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A b stract

Methylating agents such as N - methyl - N - nitrosourea 
(MNU) kill cells by introducing - methylguanine (0^ - meGua) 
into DNA. Cells may avoid its cytotoxic effects by at least two 
mechanisms: increasing cellular levels of - methylguanine DNA 
m ethyltransferase (MGMT), an enzyme capable of removing the 
methyl group from 0^ - meGua, and DNA méthylation damage 
to lerance, whereby - meGua persists in the DNA but is not 
cy to toxic. Such m éthylation tolerance can resu lt from DNA 
mismatch repair defects; the lethality of 0^ - meGua is thought to 
be due to processing by the mismatch repair system.

The work presented in this thesis is concerned with resistant 
variants of the méthylation damage sensitive Burkitts Lymphoma 
cell line RajiMex". I have shown that RajiF12, a méthylation 
tolerant variant of RajiMex" defective in a mismatch recognition 
ac tiv ity , has a selective genome instability; this is consistent with a 
defect in one of the components of the mismatch recognition 
complex. I have also generated a new panel of resistant RajiMex" 
variants using two distinct selection procedures (acute and chronic 
exposure  to MNU). I have studied the biochem ical changes 
u n d e rly in g  this m éthy la tion  res is tance . Of 15 cell l ines  
characterised, three had acquired resistance through increasing 
M G M T expression. Six lines were m éthylation  to leran t but 
phenotypes characteristic of mismatch repair defective cells could 
not be ascertained; in a further six lines properties associated with 
mismatch repair defects were detected. My results indicate that 
(a) under certain conditions MNU may have epimutagenic effects, 
here leading to re - expression of MGMT (b) méthylation tolerance 
can arise through loss of function of more than one mismatch 
repair component and (c) tolerance can be acquired in absence of 
any detectable mismatch repair defects.

In addition  I describe the iden tif ica tion  of f requen t 
frameshift mutations characteristic of mismatch repair defects in a 
tolerant human colorectal adenocarcinoma cell line. I have also 
detected this phenotype in tumour cells capable of avoiding 
immune recognition.
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Chapter 1 

In tro d u ctio n

DNA molecules encode the heritable information in most living 

organisms. The m olecular structure of the nucleic acid and the 

in fo rm ation  it contains are under constan t th rea t o f  dam age. 

Aberrations may result in changes of the DNA's information content 

or cause death of the cell concerned. Such m utation o f  genetic 

inform ation may lead to disease. In higher organism s, cancer, a 

malignant growth that tends to spread and reproduce itself (Little, e t  

al.,  1989), can stem from alterations to genetic information (Creasy, 

1981). Indeed, it has been proposed that cancer may serve the 

purpose of m aintaining the fitness of a species by e lim inating  

individuals with perturbations of the genetic inform ation (Sommer, 

1994).

DNA damage does not just cause cancer. It is also used to 

combat the disease. Radiotherapy and many types of chem otherapy

cause DNA damage (for example see (Zambie and Lippard, 1995)).

The aim of such treatment is to selectively destroy tumour tissue. A 

confounding factor, especially in chemotherapy, is the emergence of 

res is tance  to DNA damage (Sim on and Schind ler, 1994, and 

re fe rences  therein). C ancerous growths w hich  are no longer

susceptib le  to treatm ent appear very frequently  (G erlach  et a i ,

1986). Thus, an understanding of DNA damage, DNA repair processes 

and the mechanisms of resistance to DNA damage may aid avoidance 

as well as facilitate the treatment of tumours.
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How is DNA damaged?
DNA damage can occur either spontaneously or be induced 

(reviewed in (Friedberg, et a l ,  1995)). The mechanism by which DNA 

is harmed can be identical, irrespective of the source of damage. For 

example, reactive oxygen species, which damage DNA very readily, 

occur in the cell during normal metabolism. Such molecules are also 

produced by ionising radiation, a powerful DNA damaging agent. The 

re la tive  im portance  of dam age induced under norm al grow th  

conditions and exogenous DNA damage in prov id ing  se lec tive  

pressure for evolution of DNA repair mechanisms is a m atter of 

debate (Lindahl, 1996). Lindahl, who advocates endogenous damage 

as the major threat to genomic integrity, proposes that UV irradiation 

is the only external mutagen to which suffic ien tly  consis ten t 

exposure is present for the evolution of dedicated repair mechanisms 

(which are discussed in (Lindahl, 1996) ). Other workers in the field 

have proposed that, in certain tissues such as the colonic epithelium, 

DNA damage stems mainly from exogenous sources (Nagao and 

Sigimura, 1993; Trickier and Preussman, 1991).

Spontaneous DNA Damage

Physiological conditions (pH 7.4, 37®C, in the presence of water) 

are damaging to the DNA molecule (Lindahl, 1993). Damage is a 

constant occurrence and threatens genome integrity.

Spontaneous deamination of cytosine and 5- 
m e t h y  Icy t o s i n e

Although loss of the exocyclic amino group can occur with all 

bases native to DNA (with the exception of thymine, which lacks such

1 7



an am ino group), spontaneous deam ination  is m ost frequently  

observed with cytosine and its homologue 5 - methylcytosine (5 -

meC) (Lindahl, 1996). The rate of deamination is approximately 3 to 

4 fold faster with 5 - meC than C. CpG sites frequently contain 5 - 

meC. The rapid spontaneous loss of 5 - meC could, at least in part, 

acco u n t for the re la tive  under- rep re sen ta t io n  o f  the CpG

dinucleotide in the human genome (as reviewed by (Cooper and 

Krawczak, 1993)). Uracil is the product of cytosine deamination, 

whilst the loss of the amino group from 5 - meC produces thymine. 

The greater mutagenic threat is posed by 5 - meC deamination. 

A lthough the methylated hom ologue only constitu tes 3% of all 

Cytosine molecules in the mammalian genome, the repair of the GT 

m ispairs that result from deamination is not as efficient as the

removal of Uracil resulting from cytosine deamination (Friedberg, et  

a l ,  1995).

In general, deam ination  products  are considered  to be

mutagenic but not cytotoxic.

Spontaneous hydrolytic  base loss

Under normal physiological conditions, bases can be lost from 

DNA (reviewed in (Lindahl, 1993; Lindahl, 1996) ). Spontaneous 

hydrolytic cleavage of the sugar - base (N - glycosyl) bond results in 

the liberation of an estimated 2x10^ to 10^ bases from the genome

per day (Lindahl and Nyberg, 1972). Purines are lost approximately

20 times more quickly than pyrimidines (Lindahl, 1993). The base 

loss results in an abasic or AP - site (Apurinic or apyrimidinic). Such

sites are readily repaired, but if left unrepaired, AP sites can have

deleterious effects on the cell.
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Spontaneous DNA m éthylation  dam age

Enzymatic DNA méthylation is carried out for a variety of 

b io lo g ic a l  reasons such as avoid ing  re s tr ic t io n  d ig es tion  of 

endogenous DNA in prokaryotes (Lam bert, 1996) and genom ic 

imprinting (Monk and Surani, 1990) in eukaryotic cells. Exogenous 

DNA méthylation damage is a great threat for cell survival .

B io log ica l m éthy lation  occurs via DNA m ethy ltransfe rase  

enzym es (rev iew ed in (Friedberg, et aL, 1995)). S - adenosyl 

methionine (SAM) acts as a methyl group donor. In addition to its 

b io logical role, SAM can directly methylate DNA. The rate of 

spontaneous méthylation of DNA is low and probably not a major

contributory  factor to the spontaneous m utational load (Lindahl,

1996).

Spontaneous oxidative DNA damage

Reactive oxygen species are generated during normal cellular 

m etabolism , readily damage DNA (Breen and Murphy, 1995) and 

may cause cancer (Feig, et aL, 1994). Attack by superoxide results in 

the formation of both 8- hydroxyguanine (SoxoG) and structures

sim ilar to formamidopyrimidine (Breen and Murphy, 1995). Attack 

by hydroxyl radicals generally forms SoxoG. This lesion is efficiently 

rem oved from the DNA via base excision processes (Bessho, et aL,

1993). If it persists , such oxidative damage is m utagenic but

generally not cytotoxic (Cheng, et aL, 1992).

B io sy n th e tic  errors

Not all DNA damage involves chemical modification of the 

components of the polymer. Incorrect assembly of the DNA during 

DNA metabolic processes is a ready source of alterations (reviewed

1 9



by (Schaaper, 1993)). During semiconservative DNA replication, DNA 

polymerase enzymes incorporate on average one incorrect nucleotide 

per 10000 processed . In the event of m is inco rpora tion , the 

polymerase can back track and remove the mistake and resynthesise 

the nascent strand. This function reduces the frequency of errors to 

approxim ate ly  one every 10^ nucleotides processed. The total

replication fidelity of less than one error per 10^ 1 nuc leo tid es

synthesised is achieved through the activity of the post replicative 

DNA mismatch repair pathway.

The rate of spontaneous replication errors is under tight

control. Anti-mutator mutations, which result in increased DNA 

replication fidelity exist (Bianchi and Foury, 1982; Quiones and

Piechocki, 1985). Thus the highest possible fidelity of DNA replication 

is not the optimum level, possibly because a degree of variation is 

required as a substrate for natural selection.

Induced DNA damage

Mechanisms underlying externally induced DNA damage fall 

into  two categories (reviewed by (Friedberg, et aL, 1995)): (1) 

physical (UV and ionising radiation) and (2) chemical (e.g. alkylation 

damage) pathways. Physical agents may either directly damage DNA, 

as is seen in the case of UV irradiation, or act via intermediates such 

as reactive oxygen species (Ward, 1988).

Many different chemical compounds exist that can damage 

DNA, for example cisplatin (Zambie and Lippard, 1995), V -a c e ty l  

amm inofluorine (Kriek, et a l ,  1967) and alkylating agents (Lawley, 

1984). For simplicity, I will consider alkylating agents only, not 

merely because a subset of these are the topic of research described
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in this thesis but also because they are thought to be the "archetypal 

carcinogens" (Lawley, 1984).

UV light induced DNA damage

DNA has a maximum absorbance of light with a wavelength of 

260nm (UV irradiation). The main type of DNA damage induced by 

absorbance of such light are cyclobutane pyrim idine dimers and

p y r im id in e  - pyrim idone  (6-4) les ions ((6 -4 ) p h o to p ro d u c ts )

(rev iew ed  by (Friedberg, et aL,  1995)). Both of these lesions

contribute to the mutagenicity and cytotoxicity o f UV light. Other 

lesions less frequently formed include spore photoproduct, complex 

purine lesions, pyrimidine dimers and thymine glycols. UV light can 

also cause formation of covalent cross links between proteins and 

DNA (Friedberg, et aL, 1995).

DNA damage caused by ionising radiation

Reactive oxygen species, form ed by ionisation  of a water

m olecule in the cell, significantly contribute to ionising radiation 

damage (Ward, 1988). DNA strand breaks are also characteristic of 

ionising radiation damage but base alterations and crosslinking of 

DNA with either DNA or protein are also seen (Morgan, et aL, 1996). 

W hether DNA is directly or indirectly damaged by ionising radiation 

depends on the molecule(s) that absorb the energy.

DNA alkylation damage

The addition of an alkyl group to the structure of DNA can 

result in a variety of different types of damage (reviewed in (Lawley, 

1984)). Agents such as Mitomycin C form bulky lesions and inter- or 

intrastrand DNA crosslinks. Simple alkylating agents are frequently
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employed as chemotherapeutic agents. The cytotoxic damage induced 

by simple alkylating (specifically methylating) agents is discussed 

later in this introduction.

Resistance to DNA damage
The term resistance to DNA damage encompasses a variety of 

concepts  and many d ifferen t processes . W ild  type pro- and 

eukaryotic cells are able to resist DNA damage, as not every attack 

results in damage and damage, if sustained, can frequently  be 

repaired before any harm occurs. Resistance that leads to survival of 

damaging conditions in excess of those wild type cells can tolerate 

may also occur. It is this resistance in above wild type level that I 

will consider in greater detail. Resistance can also be a partial event, 

leading to the avoidance of some but by no means all effects of 

damage. Much of the work described in this thesis is concerned with 

resistance to DNA méthylation damage that removes the cytotoxic 

but not the mutagenic affects of such damage.

I will give a brief overview over resistance to different types of 

DNA damage, before considering resistance to DNA alkylation damage 

in greater detail. Resistance to alkylation damage is discussed in two 

categories , non-specific  and specific resistance, leading to the 

discussion of DNA repair pathways for specific types of DNA 

méthylation damage and a mechanism to confer resistance through 

loss of a DNA repair processing function.

Resistance to DNA damage by ionising radiation

R adioresistance, an increased capacity to survive ionising 

radiation, can develop in human cells through a variety of processes 

(Coucke and Crompton, 1995). The loss of cell suicide pathways.
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which would mediate the killing of a cell damaged by radiation, can 

increase the levels of irradiation a cell can sustain (Maity, et aL,

1994).

Components of the cell (e.g. glutathione molecules, for example 

see (Miller, 1970)) can have radioprotective function, absorbing the 

energy from incident particles or depleting damage intermediates 

(e.g.. reactive oxygen species), thereby reducing the risk of damage 

to DNA.

Resistance to DNA damage by UV radiation

A lthough  m u lt ip le  co nd it ions  ex is t  in hum ans w here  

hypersens it iv ity  to UV damage is observed  (for exam ple in 

xeroderma pigmentosum patients, (Tanaka and Wood, 1994)) there is 

apparently no acquisition of resistance to UV induced DNA damage 

above the wild type level.

R esistance to alkylation damage

Mechanisms for resistance to alkylation damage may constitute 

a global defence against attack or be specific for the damaging 

compound (Anon., 1993; Gottesman and Pastan, 1993) or sustained 

lesion that can be tolerated (for example (Karran and Bignami, 

1992b)). The type of defence mounted is very much dependent on 

the molecule that carries out the damage and the type of DNA 

damage it induces.

Non specific  resistance

Non - specific resistance describes mechanism s that confer 

resistance above wild type level to a wide variety of apparently 

unrelated DNA damaging compounds.
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M ultidrug resistance (MDR)

MDR refers to the phenomenon of general resistance to a 

variety of DNA damaging compounds (Simon and Schindler, 1994). 

The damage resisted is structurally unrelated, as are the agents 

conferring the insult (Gottesman and Pastan, 1993). MDR is the result 

of decreased drug accumulation within the cell (Gerlach et aL, 1986). 

This may be accounted for by reduced drug influx and increased 

efflux. At least two transporter molecules are associated with MDR, P 

- glycoprotein (P-gp) and multidrug resistance protein 1 (M RPl).

As early as 1968, hamster and human cell lines resistant to a 

wide variety of drugs were isolated (reviewed by (Gottesman and 

Pastan, 1993)). No obvious link between the compounds to which 

resistance  was attained could be identified , the only com m on 

denom inato r  being that res is tance  was ach ieved  to a lipha tic  

compounds which are most soluble in lipids. Coincidentally with the 

development of resistance, a change in the phospho glycoprotein 

composition of the cell membrane was frequently apparent. Amongst 

others, there was a great increase in the amount of P-gp present in 

the membrane. This molecule can account for resisting entrance of 

drugs into the cell as well as active removal of the drug from the cell.

In humans P-gp is encoded by the m d r l  gene (Goldstein, et aL, 

1989). The level of m d r l  expression is frequently increased through 

gene amplification events which can be cytogenetically observed.

MDR development due to increased drug efflux and decrease 

drug influx is not always associated with increased P-gp levels (Lai, 

et aL, 1989). In non - small cell lung carcinomas, which initially 

respond well to chemotherapy, resistant disease is often detected but 

often does not coincide with increased levels of P-gp. This led to the
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discovery of multidrug resistance protein 1 (M R P l)  (Cole, et aL, 

1992). M R P l is m ember of the ATP binding cassette  (ABC) 

superfamily which comprises multiple proteins, mostly dedicated to 

transport functions. The prec ise  m echanism  by w hich M R P l 

transports offending molecules is unknown, as no direct association 

betw een unm odified drug m olecules and the pro tein  has been 

estab lished  (Gao, et a i ,  1996). As is the case with P-gp, gene 

amplification is a thought to be a common mechanism for increase of 

transcription levels.

Although P-gp and MRPl can function in isolation, cases where 

both resistance processes are active have been demonstrated.

Programmed cell death and resistance to DNA damage

Resistance can not only be accom plished through gain or 

increase of a cellular function but also through loss of a metabolic 

process. Loss of certain mechanisms leading to cell death may result 

in cellular resistance (Maity, et a i ,  1994).

Cell death can be an active or passive mechanism. Active cell 

death, apoptosis, is defined as a process in which the dying cell itself 

participates. Passive death processes are generically called necrotic 

m echanism s. W hen apoptosis occurs, only the individual cell is 

affected. Necrosis occurs in a group of cells sim ultaneously , 

frequently leading to a distortion of tissue architecture. Necrotic 

death results in tissue in flam m ation  which is not found with 

apoptosis (Kerr and Harmond, 1991).

Programmed cell death is part of normal tissue development 

and tissue turnover (Cotter, et a l ,  1990). Here I discuss apoptosis as a 

response to damage sustained by the cell.
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Treatment of cells with genotoxic agents results in cell death. 

Often it is found that the level of death observed is in excess of that 

expected from the amount of damage induced (Dive and Hickman,

1991). There are processes mediating this mortality, among these 

apoptosis. One of the functions of the apoptotic response is thought to 

be removal of cells which, although not damaged beyond repair, are 

sufficiently injured (and possibly mutagenised) to be dangerous to 

the organism. In the absence of active cell death, cells may survive 

despite injury. Loss of suicide capacity under these conditions can 

lead to damage resistance.

The mechanism of programm ed cell death

Cell suicide was identified through the cascade of characteristic 

m orphological changes that cells undergo (Kerr, et al., 1972). The 

morphologies of cells undergoing apoptosis are characteristic. There 

are, how ever, m ultip le  b iochem ica l pathw ays underly in g  the 

initiation of this cell response. The actual death machinery may be 

shared  betw een  the d iffe ren t  in it ia t io n  p rocesses . A pop to tic  

pathways can involve the function of oncogenes such as c - m y c  

(Evan, et a l ,  1992) and the bc l2  family (Oltvai, et al., 1993). The 

oncoprotein c-myc is induced by mitogenic treatment of cells and is 

known to promote apoptotic cell death (Evan, et al., 1992). bax  a n d  

b c l2 ,  two members of the bcl2  gene family, interplay in a separate 

apoptotic  pathway (Oltvai, et al., 1993). The product of the b c l 2  

oncogene stimulates cell proliferation and has antiapoptotic function. 

BAX can dimerise with Bcl2, antagonising the Bcl-2 effect (Oltvai, et  

al.,  1993). A model has been proposed, by which the engagement of 

an apoptotic response is governed by the ratio of BAX to Bcl-2. The 

product of a further member of the bcl2 gene family, bcl -X,  exists in
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two forms due to alternative mRNA splicing. The larger protein, Bcl- 

X l ,  inhibits apoptosis, whilst programmed cell death is promoted by 

the shorter product, Bcl-X s (Boise, et al., 1993). There is interplay 

between the suicide pathways. Overexpression of Bcl2 inhibits c - m y c  

dependent apoptosis (Bisonette, et al., 1992). Bcl-Xs may act in a 

fashion comparable to BAX on Bcl2 (Boise, et al., 1993).

The pathway by which apoptosis proceeds when DNA damage 

has occurred is dependent on the tumour suppressor gene p 5 3 .  Loss 

of p 5 3  function is detected in more than half of all solid tumours 

m aking it, to our current knowledge, the m ost frequently  lost 

function associated with human cancer (Vogelstein, 1990). The p53 

protein, when induced, has effects on cell cycle progression and 

apoptosis. Loss of p 5 3  function can result in resistance to DNA 

damage. It is known to be required for apoptosis to a variety of types 

of DNA damage (Lowe, et al., 1993; Clarke, et al., 1993). As the effects 

of p53 in modulation of cell death and cell cycle progression are 

linked, both are discussed.

Induction of p53

p53 was first detected by Lane and Crawford (1979) by virtue 

of its association with viral large T antigen in SV40 transformed cells. 

Inherited aberrations in expression or the function of the gene are 

associated  with cancer predisposition, the L i-Fraum eni Syndrom e 

(M alkin , 1993). p 5 3  is classified as a tumour suppressor gene 

because abundance of the protein it encodes results in cell growth 

inhibition (Levine, 1992). The protein is highly unstable (1/2 life 20 

to 35 minutes) but is stabilised, or induced, upon stimuli such as 

certain  types of genome damage. Double strand DNA breaks are 

considered a very strong signal for greater persistence of the p53
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protein (Levine, 1992). Stabilisation of the protein occurs even at 

very low levels of damage. This induction of the protein is not 

associated with increased levels of transcription of the p 5 3  gene, but 

instead occurs via reduced degradation of the p53 protein.

