, however, unclear. The ratio of 

carboxymethyl- to methyl- bases varies from agent to agent (Harrison et al., 1997a), 

(Harrison et al., 1997b) and it is possible that compounds which introduce a higher 

proportion of DNA O^-meGua may be formed. However, the existence of a 

carboxymethylating agent generated in vivo for which this ratio is particularly low, 

which thus, would have properties closer to those of a characteristic methylating 

agent, cannot be excluded.

The unchanged resistance of MMR defective cells and the inability of both 

azaserine and KDA to elicit a méthylation tolerant phenotype, also suggests that 

MMR does not significantly influence survival by interacting with 

carboxymethylated bases. The absence of a significant interaction between S^- 

CMGua, the model O^-CMGua lesion used in this study, in an oligonucleotide 

substrate, with the hMutSa complex is consistent with this. Although I cannot 

exclude the recognition of other carboxymethylated DNA bases by hMutSa, all the 

data presented here are consistent with the absence of a significant role for MMR 

in the processing of DNA carboxymethylation damage. Studies described in 

Chapter 4 using the doubly MMR and NER defective MNU B4 cell line may 

support this. This cell line did not exhibit a selective resistance to azaserine 

compared to its NER defective XP12RO parents, indicating that MMR perhaps 

does not process persistent DNA carboxymethylation damage. However, caution 

must be exercised in using XP12RO as a model for studying the consequences of 

azaserine-induced DNA damage, as this cell line, for as yet unknown reasons, did
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not exhibit the characteristic sensitivity of XP cell lines to this agent (Chapter 4). 

The simplest interpretation is that one or more of the carboxymethylated bases are 

directly cytotoxic, without the intervention of MMR.

The general sensitivity of XP cell lines to azaserine is consistent with the 

sensitivity of excision repair defective E. coli to this agent (Kubitschek & Sepanski, 

1982), (Williams-Hill et al., 1984) and suggests that some form of bulky 

carboxymethyl base damage is responsible for its toxicity. Although the cytotoxic 

carboxymethyl (CM) DNA adduct(s) has not been determined, the N7-CM and N3- 

CM purines, as well as the O^-CMGua are all potential candidates. All are likely, to 

differing extents, to produce significant helical distortion, and therefore represent 

potential substrates for NER that would be selectively toxic to XP cells. There is 

indirect evidence that the N7-CM and N3-CM purines may be excised by the E. coli 

AlkA DNA repair enzyme (Kubitschek & Sepanski, 1982), (Sedgwick, 1997), which is 

a counterpart of the human methyl-purine-DNA glycosylase (Aag). The human 

enzyme is capable of excising a variety of modified purines, including N7- and N3- 

methyl, -ethyl and chloroethyl (Matijasevic et al., 1993), as well as ethano and 

deaminated derivatives (Saparbaev & laval, 1994), (Hang et al., 1997). The ability to 

excise N7-CM and N3-CM purines would be consistent with the general properties 

of the Aag enzyme. Probably one of the best candidates for a cytotoxic 

carboxymethylated base is O^- CMGua. The carboxylic acid moiety of the O^- 

CMGua lesion would have a pKa of around 4 and would therefore be expected to 

be ionised at physiological pH. The relative bulk of a CM-lesion at the O^-position 

of guanine would also make it an extremely good candidate lesion to be 

recognized by NER. Even methyl groups at the O^-position on guanine can, in 

certain sequence contexts, produce significant helical distortion (Georgiadis et al., 

1991) therefore, the much larger O^-CMGua lesion would be expected to alter the
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structure of the DNA helix. Also, the ability of a long ionised carboxymethyl arm 

emanating from the O^-position of guanine, to charge disrupt the sugar-phosphate 

backbone cannot be ruled out. Mex" XP cells have been shown to be sensitive to 

guanine alkylating agents (Simon et al, 1981). The Mex" XPA fibroblast XP12RO is 

selectively sensitive to the cytotoxic and mutagenic effects of ethylnitrosourea 

(ENU) compared to an NER proficient Mex" fibroblast (Simon et al., 1981). 

Although ENU alkylates DNA at may sites (Bodell et al., 1979), O^-ethylguanine 

was shown to persist in XP12RO cells (Goldstein, 1977), (Bodell et al., 1979). This 

lesion is quite close in molecular size and structure to that of an O^-CMGua 

adduct. Given the fact that O^-CMGua is not repaired by MGMT (Shuker & 

Margison, 1997), and would be expected to persist in DNA, this particular DNA 

adduct therefore, appears to be a plausible candidate for a DNA lesion which is 

repaired by NER and is selectively toxic towards XP cells, independent of their 

Mex status.

The hypersensitivity of XP cells to azaserine indicates the persistence of 

lethal CM bases in these cells. It should be possible to identify precisely the lethal 

CM bases by analyzing the differential persistence of CM DNA lesions in NER 

proficient and deficient cells treated with carboxymethylating agents. Azaserine 

resistance, and perhaps that of carboxymethylating agents in general, can be 

influenced by thiol levels, 7GST, and 7GGT activities (Perantoni et al., 1979), 

(Perantoni et al., 1984). The work presented in this chapter indicates that the ability 

to remove or tolerate bulky carboxymethylated base damage is likely to be one of 

the predominant factors in the cellular response to carboxymethylating agents, and 

that the contributions of thiol levels and those of the thiol metabolizing enzymes 

that modulate drug-DNA interaction, can be overwhelmed in the context of 

defective NER.
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Chapter 7.

Results V 

Chronic Low Dose Methylating Agent Exposure: A Possible Route to 

Mismatch Repair Deficiency? 

Introduction.

Several lines of evidence link the evolution of MMR deficient cells with 

exposure to methylating agents. As illustrated in chapter 3 of this thesis, in the 

laboratory, MMR defective cell lines can be selected for by exposure to high doses 

of methylating agents, such as MNU and MNNG. In the body however, exposure 

to methylating agents is more likely to be chronic and of a low dose. In this chapter, 

I will investigate the possibility that chronic low dose methylating agent exposure 

may select for, or induce MMR deficient cells. One possible source of biologically 

relevant O^-meGua generating compounds is nitric oxide (NO) produced by 

activated macrophages. Prolonged inflammation is a risk factor for the 

development of malignancy, and this is thought to be a consequence of 

macrophage derived NO. Although NO can directly damage DNA (Wink et al., 

1991), (Nguyen et al., 1992), it can also act as a potent nitrosating agent (Marietta, 

1988), (Tamir & Tannenbaum, 1996) that could form methylating agents through the 

N-nitrosation of endogenously abundant compounds such as conjugated bile acids 

(Shuker & Margison, 1997) and methylurea (Kodama & H.Saito., 1980) The ability of 

macrophage derived NO to form a methylating agent that could possibly select for, 

or induce MMR deficiency is examined in this chapter. The primary malignancy
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associated with the MMR deficiency syndrome HNPCC, is that of the colorectum 

(Lynch et al., 1997), (Watson & Lynch, 1992) and, as many as 20% of apparently 

sporadic colorectal cancers display MI, consistent with defects in MMR. The 

colorectum is more than likely constantly exposed to methylating agents of 

endogenous and exogenous origins. Could this methylating agent exposure play a 

role in the evolution of MMR defective tumours? To examine this possibility, I will 

outline some features of the colorectal environment and architecture which indicate 

that it may.

Diet is one of the most obvious sources of methylating agents to which the 

colon is potentially exposed. Significant amounts of carcinogenic nitrosoamines, 

such as N-nitrosodimethylamine (NOMA), are formed in foodstuffs through 

cooking and preservation (smoking, nitrate and /o r nitrite curing) (reviewed in 

(Tricker & Preussmann, 1991)). This, coupled with individual variations in colorectal 

procarcinogen metabolic potential, such as cytochrome P450 isoform expression 

(McKinnon et al, 1993), (Minchin et al., 1993), bile acid exposure (Reddy et al., 1977), 

(Hill, 1990), along with the ability of bile acids to stimulate lytic induced cell 

proliferation (Lapre & Meer, 1992), and to solubilize hydrophobic dietary mutagens 

(Ferguson et al., 1990), all potentially contribute to the DNA damage, and more 

specifically DNA méthylation load of the colonic mucosa.

The human colorectal tract contains on average lO^^-lO^^ bacteria per 

milliliter of intestinal contents. Bacterially catalyzed N-nitrosation can lead to 

significant N-nitroso compound formation and subsequent colonic mucosal 

methylating agent exposure (reviewed in (Goldin, 1986)). The chemical formation of 

nitrosoamines from secondary amines and nitrite, normally requires an acidic pH
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(reviewed in (Leaf et al., 1989)). But, colonic bacterial species such as Escherichia, 

Clostridium, Bacteroides and Bifobacterium, catalyze the formation of N-nitroso 

compounds at pH 7, the approximate pH of the colon (Calmels et al, 1985), (Ziebarth 

et al., 1997). The N-nitrosating deficient E. coli moa mutants, which are defective in 

the synthesis of a molybdopterin cofactor required for nitrate reductases, have been 

shown to be deficient in the generation of a mutagenic methylating agent from 

methylamine or methylurea and nitrite (Tavema & Sedgwick, 1996). The colonic 

bacterial population therefore represents an abundant intrinsic potential DNA 

methylating agent-generating system.

Chronic localized inflammation and infection have long been associated 

with tumour development. Examples include, hepatitis B virus infection and 

hepatocellular carcinoma, liver fluke {Fasciola hepatica) and cholangiocarcinoma of 

the biliary tract, Helicobacter pylori infection and gastric cancer, along with chronic 

inflammatory bowel disease and colorectal carcinoma (reviewed in (Ohshima & 

Bartsch, 1994)). Macrophage derived NO has been suggested as a possible 

etiological agent for these malignancies (Marietta, 1988), (Tamir & Tannenbaum, 1996). 

NO is produced by activated macrophages in response to antigenic stimulation via 

the oxidation of the guanidino nitrogen of L-arginine. This reaction is catalyzed by 

the inducible nitric oxide synthase enzyme (iNOS) (reviewed in (Tamir & 

Tannenbaum, 1996)). NO can deaminate DNA, can introduce DNA strand breaks, 

and is mutagenic to human cells in culture (Wink et al., 1991), (Nguyen et al., 1992). 

The ability of NO to directly damage DNA could conceivably increase the 

mutational load of inflammed tissues and contribute to tumour formation. Much 

evidence exists to support this notion. For example, 3-methylcholanthrene induced 

transformation of murine C3H10T1/2 fibroblasts is associated with elevated NO
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production, and specific NOS inhibitors inhibit the formation of transformed 

colonies, in a dose dependent manner (Mordan et al, 1993). Infection with the 

gastric cancer pathogen H. pylori, is associated with enhanced expression of iNOS 

(Mannick et al., 1996). SJL mice spontaneously develop B cell lymphoma and 

myositis (inflammatory muscle disease) by agel2 months. The severity of the 

myostits and onset of lymphoma is associated with elevated NO production, and 

administration of NOS inhibitors can reduce the severity of the inflammation 

(Tamir et ai, 1995). Interleukin-10-deficient mice develop severe enterocolitis (Kuhn 

et al, 1993), associated with elevated NO production and colorectal cancer 

development (Berg et ai, 1996). Transgenic rats expressing the human class I major 

histocompatibility allele HLA-B27 and human P2-microglobulin (p2"M) develop the

muti-organ system inflammatory condition termed spondyloarthropathies (Hammer 

et al., 1990). The gastrointestinal inflammation found in these transgenic rats is also 

associated with chronic elevated levels of NO (Aiko & Grisham, 1995), and a high 

prevalence of colorectal cancer (Hammer et al., 1995).

Importantly, NO derived form activated macrophages is capable of 

nitrosating secondary amines, forming N-nitrosamines in vitro (Marietta, 1988), 

(Miwa et al, 1987), (Ohshima et al, 1991). This discovery has implications for the 

emergence of tolerant MMR defective cells, as nitrosamines such as NDMA are 

capable of forming O^-meGua in DNA. Circumstantial evidence indicates that this 

could play a role in vivo, in tumour development. For example, BK-TO mice 

infected with the trematode Schistosoma mansoni, a parasite implicated in the 

development of cancer in the intestine, female genital tract and splenic lymphoma, 

have increased levels of O^-meCua in their livers, coupled with severity of the 

infection (Badawi et al, 1993). Schistosoma haematobium infection in humans results
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in bladder cancer, and patients infected with this parasite excrete at high levels, a 

variety of N-nitroso compounds, including NDMA (Tricker et al., 1989). Also,

Syrian golden hamsters infected with the liver fluke Opisthorchis viverrini, a parasite 

implicated in cholangiocarcinoma development in humans, also excrete elevated 

levels of N-nitroso compounds (Ohshima et al, 1994). Elevated NO and NDMA 

production is observed in woodchucks {Marmatoa monax) and cultured woodchuck 

hepatocytes infected with woodchuck hepatitis virus, a model for human hepatitis 

B viral infection (Hotchkiss et al., 1994). However, although a role for defective 

MMR in each of these settings has not been illustrated, the formation of O^-meGua 

forming N-nitroso compounds, which can select for MMR deficiency in the 

laboratory, is evident.

Ulcerative colitis is a chronic inflammatory condition of the large intestine. It 

is of an undefined specific etiology, although intestinal commensal bacteria are 

thought to play some role (Sartor, 1995). The condition appears to involve, 

essentially, an "overheating of the immune system" (Sadlack et al., 1993). Patients 

who have had extensive colitis for more than 10 years are at increased risk of 

developing colorectal cancer (Levin, 199 • ), (Harpaz & Talbot, 1996). Nevertheless, 

some individuals with lifelong colitis never develop dysplasia, and in those that do, 

the progression from low to high grade dysplasia to frank malignancy, is by no 

means a certainty (Harpaz & Talbot, 1996). Often, the mucosal inflammation found 

in ulcerative colitis is associated with elevated iNOS activity and NO production 

(Roediger et al., 1990), (Boughton-Smith et al., 1993), (Singer et al., 1996). Indeed, the 

various mouse models for ulcerative colitis, including the interleukin-2-deficient 

mouse (Sadlack et al., 1993), the interleukin-lO-deficient mouse (Kuhn et al.,

1993), and the T cell receptor a, |3, P x Ô double mutant, as well as the major
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histocompatibility class II mutant mice (Mombaerts et aL, 1993), all develop 

intestinal inflammation involving NO overproduction, and often develop colorectal 

cancer. Perhaps the most persuasive indirect evidence for defective MMR being 

involved in inflammation associated tumours, is that microsatellite instability (MI) 

has been detected in 20-40% of ulcerative colitis associated dysplasia and colorectal 

cancers (Suzuki et aL, 1994), (Brentnall et aL, 1996), (Heinen et aL, 1997), (Park et aL, 

1998). Mutations in the transforming growth factor p receptor II poly adenine tract 

microsatellite, commonly found in MI positive tumours (Markowitz et aL, 1995), 

have also been detected in a subset of MI positive ulcerative colitis associated 

colorectal cancers (Souza et aL, 1997a). Interestingly, an intronic splice-site 

subsitution in the hMSH.2 gene, which is present in approximately 10% of the 

general population, appears to be present in 26% of patients with ulcerative colitis 

who have colorectal cancer (Brentnall et aL, 1995). The functional significance of this 

particular mutation on MMR capacity is unknown. Ulcerative colitis could 

represent a situation whereby chronic inflammation, NO induced N-nitroso 

compound formation and resultant selection for méthylation tolerance may exist.

Some features of the colorectum could make it susceptible to endogenous 

and exogneous DNA méthylation damage. As I have already discussed in the 

introduction to this thesis, O^-meGua the DNA lesion implicated in méthylation 

tolerance, is repaired via in situ déméthylation by the O^-methylguanine-DNA 

methyltransferase enzyme (MGMT). Immunohistochemical staining of human 

colorectal mucosa, shows that this enzyme is primarily restricted to the terminally 

differentiated cells at the tip of the colorectal crypts, and virtually absent from the 

replicative stem cell compartment, at the bottom of the crypts (Zaidi N.H, 1996).
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FIG 7.1. Immunohistochemical localization of MGMT in the human colorectal 

mucosa.

Therefore, in normal human colon, there appears to be a gradient of MGMT activity 

as cells move from the replicative stem cell compartment, at the bottom of the 

crypts, to the nondividing luminal epithelial surface (Zaidi N.H, 1996). Whilst 

MGMT at the luminal surface may protect the integrity of the mucosa, the apparent 

target for bowel carcinogenesis by chemicals such as MNU and MNNG, in mouse 

and probably in humans, appears to be the proliferating cells at the bottom of the 

crypts (Potten et ciL. 1992). These cells appear to lack any protective effects of MGMT 

(Zaidi N.H, 1996) and to be Mex ".
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Therefore, the colorectum possesses many features which could, under 

certain circumstances, render it susceptible to DNA méthylation damage. In this 

chapter, I will describe two systems used to mimic the chronic low dose 

methylating agent formation and exposure in vivo, in a tissue such as the 

colorectum. In the first system, MMR proficient cells are treated with multiple low 

doses of MNU. Due to the extremely short half life of MNU in culture medium 

(around 15 mins), multiple treatments are necessitated to mimic the presumed 

biological situation. In the second system, macrophage derived NO is used as a 

potential source of N-nitrosation in an attempt to generate MNU and select for or 

induce MMR defective cells. The potential for chronic low dose methylating agent 

exposure to select for MMR deficient cells is examined.