Stabilisation of p53 can affect the control of the cell cycle and 

of programmed cell death (apoptosis). Whether stabilisation of p53 

results in growth arrest or suicide is thought to depend on the cell's

environment as well as the cell type. For example, murine fibroblasts

subjected to ionising radiation display p53 dependent cell cycle 

arrest but do not apoptose (Kastan, et a i ,  1992) whilst isogenic 

thymocytes will undergo apoptosis upon similar damage (Sellins and 

Cohen, 1987).

p53 and  cell cycle co n tro l

The p 5 3  gene product is involved in the control of the cell 

cycle, but is not vital for cell cycle progression itself (Levine, 1992). 

Neither does functional p53 appear to be required for mammalian 

developm ent. p53'^~  mice are predisposed to cancer but show few 

developm enta l abnorm alities, a lthough defects in em bryogenesis  

leading to spontaneous abortion are common (Donehower, et al.,

1992).

Checkpoints are delays in cell cycle progression that occur upon 

injury of the cell (Hartwell and Weinert, 1989). The cell is thereby 

given additional time to respond to the insult, before further

engaging in cell division. Arresting the cycle in G1 prevents the

replication of damaged DNA, arrest in S-phase permits a greater time 

interval for DNA replication whilst transition from G2 into M phase is 

impaired by the presence of damaged and/or incompletely replicated 

DNA.
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Evidence for p53 involvement has been found in both G1 and S 

- phase arrest as well as the Go/Gl boundary. p53 has also recently 

been implicated in stalling of the cell cycle at the G2/M boundary.

Absence of p53 function results in the inability to engage in the 

G1 checkpoint after DNA damage (although arrest to other types of 

damage in a p53 independent manner may still be seen) (Kastan, e t  

al., 1992; Kuerbitz, et a l ,  1992). Thus G1 arrest on DNA damage is 

p53 mediated.

p53 is thought to be associated with arrest at the G2/S 

boundary. In control of the S-phase checkpoint, p53 is considered to 

have multiple effects which probably act in concert; transcriptional

activation of specific genes, binding of proteins vital for S phase

progression and direct involvement in DNA metabolic processes.

The p53 protein can transcriptionally activate p 2 1  ( (W a ld m a n ,  

et a i ,  1995) and references therein). p21 in turn quenches activity of 

the cyclin/cdk kinase complex required for passage through S phase 

(Xiong, et at., 1993). Perhaps more im portantly , p21 has been 

determ ined to compete for binding to pro liferating  cell nuclear

antigen (PCNA) molecules with FEN 1 (Chen, et al., 1996). FEN 1 is an

exonucleolytic enzyme required for DNA replication (it has been 

shown to remove RNA primers from Okasaki fragments (Waga and 

Stillman, 1994)) and is associated with DNA polymerase d through a 

'PCNA scaffold'. Thus, the FEN l iPCNA interaction is required for 

progression of the replication fork. Increased p2I levels as a result of 

p53 induction increase the competition between p21 and FE N l for 

binding to PCNA reducing the amount of FENliPCN A complex which 

may slow the replication process and thus extend S phase.

Furthermore, p53 interacts with replication protein A (RPA) 

(Dutta, et al., 1993). RPA is absolutely required for DNA replication It
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is hypothesised that the binding of p53 to RPA results in depletion of 

this protein and thus slower progression of the replication fork, the 

net result being a prolonged S - phase. Various other functions have 

been ascribed to p53 (antihelicase activity, prom otion  of strand 

annealing (Levine, 1992)).

G2 arrest can also be independent of p53 function (Agarwal, e t  

a L ,  1995). There is apparently some interaction between the p53 

mediated G1 and G2 arrest functions. When p53 dependent G1 arrest 

is induced by irradiation, no p53 dependent arrest can be achieved in 

the subsequent G2 phase and vice versa (Pellegata, et a i ,  1996).

The function of p53 is of great importance for the maintenance 

o f  genome integrity. In the absence of cell cycle checkpoints, 

replication will be carried out on unrepaired DNA. The outcome of 

this can be disastrous. In some cases genome aberrations reach such 

levels that the cell dies. In less severe incidences aneuploidy, gross 

chromosomal aberrations and gene amplifications can occur in cells 

lack ing  w ild type p53 function , poss ib ly  lead ing  to cancer 

development. Due its important role in genome maintenance, p53 has 

been termed the 'guardian of the genome' (Lane, 1992).

p53 and apoptosis

p53 induction can lead to programmed cell death as well as cell 

cycle arrest. Apoptosis dependent on p53 has been illustrated by 

Yonish-Rouach, et al. (1991). Mouse myeloid leukaemia cells devoid 

of p53 protein were transfected with DNA encoding a mutant p53 

protein. This protein has normal folding pattern when at 3 2 ^ C but 

has an altered configuration and no function when at 37®C. W hen 

cells were grown at 32^C,  apoptosis was observed, whilst when the 

p53 protein was in the m utant configuration, no apoptosis was
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detected . W hen p53 was in the m utant configura tion  no G1 

checkpoint is observed.

There is a dosage effect of the p 5 3  gene apparent in this 

response: p53 '^~  thymocytes show no apoptosis when irradiated 

(although apoptosis induced by other stimuli, functioning in a p 5 3  

independent manner is uninhibited), thymocytes apoptose

readily  whilst thymocytes show an interm ediate  reaction

(C la rk e ,  et al., 1993). It can be envisaged  that hem i- or 

heterozygosity for p 5 3  could result in an intermediate level of DNA 

damage resistance.

Not all properties ascribed to the p 5 3  gene product appear to 

be physio log ically  relevant. p53 has been attributed  with the 

capacity for direct recognition of DNA biosynthetic errors. This 

affinity was detected by gel retardation analysis (Jayaraman and 

Prives, 1995). The concentrations of p53 protein required to observe 

this phenomenon were greatly in excess of levels encountered in the 

cell. No direct evidence for functional involvem ent of p53 in 

mismatch processing, such as loss of repair function through loss of 

wild type p53, is known. Thus, although there may be some affinity 

of p53 for atypical DNA structures, direct involvement in processing 

of biosynthetic errors is most likely an in vitro artefact, as in truly 

m ism atch  processing defective human cell lines, no correlation 

between repair activity and p 5 3  status is observed.

S p ec if ic  res is tan ce

In addition to generalised mechanisms of resistance, specific 

resistance to DNA lesions can be acquired by both Escherichia coli  

and human cells. One or few toxic substances can be resisted; these 

(or the DNA lesions they induce) are frequently structurally related.
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sp ec if ic  resistance can be a result of increased  activ ity  of a 

specialised pathway for detoxification or exclusion of the drug. A 

further possibility is occurrence of preferential repair of a lesion. I 

will use a highly specialised phenomenon observed in E. coli in 

response to damage by simple alkylating agents to illustrate the 

possibility of upregulated repair as a response to DNA damage. 

Subsequently I will discuss the responses of m am m alian cells to 

these lesions.

Sim ple A lkylating  Agents

Alkylating agents are, or can be converted into, electrophilic 

molecules which readily react with nucleophilic centres in organic 

molecules (Lawley, 1984). The more electrophilic agents are able to 

react with weaker nucleophiles. Thus, highly electrophilic agents are 

able to react with a wider variety of molecules and alkylation of 

nucle ic  acids, proteins and other cellu lar com ponents can be 

observed. Here I will only consider DNA alkylation damage.

Simple alkylating compounds may have one or two reactive 

groups and are thus termed mono- and b ifunctiona l a lkylating  

agents, respective ly  (Lawley, 1984). M onofunc tiona l a lky la ting  

agents fall into two broad groups according to their structure (Singer 

and Kusmierek, 1982). (i) alkyl sulphates (e.g. m ethy lm ethane

sulphonate (MMS)) and (ii) N - nitroso compounds (e.g. N  -methyl-A- 

n i tro sourea  (MNU)). If an oligonucleotide is exposed to such agents in 

aqueous solution in vitro, adducts can be formed at any of the oxygen 

or nitrogen atoms (except nitrogen attached to sugar) in the molecule. 

There is, however, great variation in the spectrum of lesions most 

frequently formed (Lawley, 1984). Molecules can be distinguished in 

this respect by their electrophilicity (measured as the Swain-Scott
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factor, s) and the type of DNA alkylation reaction carried out (via the 

S n 1 and Sn2 processes). The Sn 1 m echanism  occurs through a 

reaction intermediate (alkylcarbonium ion) whilst the Sn2 pathway 

involves direct interaction between the alkylating agent and the DNA 

molecule. High s values close to 1 identify agents such as MMS which 

can react directly  with DNA (via the $n 2 m ec h an ism ) and 

preferentially form adducts with ring nitrogens of the bases. Low s 

values are associated with, amongst others, MNU and A -m e th y l -A - ’- 

n i tro -A -  nitrosoguanidine (MNNG) which act indirectly via the S n l  

m echanism . Phosphotriester adducts of the DNA backbone and

adducts at exocyclic oxygen atoms are also formed by these agents. A

comparison between the lesions induced on a guanine base by MMS 

and MNU is made in Table 1.1.

The spectra of lesions formed on single and double stranded 

DNA only differ at nitrogens involved in base pairing, for example

the N - 1 position of adenine, where the efficiency of alkylation is

reduced on a double stranded substrate. In vivo, heat dénaturation 

of the DNA molecule at 37^C is sufficient for adducts to occur at these 

nitrogen atoms. The rate of reactions between alkylating agent and 

DNA is, amongst other factors, dependent on the length of the alkyl 

chain; the longer the chain, the lower the reactivity of the compound 

with DNA. Thus, methylating agents act more rapidly than ethylating 

compounds of otherwise identical composition which in turn react 

fa s te r  than p ropy la t ing  m olecules. I will specifically  discuss 

methylating agents. Adducts formed by methylating agents can have 

mutagenic and cytotoxic effects. Two of the most cytotoxic adducts 

are 3 - methyladenine (3meA) and - methylguanine (O ^ m e G u a ) .  

But whilst 3meA is considered to be mainly cytotoxic (it is thought to 

block replication (Larson, et a l ,  1985; Moore and Strauss, 1979)),
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O^m eGua is in addition highly mutagenic (Loveless, 1969).

Unsurprisingly, bearing in mind the hazards of these lesions, 

specific repair pathways exist in pro- and eukaryotes for both these 

molecules. In E, coli a specific cascade of events is initiated by 

treatm ent with low levels of certain alkylating agents, conferring 

resistance to a much higher level of damage than unchallenged cells 

can bare. This is referred to as the adaptive response to alkylating 

agen ts .
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Table 1.1 M o l e c u l a r  d i s t r i b u t i o n  o f  m é t h y l a t i o n

damage to DNA by MNU and MMS

Position in DNA M M S (x ) M N U (x)

ADENINE N-1 1.9 0.9

N - 3  11.3 8.4

N - 6 n.d. n.d.

N - 7 1.8 2

CYTOSINE O - 2 n.d. n.d.

N -  3 0.7 0.5

GUANINE N - 1 n.d. n.d.

N - 2 0 .6  n.d.

N -  3 0.3 0.6

0 - 6  0.2 6

N - 7 81 .4  66 .4

THYMINE O - 2 n.d. 0.1

N -  3 0 .08  n.d.

0 - 4  n.d. 0.7

P h o s p h o tr ie s te r s  0 .82  12.1

(x)T he values given are given as percentages of the total méthylation damage

d eterm in ed .

n.d. - not determined

From Lawley (1984).

35



The adaptive response to alkylation damage in E. coli

Samson and Cairns identified the adaptive response in E. coli as 

the protection against high levels of alkylation damage that was 

conferred on a cell by prior treatment with low doses of MNNG or 

MNU (Samson and Cairns, 1977). It was found that this resistance 

coincided with de novo protein synthesis. Four genes are now known 

to be upregulated in the adaptive response: ada, alJcA, alkB and a id B  

(rev iew ed in (Lindahl, et al., 1988)). The adaptive response is 

controlled by the Ada protein.

The ada and alkA  genes encode enzymes for the repair of O ^- 

m ethy lguanine  (O^meGua) (Teo, et a l ,  1984) and 3-methyladenine

(3meA) (Clarke, et al., 1984) respectively. When a cell is damaged by 

M NNG and MNU, O^meGua (as well as 3meA, O ^ m e th y l th y m in e  

(O ^m eT) and a lesion of the DNA backbone (methylphosphotriester)) 

is formed in the DNA which is repaired (Karran, et al., 1979). The 

factor induced during the adaptive response that can repair this

lesion is now known to be Ada protein. As reviewed by Lindahl et al. 

(1988), the Ada molecule can only participate once in this reaction. 

In the course of the repair event the Ada protein is methylated at a 

specific internal amino acid residue. If Ada has participated in the 

repa ir  o f a m ethy lphosphotriester  residue the m olecu le  it is 

phosphorylated at cystine residue 69 (Sedgwick, et a l ,  1988) and 

altered so that it can activate transcription of genes involved in the 

adap tive  response . A paradox in this reac tion  is tha t the 

conform ational change leading to the Ada protein becom ing a 

t r a n s c r ip t io n a l  ac t iva to r  is in duced  by the re p a i r  o f  a

m ethylphosphotriester, a lesion that is apparently not cytotoxic. 

Repair of the highly cytotoxic and mutagenic O^meGua, leading to
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méthylation of cystine residue 321 (Demple, et al., 1985), does not 

cause the activating conform ational change. No transcrip tiona l 

activation capacity is observed in the native (unreacted) form of Ada. 

The 'activator' Ada binds to promoters of ada, alkA and aidB.  ada sind 

a lk B  are physically linked and are under the control of the same 

promoter. Thus binding of the activator Ada to the ada p r o m o t e r  

increases transcription of both ada  and alkB .  The ada  gene product 

has a positive feedback effect on expression level of the gene itself. 

The consensus sequence for Ada binding to the ada p rom oter  is 

identical to the distant alkA  promoter. AlkA is a DNA repair enzyme 

involved in the removal of 3meA from DNA; the protein  is

unmodified in the reaction and does not have a role in control of the 

adaptive response. The precise mode of activation of the a idB  gene is 

unknown, as are the functions of both aidB  and alkB  gene products 

(Lindahl et a/., 1988).

The adaptive response is halted through the reduction in levels 

of 'activator' Ada in cells growing in the absence of méthylation 

damage (the transcriptionally activating protein is shared over all 

progeny cells) or through proteolytic cleavage of the 'activator' Ada 

(Teo, et al., 1984).

Adaptive responses to alkylation damage in hum ans?

T here  is ev idence for the induction  of O ^ m e G u a  D N A  

methyltransferase and 3meA DNA glycosylase activity in human cells 

(Lefebre, et a i ,  1993). As has been reported from other mammalian

systems, this induction is only observed in a subset of immortalised

cell lines and does not appear to be a generalised phenomenon of 

cellular resistance.
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There are however constituatively expressed genes in humans 

that encode proteins dedicated to the repair O^meGua and 3meA.

Repair of 3meA in E. coli

3meA adducts block DNA replication (Larson, et a i ,  1985; 

Moore and Strauss, 1979) and are thus cytotoxic. 3meA is repaired 

via the base excision DNA repair pathway (Lindahl, 1976). This 

pathway is involved in the repair of a wide variety of lesions. The 

damage, in this case 3meA, is recognised by a DNA glycosylase which 

is capable of hydrolytically cleaving the N - glycosyl bond. This 

releases the damaged base from the DNA, leaving an abasic site. In E. 

coli  there are two 3meA DNA glycosylase enzymes, encoded by the 

tag  (Karran, et a i ,  1980) and alkA  genes (Clarke, et a i ,  1984). By 

analogy to the transcription control of the two O ^ m e G u a  DNA 

m ethy ltransfe rase  genes in E. coli, the t a g  gene is expressed 

constituatively  whilst the a l k A  gene is upregulated  during the 

adaptive response (reviewed by Lindahl et aL, 1988). The t a g  

enzyme acts specifically on 3meA in DNA. AlkA on the other hand 

has a much broader substrate repertoire. In addition to 3meA the 

enzym e can libe ra te  3-m ethy lguan ine , 7 -m e th y lg u a n in e ,  O ^ -  

methylcytosine and O^-methylthymine along with a number of non - 

methylated bases from DNA. This, in addition to the lack of homology 

in the sequence of the genes encoding Tag and AlkA enzymes

supports the notion that there are differences in the mode of action 

between the two glycosylases.

Most types of damage recognised and processed by the base

excision repair (HER) pathway are small, not distorting the helix to 

any great extent. Lesions that result in substantial helical distortion,

such as adducts induced by cisplatin, are repaired by a separate



pathway, nucleotide excision repair (NER) (reviewed by for example 

(Barnes, et a i ,  1993; Tanaka and Wood, 1994)). In the process of 

NER, rather than the excision of a single base to form an abasic site, a 

w hole stretch of nucleotides containing the lesion is excised 

(approximately 30 bases in length in mammalian cells (Moggs, et a i ,  

1996)). Subsequently the gap is filled in using the remaining strand 

as a template and repair completed by religation of the molecule 

(reviewed by (Wood, 1996)).

Repair of O^meGua in E. coli

Ada is not the sole E. coli protein that catalyses the repair of

O ^m eG ua  (Rebeck, et a l ,  1988). The product of the constituatively 

exp ressed  o g t  gene is concerned with the repair of this lesion 

(Potter, et aL, 1987). The level of ogt  expression is not altered during 

the adaptive response. It has a substrate range very close to that of 

Ada (reviewed by Lindahl et a i ,  1988): O^m eGua and O^m eT are 

recognised and repaired, with a preference for O^meT. In contrast to 

the A da p ro te in  it has no ca ta ly tic  ac t iv i ty  on m ethy l 

phosphotriesters. In an unadapted cell, Ada is not present at a 

suffic ien t concentration to protect from alkylation damage and

mutagenesis. It is thought that the time lag between initiation of the 

response and availability of sufficient Ada molecules to protect the 

cells is approximately 1 hour. Protection during this lag phase is

thought to be provided by Ogt.

Repair of 3meA in eukaryotes

Genes encoding 3meA DNA glycosylase activities have been 

identified in a variety of eukaryotic organisms including S. cerevisae 

{M AG)  (Chen, et a l ,  1989), mouse (Aag)  (Engelward, et a l ,  1993) and
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humans (AAG)(Samson, et al., 1991). Both S. cerevisae  and human 

genes were identified by their capacity to confer resistance to DNA 

méthylation damage on a alkA tag double mutant strain of E. coli. The 

m ouse gene was pinpointed by genomic hybridisation with an 

oligomer specific for the human gene sequence (mouse and human 

genes are 83% identical). No homology is apparent between the 

mammalian glycosylases and the yeast and prokaryotic genes. The 

3meA DNA glycosylase activities identified can act on a wide variety 

of DNA lesions, indicating the versatile role that these enzymes are 

likely to play in genome maintenance.

The generation of mouse cells defective in A a g  (Engelward, e t  

al.,  1996) has lead to the conclusion that this gene encodes the sole 

murine 3meA DNA glycosylase. Absence of A a g  activity results in 

sensitivity to chemotherapeutic alkylating agents such as Mitomycin 

C and 1.3-bis(2-chloroethyl)-l-nitrosourea (BCNU). In vivo Ûvq A a g  

gene product is therefore apparently active on more complex DNA 

adducts than simple méthylation damage.

Repair of O^meGua in human cells

In human cells, O^-meGua is repaired by - m e th y lg u a n in e  

DNA methyltransferase (MGMT) (for review see (Karran and Bignami, 

1992; Pegg, 1990). MGMT is capable of removing more complex alkyl 

groups from DNA, albeit at lower rates compared to the repair of 

methyl groups. As with the E. coli protein Ada, one molecule of the 

human protein removes only one methyl (or other alkyl) group from 

DNA. The enzyme is consumed in this suicide reaction.

There are important differences between the E. coli and human 

methyltransferases. In contrast to the E. coli proteins, human MGMT 

is not capable of removing either O^m eT or m ethylphosphotriesters
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from DNA at any significant rate (Pegg, 1990). The human activity is 

inhibited by the presence of the base analogue " benzy lguan ine  

whilst Ada activity is not impaired.

There is a high degree of tissue specific variation of MGMT 

activity in humans. Liver tissue for example has high levels of 

activity whilst low activity is detected in the colon and bone marrow 

(Gerson, et al., 1986). Certain tumours, especially brain tumours, are 

found to be defective in MGMT activity (Frosina, et a l ,  1990). The 

tum our is hypersensitive  to m éthy lation  dam age; this can be 

exploited for therapeutic purposes.

H ypersensitivity to DNA m éthylation dam age - the 
M e x "  p h e n o t y p e

Significant numbers of im m ortalised  hum an cell lines are 

hypersensitive to treatment with methylating agents such as MNU 

and MNNG, whilst in many cases no or only little associated 

sensitivity is seen to MMS. This has been defined as the Mer" ( fo r  

m é th y la t io n  re s i s ta n t  m inus)  (Day, et al., 1980) phen o ty p e . 