Results.

Repeated low dose exposure of GM0637 (Mex") cells to MNU.

The consequences of repeated low dose methylating agent exposure were 

investigated using the SV40 transformed Mex“ human skin fibroblast cell line, 

GM0637 which was derived from a clinically normal individual. '

Cells were seeded at 5x10^ cells/10cm plate and treated with 3|liM MNU 

four times a day at four-hour intervals, leaving out the overnight period. This was 

continued for four days (16 treatments). A single 3|iM MNU treatment of GM0637 

yields 87.1+13.6% survival (mean + standard deviation of five determinations), as 

determined by colony formation.
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FIG 7.2. MNU survival curve of repeated low dose MNU treated GM0637 

compared to GM0637 as determined by colony formation. Error bars represent the 

standard deviation.

As shown in FIG 72, this low dose MNU treatment of GM0637 resulted in a 

small increase in MNU resistance in the population. This increased resistance, 

although small, was reproducible in three independent experiments, and was stable 

for at least 50 days after the final MNU treatment. However, isolation of at least 10 

independent clonal cell lines from the treated population did not produce a cell line 

with stable MNU resistance. This indicates that the entire population on a whole is 

MMR proficient. Therefore, a procedure was devised to enrich for the putative
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MNU resistant cells based on the known properties of MMR defective méthylation 

tolerant cell lines, to examine the possibility that MMR defective cells were present 

in the resistant population.

Enrichment Procedure for Méthylation Tolerance.

A general feature of méthylation tolerant MMR defective cell lines is their 

cross-resistance to 6-Thioguanine (6-TG). As 6-TG resistance may also arise as a 

consequence of hypoxanthine phosphoribosyltransferase (HPRT) deficiency, a 

protocol was devised that would select for HPRT proficient, 6-TG resistant cells. By 

exposing the MNU selected population to a concentration of 6-TG that is normally 

toxic to the parental cell line, the survivors can only be resistant to 6-TG either 

through méthylation tolerance or HPRT deficiency. By then culturing the survivors 

in medium which selects against HPRT deficiency, selection for 6-TG resistant 

HPRT proficient (6-TG^ HPRT+) cells is achieved.

Repeatedly low dose MNU treated GM0637 cells were plated at 10^ 

cells/10cm plate and exposed to a single dose of 12pM 6-TG. Three days after 6-TG 

treatment the medium was supplemented with AH. AH is composed of azaserine 

(5.8pM) and hypoxanthine (lOOpM), and selects against HPRT deficiency (Harlow & 

Lane, 1988). Azaserine blocks de novo purine biosynthesis by inhibiting glutamine 

amido transferases. Azaserine treated cells can only survive if they have a 

functional purine salvage pathway (HPRT proficient). Therefore, by supplying the 

substrate for purine salvage pathway, that is hypoxanthine, HPRT proficient cells 

are selected. FIG 7.3 shows that the resistance to MNU in the chronically MNU
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exposed population increases after enrichment. A panel of clones was isolated by 

single cell cloning from the enriched population.

G M 0 6 3 7  
M N U  t r e a t e d  

E n r i c e d  P o p u l a t i o n

0 2 5 5 0 7 5 1 00 1 2 5

MNU ( p  M)

FIG 7.3. MNU survival as determined by colony formation. Data represent the 

mean of at least three independent determinations. Error bars represent standard 

deviation.

Characterization of the Clones from the Enriched population.

All the 6-TG^ HPRT+ clones isolated from the MNU treated population 

exhibited an increased resistance to MNU (FIG 7.4).
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The increase in MNU resistance of the isolated clones was not a consequence 

of MGMT reexpression as all remained Mex" (Table 7.1).

Clones 5, 6, 9 and 11 all displayed enhanced resistance to 6-TG by colony 

forming assay, consistent with defective MMR (FIG 7.5). This 6-TG resistance of the 

clones was not a consequence of HPRT deficiency (Table 7.1).

0 25 50 7 5 1 00 1 25

GM0637 
Clone 5 
Clone 6 
Clone 9 
Clone 11

M N U  ( n  M )

FIG 7.4. MNU survival of the clones isolated from the enriched population. Data 

represents the mean of four separate determinations.
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[6-TG] ( M M)

FIG7.5. 6-TG survival of the clones isolated from the enriched population. Data 

represents the mean of three separate determinations.

Table 7.1. Characterization of the M NU resistant clones.
C ell line. M G M T

(U nits/m g)
HPRT
(u n its/m g)

A zaG ua
(D 3 7 )

G M 0637 < 0.05 1.7 30|iM

C lone 5 < 0 .05 1.7 30pM

C lone 6 < 0 .0 5 1.7 30|iM

C lone 9 < 0 .0 5 1.7 30|iM

C lone 11 < 0 .0 5 1.7 30pM

XP12RO HPRT- N D 90|iM

M G M T . One unit is defined as the amount of MGMT that removes 1 pmol of O^-meC.

HPRT. One unit o f HPRT catalyzes the formation o f 1 pmol IMP per min.

A zaG u a. The base analogue azaguan ine (A zaG ua) is cytotoxic to HPRT proficient cells. D 3 7  va lu es  

w ere determ ined by co lon y  form ation.

XP12RO HPRT This HPRT deficient derivative of the XPA fibroblast XP12RO w ith  non  detectable  

(N D ) HPRT. It w as selected  by grow th  in 30|iM  6 -TC (see C hapter 3).
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Mutator Phenotype of MNU Resistant Clones.

To examine whether any of the MNU resistant 6-TG^ HPRT+ clones had a 

m utator phenotype, the mutational frequency at the HPRT locus was determined. It 

can be assumed that if a cell line does not display an enhanced mutational 

frequency at HPRT, than it is unlikely that those cells have an enhanced mutation 

rate. A total of 10  ̂ cells were seeded at around 10^ cells/10cm plate in 30jiM 6-TG. 

This concentration is toxic for both MMR proficient and méthylation tolerant 

HPRT+ cells. In three independent determinations for each clone, no HPRT" 

colonies were observed. Therefore, none of the clones displayed a detectable 

increase in mutation frequency above the parental GM0637 (<10"^/cell). This could 

be a consequence of GM0637 having two active copies of HPRT. SV40 

transformation itself has been shown to effect gene expression (Harris et aL, 1996) 

and specifically HPRT gene copy number (Merk & Speit, 1997). An increase in HPRT 

copy number could mask any increase in mutation rate in a cell line that has a very 

low spontaneous mutational rate. This may be of particular relevance to GM0637, 

which is an SV40 transformed fibroblast. Therefore, a definitive conclusion on the 

presence of a mutator phenotype at the HPRT locus in the MNU resistant 6-TG^ 

HPRT+ clones is not possible.

Western Blot Analysis of MMR Proteins.

Cell extracts of clones 5, 6, 9 and 11 were probed for expression of various 

MMR proteins by western blotting. FIG 7.6 shows that all the clones expressed 

detectable hMSH2 (a), hMLHl (b) and hPMS2 (c).
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(b)

hM LHl

HPMS2

FIG 7.6. W estern blot analysis KMSH2 (a), hM LH l (b) and KPMS2 (c). Jurkat is a 

hM SH2 deficient T cell leukemia cell line and HCT-116 is a hM LH l deficient 

colorectal carcinoma
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Clone 5 appeared to express a significantly reduced level of hM SH6 on 

w estern  blotting, vh ils t this protein  was undetectable in extracts of clone 9 (FIG 

7.7). Extracts of the MMR deficient XP12RO M NU B4 cell line, w hich  is defective in 

the hM utSa complex (chapter 3) was included as a control. This data, a lthough  not 

conclusive and representative of only one experim ent, w ould be consistent w ith  the 

surv ival data in indicating MMR defects in these two cell line.

h M S H 6

Non specific bands.

FIG 7.7. Expressior of hMSH6 in the MNU resistant clones. M NU  B4 is included as 

an hM SH6 defective control. N on specific protein bands are included to act as 

loading controls.

D oes the Enrichment Procedure Induce MMR deficiency?

Three independent GM0637 populations, not previously exposed to M NU, 

consistently did no: produce M NU resistant populations, or indeed  enhanced
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resistance to 6-TG, after they were cultured under the enrichment conditions. 

Therefore, treatment with 6-TG followed by AH culture did not in itself produce 

MNU resistant cells.

Inflammation, NO Induced N-Nitrosation and Selection for Méthylation 

Tolerance.