Comparison of the spectra of lesions induced by MNU/MNNG and 

MMS indicates that O ^-m eG ua is the m ajor cy to toxic  lesion 

differentially introduced into DNA by the two groups: O ^-m eG ua is 

form ed by MNU/MNNG but not MMS. Indeed this led to the 

red iscovery  of the m éthylation res is tan t phenotype, defined  as 

methyl excision deficient (Mex“) (Sklar and Strauss, 1981). O ^ -m eG u a  

is cytotoxic to Mex" cells because they lack significant MGMT activity. 

E xpress ion  of E. coli  or human - m e th y lg u an in e  DNA

methyltransferase genes in Mex" cells restores their Mex+ status and 

their resistance to MNU and MNNG (reviewed by Pegg, 1990).
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The M ex” phenotype is observed in approximately 30% of 

established human cell lines (reviewed by (Pegg, 1990)). Loss of 

MGMT expression is not due to deletion of the MGMT gene, the high 

frequency of loss is most likely due to its epigenetic silencing of the 

gene. Changes in méthylation patterns are common in cultured cells 

(A ntequera, et a i ,  1990) and pattern changes associated with gene 

silencing have been detected in the MGMT gene in various human 

cell lines (Cairns-Smith and Karran, 1992; Wang, et a i ,  1992). The 

m éthy la tion  involved in regulation of gene expression is quite 

distinct from DNA méthylation damage. Type and sequence context 

of this biological méthylation that controls gene expression are highly 

distinctive. Méthylation occurs at the 5 position of cytosine (5meC). 

70 to 90% of méthylation events occur at CpG sites (Cooper and 

Krawczak, 1993). 5meC is the most common form of nucleotide 

modification in the human genome. W hen DNA is replicated, the 

nascen t strand is unm ethylated but the pattern of the template 

strand is rapidly copied through the action of DNA (cytosine-5-)- 

methyltransferase. S-adenosyl m ethionine (SAM) acts as a methyl 

donor. Méthylation patterns are tissue specific (contributing to tissue 

specific gene expression); they result from de novo méthylation and 

déméthylation events. Once established, the pattern is passed on to 

progeny cells with great accuracy. Active gene transcription is 

generally  associated with hypom ethylation of the promoter region 

(Cedar, 1988). The MGMT gene, which can be co-regulated with the 

thymidine kinase and galactokinase genes, is an exception (Karran, et  

al.,  1990). Active transcription is correlated with hypermethylation. 

In permanent culture changes in méthylation patterns and thus gene 

expression  have been observed at these loci (Cairns-Sm ith and 

Karran, 1992).
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Tolerance to DNA m éthylation damage

Tolerance to DNA méthylation damage has been defined by 

Karran and Bignami as the 'increase in resistance to DNA methylating 

agents without an increase in repair capacity' (Karran and Bignami, 

1992). Tolerance does not occur to all lesions formed by DNA 

m éthylation damage. DNA méthylation products of agents such as 

MNU are tolerated, whilst no cross resistance to MMS is seen (for 

review see (Karran and Bignami, 1992; Karran and Bignami, 1994; 

Karran and Hampson, 1996). It appears that tolerant cells, in contrast 

with cells resistant through increased DNA repair, are able to 

m aintain  O^meGua in their genomes without the lesion exerting its 

cytotoxic effects. This tolerance does, however, not extend to the 

mutagenic effects of the methylating agents. Indeed, higher levels of 

induced m utations have been reported  in to lerant com pared to 

sensitive cells, correlating with the enhanced survival of the tolerant 

cells whilst O^meGua persists. This indicates that mutagenicity and 

cytotoxicity of O^meGua act via different pathways.

In contrast to many other cytotoxic DNA lesions, such as 3meA, 

O ^m eG ua does not block DNA replication (Larson, et a l ,  1985). In  

v i t ro  experiments show comparatively unperturbed progression of 

DNA replication through this lesion. The replication of a template 

con ta in ing  O ^m eG ua results in mutation as the m ethylated base 

preferentially pairs with T (Gaffney and Jones, 1989). This property 

underlies the powerful mutagenic effect of O ^m eG ua (Eadie, et a l ,  

1984). The mutations induced by agents such as MNU are nearly 

exclusively G to A transitions.

Clues to the mechanism resulting in cytotoxicity of O^meGua in 

DNA come from E. coll.
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Over 10 years ago it was shown that the phenomenon of 

tolerance to O^meGua in DNA could be caused by a defect in the DNA 

mismatch repair pathway in certain Escherichia coli  strains (Karran 

and Marinus, 1982). The DNA mismatch repair system is normally 

concerned with the post replicative repair of base pairs that violate 

Watson Crick pairing rules. Bacterial strains defective in formation of 

the signal used for DNA strand discrimination by the mismatch repair 

m achinery are hypersensitive to base analogues and m ethylating 

agents such as MNU and MNNG. Additional defects in components of 

the DNA mismatch processing pathway restore wild type levels of 

resistance in the absence of O^meGua removal. It was hypothesised 

that mismatch repair mediates cytotoxicity through multiple repair 

attempts at the mispaired O^m eGua, using the lesion containing 

strand as the template. The futile attempts at repair are thought to 

kill the cell.

This méthylation tolerance is only observed to agents inducing 

O ^ m eG u a  as a major cytotoxic lesion (reviewed in (Karran and 

Bignami, 1992)).

M ex" cells are hypersensitive to méthylation damage. However, 

if a population of such hypersensitive cells is treated with a toxic 

dose of methylating agent, a few cells survive. If surviving cells are 

again challenged with methylating agents, they are frequently found 

to be resistant. Defective DNA mismatch repair in human cells can be 

associated with the acquisition of resistance to DNA m éthylation 

damage in Mex" cells.
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The E. coli mismatch repair system
Two distinct DNA mismatch correction systems exist in E. coli: 

short and long patch DNA mismatch repair. Defects in long patch but 

not short patch repair are associated with to lerance  to DNA 

méthylation damage, therefore I will concentrate my introduction on 

the long patch repair process.

Long patch DNA mismatch repair in E, coli

DNA mismatch repair was initially postulated in connection 

with recombination and the occurrence of gene conversion (Holliday, 

1964). W agner and M eselson (1976) were first to propose an 

involvement of DNA mismatch correction in repair of DNA replication 

errors. Long patch mismatch repair is, as previously illustrated, in 

addition to base choice and proof-reading activities by the DNA 

polymerase, one of the enzymatic mechanisms that contribute to the 

maintenance of DNA replication fidelity (Schaaper, 1993). Long patch 

repair has a broad substrate specificity (for review see (Modrich, 

1987; Modrich, 1989)). Errors that persist after DNA replication are 

recognised and repaired. Base-base mismatches and heteroduplexes 

w here slippage/m isalignm ent has occurred are recognised . DNA 

mismatch repair systems are faced with a problem intrinsic to the 

type of damage they correct. Because the error lies in the type of 

base pairing, there is a need to distinguish between correct and 

incorrect strand by some damage independent means.

Stand discrimination by E. coli long patch mismatch  
repair is methyl - directed

Long patch repair of replication errors in E. coli is methyl - 

directed (reviewed by (Modrich, 1989). A site adjacent to the lesion
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where distinction between template and nascent strand can be made 

has to be found. This is the reason for the costly excision of 

sometimes in excess of Ikb of DNA to correct a single mismatch.

In postreplicative long patch DNA mismatch repair in E. coli 

strand specificity is ensured by the identification of the méthylation 

status of key sequences (Figure 1.1). At GATC sites within the E. coli 

genome adenine is methylated (6meA). Méthylation is accomplished 

by a specific adenine methylase {dam methylase). This méthylation is 

initiated after replication. Thus, for a short time GATC sequences in 

the newly synthesised strand are unm ethylated. As the template 

strand contains 6meA, the DNA is hemimethylated. There is a time 

lag between synthesis of the DNA and completion of the méthylation 

event. In this time interval, the methyldirected DNA mismatch repair 

system uses the imbalance in méthylation status between the two 

strands for discrimination and removes the incorrect base from the 

daughter strand. Mutants that lack d a m  m ethylase expression are 

hyperm utab le . Both increased  and decreased  ac tiv ity  o f  the 

methylase result in an increased spontaneous mutation rate (Herman 

and Modrich, 1981). Cells defective in méthylation are thought to be 

hypermutable because the capacity for strand discrimination is lost, 

leaving only a 50% chance that the correct strand is repaired. Cells 

with excessive méthylation have a reduced period during which the 

DNA is hemimethylated and are thus restricted in the time available 

for mismatch repair.
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Figure 1.1 Initiation of mismatch repair in E. coli
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T h e  m i s m a t c h  is r e c o g n i s e d  b y  M u t S  p r o t e i n  ( w h e t h e r  a l o n e  or  
d i m e r i s e d  is u n k n o w n ) .  T h e  M u t S : D N A  c o m p l e x  is r e c o g n i s e d  by  M u t L  ( aga i n  
w i t h  u n k n o w n  s t o i c h e o me t r y ) .  A t e r t i a r y  c o m p l e x  of  M u t S  ( on D N A )  M u t L  a nd  
M u t H  is f o r m e d .  In t hi s  c o n f o r m a t i o n ,  t he  M u t H  is c a p a b l e  o f  c l e a v i n g  the  
u n m e t h y l a t e d  s t r a n d  of  a h e m i m e t h y l a t e d  G A T C  s e q u e n c e  wi t h  h i g h  af f i n i t y .

C l e a v a g e  is f o l l o w e d  by  e x c i s i o n  o f  t h e  t r a c t  b e t w e e n  s t r a n d  
d i s c r i m i n a t i o n  n i c k  a n d  m i s m a t c h ,  r e p a i r  s y n t h e s i s  a n d  r e l i g a t i o n  o f  t he  
mo l e c u l e .

A d a p t e d  f r o m M o d r i c h  ( 1 9 9 1 ) .
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In in vivo assays with bacteriophage lambda (Lu, et al., 1983; 

Kramer, et a i ,  1984) as well as in vitro assays for mismatch repair 

activity in cell extracts (Welsh, et a i ,  1987), great variation has been 

detected between the repair of unm ethylated, hem im ethyla ted  or 

fully methylated mismatched DNA. Hemimethylated DNA is repaired 

efficiently , with repair directed towards the unm ethylated strand. 

Fully methylated DNA is poorly repaired whilst correction is carried 

o u t  on u n m e th y la ted  tem p la te ,  a lb e i t  w ith  l i t t le  s t ra n d  

discrim ination. These observations are in concordance with the 

mutator phenotypes observed in dam  mutants.

Loss of mismatch repair results in an elevated spontaneous 

m utation rate (mutator phenotype) (Modrich, 1989). M any of the 

genes encoding components of the mismatch repair system  were 

identified by virtue of the phenotype mutations in them confer on 

the cells. Hence the designation 'mut'.

Recognition of mismatches in DNA is accomplished by the MutS 

protein (Mwt= 97kDa) (Figure 1.1) which is able to bind DNA (Su and 

Modrich, 1986).

MutS-DNA complexes are thought to be recognised by MutL 

p ro te ins  (M w t=  70kDa) (Figure 1.1) (Grilley, et al., 1989). No 

enzymatic activity is associated with the MutL protein. Although 

there is no direct evidence, the MutL protein is thought to act as a 

chaperone between the mismatch recognition and strand specific 

DNA incision activities .

MutH is 25 kDa polypetide with a latent endonuclease activity 

that specifically cuts the unm ethylated strand in hem im ethylated 

and unmethylated GATC sequences (5' to the G) (Figure l .l)(W elsh , et 

al.,  1987). Incision activity is stimulated >30 fold by MutS and MutL 

in mismatch recognition configuration.
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Repair is completed by excision of the incised strand between

the nick created and the mismatch, filling of the gap by repair DNA

synthesis and religation of the sugar phosphate backbone.

A total of ten proteins have been implicated in the methyl

directed mismatch repair pathway (Lahue, et a l ,  1989). DNA helicase 

II, single stranded binding protein, exonuclease I, exonuclease VII, 

RecJ exonuclease, replicative DNA polymerase III holoenzyme and 

DNA ligase are required in addition to MutS, MutL and MutH to 

complete the reaction in vitro. Figure 1.2 depicts the outline of an in  

vitro  system used for the biochemical dissection of this pathway.

DNA helicase II is thought to disassociate the DNA strands. The 

precise role of single stranded binding protein is not known; it is, 

h o w ever ,  an ab so lu te  req u ire m e n t  for the rea c t io n  w hen 

re c o n s t i tu te d  in vitro. Methyl d irected m ism atch repair is b i

directional (Cooper, et al., 1993; Grilley, et al., 1993). Dependent on 

the directionality of the repair reaction, it is thought that either

exonuclease I or exonuclease VII (alternatively RecJ) are involved. 

Exonuclease I has a 3' to 5' polarity and is involved if the strand 

discrimination signal is situated 3' of the mismatch.
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Figure 1.2 Outline of an in vitro D N A  m ism a tc h  

p r o c e ss in g  assay

ds circular

DNA containing single 

defined mismatch (X:Y)

strand
discrimination 
site (X)

X X: matched base pair 
X Y: mismatched base 

pair

repair recreates 
restriction enzyme 
recognition B

restriction enzyme recognition site A

incubate with cell free extracts 
cut plasmid with restriction enzyme 
separate by agarose gel 
electrophoresis

If cut at site B occurs, repair 
has been carried out

(X) The strand discrimination signal in E. coli is a hemimethylated GATC 
site (see text for details) but can be mimicked by a single strand nick 
(directing repair to the nicked strand). In humans the nature of the 
discrimination signal is unknown, but directionality can be conferred 
through a single strand nick (leading to repair of the nicked strand).

Adapted from Lahue, et al., (1989).
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If the strand discrimination signal is 5' to the mismatch, either 

endonuclease VII (product of the xseA gene) or RecJ take part in the 

reaction. This redundancy in the pathway between the two 5' to 3' 

exonucleases is further supported by the observation that mismatch 

repair in the xseA recJ  double mutant, but in neither of the single 

mutants, is unidirectional (3' to 5'). DNA polymerase III holoenzyme 

and DNA ligase are involved in the complementary strand synthesis 

and religation of the DNA. The length of the repair patch depends on 

the relative position of mismatch and strand discrimination marker. 

It may be in excess of Ikb long. The tract to be removed is thought to 

extend from the MutH induced nick to (only slightly further than) the 

site of the offending base pair.

DNA mismatch repair in eukaryotes
DNA m ism atch repair activity  can be detected  in m ost 

organisms. Systems highly homologous to the E. coli MutHLS system 

are, for exam ple, found in S c h i z o s a c c h a r o m y c e s  p o m b e ,  

Saccharom yces  cerevisae,  mouse and humans. This introduction is 

focused on human mismatch repair.

Of the human systems I will exclusively discuss the human long 

patch mismatch repair system as this is the process directly relevant 

for DNA méthylation tolerance.

The human mismatch correction system - knowledge  
up to 1993/94

Repair preventing loss of 5-methylcytosine had been described 

(Hare and Taylor, 1985; Brown and Jiricny, 1987). A more general 

mismatch repair activity in mammalian cells, acting on base - base 

mismatches was identified in 1988 (Brown and Jiricny, 1988).
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Homologues of E. coli proteins dedicated to the methyl-directed 

DNA mismatch repair system had been identified. M RPl (mismatch 

repair protein 1, also known as DUGl (Fujii and Shimada, 1989)) was 

identified as a human homologue of the E. coli MutS protein. No 

biological function could be assigned to this protein.

Using a separate approach, DNA binding activities specific for 

mismatches in heteroduplex molecules were detected (Jiricny, et aL, 

1988; Stephenson and Karran, 1989). Binding complexes were 

discovered by gel retardation assay. Two distinct mismatch binding 

activities could be identified using this approach. The activities can 

be distinguished according to their substrate specificity as well as the 

rate of migration of complexes they form. GTBP (GT binding protein; 

Jiricny and co-workers (Jiricny, et al., 1988)), can bind to, amongst 

others, GT mismatches. Stephenson and Karran (1989) identified a 

complex with preferential affinity for AC mismatches (which, with 

lower affinity, can recognise TT, CT but not CC mispairs).

Purified GTBP was found to consist of at least two polypeptides 

with molecular weights of approximately 105 and 160kDa It was 

in itia lly  postulated  that the smaller peptide was the result of 

degradation of the 160kDa peptide but subsequent analysis revealed 

them to be distinct but related molecules. After modification, the in  

v i t ro  DNA mismatch repair assay (Figure 1.2) could be applied to 

mammalian cells (Holmes, et al., 1990). The major alteration required 

was the nature of the strand discrimination signal. Human DNA does 

not contain 6meA and hemimethlated GATC sequences do not direct 

repair towards the unmethylated strand in human cells or extracts. 

The nature of the signal is unknown. But as in E. coli cell extracts, 

strand discrimination can be attained by the system through a single 

strand nick, directing repair to the nicked strand. It is not known,
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whether this is the biologically relevant mechanism to distinguish 

between DNA strands, merely that it is sufficient under in vitro 

conditions. Using substrates in which the location of the single strand 

nick relative to the defined mismatch in a circular heteroduplex is 

either 5' or 3', it was ascertained that processing can occur in either 

direction in human cells with repair always taking place by the path 

requiring a shorter excision tract (Fang and Modrich, 1993).

Human DNA mismatch repair defects and tolerance to 

DNA m éthylation  dam age

Human cells defective in MGMT but resistant to killing by 

monofunctional alkylating agents had been isolated. In two cases this 

specific resistance had been associated with defects in the DNA 

mismatch repair system. First evidence was supplied by Branch et a l ,  

(1993) who identified two specifically méthylation tolerant cell lines 

(one Chinese hamster ovarian (CHO) cell line and one human Burkitts 

lymphoma cell line) defective in GTBP mismatch recognition activity 

that also display the increased rates of spontaneous m utation 

associated with defective DNA mismatch repair. Subsequently it was 

rep o r ted  that M T l,  a m éthyla tion  to le ran t varian t that had 

previously been generated by frameshift mutagenesis of the human 

fibroblast cell line TK6, was defective in in vitro mismatch correction 

(Kat, et a l ,  1993). These experiments provided the first experimental 

evidence of the relationship between mismatch repair defects and 

DNA méthylation damage tolerance in human cells.

HNPCC and the identification of a mismatch repair  
p r o t e i n

Information about the human mismatch repair system was also 

generated from an unexpected direction. Attempts were made to
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locate genes that underlie a fam ilial predisposition  to cancer, 

hereditary non-polyposis colorectal cancer (HNPCC, (Lynch, et a l ,  

1991)). This disease, which shows an autosomal dominant inheritance 

pattern, is characterised by a very early incidence of colonic and 

certain other cancers. The average age of development of colon 

cancers in patients with HNPCC is 40 years, whilst it is more than 20 

years later in the general population. Other characteristics of HNPCC 

include the localisation of tumours within the colon. In sporadic 

incidences of colon cancer, tumours are frequently located distally to 

the spleenic flexure (for review see (Lynch, et a l ,  1995; Lynch and 

Smyrk, 1996)), whilst HNPCC sufferers most frequently develop 

tumours in the right proximal colon.

HNPCC can readily  be d is tingu ished  from  adenom atous 

polyposis coli (APC, (Bullow, 1987)), another predisposition to colonic 

cancers. Individuals suffering from APC develop numerous adenomas 

in their colonic tracts. These benign growths turn into cancerous 

lesions at high frequencies. Because of this, APC patients are at a 

very high risk of developing colon cancer. In stark contrast, no such 

burden of polyps is detected in the colon of HNPCC sufferers, giving a 

strong pathological distinction between the two diseases.

The A P C  gene has been identified and lies on chromosome 5 

(Bodmer, et a l ,  1987). The precise function of the A P C  gene product 

is not known, but A P C  mutations do not cause the HNPCC cancer 

predisposition. Loss of function of the APC gene may be involved in 

progression of mismatch repair defective tumours (Reitmair, et al., 

1996) but is not the cause of the disease.

Attempts were made to identify loci involved in HNPCC by 

positional cloning. This approach relies on repetitive DNA sequences, 

(C A )n  microsatellites, at known locations in the genome (Hearne, et
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al.,  1992). The human genome contains in the order of 10^ (CA)n 

m ic r o s a te l l i t e s  (Hamada, et a l ,  1982). Individuals are frequently 

heterozygous for the length of these repeats. High levels of variation

of repeat length at any one given locus are seen between individuals

within the population. This polymorphism makes these loci very 

useful, 'informative', as the length of specific sequences is often 

uniquely associated with one ancestral source.

Short changes, such as those observed in (CA)n tracts, are most 

likely the result of DNA replication errors rather than recombination 

events (Bruford and Wayne, 1993; Ripley, 1990). Nascent and 

te m p la te  s trand  d isa sso c ia te  during  s e m ic o n se rv a t iv e  DNA 

replication. Reannealing of the stands occurs and the replication 

m achinery proceeds. It is possible that strands do not reanneal in 

their original configuration but out of register. In a random DNA 

sequence this is unlikely and would probably not allow the DNA 

po lym erase  to progress. In m icrosate llite  sequences how ever, 

incorrect reannealing will not produce mismatches if  it occurs one or 

more repeat units out of register. Instead a loop of unpaired 

nucleotide is formed. If the loop persists through initial replication, 

after one round of replication the mutation is 'fixed'.

Measurement of microsatellite allele lengths in the attempt to 

identify loci involved in HNPCC identified somatic hypermutability of 

( C A ) n  repeats in tumours but not normal tissue. Rather than two

distinct alleles at any one locus being detected (or one, in the case of 

hemi- and homozygosity), multiple alleles lengths were identified

(Aaltonen, et a l ,  1993; Ionov, et a l ,  1993). This was in agreement 

w ith  som atic variab ility  prev iously  iden tified  in tissue  from  

colorecta l cancers (Peinado, et a l ,  1992). The rate of frameshift 

mutations at microsatellite sequences in normal tissue (i.e. estimated
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in cell lines wild type for maintenance of microsatellite length) is 

approxim ately one change per 10^ cells per generation at any one 

locus analysed (for example see (Shibata, et al., 1994)). Tumour 

samples from HNPCC individuals display up to 1000 fold higher 

spontaneously mutation rates at (CA)n repeats studied (Shibata, e t  

a l . ,  1994). High spontaneous m utation rates are also seen in 

expressed genes such as H P R T  (for example Burks, et al., (1994)).

The spontaneous mutator phenotype pointed to a defect in one 

of the mechanisms that maintain DNA replication fidelity. A HNPCC 

gene was assigned to chromosome 2 (Peltomaki, et al., 1993) and a 

human homologue of the E. coli MutS gene, h M S H 2 ,  identified in the 

region of interest (Fishel, et al., 1993; Leach, et al., 1993). It was 

subsequently shown that defects in function of the hMSH2 protein 

may inactivate long patch mismatch repair activity in human cells 

(Parsons , et al., 1993). hMSH2 is thus involved in long patch 

mismatch repair and has a function in the maintenance of genome 

stability. Analysis of HNPCC kindreds indicated that defects in the 

h M S H 2  gene only account for about 50% of cases. A second locus, 

h M L H l ,  homologous to the E. coli mutL gene was identified  on 

chromosome 3 (Bronner, et al., 1994) and is now known to underlie 

the vast majority of HNPCC cases not caused by hMSH2  d e f e c t s  

(reviewed in (Lynch and Smyrk, 1996)). Two additional m u tL  have 

been identified, h P M S l  and hPMS2 (Nicolaides, et al., 1994). Neither 

of these genes account for a large percentage of HNPCC cases (Lynch 

and Smyrk, 1996).

Defects in genome maintenance seen in HNPCC associated 

tumours are of heightened medical interest because they are also 

detected  with 10 to 20% of apparently sporadic colon cancer 

inc idences (apparently  sporadic because inherited  pred isposition
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with low penetrance would be classed as sporadic). The number of 

individuals suffering HNPCC is very low whilst (in the UK.) there is a 

3% lifetime expectancy for the development of sporadic colon cancer 

(HMSO, 1986). Approximately 10% of these cancers will display 

m icrosatellite  instability therefore accounting for a larger number 

cancers associated  with m ism atch p rocess ing  defects than the 

inherited  HNPCC syndrome. There are also m ultip le  reports of 

m icrosatellite  instability in other sporadic cancer incidences (for 

example Chong, et al., (1994); Duggan, et al., (1994); Fong, et al., 

(1995); G onzalez-Z ulueta , et al., (1993); Lin, et al., (1995); 

M artinsson, et al., (1995); Merlo, et al., (1994); Kissinger, et al., 

(1995); Suzuki, et al., (1994); Yee, et al., (1994)).

Mismatch repair defects have also been associated with two 

other heritable diseases, Turcots Syndrome (Hamilton, et al., 1995) 

and M uir-Torre Syndrome (Honchel, et al., 1994). Both of these 

inherited syndromes resemble HNPCC in their predisposition to colon 

and other cancers, although sufferers are additional at risk  of 

developing  brain and skin tumours in Turcots and M uir-Torre 

syndrom e respectively.
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Summary of knowledge of the human mismatch repair  
system up to 1993

This was the state of knowledge about human long patch 

mismatch repair and the implications of mismatch repair defects in 

carcinogenesis and tolerance to DNA méthylation damage at the time 

the studies described in this thesis were initiated: Binding activities 

specific to mismatches were known, although no direct functional 

link between binding and mismatch correction had been established. 

Defects in mismatch recognition activity as well as defects in 

m ismatch processing had been associated with tolerance to DNA 

méthylation damage in mammalian cells. Two proteins homologous to 

the E. coli mismatch recognition activity MutS had been identified. 

Loss of function of one of these homologues, hMSH2, had been shown 

to underlie  instab ility  of d inucleo tide  repea t sequences and 

predispose to cancer.

Human mismatch correction - recent discoveries

In the time between 1993 and present, there have been great 

developm ents in our knowledge of the function and biological 

implications of the human long patch DNA mismatch repair system.

B oth  of the m ism atch  b ind ing  a c t iv i t ie s  have  been  

characterised in greater detail. The GT binding activity purified by 

Jiricny and colleagues (Hughes and Jiricny, 1992) is now known to be 

a heterodimer of two MutS homologues, hMSH2 (105kDa) and hMSH6 

(160kDa) (Palombo, et aL, 1995). This binding activity, known as 

h M u t S  a ,  has also been purified by virtue of its capacity to 

complement the DNA mismatch repair defect of a cell line mutant in 

h M S H 2  in vitro. (Drummond, et a i ,  1995). Mutants in h M S H 6  and 

h M S H 2  are phenotypically distinguishable. The m utations have
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different effects on mutator phenotype (Papadopolous, et aL, 1995) 

and repair in vitro (D rum m ond, et aL,  1995). M onitoring DNA 

mismatch repair activity in vitro , it was found that h M S H 6  defective 

cells are greatly reduced in their capacity to repair base - base 

m ismatches and single base loops, whilst larger loops are still 

processed. No repair is seen with any of these mismatched substrates 

in h M S H l  defective cells. Microsatellite instability in h M S H 2  and 

h M S H 6  mutant cell lines is accordingly different. hMSH2 defective 

cells display the characteristic dinucleotide repeat instability as well 

as high levels of variation in homopolymeric tracts such as (A)^. In

hM SH 6 defective cells only mononucleotide repeats are unstable, 

w h ils t  d inu c leo tide  repea t sequences are apparen tly  la rge ly  

unaffected by the mismatch repair defect (Papadopoulos, et aL,

1995).

This distinction between the effects of loss of function of 

hMSH2 and hMSH6 is best explained by the existence of (at least) a 

second recognition complex involving hMSH2 (Karran, 1995). Two 

formal possibilities exist for the second hMSH2 containing DNA 

mismatch binding complex. Either it consists of hMSH2 in isolation or 

in conjunction with other partners. Jiricny and colleagues showed 

that hMSH2 in conjunction with hMSH3 (referred to as M RPl or 

D U G l)  has mismatch recognition activity on looped out frameshift 

intermediates (Palombo, et aL, 1996). This complex was designated 

h M u tS a .  A h M S H 3 / h M S H 6  double mutant has a mutator phenotype 

and mismatch repair defect indistinguishable from a hMSH2 mutant 

(R isinger, et aL, 1996). This provides very strong evidence that 

h M u t S a  and hMutSp are the major, if not the exclusive, hMSH2 

dependent mismatch recognition activities and is consistent with the 

observation that hMSH2 alone only shows mismatch binding activity
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at high, physiologically irrelevant concentrations (Fishel, et aL, 1994a; 

Fishel, et a i ,  1994b).

In human cells hM LHl and hPMS2 form a complex that is 

thought to recognise the hMutSiDNA complex. hM utLa was identified 

as a factor that can compliment mismatch repair in cells defective in 

hM L H l (hPMS2 protein is apparently unstable in the absence of 

hM L H l, the reason why hM LH l and hPMS2 defects can not be 

distinguished  in the mismatch correction com plem enta tion  assay 

used in this study) (Li and Modrich, 1995, Drummond et al. (1996)). 

The current model (Figure 1.4) for mismatch recognition is that, 

depending on the type of lesion, hM utSa or hMutSp bind to the 

heteroduplex . The hM utS (a  or p):DNA complex is recognised by 

h M u t L a ,  resulting in the formation of a tertiary complex. It seems 

feasible that there is further redundancy at the hMutL step of the 

pathway, as a defect in h P M S l  which encodes a homologue of the E.  

co l i  mutL protein, results in microsatellite instability although the 

protein is not involved in the hM utLa complex.

There are a variety of human homologues of E. coli m ism atch 

repair genes which have not been discussed here. For exam ple 

homologues PMS3 to 8 have been identified (Horii, et aL, 1994) but 

their function, if any, has not yet been elucidated.

In order to establish a mammalian model system to study the 

effects of complete lack of mismatch repair components knock out 

mice have been generated of M H S 2  (Wind, et aL, 1995), M L H l  

(Baker, et aL, 1996) and PMS2  (Baker, et aL, 1995).

M S H 2 ~ ^~  mice (Wind, et aL, 1995) are tolerant to DNA 

méthylation damage and predisposed to cancer.

It is emerging that hM LHl and hPMS2 have subtly different 

functions. Mice defective in one or other of these genes display
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different phenotypes. M L H l  knockout mice are infertile (both male 

and female, (Baker, et aL, 1996)) whilst P M S 2  defective mice are 

characterised by male sterility caused by incorrect chrom osom e 

pairing during meiosis (Baker, et aL, 1995).

There is at least one DNA mismatch specific binding activity in 

human cells that is independent of the hMSH2 gene product. A 

complex with affinity for amongst others, AC and CT mismatches was 

identified (Stephenson and Karran, 1989). Purification of the activity 

(O 'Regan, et aL, 1996) and peptide sequencing has not lead to the 

identification of peptide sequences homologous to any of the Mut 

proteins known (O'Regan, Pappin and Karran, pers. comm.) and it is 

not clear, whether this complex has any function in mismatch repair.

The signal for strand discrimination in human cells is unknown. 

As it is possible to confer strand specificity to the system by nicking 

one of the strands, one possible model for the signal could be that a 

strand specific nicking activity exists. An alternative mechanism for 

discrimination could stem from the DNA ends intrinsic to replication.
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Figure 1.3 DNA mismatch recognition in human cells

BASE BASE MISMATCHES 
SINGLE BASE LOOPS 2-5 BASE LOOPS

hMSHhMSH2

hMutSphMutSa hMSH3
hMSH6

h Milts

hMLHl
hPMS2

h M u t L a

T h e  h u m a n  m i s m a t c h  r e c o g n i t i o n  s y s t e m  is h i g h l y  h o m o l o g o u s  to 
th a t  o f  E. coli.

P r i m a r y  m i s m a t c h  r e c o g n i t i o n  is c a r r i e d  o u t  by  e i t h e r  h M u t S a  or  
h M u t S p  a c t i v i t i e s .  B a s e  - b a s e  m i s m a t c h e s  a n d  s i n g l e  b a s e  l o o p s  a re  
r e c o g n i s e d  p r e f e r e n t i a l l y  by the  l i M u t S a  ac t iv i ty ,  a d i m e r  o f  h M S H 2  and 6. 
L o o p s  b e t w e e n  2 a n d  5 ba s es  in s i z e  a r e  m o s t  l ik e ly  to be  b o u n d  by a 
h e t e r o d i m e r  o f  h M S H 3  and  h M S H 2 ,  the  h M u t S p  ac t iv i ty .

T h e  h M u t S : D N A  c o m p l e x  is r e c o g n i s e d  by h M u t L a ,  a d im e r  o f  h M L H l  
a n d  h P M S 2 .  T h i s  q u a t e r n a r y  c o m p l e x  is t h o u g h t  to be  r e c o g n i s e d  fo r  
f u r t h e r  p r o c e s s i n g .

A d a p t e d  f r o m  ( K a r r a n ,  1995) .
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DNA mismatch repair defects and tolerance to DNA  
m é th y la t io n  dam age

One recurrent problem in studies concerning tolerance to DNA 

m éthylation  damage by loss of mismatch repair activ ity  i s , the 

disregard of MGMT activity. Tolerance can only be assessed in cells 

lacking MGMT activity because any contribution of the m ism atch 

repair defect to méthylation resistance is masked by the presence of 

MGM T activity (as reviewed by (Karran and Hampson, 1996)). For 

exam ple Koi and colleagues reported loss of m éthylation damage 

resistance in a mismatch repair defective colorectal carcinoma cell 

line through introduction of chromosome 3 containing a functional 

copy of the mismatch repair gene absent (Koi, et aL, 1994). Indeed 

sensitisation was detected. The cell line employed in this study, 

however, is Mex+ (Branch, et aL, 1995) which may account for the 

resistance to méthylation damage. It has been previously shown that 

chrom osome 3 has suppressive function on expression of MGM T 

levels. Thus, it is feasible that sensitivity detected is a result of 

decreased MGMT.

There is the possibility of inactivating MGMT by treatment with 

- benzylguanine; Wedge and colleagues (Wedge, et aL, 1996) and 

subsequently  other workers have shown sensitiv ity  of m ism atch 

repair proficient Mex+ cells after MGMT depletion whist mismatch 

rep a ir  defective cells are resistant. S im ilar resu lts  have been 

reported  regarding the méthylation resistance of cisplatin resistant 

hum an cell lines (Robert Brown, pers. comm.). Effective MGMT 

depletion is not always possible (Branch, et al., 1995) and depends to 

som e extent on the precise conditions of exposure  to - 

b en zy lg u an in e .
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The presence of MGMT does not exclude that the mismatch 

repair defective cell line is tolerant to DNA méthylation damage nor 

tha t the in troduc tion  of ch rom osom e 3 res to res  m éthy la tion

sensitivity as inferred by Koi et a l  (1994). It is merely not possible 

to draw conclusions on the association between m ism atch repair 

capacity and resistance to méthylation damage in Mex+.

Loss of DNA mismatch repair and resistance to 6 
th ioguanine ,  doxorubicin  and cisplatin

Loss of DNA mismatch repair activity has also been implicated 

in resistance to 6 -thioguanine (Aquilina, et a l ,  1989; Green, et a l ,

1989), doxorubicin and cisplatin (Anthoney, et a l ,  1996).

6 - th ioguanine  in DNA is, under physio log ical conditions,

m ethylated to form - methylthioguanine, which has the same

coding properties as 0^ -m eG  and is tolerated in the same fashion by 

mismatch repair defective cells (Swann, et a l ,  1996).

In E. coli strains defective in Dam adenine methylase activity

resistance to damage caused by cisplatin treatment is observed if  the 

bacteria are in addition defective in either mutL or mutS (Fram, e t  

aL,  1985). Analogously, in human cells, defects in DNA mismatch 

repair activity can be associated with resistance to cisplatin damage 

(A nthoney, et a l ,  1996; Drummond, et a l ,  1996). There is direct 

evidence for recognition of certain platinum adducts by the DNA 

m ismatch repair system (Duckett, et aL, 1996; Mello, et aL, 1996; 

Yamada, et aL, 1997).

Loss o f  p53 function and tolerance to DNA méthylation damage

Although loss of p53 activity may be a very im portant 

mechanism for the acquisition of resistance to genome damage in
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general, it does not appear to play a role in the tolerance to DNA 

m éth y la t io n  dam age. The response  to m ethy la ting  agents is 

independent of p53 status.

Raji cells are mutant for p53 (Duthu, et aL, 1992). TK6 cells on 

the o ther hand have wild type p53 (Phillips, et aL, 1995). 

M éthylation tolerant, mismatch repair defective variant lines have 

been established of both of these cell lines ((Branch, et aL, 1993), this 

thesis, (Kat, et aL, 1993)). This implies that p53 probably has little 

impact on the méthylation tolerance observed.

Genome Instabil ity and Disease

In the previous sections I have illustrated the association of 

microsatellite instability with cancer. This is by no means the only 

association between genome fragility and cancer (Creasy, 1981).

Genome instability can be broadly defined as the change of 

DNA content of a cell. This change can occur at very different scales. 

From polyploidy, where extra copies of all chromosomes are present, 

via aneuploidy, where loss or gain of chromosomes has occurred, to 

intrachromosomal damage, such as chromosome rearrangement, gene 

a m p l i f i c a t io n ,  t r in u c le o t id e  re p e a t  in s ta b i l i ty ,  m in i-  and 

m icrosa te llite  variation and the changes at the sm allest scale, 

mutations of individual bases.

Here I will discuss small scale genetic instability and its 

association with human diseases.

Variabili ty  in repetitive DNA sequences

Repetitive sequences are common in the human genome (Tautz 

and Renz, 1984). The length of each repeat unit in such tracts varies 

from a single nucleotide (for example (A)n repeats in Alu s e q u en c es )
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to more than 1 0 ^  bases (up to 4 Mb in the centromeric major 

satellite region (Willard, 1990)). Although termed 'junk DNA' before 

any function was ascribed to repetitive DNA sequences, certain 

repeat tracts play a vital biological role. For example centromeric and 

telomeric repeats are essential for chromosome maintenance.

Due to the nature of their prim ary s truc ture  repe tit ive  

sequences can be sites of genome instability. Genetic recombination 

events and DNA replica tion  errors occur m ore frequen tly  in 

reiterated than random DNA sequences (Modrich and Lahue, 1996).

I will consider two types of repeat varia tion  and their 

association with disease: microsatellite instability and trinucleotide 

repeat expansions. Changes in minisatellite  repeat length are not 

thought to be associated with disease.
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M icrosatel l i te  instabili ty and cancer

Whilst variation in minisatellites is confined to the germ line, 

human diseases characterised by somatic variability in microsatellite 

sequences are known. As described prev iously , loss o f post 

replicative DNA mismatch repair activity can result in reduction of 

DNA replication fidelity (Schaaper, 1993). Small scale genomic 

fragility associated with mismatch correction defects occurs in the 

main part in microsatellite sequences (Karran, 1996).

Why should frameshift mutations in noncoding satellite DNA 

sequences be characteristic of a defect associated with accelerated 

tum our progression?

The answer may be that the mutator phenotype that results 

from mismatch repair defects is genome wide and not limited to the 

diagnostic microsatellite  sequences. Cancer development has been 

considered a somatic evolution event since the beginning of the 

century ((Tomlinson, et al., 1996) and references therein). Beneficial 

mutations give a cell a selective advantage over the unaltered mass 

o f  the popu la tion . Its offspring  becom e p ropo rt iona lly  over 

represented in the population. A further mutation, in addition to the 

primary change, may occur, giving a further selective advantage and 

so forth. For colon cancer it has been estim ated that m ultiple  

mutations (and epimutagenic changes) are required for the transition 

from normal tissue to full blown neoplasm (Fearon and Vogelstein,

1990). Cancer, such as the occurrence of childhood retinoblastoma, 

may be inherited. Knudson postulated that predisposition to cancer 

m ay be due to normal cells having one inherited mutation, thus 

requiring  one less mutation for tumour developm ent (Knudson, 

1971).
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The lack of DNA mismatch repair activity in itself may not 

resu lt in a growth advantage rela tive  to repair profic ien t cells 

(Tom linson, et aL, 1996). Indeed there may be a disadvantage in 

hypermutability as most alterations, if not silent, are likely to be 

deleterious. But due to the m utator phenotype there could be a 

greater likelihood of accumulation of the transform ing mutations 

within a human life span. Sufferers of HNPCC are affected by 

gastro in tes tina l  neoplasia  on average  20 to 30 years before  

individuals without predisposition (Lynch and Smyrk, 1996). This 

may reflect an accelerated p rogression  through the m uta tional 

cascade.

Microsatellite instability is not exclusive to HNPCC associated 

tumours but also found in a wide variety of sporadic cancers as 

illustrated previously. In these somatic tumours it is thought that 

both copies of a mismatch repair gene have been lost. The avalanche 

of publications searching for microsatellite instability in tumours that 

followed the initial reports of this mutator phenotype illustrated the 

prob lem  of defining instability . A lthough some studies report 

instability after the observation of a single polymorphism at one 

locus analysed, it is generally accepted that variation at a minimum 

of two loci is needed to define microsatellite instability which, after 

all, is by definition a genome wide event.

Numerous genes essential for preventing tumour development 

and growth are likely targets for mutation in mismatch correction 

defective cells. Inactivating frameshift mutations have been detected 

at higher frequencies in mismatch repair defective cells within the 

genes encoding (32 - microglobulin ((32M) (see Chapter 7) (Bicknell, et  

aL,  1996; Branch, et a l ,  1995), transforming growth factor b receptor 

II (TGFbRII) (Markowitz, et aL, 1995), insulin like growth factor 2
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rec ep to r  (IG F2R) (Souza, et al., 1996) and m ism atch  repair  

com ponen ts  them selves (M alkhosyan, et al., 1996). Hotspots for 

inactivating  mutations are virtually  always located in sequences 

resembling short microsatellite DNA tracts, residing within the coding 

sequences of the genes. Mutations detected are generally frameshifts 

involving loss or gain of one repeat unit. How does the abolition of 

these cellular activities confer a selective advantage on the cell? The 

loss of function of additional mismatch repair components may result 

in accentuation of the mutator phenotype. For example a cell lacking 

hM SH6 cannot form the hM utSa complex but the hMutSp function is 

probably not impaired (see Figure 1.3). Thus, the cell has a partial 

recognition defect. Inactivation of a further MutS homologue such as 

hMSH3 would lead to total loss of the hMSH2 dependent recognition 

activity. The emergence of tumour cells with two mismatch repair 

defects, the first conferring partial and the subsequent complete 

inability to process mismatches, indicates that there is a selective 

advan tage  to be gained for certa in  tum our cells by being 

h y p e rm u ta b le .