In an attempt to investigate the possible role of MMR deficiency in chronic 

inflammation associated cancer, an in vitro co-culture system was constructed using 

activated macrophages, methylurea and Raji Mex" cells, to try and select for MMR 

deficient méthylation tolerant Raji variants. This system attempted to utilize the N- 

nitrosating potential of NO, to try and form MNU from methylurea, and examined 

whether selection for méthylation tolerant Raji variants using this in vitro system, 

was possible. Methylurea is a catabolic product of protein metabolism and thus 

would be expected to be present in the gut lumen in large quantities. It can also be 

formed at physiological pH via the nonenzymatic reaction between carbamyl 

phosphate, a krebs cycle participant, and another abundant protein catabolite, 

methylamine (Kodama & H.Saito., 1980). N-nitrosation of methylurea would form 

the O^-meGua producing agent MNU. Raji Mex" lymphoblasts were co-cultured 

with macrophages activated to produce NO, in the presence of excess methylurea. 

This system, a diagrammatic illustration of which is shown in FIG 7.8, should 

closely mimic the situation in vivo , as MNU would be produced constantly and at a 

low dose.
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M e lh y liire a
IK N -y

LPS
l,T A

R a j i  M e x-

J774A .1  m u r in e  m a c ro p h a g e s  s lim iila le d  lo  p ro d u c e  
N itr ic  ox ide.

FIG 7.8. An Illustration of the co-culture system  using  activated N O  producing  

J774A.1 (attached) cultured in the presence of Raji Mex-.

Nitric Oxide Production from the M urine Macrophage Cell Line J774A.1.

NO production from the m urine m acrophage cell line J774A.1 w as 

determ ined  spectrophotom etrically  by m easuring  n itrate  concentrations in the 

g row th  m edium  using the Greiss reaction. J774A.1 grows attached and therefore 

facilitated the separation of Raji Mex" lym phoblasts in the co-cultures. P relim inary  

experim ents indicated that optim al NO  production  w as achieved from  J774A.1 

w ith  m urine interferon-y (mIFN-y) at 500 u n its /m l and the tw o bacterial cell w all 

com ponents lipopolysaccharide (LPS) and  lipoteichoic acid (LTA), each at lO pg/m l. 

To ensure maximal N O  production, the activated m acrophages w ere supplem ented  

w ith lOmM L-arginine, the substrate for iNOS. Superoxide d ism utase (10^
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units/m l) and catalase (2x10^ units/m l) were also included in the co-culture 

experiments, to minimize the effects of oxygen radicals and hence maximize the N- 

nitrosating potential of NO (Miwa et al, 1987), (Ohshima et al, 1991).

Nitric Oxide Production in the Presence of Methylurea.

Structurally, methylurea resembles hydroxyurea, a DNA replication 

inhibitor, as well as the alkyl-isothioureas, potent selective iNOS inhibitors (Garvey 

et a l, 1994) (See FIG 7.9). Therefore, it was important to determine whether 

stimulated J774A.1 could actually produce NO in the presence of excess 

methylurea, and secondly whether methylurea itself prevented the growth of the 

Raji Mex" target population.

Methylurea Hydroxyurea

II

CH3 —  i . ^  N H ^  

0

H

OH — N

0

T

\-Methyl-N-nitrosourea Alkyl-isothiourea

NO

0

R — S . ^ N H ,  

NH

FIG 7.9. Structures of methylurea, hydroxyurea, N-methyl-N-nitrosourea and the 

iNOS inhibitor an alkyl-isothiourea (R- any alkyl goup).
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FIG 7.10. NO production from activated J774A.1 in the presence of methylurea.

This plot also shows that mIFNy is absolutely required to induce NO production 

from the macrophages.

FIG 7.10 shows that NO production from stimulated J774A.1 cells was 

unaffected even in the presence of 50mM methylurea. Therefore, methylurea does 

not appear to be a selective inhibitor for murine iNOS.

FIG 7.11 shows that growth of Raji Mex" was unaffected by similarly high 

concentrations of methylurea. Hence, methylurea, despite its close structural 

similarity to hydroxyurea, does not inhibit the replication of Raji Mex" cells, even at 

lOOmM.
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FIG 7.11. Growth of Raji Mex- in the presence of increasing concentrations of 

methylurea.

Co-culture of Activated Macrophages with Raji Mex" cells in the Presence of 

Methylurea.

Over a four month period, Raji Mex" cells were continuously passaged 

through NO producing activated J774A.1 cultures in the presence of 50-100mM 

methylurea. In general, co-culture experiments were carried out using 2x10^ 

macrophages in a final volume of 2ml. J774A.1 cells were activated overnight as 

described above, and Raji Mex" cells were then seeded onto the activated 

macrophages at 10^/ml, along with 50-100mM methylurea. Co-culture with 

activated J774A.1 under these conditions was extremely cytotoxic towards Raji 

Mex" cells. Cultures were incubated until Raji Mex" survivors grew out. Each 

surviving population was then passaged again through fresh activated
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macrophages, in the presence of methylurea. This procedure was continued for 7 

passages (cells designated P1-P7).

The Mutator Phenotype of Co-Cultured Raji Mex" cells from Passages 1-7.

The mutational frequency at the HPRT locus was determined in Raji Mex" 

cells from each passage. Briefly, around 10^ cells from each passage, treated with 

30pM 6-TG were seeded at 10^ cells/well in 96 well plates (10 plates), along with 

cloning efficiency controls. After 2-3 weeks incubation, positive wells were scored.

TABLE 7.2. The mutational frequencies of Raji Mex" cells from each passage 

through the activated macrophages in the presence of methylurea.

Cell line. CE. No +ive Pg Pe

wells. - 6-TG. + 6-FG.

Mutational

Frequency.

Raji Mex- 91.7 4.6 1 4.9x10* 4.7xl0"6/cell

PI 90 5.2 0.9 5.6x10-6 6xl0-6/cell

P2 86 2.25 0.7 2.4x10-6 3.2xlQ-6/cell

P3 85 20.9 0.7 2.5x10,-5 3.4xl0-5/cell
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P4 86.5 42.6 0.7 5.9xlQ-5 7.6xl0'5/cell

PS 86 38.7 0.7 6x10'^ 7.9xl0'5/cell

P6 84.5 45.4 0.7 S.SxlO'^ 7.5xl0'5/cell

P7 92 42.7 1 5.9x10-5 5.6xl0-5/cell

CE (Cloning Efficiency): The mean number of positive wells in the four control 96 well plates. Each 

well was seeded at 3 cells/well.

No. + ive wells: The mean number of positive wells in the 6-TG treated plates. Cells were seeded at 

10  ̂cells/well in the presence of 30|iM 6-TG. A total of ten 96 well plates were used per cell line.

Pg: PE= Po/N o cells per well. This value was calculated for the plates with and without 6-TG.

Po= -In [(total No. of wells) - (total No of positive wells)] /  ( total No of wells)

Mutational Frequency: PE +6-TG /  Pg -6-TG.

A graphical illustration of the fold induction in mutational frequency 

relative to untreated Raji Mex" cells is shown in FIG 7.12 Overall, a dramatic
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(around 16 fold) increase in mutational frequency at the HPRT locus was observed 

in the Raji cells co-cultured with activated macrophages in the presence of 

methylurea. This increase was found to occur particularly after the third passage, 

and appeared constant between P4 and P7.

/ ;

■  PI
0  P2
□  P3
□  P4

= □  PS
B  P6
□  P7

1 2 3 4 5 6 7

P assage  No.

FIG 7.12. Mutation frequency induction of Raji Mex- cells after co-culture with 

activated NO producing J774A.1 in the presence of methylurea.

The Tolerant Phenotypes of the Co-Cultured Raji Mex" Cells.

To investigate whether the dramatic increase in mutational frequency in the 

co-cultured Raji Mex" cells was a consequence of defective MMR, the MNU and 6- 

TG survival of representatives from each passage was determined.
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Growth of Raji Mex" cells is inhibited by 30|iM MNU (FIG 7.13). Two MMR 

defective variants of Raji Mex" that were previously selected for tolerance to MNU, 

Raji RIO (Hampson et al., 1997) and Raji F12 (Branch et aL, 1993a), can grow well even 

at 200pM MNU (FIG 7.14).

o
z
0)
Ü

C o n
3 0 u M .

2 0 0 u M .

0 1 2 3 4 5 6

Day.

FIG 7.13. Growth of Raji Mex- after treatment with MNU (on day 1). Data 

represents the mean of three independent experiments.
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FIG 7.14. Growth of Raji RIO (a) and Raji F12 (b) after treatment with MNU (day 1). 

Data represents the average of three separate experiments.
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Raji Mex" cells from P1-P7 did not exhibit a similar increase resistance to 

MNU. FIG 7.15 shows the MNU growth curve for cells from P7.

10

Con
3 0 u M .

2 0 0 u M

10

10
0 1 2 3 4 5

Day

FIG 7.15. Growth of Raji Mex- from P7 after treatment with MNU (day 1). Data 

represents the mean of three separate determinations.