TGFbRII and IGF2R inactivation result in the unharnessing of cells 

from proliferative control, thereby giving a growth advantage over 

restrained cells. The growth advantage conferred by loss of p 2 M 

function, involving the removal of imm unological constraint from 

tumour cells, is discussed in detail in Chapter 8 .

Diseases associated with triplet repeat expansion

Certain  trinucleotide repeat sequences alter in a very different 

fashion to microsatellite sequences described above. Most of the 

variation is accumulated in the germ line. Changes in tract length are
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apparently due to recombination events rather than the persistence 

of replication errors.

At least five diseases are associated with such trinucleotide 

repea t expansions (for review see (Nelson, 1993)): frag ile  X

syndrom e, m yotonic  dystrophy, sp inobu lbar m uscu lar  a trophy , 

Huntingtons disease and spino-cerebellar ataxia type 1. All of these 

d iseases are neurodegenerative disorders, with the exception of 

myotonic dystrophy, where muscle tissue is also damaged, neurons 

are the sole affected tissue.

Although genome instability observed in both triplet expansion 

diseases and mismatch repair defects resulting in m icrosa te llite  

instability occurs in the same type of repeats, they are not associated 

with one another. There is no evidence for HNPCC leading to any of 

the five diseases associated with expansion of triplet repeat tracts. 

Neither is microsatellite instability over represented in tissues from 

individuals suffering from a triplet expansion disease.

The mechanism underlying the two types of instability  is 

distinct. M icrosatellite instability is characterised by the somatic 

change in one or few repeat units. Triplet expansions that lead to 

disease involve much longer stretches of DNA and occur mainly in 

the germline. Microsatellite instability occurs due to the persistence 

of DNA replication errors whilst triplet expansion is the outcome of 

recom bina tion  events (thus triplet expansion is thought to be 

influenced by genomic imprinting (Monk and Surani, 1990)). Somatic 

changes in the length of triplet repeats are likely to occur in 

mismatch repair defective cells but will not cause disease because 

they are not passed on to the germ line or of the same magnitude as 

disease causing mutations.
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Point  mutations

M utator phenotypes that resu lt  a ltera tions in the DNA 

replication machinery will most likely result in point mutations 

(Minnick and Kunkel, 1996). This does not just apply to the mutator 

phenotype associated with defects in mismatch processing. In E. coli 

and certain viral systems it is known that alterations in base choice 

(and sanitation of the deoxynucleotide triphosphate pool) can lead to 

such a mutator phenotype as can defects in exonucleolytic proof

reading  by the polymerase (reviewed by (M innick and Kunkel,

1996)). The mutational spectrum associated with these defects is 

characterised by base substitutions not frameshift mutations.

The accumulation of point mutations is not thought to have as 

great an impact as frameshift mutations on the development of 

disease. Codon redundancy means that the altered sequence may 

have the same coding properties as the unmutated tract. Even if the 

mutation alters the coding property, unless the change occurs in a 

portion of the protein relevant for enzyme function, there is a good 

chance that the m utation will rem ain aphenotypic. F ram eshift 

mutations within a coding sequence will cause production of a non

sense protein and are more likely to cause disease (Jiricny, 1996).

All of the mutations described so far occur at random. I will 

conclude my discussion of genome instability in humans with the 

discussion of an incidence where mutations may not be lacking 

direction: the phenomenon of adaptive mutations.

A d apt ive  m utat ions

The neo-D arw inian consensus envisages that spontaneous 

mutations occur in actively dividing cells and are random. The
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phenotype (if any) conferred on the cell then comes under the

scrutiny of selective pressures. Some observations are at odds with 

this view. Adaptive mutations as described by Cairns et al. (1988) 

are found in non - dividing cells after non-lethal selection. It is 

suggested that mutations only accumulate in genes that conferred the 

ability to grow and to escape the starvation conditions under which 

the experim ents were carried out. However, this has not been 

unequivocally  demonstrated.

In E. coli mechanistic differences have been detected between 

spo n taneou s  and adap tive  m uta tions . T here  is ap p aren tly  a 

requirement for recombination in the occurrence of adaptive but not 

other spontaneous mutations (Harris, et aL, 1994). The mutational 

event is also characteristic. Reactivation of the lacZ  gene in E. coli that 

has been inactivated through insertion of a single nucleotide occurs 

through frameshift mutations in repetitive DNA tracts (Rosenberg, et  

al . ,  1994). Indeed the mutational spectra observed with adaptive 

alterations and spontaneous changes occurring in mismatch repair 

defective cell are identical (Longerich, et al., 1995). This indicates

that impairment of the mismatch repair system may be involved in 

the formation of adaptive mutations.

While the existence of this type of directed mutation remains a 

matter of debate, these experiments have highlighted the possibility 

of mutations occurring in essentially non-dividing populations. This 

latter aspect may have direct implications for the development of 

human cancer (Strauss, 1991).

But the existence of adaptive mutations at all is contentious as, 

although there is evidence for mutations occurring in essentially non

dividing cells, the targeting of mutations is questionable.

73



Overview of work described in this thesis

The work described in this thesis is concerned with the

m olecu lar changes that underlie  to lerance to DNA m éthylation  

damage in human cells. In Chapter 3 I describe the identification of 

specific microsatellite instability and identification of the mismatch 

repair component defective in the mismatch recognition defective, 

tolerant Burkitts lymphoma variant RajiF12. In Chapter 4 work is

presented on the phenotypic characterisation of méthylation damage 

tolerant cell lines isolated by acute exposure to methylating agents. 

Phenotypes consistent with mismatch repair defects are discerned 

and the biochemical defect identified by in vitro complementation of 

m ism atch  processing activity. Chapter 5 is concerned with the

d iscussion of phenotypic characteristics detected in tolerant cell 

variants generated through incremental treatm ent with methylating 

agents. Mismatch repair defects are detected and, in contrast to the

cell lines described in Chapter 4, reacquisition of methyltransferase 

activity, possibly through epigenetic modifications, is detected. In 

chapter 6 I address the characterisation of microsatellite instability 

in a mismatch repair defective human colorectal adenocarcinoma cell 

line that gave the first example of in vivo occurrence of tolerance to 

DNA méthylation damage, further establishing the phenomenon of 

to lerance as a characteristic generally associated with mismatch 

repa ir  defects . In Chapter 7 I report  my iden tif ica t ion  of 

microsatellite instability in tumours capable of evading the immune

surveillance mechanism. This implicates mismatch repair defects in a 

causal role in carcinogenesis and tum our progression . In the

concluding discussion. Chapter 8 , I a ttem pt to put the results

obtained in context of work in the field. I also speculate on the 

relationship between defects in specific components of the human
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long patch mismatch repair system and tolerance to DNA méthylation 

dam age, the action of m onofunctiona l m ethy la ting  agents as 

m utagenic  and ep im utagenic  agents and why m ism atch  repair 

defects are associated with cancer.
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Chapter 2 

Materials and Methods

M a t e r i a l s  

Cell culture

Cells were grown in media supplemented with 10% (v/v) foetal 

calf serum (Gibco BRL). Sterile disposable plastic ware was acquired 

from Becton Dickinson, Greiner Labortechnik, Nunc and Sterilin.

Cell lines and tumour samples

R ajiM ex+  and RajiMex" were obtained from the American Type 

Culture Collection, Rockville, Maryland. RajiF12 was established as a 

variant of RajiMex" in this laboratory.

SW620 and SW48 were donated by C. Dixon, Cancer Genetics 

Laboratory, ICRF, London.

Tum our samples were contributed  by the D epartm ent of 

Pathology, John Radcliffe Hospital, Oxford, Prof. A. Harris, ICRF 

Medical Oncology Unit, Oxford and Dr. I. Tomlinson, Cancer Genetics 

Laboratory, ICRF. London.

C h e m ic a l s

Chemicals were obtained from FSA Laboratory Supplies, Gibco 

BRL Life Technologies, Merck/BDH, Bio - Rad Laboratories, National 

Diagnostics, Anachem Ltd. and the Sigma Chemical Company unless 

otherwise stated.
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R a d i o c h e m i c a l s

Redivue [g^^P jdA T P  (500Ci/m m ol), Redivue [a ^ ^ P ]  d C T P  

(3000Ci/m m ol), Redivue L - ^ S ] M e th io n in e  and [ l^ C ]  m ethylated  

proteins molecular weight standards (10-100 mCi/mg protein) Were 

purchased from Amersham International pic.

M olecular  biology reagents

Taq polymerase was acquired from Boehringer Mannheim and 

the Protein Purification Laboratory of the Imperial Cancer Research 

Fund. T4 polynucleotide kinase was obtained from New England 

Biolabs Inc.. Proteinase K was purchased from Boehringer Mannhein 

and Gibco BRL. TnT wheat germ and rabbit reticulocyte in vitro 

transcription and translation kits were obtained from Promega Corp..

M e t h o d s

Standard solutions used throughout  experim ental  
p r o c e d u r e s

Disodium ethylenediaminetetraacetic acid (EDTA), Tris EDTA, 

Phosphate Buffered Saline (PBS), Standard Sodium Citrate and Tris 

Borate EDTA solutions were prepared as described by (Sambrook, et  

al., 1989b) and diluted as required.

Cell culture techniques

M aintenance cell culture

Raji cell variants were maintained in 2% RPMI1640 cell culture 

m edium (Gibco) supplemented with 10% foetal calf serum at a
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concen tra tion  between 0.5 and 1.5x10^ cells ml" 1 at 37 in 

humidified atmosphere containing 5% C 0 2

2% RPMI1640:

(all values in mg per litre growth medium unless stated otherwise)

Ca(N0 3 )2 .4H2 0 , 100; KCl, 400; MgS0 4 , 48.84; NaCl, 6000; Na2HP0 4  (anhydrous), 
800; L- Argenine (free base), 200; L- Asparagine, 50; L Aspartic acid, 20; L- 
Cystine (2HC1), 65.15; L- Glutamic acid, 20; L- Glutamine, 300; Glycine, 10; L- 

Histidine (free base), 15; L- Hydroxyproline, 20; L- Isoleucine, 50; L- Leucine, 
50; L- Lysine HCl, 40; L- Methionine, 15; L- Phenylalanine, 15; L- Proline, 20; L- 
Serine, 30; L- Threonine, 20; L- tryptophan, 5; L- Tyrosine; 28.83; L- Valine, 20; 
Biotin, 0.2; D-Ca Pantothenate, 0.25; Choline Chloride, 3; Folic Acid, 1; i- Inositol, 

35; Nicotinamide, 1; Para- aminobenzoic acid, 1; Pyridoxine HCl, 1; Riboflavin, 
0.2; Thiamine HCl, 1; Vitamin B i2 , 0.005; D- Glucose, 2000; Glutathione, 1; Phenol 

red, 5; NaHCOg, 2000; Penicillin, 100000 units; Streptomycin, 100

Dilutions were carried out as required with medium preheated to 37 

OC. SW48 and SW620 were grown to confluency under humidified 

conditions in 2% RPMI1640 (5% C 0 2  atmosphere) and E4 (10% CO2 

atm osphere) growth medium supplem ented with 1 0 % foetal calf 

serum respectively; for passage, cells were detached after removal of 

growth medium by 5 min incubation in Trypsin so lution (0.5% 

Trypsin w/v in PBS, 70 ml cm"2 surface of cells to detach) at 37 

Subsequently , cells were p lated out at ca. 20% the prev ious 

concen tra tio n .

Large scale cell culture (in excess of 500 ml culture size) was 

carried out under the same conditions as small scale culture by the 

Cell Production Laboratory at Clare Hall.

Cell storage

Frozen cell stocks were stored at -70 ®C and under liquid 

nitrogen. For storage 2 to 5x10^ cells were pelleted by centrifugation 

for 5 min at 1200 rpm using a MSB Centaur 2 centrifuge. Excess
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medium was removed and the pellet resuspended in 1 ml of the 

appropriate growth medium supplemented with 10% (v/v) DMSO as a 

c ryopreservative . Cell suspensions were transferred  into Nunc 

cryotubes, wrapped into multiple layers of tissue paper and either 

stored at -70 until next required or kept at -70 for 48 h and 

then transferred to liquid nitrogen storage.

C ells  w ere re tr iev ed  by thaw ing  c ry o tu b es  at room  

temperature, pelleting the cells as before, rem oving the storage 

medium and resuspending the pellet in 5 ml of the appropriate 

growth medium.
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Establishment cultures from single cells

Single cell clones were established by limiting dilution as 

ou tlined  by Cooper (Cooper, 1973). Cell concen tra tions were 

e s t im a ted  using a haem ocy tom eter (Absher, 1973) (N eubauer 

Im proved, Weber Ltd.) under magnification (Labovert Microscope, 

Leitz Ltd.). Suspensions were diluted in appropriate growth medium 

to a concentration of 20 to 50 cells ml~l culture and seeded into 96 

well plates, 100ml of cell suspension per well. After 2 to 3 weeks of 

growth, mass cultures were established if only one colony was 

v isib le .

S e lec t io n  procedures

Resistance to MNU was selected for in RajiMex" cell populations 

by treatment with toxic levels of MNU (a gift from Peter Swann, 

University College London). MNU was dissolved in 10 mM potassium 

acetate (pH 5.0) at a concentration of 10 mM and filter sterilised. 

R a j iM e x "  cells are highly sensitive to 10 mM MNU (Branch et a i ,  

1993).

Selection for méthylation damage resistance: Acute
t r e a t m e n t

R ajiM ex "  cells were plated in 96 well dishes at a concentration 

of 2x10$ or 3x10^ cells per well, treated with MNU at a final 

concentration of 500 mM and incubated for 28 days. Mass cultures 

were established if only one colony was visible (See Table 2.1 for 

survival frequency).
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Table 2.1. Cell survival frequencies of RajiMex" cells after  
acute MNU treatment

R a j iM e x "  (A) (1 )  R a j iM e x "  (B) (1 )  

Number of cells l.VxlO^ 2x10^

pla ted  well" 1

Total  number of 3x10^  4 x 1 0 ?

cel ls  treated

Num ber of wells 16 9

v iab le  co lonies

Cell  survival 4 .8 x10 "^  2 .3 x 1 0 -7

frequency ( 2 )

( su rv iv o r s /ce l l

t r e a t e d )

Average frequency of surviving cells = 3.55x10-7 pgr cell treated

O ) Raji Mex" (A) and RajiMex* (B) were established as independent clones 
from the original laboratory stock of RajiMex* by Pauline Branch.

(^) The frequency of surviving cells (f) was calculated as: 
f = S/T

w i th
S: the number of surviving cells 
T: total number of cells treated

Selection for méthylation damage resistance: Chronic
t r e a t m e n t

Ten cultures from three independent subclones of RajiMex" 

were sequentially subjected to 20, 30, 40, 50, 100, 320 and 500 mM 

MNU and allowed to recover to a normal growth rate between 

treatments. Increments were empirically determined. When cells had 

recouvered  after treatment cultures were subdivided and treated 

with a range of MNU concentrations. Samples treated at the highest
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MNU concentration where cell growth was observed 7 days after 

se lection were chosen for further treatment. From each culture 

showing growing after treatment with 500mM MNU only one single 

cell clone was established.

Resistance to MNU

To assess whether cell lines were resistan t to m éthylation 

damage cells were subjected to 30 mM MNU, prepared as previously 

described. Cell concentrations were determ ined at the tim e of 

treatment and at 24 h intervals for 5 to 7 days and cultures diluted 

as required.

Analysis  of spontaneous mutation frequency and  
mutation rate at the H P R  T locus

The frequency and rate of occurrence of HPRT" cells was

estimated by growth in the presence of 6 - thioguanine (6  - TG). 

H P R T +  cells are killed by such treatment whilst HPRT" survive.

Stock solutions of 6 - TG were prepared at a concentration of 

Img m l ' l  in 0.1 M NaOH and filter sterilised.

The mutation frequency was determined by plating 10^ cells

per well into 96 well plates in medium containing 5 mg ml" 1 6 - TG. 

Cultures were scored for growth after incubation  for 21 days.

Mutation frequencies F were derived as:

F = N(HPRT")/N(T)
w i t h

N ( H P R T ‘): number of positive wells 

N(T): total number of cells treated
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As the number of cell doublings in which varia tion was

accumulated was known in cultures in which mutation frequencies

were determined, the mutation rates were estimated by:

r = F/n(g)
F: mutation frequency

n(g): number of generations (approximately 30 generations)

Fluctuation Analysis of the H P R T  mutation rate

Analysis of mutation rates by fluctuation analysis minimises 

the risk of overestimate of the rate due to preexisting mutants. In 

adaptation of the method described by Luria and Dellbruck (1943), 

m ultip le  single cell clones were established from the individual 

variant cell lines measured, grown to 10^ cells and seeded into 96 

well dishes in the presence of 5 mg m l ' l  6 - TG. Cultures were scored 

as positive if cell growth was seen in one or more wells. The mutation 

rate (m) was calculated as:

m = M C"1 ln2

w i t h

M = -In Pq; Po: the number of cultures without mutants

C: Number of cells put into selective media
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Biochemical and microbiological methods

M easurement of  protein concentration in aqueous  

s o l u t i o n

Protein concentrations were estimated according to (Bradford, 

1976). An aliquot of extract (typically 1 ml) was added to 900 ml 

Bradford reagent and the volume made up to 1ml with d H 2 0 . After 

thorough mixing the absorbance of 595 nm wavelength light by the 

so lu tion  (A 5 9 5 ) was determined and the A 5 95  of a preparation 

w ithou t ex tract subtracted. The concen tra tion  of p ro te in  was 

estimated by means of a standard curve established by determining 

the A595  of samples with known amounts of BSA (10, 20, 40, 80, and 

100 ml of 100 mg/ml BSA).

Bradford Reagent

100 mg Coomassie Brilliant Blue G-250 

50 ml 95% (v/v) Ethanol 

100 ml Orthophosphoric acid (85% (v/v))

Made up to 1 1 with dH 20 and stored at 4 °C  protected from light.

Measurement of nucleic acid concentrations in aqueous  
s o l u t i o n

Concentrations of DNA, RNA and oligonucleotides in solution 

were determined by the method of (Sambrook, et a l ,  1989). The 

optical density of solutions was determined with light of 260 and 

280nm  wavelength (A260 and A2 8 O) in quartz cuvettes. 1 optical 

density at 260nm corresponds to approximately 50 mg/ml dsDNA, 

40m g/m l RNA and 20mg/ml single stranded oligonucleotide. The
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ratio A 2 6 0 /A 2 8 0  is an estimate of sample purity. Ratios of 1.8 to 2 

are associated with pure samples.

labell ing of  o l igonucleotides

O lig o n u c leo t id es  w ere 5' 3 2 p  e n d -la b e l led  us ing  T4

polynucleotide  kinase as described by Sam brook et al. (1989). 

Labelled oligonucleotides were separated from unincorporated [32p_ 

ATP] by Sephadex G50 spin column chromatography.

Annealing  of  o l igonucleot ides

When required, labelled oligonucleotides were annealed to 

appropriate oligomers after denaturing nucleic acids by incubation in 

10 mM Tris-HCl (pH8.0), 1 mM EDTA, 250 mM NaCl at 70 «G for 5 

min and slowly cooling the samples to RT.

O ^'m ethylguanine  DNA methyltransferase  (MGMT)  

a ct iv i ty  assay

MGMT activity was assayed for essentially as described by 

(Harris, et a l ,  1983). MGMT operates by transferring the methyl 

group from the 6 position of the guanine to a cystine residue of the 

MGMT molecule. In this capacity MGMT acts in a unusual fashion for 

an enzyme, being consumed in the reaction.

Cell extracts for methyltransferase assay  

Cell extracts were prepared by lysis approxim ately 10^ cells in 

100ml of Triton extraction buffer (50 mM Tris.HCl (pH7.5); 10 mM 

DTT; 1 mM EDTA; 0.2% (v/v) Triton X - 100; stored at - 2 0 ^ 0 ;  lysate 

was clarified by centrifugation (5 min at 11000 x g in a S ig m allS
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L abora tory  Centrifuge, Sigma L aborzentrifugen GmbH) and the 

protein concentration of the supernatant determined.

M ethyltransferase  assay: substrate  and reaction

c o n d i t i o n s

M. leutus  DNA was methylated with A -[m ethyl - 

nitrosourea as enzyme substrate; heat treatment of the DNA removes 

heat labile A-methylated bases (Karran et a l ,  1979) thus increasing 

the proportion of 06m eG ua in the total amount of m éthylation 

damage (substrates prepared by P. Branch). Enzyme reactions were 

performed in 100 ml assay buffer (70 mM Hepes KOH pH 7.8; 10 mM 

DTT; 1 mM EDTA; substrate DNA so that approximately 1.5 x 10^ 

counts per 100 ml; stored at -20^ C) by addition of 0, 25 and 50 mg. 