Raji Mex" cells from P1-P7 were not resistant to 6-TG. FIG 7.16 shows that 

cells from P7 (a) were sensitive to l|iM  6-TG, in contrast to the hMLHl defective 

Raji RIO (b).

These data suggest that the increased mutation frequency found in the Raji 

Mex" cells passaged through activated macrophages in the presence of methylurea, 

is not a consequence of deficient MMR.
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FIG 7.16. Growth of cells from P7 (a) and the hMLHl defective Raji RIO (b) after 

treatment with 1|liM  6-TG (day 1). Data represents the mean of three separate 

determinations.
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The Flexibility of the Increased Mutation Frequency.

The flexibility of the increased mutation frequency at the HPRT locus in cells 

from P6 was investigated by purging these cells of HPRT deficient variants and 

then monitoring the mutational frequency of the purged population over time 

(basically the mutational rate). Because of the intrinsic genomic instability and 

increased mutational rate of MMR defective cells, the mutation frequency of MMR 

defective populations purged of HPRT mutants increases over time in culture 

(Branch el ai, 1993a), (Glaab & Tindall, 1997).

Growth of cells from P6 in AH supplemented medium for around three 

passages, significantly reduced the mutational frequency from 7.4x10“̂ /cell to 

2.3x10"^/cell. These cells were then cultured in medium without AH 

supplementation. After 31 days in AH free medium, the mutational frequency of 

the HPRT purged P6 population was 3.1x10"^/cell.

Therefore, the mutation frequency of cells from P6 that had been purged of 

HPRT mutants, did not return to its original level after prolonged culture in the 

absence of AH supplementation. This is consistent with a functional MMR pathway 

in these cells.

Enrichment of Co-Cultured cells from P7 for Defective MMR Variants.

A procedure was devised, based on the same principle used for the selection 

of méthylation tolerant cell lines from the low dose MNU treatments of GM0637 

described at the beginning of this chapter, to examine the possible existence of
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MMR defective cells at low frequencies in the P7 population. Cells from P7 were 

exposed to IpM 6-TG, a concentration that is toxic to the Raji Mex" parental cells 

and cultured in AH supplemented medium.

( a )

(b)

D a y

D a y

FIG 7.17. Growth curves of Raji Mex- from P7 after treatment with MNU (a) and 

6-TG (b). Drugs were added on Day 1. Data represents the mean of two 

independent determinations.
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FIG 7.17 clearly shows that 6-TG AH selected Raji P7 cells did not exhibit 

resistance to MNU (a) or cross-resistance to 6-TG (b) consistent with deficient 

MMR.

Summary.

In this chapter, I examined the possibility that chronic low dose methylating 

agent exposure could select for méthylation tolerant MMR defective cells. Exposure 

of the Mex" SV40 transformed fibroblast cell line GM0637 to repeated low doses of 

MNU over a four day period, resulted in a small but reproducible increase in MNU 

resistance in the treated population. As stable MNU tolerant clones could not be 

isolated from this population, a protocol was devised, based on the cross-resistance 

of MMR defective cells to 6-TG, to attempt to enrich for potential MMR deficient 

variants in the low dose MNU treated population. Several clones with enhanced 

resistance to MNU were isolated. All these cell lines exhibited cross-resistance to 6- 

TG, but did not display an increased mutational frequency at the HPRT locus. All 

the clones expressed hMSH2, hMLHl and hPMS2 proteins on western blotting.

But, clone 5 and clone 9 appeared to exhibit greatly reduced or absent expression of 

hMSH6 by western analysis.

Based on the N-nitrosating ability of NO and the fact that N-nitrosation of 

the protein catabolite methylurea would produce MNU, co-culture experiments 

using activated NO producing macrophages, methylurea and a Mex" target cell 

population were established to investigate the possibility of selecting for 

méthylation tolerant MMR defective variants. The murine macrophage cell line 

J774A.1, after activation with LPS, LTA and mIFNy produced NO even in the
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presence of high concentrations (50-100mM) of methylurea. Growth of Raji Mex" 

lymphoblasts was unaffected even at lOOmM methylurea. Repeated co-culture of 

Raji Mex" with activated macrophages in the presence of methylurea and the 

oxygen radical scavengers SOD and CAT, dramatically increased the mutator 

phenotype at the HPRT locus in the Raji Mex" cells. Enhanced resistance to MNU or 

6-TG was not observed in Raji Mex" cells that had been subject to prolonged co

culture with activated NO producing macrophages in the presence of excess levels 

of methylurea.

Discussion.

The work described in this chapter was designed to investigate the 

possibility that chronic low doses of methylating agents may contribute to the 

development of MMR deficiency. This could have implications for the tumour 

spectrum of HNPCC, and the tumours associated with chronic inflammation which 

display MI, but also for the design of chemotherapeutic strategies using 

methylating agents.

It was previously noted that chronic low dose MNNG exposure of Chinese 

hamster ovary (CHO) and GM0637, produced a low level of resistance to MNNG 

induced cell killing and sister chromatid exchange induction (SCE) (Samson & 

Schwartz, 1980). Although in this case, it v/as found that resistance to both killing 

and SCE induction decayed after pretre >tment was stopped, it is noteworthy that 

MMR defective tolerant cell lines are also generally resistant to SCE induction by 

methylating agents (Aquilina et a/., 1988), (Ishida & Utsumi, 1990), (Aquilina et al., 

1990). It seems probable that this was the first demonstration of méthylation
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tolerance induced by repeated treatment with non-toxic concentrations of 

methylating agents. In the work presented in this chapter, I also observed a similar 

increase in methylating agent resistance in GM0637 after it had been repeatedly 

exposed to low doses of MNU. MMR defective cells were isolated from this 

population following enrichment. MNU resistance was not a consequence of 

MGMT reactivation, as all the clones remained Mex . These clones also exhibited 

cross-resistance to 6-TG, despite being proficient in HPRT. Two of the clones 

appeared perhaps to have defects in hMSH6 protein expression. The data are 

consistent with the production of a low frequency of MMR defective variants by 

chronic exposure to low doses of methylating agents. It is important to emphasize 

that such rare MMR defective variants would probably have a selective growth 

advantage in the presence of continuing methylating agent exposure. Clones 6 and 

11 both exhibited MNU and 6-TG resistance despite expressing levels of hMSH2, 

hMSH6, hMLHl and hPMS2 comparable to the parental GM0637. For reasons that 

are still undefined, resistance to MNU independent of MGMT reexpression or 

defective MMR has previously been observed in cells selected to resistance to MNU 

[Hampson, 1997 #2294], (Hampson et al., 1997). Repeated attempts (at least five 

independent extracts) were made to try and evaluate the MMR capacity of all the 

clones using an in vitro MMR assay. But, unfortunately for unknown reasons, MMR 

proficient extracts could not be made from any SV40 transformed cell line (even 

XP12RO).

The absence of a detectable mutator effect at the HPRT locus in any of the 

GM0637 clones, particularly the apparently hMSH6 defective clone 5 and clone 9, is 

consistent with previous observations of MMR defective cell lines derived in the 

laboratory (Branch el al., 1993a), (Hampson et ai, 1997). The reasons for the
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discrepancy between these and tumour cell lines are not understood. Tumour cell 

lines have generally been in culture for many years longer than laboratory derived 

MMR defective cells. They may possess defects in other genes that control genomic 

integrity. For example, mutations in the DNA polymerase ô coding sequence that 

have been predicted to alter protein function have been detected in the MMR 

defective colorectal tumour cell lines DLD-1, HCT-116 and SW48 (Costa et al., 1995), 

(Flohr et al., 1999).

Verification that the appearance of the hMSFI6 defective clones after 

enrichment was not a direct result of the enrichment protocol itself, was achieved 

by using three independent control populations that were not pretreated with low 

doses of MNU. When these cells were subjected to the enrichment procedure, they 

failed to exhibit increased MNU or 6-TG resistance, indicative of defective MMR. 

Hence, it appears that the enrichment procedure in itself does not alter the drug 

resistant phenotype or MMR proficiency of GM0637.

Although prolonged co-culture of Raji Mex" lymphoblasts with activated 

macrophages in the presence of methylurea increased their mutation frequency, 

these cells appeared to have a functional MMR pathway. Raji Mex" cells, even after 

seven passages through the macrophage system, did not exhibit the enhanced 

resistance to MNU or 6-TG that is consistent with méthylation tolerance. Selection 

for putative MMR defective variants in the co-cultured Raji Mex" cells, based on a 

similar protocol to that used to select for the hMSH6 defective GM0637 clones, did 

not yield tolerant cells. Nevertheless, these results do not discount a role for 

defective MMR in inflammation associated malignancy. Afterall, the risk of 

developing colorectal cancer in ulcerative colitis only appreciably increases after
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ten years of chronic intestinal inflammation (Levin, 1991), (Harpaz & Talbot, 1996). 

Further passages of the Raji Mex" cells through the macrophage system would be 

needed to draw a definitive conclusion.

The kinetics of the increase in mutation frequency in the co-cultured Raji 

Mex" cells is of interest. Only on the third passage through the macrophage system 

did the mutation frequency of the target cells begin to increase. By P4 the mutation 

frequency appeared to have reached a plateau, and it remained at this elevated rate 

even after P7. Oxygen radical (superoxide, peroxynitrite) induced DNA damage, as 

a result of the respiratory burst of the activated macrophages, is an obvious 

candidate for the increase in mutation frequency observed in the Raji Mex" co

cultures (reviewed in (Weitzman & Gordon, 1990)), (Xia & Zweler, 1997). Activated 

human phagocytes upon co-culture, have been shown to be mutagenic towards 

bacterial (Weitzman & Stossel, 1981) and murine cells (Weitzmen et al., 1984), 

(Yamashina et al., 1986), and are capable of inducing SCE in human cells (Weitberg et 

al., 1983). Inclusion of oxygen scavengers such as SOD and CAT in co-culture 

experiments has also been shown to dramatically reduce the mutagenic potential of 

activated macrophages (Yamashina et al., 1986). Phagocytes derived from an 

individual suffering from Chronic Granulomatous Disease, which are defective in 

the NAD(P)H oxidase-superoxide- generating system, and are thus unable to 

produce a respiratory burst, are not mutagenic towards the Salmonella Ames tester 

strain TAIOO (Weitzman & Stossel, 1981). Nevertheless, the co-culture system 

described in this chapter contained excess levels of both SOD and CAT, which were 

included to circumvent the direct effects of oxygen radicals on the mutation 

frequency of Raji Mex". The fact that the mutation frequency of the target cells 

increased dramatically after several passages through the methylurea containing
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macrophage system, even in the presence of oxygen radical scavengers perhaps 

suggests that their antioxidant properties were saturated in this system. It should 

be possible to determine if any MNU formed in the system by N-nitrosation of 

methylurea, contributed to the increase in mutational frequency by incubating the 

Raji Mex" cells with the activated macrophages in the absence of methylurea. 

Alternatively, Raji Mex+ cells could be used as the target population in the 

presence of methylurea.

For evidence of a role of defective MMR in inflammation associated 

malignancy, the animals models of chronic inflammation may offer a convenient 

route. Examination of the microsatellite stability of inflammed colonic epithelia in 

the interleukin-2-deficient mice (Sadlack et al., 1993) and the T cell receptor-deficient 

mice (Mombaerts et al, 1993), as well as the tumours from interleukin-lO-deficient 

mice (Kuhn et al., 1993), (Berg et al., 1996) and the HLA-B27/hP2M transgenic rat

(Hammer et al., 1990), (Hammer et al., 1995) would provide evidence of an 

involvement of defective MMR in these situations. To implicate macrophage 

derived NO induced N-nitrosation, and subsequent chronic low dose methylating 

agent exposure, with the development of MMR defective tumours in humans, a 

similar examination of the microsatellite stability of the tumours associated with 

parasitic infections which have been found to correlate with N-nitroso compound 

formation and O^-meGua levels may prove enlightening. Some examples as 

already discussed at the beginning of this chapter would include, hepatitis B 

infection and hepatocellular carcinoma (Hotchkiss et al., 1994), H pylori infection and 

gastric cancer (Mannick et al., 1996), (Ziebarth et al., 1997), as well as Schistosoma 

haematobium infection associated bladder cancer (Tricker et al., 1989).
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Proof of a defined role for chronic low dose methylating agent exposure in selecting 

for or induction of MMR defective cells could have ramifications for 

chemotherapeutic strategies based on clinically relevant O^-meGua producing 

methylating agents such as, temozolomide and streptozotocin. In humans, 

myelosuppression is the principle dose limiting side effect of methylating agent 

based chemotherapy, because of the intrinsically low level of MGMT in bone 

marrow. Much effort has gone into the study of specific MGMT inhibitors, such as 

O^-benzylguanine, in the hope of increasing the therapeutic index of nitrosourea 

based chemotherapy regimes, by lowering tumour MGMT levels (reviewed in 

(Dolan & Pegg, 1997)). Also, O^-benzylguanine resistant human MGMT enzymes 

have now been engineered with a view to protecting the bone marrow via gene 

therapy (Christians et al., 1997). The use of MGMT inhibitors, in effect creating Mex" 

populations, in conjunction with methylating agents in chemotherapy could 

increase the chance of developing MMR defective secondary malignancies. Some 

evidence exists which supports this notion. Two O^-meGua producing drugs used 

in treatment regimes for Hodgkin's disease (HD) and non-Hodgkin's lymphoma 

(NHL) are procarbazine and dacarbazine. Individuals who succumbed to therapy- 

related acute nonlymphocytic leukemia after treatment for HD and NHL were 

found to have low levels of MGMT in their peripheral blood lymphocytes (Sagher et 

al., 1988). Microsatellite instability has also been found in a high proportion of 

therapy-related acute leukemias, suggestive of defective MMR (Yehuda et al., 1996), 

(Gafanovich et al., 1999).

Therefore, to conclude, the work outlined in this chapter indicates that 

chronic low dose methylating agent exposure may, under certain circumstances 

(eg. Mex"), select for or induce MMR defective cells. This could have implications
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for colonic cancer development, considering the environment and structure of the 

colorectum, and may also have implications for a role of defective MMR in the 

development of some inflammation associated cancers, particularly colonic 

tumours in ulcerative colitis.
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Chapter 8

Results VI

The Generation of Méthylation Tolerant Mismatch Repair Defective 

Variants of the XPC Lymphoblast GM2248. 

Introduction.

In this chapter I will describe the generation and partial characterization of a 

panel of méthylation tolerant mismatch repair (MMR) defective variants of the 

XPC lymphoblastoid cell line GM2248. This chapter illustrates the general 

applicability of selecting for méthylation tolerance as a means of introducing MMR 

defects into cell lines with other defects. Hence, the interaction of MMR with other 

cellular processes can be studied in these multiple mutants. These MMR defective 

XPC cell lines offer a tool to investigate the proposed role of MMR in transcription- 

coupled nucleotide excision repair (NER) process (TCR) (Mellon et a/., 1996), 

(Leaden & Avrutskaya, 1997). In chapter 3 of this thesis, I generated of a doubly XPA 

and hMSH2 defective cell line and showed that MMR did not mediate the 

cytotoxic effects of persistent UV-induced DNA damage. Unlike XPA cells which 

are completely deficient in both global genome NER (GGR) and TCR, XPC cell 

lines are proficient in TCR [Mayne, et al, 1982), (Bohr et al, 1986), (Venema et al, 

1990a), (Venema et al, 1991). Therefore, by introducing a MMR defect into an XPC 

background, the contribution of MMR to the TCR process can be examined.
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Results.

Selection for Méthylation Tolerant sublines of GM2248 (XPC).

The parental GM2248 cell line is Mex" having no detectably O^- 

methylguanine-DNA methyltransferase (MGMT) activity and is thus highly 

sensitive to killing by N-methyl-N'-nitrosourea (MNU). Growth of this cell line is 

completely inhibited by 30pM MNU (FIG 8.1).

Ü
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FIG 8.1. Growth curve of GM2248 (XPC) following treatment with MNU on day 1. 

Each data point represents the mean of three independent determinations.

Méthylation tolerant variants of GM2248 were isolated after repeated 

exposure of the cells to increasing concentrations of MNU over a four week period.
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Independent populations (x6) of cells (2x10^ in 2ml) were initially treated at lOOpM 

MNU. After another lOOpM treatment, cells were treated at lOOpM intervals, each 

time allowing populations to recover before a subsequent treatment, up to a final 

dose of SOOpM MNU.

Isolation of clones from GM2248 with stable resistance to MNU proved 

extremely difficult. Of the approximately 1x10^ cells initially used in the MNU 

selection, only five clones in total were isolated after repeated attempts. I will 

describe some of the properties of three of these cell lines in this chapter. Two 

attempts to isolate MMR defective méthylation tolerant cell lines from the XPC 

lymphoblast GM2498 (Mex") using different treatment protocols proved 

unsuccessful. The reason for this is unclear but may suggest that both MMR and 

XPC operate together in some essential cellular function. Nevertheless, 

méthylation tolerant MMR defective variants were isolated from GM2248.

The MNU Resistance of the MNU Selected Clones.