R eactions were incubated 20 min at 37®C, protein  and DNA 

precipitated by addition of 125 ml ice cold 0.8 M trichloroacetic acid 

and 10ml carrier DNA (2 mg/ml heat denatured herring sperm DNA) 

and incubation on ice for 5 min. The precipitate was pelleted by 

centrifugation at 13000 x g for 10 min at 4 (Hereus Biofuge 17RS 

cen tr ifuge)  and the supernatant rem oved and discarded . -

[^HJmeGua in DNA was hydrolysed by incubation with 0.1 M HCl. This 

treatment did not hydrolyse [^H]methyl groups associated with the 

methyltransferase. Thus transferred and non transferred CH 3 groups 

could be distinguished. After incubation on ice for 5 min and 

centrifugation (1 min, 1000  x g at room temperature) 80 ml of the 

hydrolysate were added to 5 ml Picofluor (Picofluor 15, Packard) and 

activity  measured in a liquid scintillation counter (Tricarb 1500 

Liquid Scintillation Counter, Packard).
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M ethy ltransferase  activ ity , expressed  as the rad ioac tiv ity  

rem oved from the DNA by cell extracts was identified  as the 

radioactivity liberated by hydrolysis where cell extracts were added 

to the incubation subtracted from the amount of rad ioactiv ity  

liberated where no MGMT was present.

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 

d is in tig ra tions per min in the sam ple conta in ing  ex trac t was 

subtracted from the number of disintigrations detected in the control 

reaction without protein.

The specific activity of the substrate was approximately 5x 1 0 ^  

dpm per pmole DNA, the counting efficiency was assumed to be 20%. 

T hus, ap p ro x im a te ly  10^ cpm per pmole substrate would be 

reco rd ed .

If the data are plotted as amount 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^ = c p m / m g
10"̂ c p m / p m o l e
with 1 unit of methyltransferase being able to remove 1 pm ole of 

O^meGua.
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M ic ro sa te l l i te  an a lys is

The length of microsatellites in genomic DNA preparations was 

m easured by PCR amplification of microsatellite  sequences using 

oligomers specific for sequences flanking each microsatellite analysis 

fo llow ed  by denaturing  PAGE using a varie ty  o f de tec tion  

m ech an ism s.

Isolation of genomic DNA

Three methods were used for isolation of DNA: for large scale 

isolation (>10^cells) an automatic DNA extraction machine (Applied 

B iosystem s 340A, operated by B imbula Laguda, Human Genetic

Resources Laboratory, ICRF Clare Hall), whilst a phenol chloroform 

purification protocol or a crude lysate preparation were used for 

small scale extractions.

Small scale DNA preparations of high purity were obtained by 

pelleting cells, washing twice in PBS resuspending the pellet in 

ex traction  buffer ( 2 0  ml extraction buffer per 1 0 ^ cells to be 

extracted; 10 mM EDTA, 50 mM Tris.HCl (pH 8.0), 0.5% w/v sodium- 

lauryl sarkosinate, 0.5 mg/ml Proteinase K) and incubating the lysate

2 hrs at 50^C. After Ihr of the incubation, 10 ml RNAase H (0.5

m g/m l) were added per 20 ml ex traction  buffer used. A fter 

co m p le tio n  o f  the 2 h incub a tio n , and equal vo lum e of 

phenolichloroformiisoamyl alcohol (ratio 25:24:1 (v/v/v)) was added. 

A fter b r ie f  vortexing, the sam ples were cen trifuged  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
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vortexing and removal of the top phase. To this 500 ml of 3M sodium 

acetate (pH 5.2) and 2 volumes of ethanol (-20OC) were added and 

the DNA allowed to precipitate for Ihr at -70°C . Sam ples were

centrifuged 5 min at 13000 x g in a Sigma centrifuge, the

supernatant removed and the pellet resuspended in TE.

Crude lysate DNA samples were prepared according to Smith et  

al. (1992) by lysis of approximately 10^ cells in 100 ml extraction 

buffer (10 mM Tris pH 8.3; 50 mM KCl; 1.5 mM M g C l2 .6H 20 ; 100 

mg/ml bovine serum albumin (Fraction V); 0.5% Tween 20; 100

mg/ml Proteinase K) and incubation for 3 hr at 55®C. After heat

inactivation of Proteinase K (3 min at 95®C) samples were used 

directly as PCR templates.

PCR am plification  

Prim er oligonucleotides for am plification  of  
m ic r o sa te l l i te  seq u en ces

Oligonucleotides were synthesised on an Applied Biosystems 

DNA Synthesiser by the Oligonucleotide Synthesis Service, Clare Hall, 

and supplied dried down and fully deprotected. Supplied oligomers 

were processed as recommended by the manufacturers to remove 

by-products of synthesis: the pellet was dissolved in 200 ml 0.3 M 

sodium acetate, 10 mM M gC l2 .6H 20. 600 ml of ice cold ethanol were 

added and DNA precipitated at -70 ®C for 15 min. The precipitate 

was pelleted, rinsed with 80% cold ethanol and redissolved in TE.
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The sequences of primers for repeat sequence amplification 

were as follows:

Mononucleotide repeat loci (Parsons et ah, 1995):

BAT25

5' TCGCCTCCAAGAATGTAAGT 3'

5' TCTGCATTTTAACTATGGCTC 3'

BAT26

5’ AACCATTCAACATTTTTAACCC 3'

5' TGACTACTTTTGACTTCAGCC 3'

BAT40

5' ATTAACTTCCTACACCACAAC 3’

5' GTAGAGCAAGACCACCTTG 3'

Dinucleotide repeat loci (Gyapay, et a l ,  1994);

Four dinucleotide repeat loci were studied for the main part of 

this work. One of each set of primers was fluorescently labelled (by 

addition  of a HEX - phoshoram id ite  at the 5' end of the 

oligonucleotide).

Locus DIOS 197

5’ ACCACTGCACTTCAGGTGAC 3'

5' GTGATACTGTCCTCAGGTCTCC 3’

Locus D11S904

5' ATGACAAGCAATCCTTGAGC 3’

5' CTGTGTTATATCCCTAAAGTGGTGA 3'
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Locus D13S175

5' TATTGGATACTTGAATCTGCTG 3’

5' TGCATCACCTCACATAGGTTA 3'

Locus D17S941

5' CCAAACATTGTTCAGGTGC 3’

5' TATGCCAGCCGAAATCA 3'

For other loci not routinely analysed (see Table 3.1) specific 

o ligonucleotide  primers were obtained from the Human Genetic 

Resources Laboratory, Clare Hall.

PCR reaction conditions

PCR reactions were carried out in a volume of 50 ml containing 10% 

(v/v) DMSO, 10 mM Tris.HCl (pH 8.3), 1.5 mM M gC l2 .6H 20, 50 mM 

KCl, 2 mM of each dNTP, 2 mM of each primer and 0.02 Units of Taq 

DNA polymerase per ml reaction volume. An arbitrary amount of 

template DNA (typically 2 ml) was added to each reaction; control 

reactions in the absence of DNA and with non - template DNA (from 

C hinese  ham ster ovarian cells) were carried  out to m onito r 

contam ination and spurious amplification. Any sets of reactions 

where such problems were apparent were discarded. Temperature 

cycle conditions used for amplification of mononucleotide repeats 

were 35 cycles of 30 s at 95 ^C (denaturing of DNA), 1 min at 50 

(annealing of primer to template) and 1 min at 70 ®C (p rim er 

elongation). Cycle conditions for amplification of dinucleotide repeats 

were: 35 cycles of 1 min at 90 ®C, 30 s at 55 ®C and 30 s at 72 ®C. 

Reactions were checked by agarose gel electrophoresis (Figure 2.2).
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Agarose gel electrophoresis of PCR products

For rapid assessment of amplification DNA samples were 

analysed by horizontal gel electrophoresis in a BioRad Mini Sub - Cell 

apparatus. 20 ml of PCR reaction products were loaded with 2 ml of 

lOx agarose loading buffer (50% (v/v) glycerol, 1 mM EDTA, 0.4% 

(w/v) bromophenol blue, 0.4% xylene cyanol) per well onto a 1% 

agarose gel. DNA fragments were visualised under UV illumination. 

Ethidium bromide was added to both gel and running buffer to a 

final concentration of 200 ng/ml. DNA fragments were visualised 

under UV illumination and photographed through a red filter using a 

Polaroid Land camera with Polaroid type 57 instant film. Figure 2.1 

depicts a typical example of PCR products analysed using above 

m ethods.

Figure 2.1 Agarose gel electrophoresis of PCR products

1 2 3 4 5 6 7 8

PCR reactions were performed and analysed by agarose gel electrophoresis as 
described in the text. In lanes 1 to 4 reactions carried out with D2S123 are 
analysed, in lanes 5 to 8 amplification with D2S177 is detected. In Lanes 1 and 5 
amplification was carried out from a human genomic DNA sample. A specific 
amplification product is visible as a distinct band. In lanes 2 and 6 products 
from amplification with a CHO template are analysed. No amplification is 
expected, as the primers are specific for human genomic DNA. These reactions 
are included as a negative control. Specific amplification products are seen in 
lanes 3, 7 (RajiMex' template DNA) 4 and 8 (RaJiF12 template).
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D enaturing polyacrylam ide gel e lectroph oresis  o f  PCR  

p r o d u c t s

For precise determination of microsatellite length, PCR products 

were analysed by denaturing PAGE. 6 % denaturing polyacrylamide 

gels (6 % (w/v) acrylamideibis-acrylamide (19:1), 7 M urea, IxTBE) 

were used throughout. A thickness of 0.8 mm was employed for 

analysis by Southern blotting and 0.6 mm autom atic fragm ent 

analysis .

Southern blot detection of denaturing polyacrylam ide
g e l s

Samples for Southern blotting were prepared by mixing 3 ml of 

PCR product with 4 ml deionised formamide and 1.5 ml loading 

solution (deionised formamide, ImM EDTA (pH 8.0), bromophenol 

blue (trace), xylene cyanol (trace)). Samples were stored on ice 

immediately after heat dénaturation (3 min at 94 ^0 );  7 ml of each 

were loaded per lane. Gels (50cm gel length) were preheated to 50®C 

before  loading, samples were applied and electrophoresed at a 

voltage of 125 V in IxTBE buffer until the xylene cyanol reached the 

bottom of the matrix. Samples were blotted onto Hybond N+ nylon 

m embranes for 120 min using lOxTBE as transfer buffer. After 

alkaline fixing of the DNA to the membrane (in 0.4 M NaOH under 

agitation at room temperature for 2 0  min) and neutralisation with 

5xSSC (5min at room temperature) membranes were probed with a 

3 2 p  labelled PCR primer. Hybridisation of the probe to the DNA 

immobilised on the membrane was performed in 40ml hybridisation 

solution (7% (w/v) SDS; 10% (w/v) PEG (average Mwt 6000 to 7500; 

250 mM NaCl; 130 mM potassium phosphate buffer (pH 7)) in the 

presence of approximately lOOpmol ^ ^ P  labelled probe (one of the
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oligonucleotides used for PCR) at 42®C in a rôtisserie hybridisation 

oven (Hybaid) for 12 hrs. Membranes ware washed twice for 10 min 

in 2xSSC, 0.1% (w/v) SDS before exposure to Kodak X-OMAT film at 

-70 OC.

Figure 2.2 illustrates the sensitivity of this assay for detection 

of dinucleotide repeat changes.
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Figure 2.2 Sensitivity of Southern blot analysis

( A )
1 2 3

(B)

1 2 3 4 5

Amplification was performed with primers specific for locus A fm l23 as 
described. Fragments were separated by denaturing polyacrylamide gel 
electrophoresis and blotted as described. Panel (a) depicts the genotype of the 
human DNA sample SM in lane 1, RajiMex" lane 2 and RajiF12 lane 3. The 
genotype of the Raji variants was identical at this locus. The allele length 
detected in SM differ, the larger allele lane 1 is significantly shorter than that 
seen in analysis. Thus, variation in allele length can be detected by this 
a p p r o a c h .

The detection limit of the Southern blot analysis was measured in panel 
(b). RajiMex" and human genomic DNA SM were mixed 1:1 (v/v) (both DNA 
samples at a concentration of 0.5 mg/ml) and the mixed DNA serially diluted 1:1 
(v/v) with RajiMex" DNA. these DNA preparations were used as PCR template 
and the products analysed as described. The template in lane 1 as exclusively 
SM genomic DNA, in lane 2 50% SM and 50% RajiMex",in lane 3 25% SM and 75% 
RajiMex", in lane 4 12.5% SM and 87.5% RajiMex" and in lane 5 6.25% SM and
93.75% RajiMex"' Presence of the SM. genotype was detected down to a 
proportion of between 12.5% and 25%.
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Fluorescent detection of PCR products

PCR products from amplification with f luorescently  tagged 

primers was analysed on an automatic sequencing machine. Samples 

were run through a 6 % denaturing po lyacry lam ide  m atrix  as 

described above. 20  cm below the wells, a laser beam is passed 

through the gel. If fluorescently labelled fragments are present in the 

plane of the beam the excitation is recorded. An internal standard is 

run in each lane and a size calibration curve calculated automatically 

for each lane. This permits an estimate of the size of fragments run. 

Products from m ultiple loci can therefore be distinguished  and 

analysed in one lane. 2 ml of PCR product were added to 0.5 ml

standard  (Genescan-2500TM Rox) and 2.5 ml deionised formamide 

(containing trace amounts of blue dextran), denatured and stored for 

analysis as for standard denaturing PAGE. 4ml of prepared samples

were loaded per well. Gels were run for 5 hr at a voltage of 750 V.

Data were collected as intensity of fluorescence versus time during 

the run at which the measurement was taken. Data can be visualised 

a f te r  p ro c e s s in g  by the  G e n e s c a n ^  M so ftw are  as a

electrophoretogram (for examples see Figure 4.3).

A nalysis of m ononucleotide repeats by Southern  
b l o t t i n g

M ononucleotide  repeat sequences could not be v isualised  

satisfactorily using fluorescent detection. Analysis of amplification 

products from mononucleotide repeat loci was carried out using the 

Southern blot method.

A problem intrinsic to the analysis of mononucleotide repeat 

sequences was that amplification was subject to a large number of 

polym erisation errors by Taq polym erase that resulted in stutter
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bands. In Figure 4.3 (a) (Chapter 4) the analysis of the length of (A)n 

locus Bat40 in Raji 19 subclones is depicted. A problem associated 

with this detection was that a similar migration pattern to that seen 

for the specific amplification product in Figure 4.3 (a) could be 

attained if electrophoresis proceeded unevenly or if wells for loading 

samples onto gel were inconsistent. But as a control, non - specific 

amplification products were present. The length of these products 

was apparently not variable, certainly not variable in accordance 

with the (A)n repeat specifically analysed. This gave a control over 

the analysis. Variation of non - specific bands in parallel to the 

variation in the specific fragment indicated flawed analysis, variation 

of the specific band alone a frameshift mutation. It should also be 

noted that any difference in the banding pattern intensity is most 

probably due to variability in PCR efficiency between reactions.

D etection  of m icrosatellite  length polym orph ism s

In heterogeneous DNA sam ples, po lym orph ism s m an ifes t  

themselves as the appearance of an additional allele at the locus 

examined; such samples can merely be scored as stable or unstable.

D efin ition  of M icrosatellite  Instab ility

M icrosatellite  instability is a genome wide event and not 

limited to specific loci. Samples were scored as unstable if variability 

was detected at two or more of the loci studied.

Estim ation of the rate of m icrosatellite  instability

In order to estimate the rate of frameshift mutations in a cell 

line single cell clones were established that define the norm al 

genotype for this cell line, i.e. give a fixed starting point from which
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changes can accumulate during 20 cell doublings. Subsequently, 

single cell subclones were generated form this population, permitting 

the com parison of the genotypes of cells that founded these 

populations. Although variation accumulated during growth after the 

second cloning step, this was generally masked by the presence of 

DNA from cells in which no variation had occurred (see Figure 2.3 for 

detection limit of this assay).

M ism atch binding assays

Cell extracts for mismatch binding assays

Whole cell extracts for gel retardation analysis were prepared 

essentially as described by Jiricny et al. (1989). Approximately 10^ 

cells were washed twice in PBS and resuspended in 1ml of extraction 

buffer (25mM Hepes-KOH pHS, ImM EDTA, 1 mM benzamidine, 2 

mM p-mercaptoethanol, 0.5 mM spermidine, 1 mM spermine) and

dounce homogenised. Subsequently an equal volume of ice cold 

glycerol was added. After addition of 110 ml saturated ice cold

ammonium sulphate extracts were thoroughly mixed and centrifuged 

60 min at 90000 rpm in a Beckman TL100.2 rotor. The protein

concentration of the supernatant was estimated (typically 10  mg/ml) 

and extract stored in aliquots at -70 ^C .

O ligonucleotide substrates for m ism atch b inding assays

Oligonucleotides used as substrates for bandshift assays were

as previously described (Jiricny et a l ,  1989; Aquilina, et al., 1994)

(A ) 5' AGdTGGCrGCAGGTGGACGGATCCCCGGGAATT 3’

(B) 5' AATTCCCGGGGATCCGTCTACCrGCAGCCAAGCr 3'

(C) 5' AGCTTGGCTGCAGGTAGACGGATCCCCGGGAATT 3'

9 8



(D) 5' AATTCCCGGGGATCCGTCCACCTGCAGCCAAGCr 3*

(E) 5' GGGAAGCTGCCAGGCCCCAGTGTCAGCCrCCTATGCrC 3’

(F) 5’ CCCITCGACGGTCCGGGGTGTCACAGTCGGAGGATACGAG 3’

(A) and (B) were annealed to give a duplex DNA molecule containing 

a GT mismatch, (C) and (D) to obtain an A C mismatched substrate 

and (E) and (F) a molecule with two adjacent unpaired nucleotides 

(GT), to mimic a frameshift intermediate. Oligonucleotides giving 

looped out CA in the same sequence context were also used.

Matched control duplexes were produced by annealing (A) and

(D).

M ism atch b inding reactions

For the binding reaction (Jiricny et a l ,  1989) 10 to 15 mg of binding 

extract were incubated in a reaction volume of 20 ml for 5 min at 

room temperature in 25 mM Hepes.KOH pH 8 , 0.5 mM EDTA, 10% 

(v/v) glycerol containing 0.05 mg/m l p o ly (d I .dC ) 2  and 0. 1  nM 

matched competitor DNA (unlabelled nucleic acids are included to 

occupy non - specific binding activities in the cell extracts, so that 

specific recognition of the - labelled mismatched substrate could

be m onitored). 2 0 fmoles of labelled m ism atched substrate were 

added to the reaction and incubated at room temperature for 2 0  min. 

1ml loading buffer (50% (v/v) glycerol; 50% (v/v) TE; bromophenol 

blue (trace)) was added and 10ml of the mix loaded per lane on a 6 % 

non - denaturing polyacrylam ide gel. After approxim ately Ih  of 

electrophoresis at 80V (or until dye front reached the bottom of the 

matrix), gels were transferred onto 3MM paper, sealed in plastic and 

autoradiographed at -8 0 ^ 0 .
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Protein truncation test (PTT)

The PTT assay was designed to identify m utations within

coding  sequences that lead to p rem ature  trunca tions  o f  the 

polypeptide encoded. Such truncated peptides have been shown to be 

disease causing and have been found in mismatch repair components 

(for example see (Papadopolous, et aL, 1995)).

From an RNA :DNA hybrid, the coding sequence was amplified

by PCR using primers specific for fragments that overlap. The primer 

at the 5' end of each amplified fragment was tailed with a T7 - RNA 

polymerase promoter and an in frame transcription initiation site, so

th a t  a p e p t id e  c o u ld  be s y n th e s i s e d  by in v i t r o

transcrip tion/translation  and analysed by SDS - PAGE for any 

truncated peptides

Isolation of RNA and first strand cDNA synthesis

Total RNA was isolated by the guanidium method described by 

(K ingston , 1996). W here app licab le , so lu tions used in RNA 

preparation  were treated with d iethyl pyrocarbonate  to rem ove 

ribonuclease activity.

Cells were washed twice in PBS. The pellet was dissolved in 

guanidium  lysis solution (4M guanidium isothiocyanate, 20 mM

sodium acetate (pH 5.2), 0.1 mM DTT, 0.5% (w/v) N  -laurylsarcosine; 

1 ml per 2x10? cells), DNA sheared (through a 20 G syringe needle) 

and 3.5 ml lysate layered on top of 1.5 ml 5.7 M CsCl in a silanised 

centrifuge tube and centrifuged 14 hr at 150,000 x g. Supernatant 

and DNA band were removed, leaving the RNA pellet at the bottom of

the tube. After draining the pellet was dissolved in TE and the RNA

precipitated by addition of 3M sodium acetate and ethanol and 

incubation at -70 ®C for 30 min. The RNA was reprecipitated after
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being dissolved in 360 ml dH 2 0 . Resulting pellet was dissolved in 

d H 2 0  and quantified by spectrophotometry. Quality of RNA was 

assessed by agarose gel electrophoresis adapted for RNA analysis by 

excluding ribonuclease contamination as much as possible.