GM2248 MNU C8, GM2248 MNU E ll and GM2248 MNU F2 all exhibited 

enhanced resistance to killing by MNU compared to the parental GM2248 cell line 

(FIG 8.2(a), (b), (c)). All thé MNU selected clones grew well at 200pM MNU unlike 

their parents which were killed by as little as 30|iM MNU (FIG 8.1).
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FIG 8.2. Growth curves of MNU C8 (a), MNU E li (b) and MNU F2 (c) following 

treatment with 200|iM MNU (on day 1). Each data point represents the mean of 

three independent determinations.
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All the clones remained Mex" by enzymatic assay. Therefore, the MNU 

resistance of these cell lines was not a consequence of reexpression of MGMT but 

of méthylation tolerance.

Cross-Resistance of the MNU Selected Clones to 6-Thioguanine.

Méthylation tolerant MMR defective cell lines frequently exhibit cross

resistance to 6-thioguanine (6-TG). GM2248 cells are killed by l|iM  6-TG (FIG 8.3), 

a concentration which does not effect growth of the hMLHl deficient Raji RIO cell 

line (see chapter 7).
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FIG 8.3. Growth curve of GM2248 (XPC) following treatment with IpM 6-TG. The 

drug was added on day 1. Each data point represents the mean of three separate 

determinations.
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GM2248 MNU C8, GM2248 MNU E ll and GM2248 MNU F2 were unable to grow 

in IjiM 6-TG despite their high resistance to MNU (FIG 8.4(a), (b), (c)). Hence, in 

these cells méthylation tolerance was not associated with cross-resistance to 6-TG.
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FIG 8.4. Growth curve of MNU C8 (a), MNU F ll  (b) and MNU F2 (c) following 

treatment with IjiM 6-TG (on day 1). Each data point represents the mean of three 

independent determinations.
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The Mutational Frequency of Méthylation Tolerant GM2248 cell lines.

To examine whether the méthylation tolerant phenotype of GM2248 MNU 

C8, GM2248 MNU E ll and GM2248 MNU F2 was associated with a mutator effect, 

the mutational frequency at the HPRT locus was investigated. Briefly, cells (10^) 

were seeded in 96 well plates at 10^ cells/well in 30|iM 6-TG and positive wells 

scored after 2-3 weeks. Cloning efficiency plates for each cell line were seeded with 

3 cells/ well in 96 well plates. Although all the three méthylation tolerant clones , 

like the parental GM2248 line grew well in mass culture, with a doubling time of 

around 24 hrs, a consistent feature of GM2248 and the méthylation tolerant clones 

(at least four attempts) was their extremely poor plating efficiency (2-4%). This was 

in fact so low that it rendered a determination of their mutation frequency 

impossible.

The Presence of Various MMR Proteins in the Tolerant XPC Cell Lines.

Expression of hMSH2, hMSH6, hMLHl and hPMS2 in GM2248 MNU 

C8, GM2248 MNU E ll and GM2248 MNU F2 was analyzed by western blotting. 

Jurkat is a hMSH2 deficient T cell leukemia and HCT-116 is a hMLHl deficient 

colorectal cancer cell line. All the clones expressed comparable levels of hMSH2 

(FIG 8.5(a)), hMLHl (FIG 8.5(c)) and hPMS2 (FIG 8.5(d)). MNU F l l  appeared to 

display a reduced level of expression of hMSH6 (FIG 8.5(b)), compared to its 

GM2248 parents. Nevertheless, in general, the méthylation tolerant phenotype of 

GM2248 MNU C8, GM2248 MNU F2 and perhaps GM2248 MNU F ll ,  cannot be 

attributable to a severe deficiency in expression of any component of either 

hMSH2, hMSH6, hMLHl or hPMS2.
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FIG 8.5. Western blot analysis of hMSH2 (a), hMSH6 (b), hM LH l (c) and hPMS2 

(d) expression in the méthylation tolerant XPC variants.
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The Méthylation Tolerant XPC Cell Lines are Defective in Mismatch Repair by 

in vitro Assay.

Because GM2248 M NU C8, GM2248 MNU E l l  and GM2248 M N U  F2 

expressed the main protein com ponents of m am m alian MMR, their M MR capacity 

was assayed in vitro. The MMR assay is based on the ability of cell extracts to 

repair a single defined base-base mismatch in a nicked duplex  plasm id. Efficient 

repair of the mismatch results in the reconstitution of a un ique  diagnostic 

restriction endonuclease cleavage site (Hampson et a i ,  1997), (Humbert et al., 1999).

FIG 8.6. In vitro MMR assay. Products were resolved on 0.8% agarose gels. Only 

GM2248 is capable of repairing the C-T mismatch in the substrate as indicated by 

the diagnostic repair band. Jurkat is included as a MMR deficient control.
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As can be seen in FIG 8.6, GM2248 MNU C8 and GM2248 MNU E ll did not 

produce the diagnostic repair band upon incubation with a C-T containing 

substrate, compared to GM2248. Jurkat, which are defective in hMSH2, also failed 

to produce the diagnostic repair band, consistent with its MMR defect. A faint 

repair band was visible upon incubation of the mismatch containing substrate with 

extracts from GM2248 MNU F2, perhaps indicating a reduced, though not 

completely absent MMR capacity in this cells line. Nevertheless, these data indicate 

that the méthylation tolerance of GM2248 MNU C8, GM2248 MNU E ll and 

GM2248 MNU F2 is a consequence of defective MMR.

The Effects of Defective MMR on UV Survival in an XPC Deficient 

Background.

The UV survival of each of the MMR deficient XPC cell lines was 

determined by growth inhibition assay three days post irradiation (Chapter 5).

GM1953C
GM2345(XPA)
GM224«(XPC)

FIG 8.7. UV survival of the méthylation tolerant XPC variants determined 3 days 

post-irradiation. Data represents the mean of three experiments.
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As can be seen from FIG 8.7, méthylation tolerance in an XPC genetic 

background did not detectably alter the survival of these cells to UV-irradiation, 

compared to their XPC defective MMR proficient parents.

Summary.

In this chapter I have described the generation of a panel of méthylation 

tolerant MMR defective XPC variants. These cells were resistant to MNU despite 

remaining Mex', consistent with méthylation tolerance, although they did not 

exhibit cross resistance to 6-TC. Because of the poor cloning efficiency of the 

parental CM2248 and the MNU resistant clones, it was impossible to examine the 

mutation frequency at the HPRT locus. In general, all the méthylation tolerant 

clones expressed comparable levels of hMSH2, hMSH6, hMLHl and hPMS2, 

although hMSH6 levels in MNU E ll appeared to be reduced. Two of the 

méthylation tolerant clones, CM2248 MNU C8 and CM2248 MNU E ll, completely 

lacked any detectable repair of a C-T mismatch in an in vitro MMR assay, 

confirming the fact that their tolerance to MNU was a consequence of defective 

MMR. CM2248 MNU F2 appeared to be able to repair, to some extent, the C-T 

mismatched substrate. This reduced repair capacity could perhaps indicate a leaky 

phenotype in this particular cell line.

Discussion.

Defective MMR is frequently associated with cross-resistance to 6-TC (for 

example, see chapter 3 of this thesis). In this chapter, the generation of méthylation 

tolerant MMR defective variants of the XPC lymphoblastoid cell line CM2248 was 

not associated with cross-resistance to 6-TC. Although the reasons for this are not
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clear, the absence of 6-TG cross-resistance in a MMR deficient human cell line has 

previously been observed. The hMLHl defective ovarian adenocarcinoma cell line 

2008/A, which had been selected for resistance to cisplatin, is not cross-resistant to 

6-TG (Aebi et al., 1996). These authors suggested that the failure to observe cross

resistance to 6-TG in these cells could be a consequence of the occurrence of a 

second mutation in the (unidentified) gene(s) controlling 6-TG sensitivity, as a 

result of the elevated mutation rate in this cells (Aebi et al., 1996). It has been 

suggested that the cytotoxicity of 6-TG in DNA requires its méthylation by the 

intracellular methyl group donor S-adenosyl methionine (SAM) (Swann et al.,

1996). The lack of 6-TG cross-resistance in the méthylation tolerant XPC variants 

may be a consequence of intrinsically low intracellular levels of SAM, and 

therefore, unrelated to MMR. This could be investigated by measuring the levels of 

S^-methylthioguanine in the méthylation tolerant XPC clones following treatment 

with 6-TG compared to Raji Mex" lymphoblasts and its MMR defective variants, 

such as Raji RIO (hMLHl) (Hampson et al., 1997), which is cross resistant to 6-TG 

(see Chapter 7).

Determination of the mutation frequency at the HPRT locus of the 

méthylation tolerant XPC cell lines proved impossible, owing to the extremely 

poor plating efficiency of the parental cell line and of the clones themselves. This 

was an unexpected observation considering how well the cell lines grew in mass 

culture. The use of feeder layers may permit an investigation of the mutator 

phenotype at the HPRT locus. It is worth noting, that two attempts to generate 

méthylation tolerant variants of another XPC lymphoblast, GM2498 (Mex"), did 

not produce stably MNU resistant clones despite the parental cells being 

repeatedly exposed to concentrations of up to 500pM.
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Although none of the méthylation tolerant XPC variants completely lacked 

expression of hMSH2, hMSH6, hMLHl or hPMS2, they all exhibited a reduced 

capacity for MMR in an in vitro MMR assay. Identification of the precise MMR 

defects in each of the méthylation tolerant XPC cell lines should be possible 

through complementation, by combining extracts of these cells with extracts from 

cell lines with defined MMR defects (Hampson et al, 1997).

The MMR defective XPC variants offer an excellent system with which to 

investigate the proposed role of MMR in the TCR process. Defective MMR in E coli 

leads to a loss of transcription-coupled NER of UV-induced DNA damage (Mellon 

& Champe, 1996). This is associated with sensitivity of mutS, mutL and mutH  

deficient E.coli strains to UV light (Mellon & Champe, 1996). These findings have 

been extended to MMR defective human colorectal cancer cell lines, although the 

effects on UV-induced cell killing are contradictory (Mellon et al, 1996), (Leadon & 

Avrutskaya, 1997). In this chapter, survival experiments showed that the MMR 

defective XPC cell lines were as sensitive to UV as their parental TCR proficient 

GM2248 (XPC). These cells were in turn, as sensitive to UV as the XPA defective 

TCR deficient GM2345 cell line. Biochemical measurements of TCR are required in 

these MMR defective XPC variants to define a role for MMR in this process in 

human cells (Mellon et al, 1996), (Leadon & Avrutskaya, 1997).
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Chapter 9.

Concluding Discussion.

In the work presented in this thesis, I described the generation of a 

méthylation tolerant mismatch repair (MMR) defective variant of the nucleotide 

excision repair (NER) deficient cell line XP12RO. Using this cell line I examined the 

ability of MMR to act as a DNA damage sensor in human cells. I also examined the 

ability of DNA carboxymethylation damage and chronic low level exposure to 

methylating agents, two potential types of endogenous DNA damage, to select for, 

or induce MMR defects. The principle findings of this work include

(a). The introduction of an hMSH2 defect into the XP-A deficient fibroblast 

XP12RO had no detectable effect on UV survival, UV-induced sister chromatid 

exchange induction or cell cycle progression following UV-irradiation.

(b). Using the doubly hMSH2 and XPA deficient cell line MNU B4, no 

enhanced resistance to ionizing radiation, cisplatin, mitomycin C, 

mechlorethamine or azaserine induced carboxymethylation DNA damage was 

observed, compared to the XPA deficient XP12RO parent cell line. These data, in 

association with that obtained for defective MMR and persistent UV-induced DNA 

damage, suggest that MMR does not act as a sensor of general DNA damage, that 

significantly influences survival.

(c). The XPA deficient cell line XP12RO was found to have an unexpected 

resistance to cisplatin, despite retaining its expected hypersensitivity to killing by 

UV-irradiation. Three independent XPA defective, EBV transformed lymphoblast
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cell lines were also found not to be dramatically sensitive to killing by cisplatin 

despite being sensitive to UV. Evidence was presented implying that other factors, 

perhaps deficient p53 function, could override the effects of defective NER on 

cisplatin survival, but not for UV light. This work highlights a fundamental 

qualitative difference in the way that NER processes these distinct types of 

cytotoxic DNA damage.

(d). Because of the association of defective MMR with colorectal cancer, the 

ability of the DNA carboxymethylation damage to select for MMR defective cells 

was examined. This type of DNA damage is a potential source of endogenous 

DNA damage in the colon. The O^-methylguanine-DNA methyltransferase 

(MGMT) enzyme or defective MMR were found not to provide a survival 

advantage to cells exposed to the carboxymethylating agent azaserine. Repeated 

exposure to high doses of azaserine or potassium diazoacetate (another 

carboxymethylating agent), were found not to select for méthylation tolerant MMR 

defective cells. Repair of azaserine induced DNA carboxymethylation damage was 

found to be mediated primarily through NER.

(e). Endogenous DNA méthylation is also a potential contributor to the 

emergence of MMR defective colorectal tumours. In an attempt to mimic the 

situation in the colonic mucosa, chronic exposure to low doses of N-methyl-N- 

nitrosourea was found to select for méthylation tolerant variants of the Mex" cells 

line GM0637, some of which were perhaps hMSH6 defective. This suggests that 

endogenous DNA méthylation damage could possibly influence the emergence of 

MMR defective colorectal tumours, the primary malignancy in the MMR deficient 

syndrome hereditary nonpolyposis colorectal cancer (HNPCC).
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(f). To show that selection for méthylation tolerance is a versatile tool for 

the introduction of MMR defects into cell lines from various genetic backgrounds, 

méthylation tolerant MMR deficient variants of the XP-C derived lymphoblast cell 

line GM2248 (Mex") were generated. These cell lines displayed an unchanged 

response to killing by UV-irradiation. These méthylation tolerant XPC defective 

variants offer an excellent model to investigate the proposed role of MMR in the 

process of transcription coupled NER.

It is safe to assume that the study of mismatch repair in hum an cells has not 

yet reached its zenith. More has still to be learned especially regarding 

mechanisms of MMR gene inactivation, and their consequences and implications 

for tumour development and drug resistance. One obvious question concerns the 

reason for the tissue specific tumour spectrum in hereditary nonpolyposis 

colorectal cancer individuals (colorectal and to a lesser extent, endometrial cancer 

(Watson & Lynch, 1992), (Lynch et al, 1997)). MMR defective endometrial tumours 

do not possess mutations in the microsatellite containing genes found mutated in 

MMR defective colorectal cancers (reviewed in (O’Driscoll et al, 1998)), (Gurin et al, 

1999). Therefore, we can only assume that an entirely different set of target genes 

are inactivated in MMR deficient endometrial cancer (Gurin et al, 1999). The search 

for these targets should provide a promising course of research.

The relevance of microsatellite mutations occurring in the noncoding 

regions of genes is another area yet to be thoroughly explored. Recently, somatic 

frameshift mutations in a poly (T)io tract in intron 2 and in a poly (A)y tract in 

intron 11 of BRCA 2 have been found in microsatellite unstable endometrial 

carcinomas (Koul et al, 1999). The intron 2 mutations cause an in-frame splice 

deletion of exon 3 and the intron 11 mutation is predicted to introduce a premature 

stop codon. The functional significance of BRAC2 mutations in the etiology and
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progression of endometrial tumours has yet to be determined. Frameshift 

mutations in reiterated sequences in the P2-microglobulin gene have been

implicated in immune system evasion in MMR defective colorectal cancers (Branch 

et al, 1995), (Bicknell et a l, 1996). Other genes involved in regulating the anticancer 

immune response contain abundant microsatellites in their coding and noncoding 

regions, which offer potential targets for defective MMR mediated mutation. One 

example is the gene for human interleukin-2 receptor a  (Il-2Ra). 11-2, secreted by T 

cells and taken up by target cells expressing the 11-2 receptor, is a powerful growth 
factor and activator for the immune system. 11-2 has been used as an experimental 

cancer therapy, especially for renal cancer and its benefit is thought to be derived 
from its achvation of antitumour lymphokine activated killer cells (reviewed in 

(Roitt & Brostoff 1993)). The promoter region of Il-2Ra gene (NCBI accession no 

U57613) contains multiple large mononucleotide runs ranging in size from 6-18 

nucleotides in length, as well as a poly (A)22 tract, and a poly (T)21 tract, but also a 

poly (A) 19 in the enhancer region of this gene. It is conceivable, although 

speculative, that microsatellite frameshift mutation mediated inactivation of thus 

gene could potentially influence the antitumour response of the immune system, 
and therefore, play a role in the progression of MMR defective tumours. A variety 
of other genes, such as orphan steroid hormone receptors like Nurr77, and the pro- 
apoptotic proteins BIK, BOK and BAD, which contain microsatellites in both their 

coding and noncoding regions, are worth examining as potential players in the 
route from defective MMR to tumour development. Although much knowledge 

has been gained on the biochemistry of MMR in hum an cells since the association 
of defective MMR with colon cancer in HNPCC in the early 1990's, it is clear that 

much has still to be learned.
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Appendix I.
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CellQuest FACS data for FIG 3.8. XP12RO (a) and MNU B4 (b) cell cycle 
progression after UV-irradiation (2J/m^).
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CellQuest FACS data for FIG 3.9. GM0637 cell cycle progression after UV- 
irradiation (2J/m^).
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CellQuest hACS data for FIG 5.3. Cell cycle progression after treatment with 
5mM  Butyrate for A2780 (a), GM0637 (b), XF12RO (c) and MNU B4 (d).
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