Poly dT primed synthesis of cDNA from an RNA template was 

perfo rm ed  as outlined  by the m anufac tu rers  o f the reverse  

transcriptase. 2 mg of RNA were incubated at 42 for 1 h with 50 

mM Tris.HCl (pH 8.5), 8 mM MgCl2 , 30 mM KCl, 1 mM DTT, 1 mM 

dATP, 1 mM dCTP, 1 mM dTTP, 1 mM dGTP, 25 U ribonuclase 

inhibitor, 40U reverse transcriptase. Synthesis products were used 

directly as PCR templates.

PCR amplification of hMSH6 cDNA

PCR amplification from the RNA:DNA hybrid was performed 

using following temperature cycle conditions:

4min at 95

35 cycles of 1 min at 94 ®c, 1.5min at 55 ^ c ,  2min at 72^C

lOmin at 72^C

To facilitate analysis the coding sequence of hMSH6 was amplified in 

three fragments using primer sets described by Papadopoulos et al. 

(1 9 9 5 )

Set 1: Codons 32 to 458

5' PGAGGGTTACCCCTGG 3'

5' ACAGTGTTAGTCTGTGTACC 3’

Set 2: Codons 219 to 858

5' PGGTGAAGGCCTCAACAGCC 3'

5' AAGTCCAGTCTTTCGAGCC 3'

Set 3: Codons 692 to 1292

5' PGAGAGGGTTGATACTTGCC3'
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5’ AGAAGTCAACTCAAAGCTTCC3'

P denotes T7 prom oter and Kozak transla tion  in it ia tion  

sequence: 5’ GGATCCTAATACGACTCACTATAGGGAGACCACCATG 3'

Reaction products were analysed by agarose gel electrophoresis 

as previously described.

In vitro  tra n scr ip tion /tran s la t io n

In vitro transcrip tion/translation reactions were carried out 

using the TnT T7 Coupled Reticulocyte Lysate System (Promega) 

following the manufacturers instructions. 125 ml reticulocyte lysate, 

10 ml reaction buffer, 5 ml T7 RNA polymerase; 5 ml ImM amino 

acid mix (minus methionine), 20 ml Redivue L -[35s]M eth ion ine  and 

200 U RNAase inhibitor were mixed and made up to 200 ml with TE 

(com position  and concentra tion  of lysate, reaction  buffer, T7 

po lym erase  and amino acid mix were not supplied  by the 

manufacturer). 15 ml of reaction mixture were incubated with 5 ml 

of PCR product for 2 hrs at 40 ^C. Reactions were carried out with 

genomic DNA PCR samples (no specific amplification) and TE at 

volumes added to reactions containing PCR product to assess spurious 

peptides synthesised in the reaction.

Analysis of translation products by SDS PAGE

For SDS-PAGE analysis 5 ml of each reaction were mixed with 

20 ml loading buffer (20% (v/v) glycerol, 2.1% (w/v) SDS, 0.125M 

Tris base, 5% (v/v) b-mercaptoethanol, 25 mg/ml bromophenol blue) 

and heated to 100 ^C for 5 min; 10 ml were loaded per lane onto a 

SDS PAGE gel (5% acrylamide stacking gel; 8.5 or 15% resolving gel).
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1 4 c  labelled peptides of known molecular weight (14 kDa to 220 kDa, 

Amersham International) were electrophoresed in parallel to permit 

estimation of peptide size. After electrophoresis at 20V until the 

bromophenol blue head reached the bottom of the matrix, gels were 

fixed for 30 min in glacial acetic acidim ethanol:water (10:20:70) 

(v :v :v), dried onto 3MM chrom atography  paper and peptides 

detected by autoradiography.

Cell extracts for mismatch correction assay

Cell extracts were prepared from approximately 2x10^ cells by 

washing cells in 4 ®C hypotonic buffer (20 mM Hepes.KOH pH 7.5, 

5mM KCl, 1.5 mM MgCl2 , 0.5 mM DTT) containing 250 mM Sucrose 

followed by a wash with hypotonic buffer alone. Cells were dounce 

homogenised and centrifuged for 20min at 10000 x g at 4 ®C. The 

supernatant was recentrifuged at 100000 x g in a Beckman TL100.2 

rotor at 4  o c  for 1 hr, the protein concentration of the supernatant 

determined and stored in aliquots at -80^C.

Substrates for m ism atch correction assay

(prepared and outline o f  protocol provided by Dr. O. Humbert)

A Schematic representation of this assay is given in Figure 1.2.

The substrate for in vitro mismatch correction was constructed 

to contain a specific mismatch within restriction endonuclease sites 

that are diagnostic for mismatch correction.

C -co n ta in in g  v ira l  s trands w ere  p u r if ie d  by s tan d ard  

techniques (Sambrook, et a l ,  1989). Closed circular duplexes which 

contained T in the complementary position were purified by CsCl 

g rad ien t cen trifugation . Follow ing ethanol p rec ip ita tion , duplex 

circular DNA was linearised by digestion with Ndel. After phenol
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extraction and ethanol precipitation, linear DNA (150-250 mg) 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. This was dialysed sequentially against: 95% form am ide/10 

mM EDTA pH 8.0 (2h), 50% formamide/200 mM Tris HCl/10 mM 

EDTA pH 8.0 (2h), 100 mM Tris-HCl, pH 7.5/100 mM NaCl, 10 mM 

EDTA (2h) and finally against TE pH 7.5 (2h). Nicked circular 

molecules were purified. The purified molecules (4470 bp) contain a 

unique C T mispair that inactivates an M lul restriction site. The 

mispaired T is 580bp 5' of a single nick. Small amounts of reannealed 

matched linear molecules were present in all preparations.

In vitro m ism atch  correction  reaction s

(experiments performed and outline o f  protocol provided by Dr. O. 

H u m b e r t )

Mismatch correction was assayed in 25 ml 30 mM Hepes*KOH, 

pH 8.0, 7 mM MgCl2 , 0.5 mM dithiothreitol, 0.1 mM each dNTP, 4mM 

ATP, 40 mM phosphocreatine, Img creatine phosphokinase (rabbit 

muscle type 1), 70 mM KCl, 90 ng DNA substrate and up to 200 mg 

cell extract. Mixtures were incubated for 15 min and the reaction was 

terminated by the addition of 10 mM EDTA/0.5% SDS. Samples were 

freed of protein  by proteinase K digestion (1 mg/ml, 15 min) 

fo llow ed by phenol extraction. DNA was e thanol prec ip ita ted , 

dissolved in buffer and digested with Mlul which is diagnostic for 

removal of the mismatch. Digestion products were separated on 0.8% 

agarose gels and visualised as previously described. The mismatched 

substrate contains a single Mlul site located at position 463. Digestion 

of the uncorrected substrate generates unit length linear 4470 bp 

molecules. Molecules that have undergone nick-directed correction
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(T c  to G:C) to regenerate the Mlul site produces two fragments of 

3.9kbp (diagnostic fragment B, Figure 3.7) and 570 bp on digestion .

As repair did not occur in all molecules, a significant amount of 

the full length m olecules are seen even after incubation  with 

correction proficient extracts.
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Chapter 3

- Results 1 -

Characterisation of the molecular defect in the 
méthylation damage tolerant Burkitts lymphoma

variant RajiF12

I n t r o d u c t io n

As illustra ted  in Chapter 1, in human cells lacking the 

constitutive defence to méthylation damage at the 0 - 6  position of 

guanine in DNA, the absence of postreplicative DNA mismatch repair 

can confer resistance to the cytotoxic effects of O^meGua. The first 

direct evidence for defects in DNA mismatch repair in a DNA 

méthylation damage tolerant mammalian cell lines was provided by 

(Branch, et a l ,  1993) with a CHO cell line and the Burkitts lymphoma 

variant cell line RajiF12. A mismatch processing defect in the 

méthylation tolerant M T l cell line was reported shortly afterwards 

(Kat, et al., 1993).

RajiF12 was isolated as a méthylation tolerant variant of the 

m é th y la t io n  sensitive  RajiM ex" ^̂ 1̂1 line (Branch, et al., 1993). 

R a j iM e x "  in turn was derived from the MGMT proficient cell line 

R a j i M e x +  by selection for thymidine kinase deficiency by 5- 

b rom odeoxyurid ine  trea tm ent. RajiMex"*" cells contain significant 

levels of MGMT activity (0.5 units per mg protein) (Karran, et al., 

1990) whilst both RajiMex" and RajiF12 had undetectable levels of 

activity (<0.05 units per mg) (Branch, et al., 1993; Karran, et al., 

1990). This indicated that resistance to DNA méthylation damage in
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R ajiF 12  was not achieved through rega in ing  m eth y ltransfe rase  

ac tiv ity .

RajiF12 were reported to be defective in in vitro recognition of 

m ism atches. The cells were also found to display a spontaneous 

m uta to r  phenotype, indicating a probable m ism atch  repair  defect 

(Branch, et a l ,  1993). Shortly after this initial analysis of RajiF12, 

m icrosate llite  instability was identified and associated  with DNA 

mismatch repair defects in human cells, prompting my attempts to 

identify  whether microsatellite instability was apparent in RajiF12 

cells. I also attempted to pinpoint the component of the mismatch 

binding system in which RajiF12 cells were defective.

It is possible for resistant, mismatch repair defective cell lines 

to revert to méthylation sensitivity and mismatch repair proficiency 

in culture (see Chapters 4 and 5). Although this had never been 

observed in RajiF12 cells, I assessed if RajiF12 clones chosen for 

analysis had a stable phenotype. The phenotypes were assessed in 

multiple subclones of each variant.

Resistance to MNU treatment in RajiF12 but not 
R a jiM e x "  c e l ls

The sensitivity of RajiMex" and RajiF12 cell populations to MNU 

was determined by treatment of exponentially growing cultures with 

0.03 mM MNU and comparison with growth of untreated cells.
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F ig u re  3.1 Resistance of R ajiF12  and  R ajiM ex" to MNU 

t r e a t m e n t

( A )

( B )
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da ys

H. \ pone n l i a l l y  g r o wi n g  cel ls  wer e  e x p o s e d  to 0 . 05  m M  M N U  on  d a y  0 a n d  the cel l  
n u m b e r  d e t e r m i n e d  72,  96 and 120 h o u r s  a f t e r  t r e a t me n t .
T h e  l o g a r i t h m  o f  t he cel l  c o n c e n t r a t i o n s  at  i n i t i a t i on  o f  t he  e x p e r i m e n t  w e r e  
s t a n d a r d i s e d  to I to pe r mi t  c o m p a r i s o n  b e t w e e n  e x p e r i m e n t s .
T r e a t e d  a n d  u n t r e a t e d  p o p u l a t i o n s  d i f f e r e d  s i g n i f i c a n t l y  ( p < 0 . 0 1 )  b e t w e e n  
R a j i M e x "  but  not  R a j i b l 2 on the f inal  day  o f  t he  e x p e r i m e n t  ( s ee  A p p e n d i x  2).
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The data are presented in Figure 3.1. Growth of RajiMex" 

(Figure 3.1 (a)) was highly sensitive to treatment with 0.03 mM MNU. 

Untreated cells from either of the RajiMex" subclones doubled

approximately every 24 h as has previously been reported for these

cells (Branch, et a l ,  1993) On the final day of the experiment, cell 

counts were found to d iffer s ignificantly  be tw een  treated  and 

untreated populations. Growth of RajiF12 (Figure 3.1 (b)) was not

detectably inhibited by treatment with 0.03 mM MNU and cell counts 

on the final day did not vary with MNU exposure.

These results were in concordance with characteristics of the 

parental and variant cells previously described (Branch, et al., 1993), 

indicating that resistance to DNA méthylation damage observed in 

the original study had remained stable over longer periods in culture.

MGMT activity in RajiMex+, RajiMex" and RajiF12

As presented in Table 3.1, RajiMex"*" but neither RajiMex" or 

RajiF12 were found to contain significant MGMT activity.

Thus resistance to m éthylation damage in RajiF12 was, as

p re v io u s ly  re p o r te d  (B ranch , et al., 1993), not caused  by 

m ethy ltransferase  activity.
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Table 3.1 MGMT activity in RajiMex+, RajiMex" and 
R ajiF12 cells

Cell line Units of MGMT activity per mg
protein ( 1 )

RajiMex+ 0.31(2) (±o.05)(3)

RajiM ex- <0.05 (4)

RajiF12 <0.05 (4)
Four experiments independent experiments were carried out for each cell line
(1): One unit of MGMT demethylates 1 pmole O^meGua. See Chapter 2 for MGMT 
assay and calculation of activity.
(2); individual measurements were: 0.36; 0.25; 0.32 and 0.31 units of MGMT 
activity per mg protein.
(3) standard deviation
(4); the level of MGMT activity was below 0.05 U m g'l  protein, the detection 
limit of the assay, in all experiments performed.

M ismatch recognition in RajiF12 and RajiMex"

(Branch, et a l ,  1993) reported that RajiMex" cells had GT 

mismatch recognition activity as detected in vitro by gel retardation 

assay whereas RajiF12 were defective in this activity.

Figure 3.2 shows DNA mismatch binding in cell extracts of 

R a jiM e x "  and RaijF12 that were prepared as described in Chapter 2. 

Binding to GT mismatches and looped out frameshift intermediates 

was seen in RajiMex" but absent from RajiF12 extracts (Figure 3.2

(a)). In the same extracts, recognition of an A C mismatch was 

apparent in both the parental cells and the resistant variant (Figure

3.2 (b)). The A C binding activity is independent the GT mismatch 

recognition activity (O'Regan, et a i ,  1996). The recognition of A C 

mispairs by RajiF12 extracts indicated a specific rather than general 

recognition  problem in these extracts. These findings were in
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accordance with previous reports (Aquilina, et al., 1994; Branch, et  

a/., 1993).

These results confirmed that RajiF12 cells analysed were 

mismatch recognition defective as previously described.

Figure  3.2 In vitro m ism atch  recogn ition  by R a jiF 12  
a n d  R ajiM ex" e x t r a c t s

(A ) (B)

G.T

d  d
ai ai

2 base 2 base 
loop loop 
(A) (B)

g

c f ca 
Oi ai ai

A.C
X
(D (N

3 2p labelled mismatched oligomers were incubated with 12 mg of whole 
cell extract as described in Chapter 2. Binding complexes were separated from 
free labelled oligonucleotides by non-denaturing PAGE and visualised by 
autorad iograph y .
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Spontaneous mutation rate at the H P R T  locus in 
R ajiM ex"  and RajiF12

Branch et a l  (1993) also reported an increased spontaneous 

mutation rate at the H P R T  locus in RajiF12 compared to the parental 

R a jiM e x "  cells. I assayed the spontaneous mutation rate at the H P R T  

locus in RajiMex" and RajiF12. This was carried out by a different 

approach than that previously used for the estim ate of H P R T  

mutation frequencies, designed to avoid results being obscured by 

pre - existing mutations.

Table 3.2 H P R T  mutation rate in RajiMex" and
RajiF12 cells

Cell line M utation Rate
(m uta tions per 1 0 ^ cells per 
g e n e ra t io n )

RajiMex" 3(D  (±1.8 )(*)

RajiF12 11(2) (± i .2 )(*)
*: standard deviation
Single cell clones were grown to 10^ cells and distributed in a 96 well plate, 10'̂  
cells per well in the presence of 5mg - thioguanine per ml medium. Clones 
were scored as positive, if growth was detected in one or more wells. A
minimum of 18 plates were scored and the mutation rate scored as described by 
Luria and Dellbruck (1943) (Chapter 2). In addition, the mutation rate was 
calculated from mutation frequency estimated in cell populations that had
grown for a known number of generations. Three independent determinations 
were made for each cell line.
(1): independent estimates of the mutation rate (in mutations per 10^ cells per
generation): 2.7; 1; 4.5
(2): independent estimates of the mutation rate (in mutations per 10^ cells per
generation): 9.6; 11.9; 11.4

RajiP12 cells were found to be significantly more hypermutable than RajiMex' 
cells at the HPRT locus (t - value: 9.05; p<0.01, 4 degrees of freedom).

Thus, in accordance with previous reports, RajiF12 had a 

significantly (p<0 .0 1 ) elevated spontaneous mutation rate compared
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to the parental cell line. These data also showed that methods for 

detection of mutation rate and mutation frequency gave comparable 

results to the method previously employed.

All of the characteristics assessed (resistance to MNU, absence 

of MGMT activity and hypermutability at the H P R T  locus) were as 

had been reported (Branch, et a l ,  1993). I therefore embarked on the 

analysis of microsatellite instability in these cells and attempted to 

identify the precise mismatch repair defect in RajiF12.

D inucleotide repeat analysis in RajiF12 and RajiMex"

At the time I started this analysis, it was generally considered 

that dinucleotide repeat instability was characteristic of mismatch 

repair defects.

Som atic  m utability  in m icrosa te llite  DNA sequences was 

measured at (CA)n dinucleotide repeats. Table 3.1 gives a list of the 

(C A )n  repeat sequences analysed for length change and the number 

of determinations made at each locus. Examples of data from the 

analysis of RajiF12 subclones are presented in Figure 3.3. In Figure

3.3 (a) subclones were analysed at locus Afm015, locus Afm042 in

(b), locus Afm073 in (c) and Afml23, A fm l44 and Afm200 in Figure

3.3 (d), (e) and (f) respectively. No variation was detected at 

dinucleotide repeat sequences in any subclones of either RajiMex" or 

RajiF12 at any of the loci analysed. The absence of any detectable 

variation was not caused by a technical problem. Figure 2.3 shows 

that DNA samples with subtle d ifferences in the length  of 

dinucleotide repeat tracts could be distinguished.

In total over 600 microsatellite  length determinations were 

made for each RajiMex" and RajiF12. The rate of instability.
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estimated as described in Chapter 2, was <9x10"^ mutations per cell 

per generation for both parental and variant Raji line (Table 3.3). The 

spontaneous mutation rate at microsatellite repeat loci in mismatch 

repair proficient cells is thought to lie in the range of 10"^ m u ta t io n s  

per cell per generation (for example see (Shibata, et a l ,  1994)).
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Figure 3.3 Examples of dinucleotide repeat analysis in 
subclones of RajiF12

(A)
1 2  3 4  5 6 7 8 9

(B)
1 2 3 4 5 6 7 8 9  10

(C)
1 2  3 4 5 6 7  8 9
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(D)
1 2 3 4 5 6 7 8 9

^  m m

(E)
1 2 3 4 5 6 7 8

(F)
1 2  3 4 5 6 7 8 9

Repeat sequences were amplified from RajiF 12 genomic DNA
preparations with specific primers for AfmOl 5 (a), Afm042 (b), Afm073 (c),
Afm l23 (d), Afm 144 (e) and Afm200 (f) Fragments were separated by
denaturing PAGE, transferred on to nylon membranes by Southern blotting
and probed with a specific  ̂  ̂P labelled oligonucleotide. Products were
visualised by autoradiography.
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Table 3.3 Dinucleotide repeat loci studied in RajiF12  
and RajiM ex”

NUMBER OF SUBCLONES ANALYSED

LOCUS RajiMex" Rajil
A fm O l 5 1 2 1 5
A fm 0 2 5 1 1
A fm 0 2 8 1 2 1 5
A fm 0 4 2 15 4 154
A fm 0 5 7 23 23
A fm 0 6 7 3 5
A fm 0 7 3 13 0 145
A fm 0 8 7 3 5
A f m l l 5 1 1
A f m l 2 2 1 1

A f m l2 3 9 4 1 0 0
A f m l3 2 1 1

A f m l  33 1 1
A f m l 4 4 1 0 1 104
A f m l  51 1 1
A fm l  56 1 1
A fm  164 1 1
A fm 2 0 0 4 3 4 7
A fm 2 3 4 9 1 0
A fm 2 4 8 4 6

A fm 2 8 0 6 1 0

A fm 3 3 9 1 1
A m p 4 1 1

cos80 1 1

DK20747 2 4
con tinued
p ag e

on next
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c o n t i n u e d  f ro m  
previous page
DK26657 2 4
DK 33330 2 4
D12S18 9 10
D 12S329 9 10

RajiMex" RajiF 12
T o ta l  n u m b e r  of 631 7 1 2
d e te rm in a t io n s
T o ta l  n u m b er  o f 0 0
p o ly m o rp h ism s
Mutation rate (1) <9x10"^ <8x10"^

(1) Mutation rate = Number of polymorphisms detected/total determinations x 
Number of  informative generations

Single cell subclones were established from both RajiF 12 and RajiMex" after 
growth for 20 generations and their genotypes compared at the loci listed 
above. No variability was detected between any of the subclones analysed.

I thus concluded that neither RajiMex" nor RajiF 12 displayed

microsatellite instability at dinucleotide repeat sequences.

M o n o n u c l e o t id e  r e p e a t  a n a ly s i s  in R a j iF 1 2  and  
RajiMex"

Further biochemical and genetic dissection of the mismatch 

recognition complex in which RajiF 12 is defective (Drummond, et a l ,  

1995; Palombo, et a l ,  1995; Papadopolous, et al., 1995) led to the 

realisation that it consisted of two components (hMSH2 and hMSH6 , 

see introduction). Defects in either of these components conferred 

distinguishable microsatellite mutator phenotypes on the cell. hM SH6 

defects led to specific mononucleotide repeat instability  whereas 

mono- and dinucleotide repeat instability was associated with hMSH2 

defects .
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I therefore determined the length of hom opolym eric repeat 

sequences in subclones of both RajiMex" and RajiF12. Changes in 

mononucleotide repeat length were seen as a change in the spread of 

bands observed. In contrast to d inucleotide repeats, where two 

distinct alleles were discernible, slippage of the Tag polymerase 

during PCR amplification of (A)n tracts resulted a cluster of bands. 

Examples of mutations detected are shown in Figure 3.4.

Changes in allele length were frequently  detected among 

subclones of RajiF 12, whilst only one change was found in RajiMex" 

subclones.

Figure 3.4 (a) depicts examples of variability at locus Bat26 

between subclones of RajiF 12. In lanes 1 and 2 the migration profile 

(labelled M (mutant)) was clearly different from that seen in the 

other three lanes (lanes 3, 4 and 5, designated wild type). Analysis of 

locus Bat40 in RajiF 12 subclones is shown in Figure 3.4 (b), where 

wild type fragment length was detected in lanes 1, 2, 5, 6 compared 

to the shorter and longer microsatellite tracts that were seen in lanes 

3 and 4.

Indeed at locus Bat25, allele lengths differed between the 

original clones of RajiF 12 (Figure 3.4 (c)). The tract length in RajiF 12 

clone 8 at locus Bat40 was shorter than that observed in subclones 7, 

10 and 19. This implied that a frameshift mutation had occurred in 

the single cell from which RajiF 12 clone 8 was established.

1 19



Figure 3.4 Examples of mononucleotide repeat  
instability in RajiF12 cells
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Amplification was performed with primers specific for Bat26 (panel a), Bat40 
(panel b) and Bat25 (panel c). Products were analysed by denaturing PAGE,
Southern blotting and hybridisation with a ^^P labelled primer oligonucleotide 
as described in chapter 2.

The estimated rate of mononucleotide repeat instability in 

RajiMex- and RaJiF12 is shown in Table 3.2.
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Table 3.4 Mononucleotide repeat instabili ty  in 
R a jiM ex"  and RajiF12

LOCUS Number of  N um ber  of  a lter-
a lterations in ations in RaJiMex"
RajiF12 subclones  s u b c l o n e s

B a t 2 5  1 (43) (1) 0 (35)(1)

B a t 2 6  2 (24) (1) 0 (42)(1)

B a t 4 0  3 (20) (1) 1 (44)(1)

R a jiF 1 2  RajiMex"

Rate of frameshift  3 .5 x 1 0 "^ 4 x l 0 " 4

m utat ions  (^)

( U  numbers in parenthesis = number of determinations made.
(^ ) The rate of frameshift mutations, expressed as mutations per cell per 
generation, was calculated as described in Chapter 2. Mononucleotide repeat 
instability was observed significantly more frequently in RajiF 12 (7% of
observations) than RajiMex" (0.8% of observations) (p<0.01, Chi - squared 
a n a ly s is ) .

Thus, mononucleotide repeat instability was seen in RajiF 12 but 

not RajiMex" cells.

Mutational analysis of hMSH6  in RajiF12

The absence of mismatch recognition by hM utSa (Figure 3.2 (a) 

and (Branch, et a l ,  1993)) in RajiF 12 indicated the cells were 

defective in either hMSH2 or hMSH6 . The specific mononucleotide 

repeat instability I observed made it likely that the defect resided in
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the h M S H 6  gene product. I therefore addressed the question of 

whether the hMSH6 gene was mutated in RajiF 12 cells.

Multiple approaches can be used to search for mutations in 

hum an genes. Direct sequencing, single stranded conform ational 

po lym orph ism  analysis, RNase p ro tec tion  assays and p ro te in  

truncation testing (PTT) are commonly used methods for mutation 

detection. PTT enables the detection of mutations that lead to the 

formation of an early termination codon within a gene and thus the 

syn th es is  o f a shortened  pep tide . This approach  had been 

successfully used to detect mutations in the h M S H 6  gene in D LD l, a 

colorectal adenocarcinoma cell line found to have two truncating 

m uta tions  (Papadopolous, et a l ,  1995). Therefore I applied this 

technique to the analysis of the h M S H 6  gene in RajiF 12 cells, using 

DLDl cells as a positive control.

The hM SH 6 gene was analysed in three fragm ents which 

overlapped sufficiently for resolution of the entire open reading 

frame (see Chapter 2).

In Figure 3.5 (a) products from the cDNA fragment spanning 

codons 32 to 258 were analysed. Fragm ent 1, if  unm utated, 

genera ted  a peptide approxim ately  25 kDa in size. Peptides 

translated from Fragment 1 generated from RajiMex", D LD l and 

RajiF 12 RNA were analysed in lanes 2, 3 and 5 respectively. The 

standard SDS-PAGE molecular weight marker (see Chapter 2) was run 

in the lane designated M. The specific transcrip tion /transla tion  

product of fragment 1 from RajiMex" in lane 2 was approximately 25 

kDa in size. Two non specific fragments A and B were detected in as 

in all other lanes in which products from fragment 1 were analysed 

(lanes 2 to 5). There was no evidence for premature arrest of the 

translation process.
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In lane 3 the same analysis was carried out on RNA prepared 

from the colorectal adenocarcinoma cell line D L D l. Here, in addition 

to the nonspecific products, two peptides were observed, one of the 

expected full length and one shorter peptide. A mutation leading to a 

stop at codon 215 has been reported in D LDl (Papadopolous, et a l ,  

1995), resulting in a approximately 20% truncation of peptide length. 

The mobility of specific peptides analysed in lane 3 was compatible 

with this interpretation and served as a positive control for the 

assay .

No truncation was detected in RajiF 12 (lane 5). In between the 

non-specific band B and the full length peptide migrated a different 

complex, larger than the specific fragment but smaller than non

specific band B. This could have been a spurious peptide produced in 

the translation reaction but could also have been due to alternative 

RNA splicing, although no polymorphism  in the length of PCR 

products from RajiF 12 cDNA at fragment 1 was detected. This 

additional band was observed in all analyses of RajiF 12 fragment 1, 

albeit with varying intensity (the most intensive is depicted in lane 

5), indicating that this product may have been an artefact.

The peptide encoded by the gene fragm ent am plified with 

prim er set 2 from RajiMex" RNA was analysed in lane 1. The 

radiolabelled peptide yield from fragment 1 was found to be much 

lower than the yield from either fragments 2 or 3 in all reactions 

analysed. This is illustrated in lane 1 where a spread of peptides was 

observed, whilst in lanes 2 to 5 clearly defined bands were apparent 

a lth o u g h  equal am ounts o f t ra n sc r ip t io n / tra n s la t io n  re a c t io n  

products had been loaded. The difference in intensity may have been 

due to the size or amino acid sequence of the peptide.
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In lane 4 the products of a PCR reaction using genomic DNA 

rather than cDNA (thus yielding no specific product) were used as

tem plate  for the transcrip tion /transla tion  reaction . No specific

peptides, only non specific products migrating at position A and B 

were observed in this negative control reaction.

Thus, D L D l was found to have a truncation as had been

reported  (Papadopolous, et a l ,  1995) whilst both RajiMex" and 

RajiF 12 appeared to be unmutated in this fragment.

Peptides produced by transcription and translation of fragment 

2 are shown in Figure 3.5 (b). This fragment spans codons 219 to 

858, the expected molecular weight of the full length peptide is 

approxim ately  80kDa. In lanes 1 and 2 transcrip tion /transla tion  

reactions that had been carried out without template DNA (lane 1) or 

without specific template DNA (PCR amplification from a genomic 

DNA template rather than cDNA; lane 2) were analysed. No peptides 

of the expected size for the specific fragment were observed. The 

faint band A was most likely a non specific product. The standard

SDS page m olecular weight marker was analysed in the track 

designated M.

In tracks 3, 4 and 5 reactions carried out with D L D l, RajiF 12 

and RajiMex" respectively were analysed. In addition to non-specific 

band A, the full length peptide and a short fragment (band B) were 

detected in all three lanes. Fragment B was probably not the product 

of a truncating mutation, as it was detected in analysis of all three 

cell lines, including the negative control RajiMex". Band B was most 

likely  derived either from in itia tion  of tran scrip tion /transla tion  

w ith in  the am plified  fragm ent or p rem atu re  te rm in a tion  of 

transcription or translation for example due to secondary structure of 

the template. DLDl was reported to have no aberrations leading to a
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truncation in this fragment (Papadopolous, et al., 1995). The expected 

full length fragment was seen in D LDl (lane 3). No changes were 

observed in either RajiF12 (lane 4) or RajiMex" (lane 5).

Codons 692 to 1292 (fragment 3) were analysed in Figure 3.5

(c). In all lanes non-specific product A was present, although it was 

very faint in lane 1. In lane 1 DLDl was analysed, in lane 2 RajiF12 

and in lane 3 a negative control reaction (no DNA included in 

transcription/translation reaction). The specific product migrated at 

approximately 70 kDa (the calculated molecular weight of the specific 

peptide was approximately 74 kDa) in lanes 1 and 2. No other 

prominent bands were observed in either lane.

D L D l was previously described as having a mutation that 

formed a stop codon at codon 1109 and thus led to synthesis of a 

peptide of approximately 50 kDa (Papadopolous, et al., 1995). No 

such band was detected in several analysis of DLDl.

Therefore, no shortened peptides were observed in fragment 3 

for either RajiF12 or D L D l, even though a truncation had been 

reported in the latter cell line.

PTT analysis revealed no truncating m utations within the 

hM SH 6 gene of RajiF12. This was in agreement with the subsequent 

finding of full length hMSH6 protein in RajiF12 cells by western blot 

analysis (F. Palombo and J. Jiricny, pers. comm.).
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Figure 3.5 Protein truncation testing of the h M S H 6  
gene in D L D l,  RajiMex" and RajiF12
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Specific cDNA fragments were amplified by PCR with primers designed 
to direct processing in an in vitro transcription/translation reaction. Peptides  
produced by in vitro transcription/translation were separated by SDS-PAGE  
and visualised by autoradiography as described in chapter 2.
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In vitro complementation of RajiF12 m ism atch  repair  

a c t i v i t y

Cell extracts were prepared from RajiMex" and RajiF12 cells 

and in vitro  mismatch repair assays were carried out by Odile 

Humbert as described in Chapter 2. In Figure 3.6 analysis of DNA 

fragments after incubation with cell extracts and digestion with the 

diagnostic restriction enzyme is depicted. If the diagnostic restriction 

site was recreated by repair of the mismatch, two bands (A and B) 

were seen. If the molecule was not repaired, only band B was 

a p p a re n t .

The reaction with RaJiF12 was carried out with 100 mg of

extract. No diagnostic band (B) was seen. Thus RajiF12 was not

capable of carrying out in vitro DNA mismatch repair under these

conditions.

Incubation of mismatched substrate with 50 mg of each RajiF12 

and DLDl (defective in hMSH6 (Papadopolous, et a i ,  1995)) did not 

recreate the diagnostic restriction site whilst mixing of 50 mg of each 

RajiF12 and HCT116 (devoid of functional hM LHl (Li and Modrich, 

1995)) resulted in repair of the molecule.

It was therefore very probable that R ajiF12 cells were

defective in the same component of the mismatch processing system 

as DLDl, hMSH6 .
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Figure 3.6 Complementation of RajiF12 in vitro
m ism atch repair activity
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Heteroduplex DNA molecules containing a C.T mismatch and a single 
strand nick specifying the strand to be repaired were incubated with cell 
extracts as described (Chapter 2). Molecules were subsequently cut with the 
diagnostic restriction enzyme (Mini) and resulting fragments analysed by 
agarose gel electrophoresis.
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D i s c u s s i o n

RajiF12 and the CHO cell line Clone B provided the first direct 

evidence for an association between the loss of DNA m ism atch 

p rocess ing  activ ity  and the acqu isition  of to lerance  to DNA 

m éthylation damage in mammalian cells. The Burkitts Lymphom a 

variant RajiF12 was reported to be tolerant to méthylation damage, 

lack  M GM T activity , be defective  in m ism atch  b ind ing  and 

spontaneously hypermutable (identified at the H P R T  locus) (Branch, 

et a i ,  1993). Here I have confirmed that the isolates of RajiF12 I used 

were equally  m éthylation to lerant, devoid of M GM T activ ity , 

defective in mismatch recognition and hypermutable at the H P R T  

locus. In addition, specific mononucleotide repeat instability  was 

demonstrated and the underlying biochemical defect was identified.

W hen this work was initiated it was known that mismatch 

repa ir  detects in human cells were frequently  associated  with 

somatic hypermutability at repetitive DNA sequences (microsatellite 

instability). Generally such analysis was carried out at (CA)n repeats. 

In a detailed study of the somatic fram eshift m utation rate in 

dinucleotide repeat sequences in RajiMex" and RajiF12 cells (Figure 

3.2 and Table 3.2) I found no difference in the stability between the 

parental and the tolerant variant line. This was somewhat surprising 

as RajiF12 cells lacked in vitro mismatch recognition activity and had 

been found to have a mutator phenotype. Subsequent reports on the 

nature of the mismatch recognition complex and the phenotypic 

characteristics associated with defects in different components of the 

activity illustrated that not all defects in mismatch binding result in 

dinucleotide repeat instability.

13 1



The mismatch recognition activity identified by Jiricny and co

workers (Jiricny, et al., 1988) was renamed hM utSa identified to 

consist of two subunits, hMSH2 and hMSH6 (Drummond, et a l ,  1995; 

Palombo, et al., 1995). hM utSa preferentially recognised base base 

mismatches and single base loops (Drummond, et al., 1995). Larger 

loops were generally recognised by a distinct activity, hMutSp 

(Palombo, et al., 1996). As hMSH2 was found to be a component of 

both  h M u tS a  and beta, defects in hMSH2 are thought to result in a 

total loss of repair activity. hMSH6 was only found to participate in 

the alpha complex; cells lacking hMSH6 can form hMutSp and repair 

looped out frameshift intermediates two bases and larger. Cells that 

lacked hM SH 6 activity, however, did not process base - base 

m ism atches or single base loops (Drummond, et al., 1995). The 

microsatellite instability found in hMSH6 defective cells reflected this 

se lec tive  repair, instability  of (A)n but not (CA)n rep ea ts  was 

ob se rv ed  (Papadopolous, et a l ,  1995).

Analysis of (CA)n and (A)n repeats in RajiMex" and RajiF12 

revealed instability of homopolymeric repeats in the variant. This 

was consistent with an hMSH6 defect in RajiF12. Further evidence for 

a defect in hMSH6 in RajiF12 cells was provided by the finding of 

apparently wild type hMSH2, the second component of hM utSa in 

both RajiMex" and RajiF12 cells by direct sequencing (G. Aquilina and 

M. Bignami, pers. comm.).

In RajiF12 no evidence for a truncating mutation in h M S H 6  was 

detected by PTT or western blot (F. Palombo, J. Jiricny, Pers. comm.). 

The data obtained from PTT were not in full agreem ent with 

previous reports. Although two separate truncating mutations had 

been reported in the colorectal adenocarcinom a cell line D LD l 

(Papadopolous, et al., 1995), only one could be detected. DLDl cells
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have a very high spontaneous mutation rate measured at the H P R T  

locus (Battacharyya, et al., 1994). This hypermutability may underlie 

the problem I encountered in detection of the truncation reported at 

codon 1109 (Papadopolous, et al., 1995). I identified the truncation at 

codon 216 in D L D l cells but could not find shortened peptides 

formed because of the reported stop codon at codon 1109. It is 

possible that the D L D l cells used by Papadopolous et al. (1995) 

d iffered from the cells I analysed due to the frequent somatic 

changes D L D l cells experience (a problem intrinsic to work with 

hypermutable cells). If this were true, it could indicate that the stop 

at codon 1109 in the h M S H 6  gene of D L D l is not the primary 

m u ta t io n .

Extracts of RajiF12 cells were defective in the repair of single 

base mismatches in vitro. RajiF12 extracts were complemented by 

HCT116 extracts (defective in hM LHl (Li and Modrich, 1995)) but not 

D LD l {hM SH 6  mutant (Papadopolous, et a l ,  1995)). This observation 

confirmed the postulated hMSH6 defect in RajiF12.

Two other cell lines had previously been identified as h M S H 6  

mutants: D LDl and M T l. Differences exist between the phenotypes of 

these cells. M T l, a méthylation tolerant variant of the sensitive TK6 

(G oldm acher, et a l ,  1986) cell line is able to bind GT mismatches 

despite mutated hMSH6 . This binding is most likely not functional in 

mismatch correction. M T l cells were shown to be hypermutable at 

the H P R T  locus compared to parental TK 6 cells (approximately 15 

fold) (Goldmacher, et al ,  1986).

DLDl cells lack binding activity (Branch, et al ,  1995b) because 

of mutations in h M S H 6  (Papadopolous, et a l ,  1995) and display 

phenotypes very sim ilar to RajiF12, with the exception of the 

spontaneous mutation rate at the HPRT  locus. Whilst the spontaneous
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mutation rate in RajiF12 is significantly but less than 10 - fold higher 

than the wild type rate (Branch, et al., 1993), D L D l has been 

identified to be more than 100 - fold hypermutable (Battacharyya, e t  

al . ,  1994). D L D l cells may have additional defects  reducing  

replication fidelity (daCosta, et al., 1995).

Thus, although D L D l, M Tl and RajiF12 have a defect in the 

same component of the mismatch processing pathway they differed 

phenotypically. It is not clear at present whether the differences in 

phenotypes observed are due to subtle differences in the type of 

h M S H 6  defect between the cell lines, or because of their different 

genetic backgrounds or due to additional mutations.

In the following Chapters 4 and 5 I describe cell lines that were 

derived from the same parental cell line as RajiF12, were defective in 

the same repair com ponent but none the less d iffered  in the 

phenotypic characteristics they displayed.

S u m m a r y

Here I have show n that RajiF12 cells  have se lec tive  

m o n o n u c leo t id e  repea t  in s tab i l i ty ,  w hils t d in u c leo t id e  rep e a t  

sequences were apparently stable. This was indicative of a defect in 

the hMSH6 component of the hMutSa mismatch binding complex.

No truncating mutation in the h M S H 6  gene was identified, but 

reconstitution of mismatch correction capacity using extracts of cells 

with defined mismatch repair defects provided direct evidence that 

the hMSH6 protein was deficient in RajiF12.

1 3 4



Chapter 4

Results II

Biochemical alterations in cells selected for 
resistance to DNA méthylation damage by acute MNU

t r e a t m e n t

I n t r o d u c t i o n

In Chapter 3 I have presented the investigation of the precise 

m ism atch binding defect in RajiF12, a variant of the Burkitts 

lymphoma cell line RajiMex". In RajiF12 tolerance was found to be 

associated with an hM SH6 defect that abolished mismatch binding. 

Resistance is also known to occur through loss of hMSH2 and hM LHl 

function (for example (Wedge, et al., 1996)). But how frequently do 

defects in the different components of mismatch repair result in 

dam age tolerance and do defects in same m ism atch  processing  

component always result in the same cellular phenotype? In order to 

address this problem, I isolated an additional 15 tolerant variants of 

the RajiM ex" cell line. Seven lines were selected by consecutive 

treatm ents with increasing MNU levels. Phenotypic characteristics 

and m ism atch repair defects associated with the acquisition  of 

m éthy la tion  resistance in these chron ically  se lec ted  cells are 

described in Chapter 5.

In this section I investigate characteristics of eight méthylation 

damage resistant variants of RajiMex", isolated through selection 

with a single highly toxic MNU treatment. Approximately 1 in 10^
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cells survived the MNU treatment (Chapter 2). A single cell clone was 

characterised from each treated population in which surviving cells 

were detected. This assured independence of the clones studied.

Resistance to MNU

All variant cell lines were assessed for their capability to grow 

at levels of MNU toxic to the cell line they were derived from. In 

preliminary experiments it was observed that R ajiM ex ' cells were 

killed by 0.01 mM MNU whilst resistant cells such as RajiF12 were 

not impaired.

In Figure 4.1 growth of the eight variant cell lines after 

treatment with 0.03 mM MNU was recorded to assess méthylation 

re s is tan ce .

After treatm ent of the parental cells with O.OSmM MNU 

approximately one cell doubling of normal cell growth was sustained, 

subsequently RajiM ex' cells stopped growing (Figure 4.1 (a)).

Growth of Raj 13. Raj 17, RajiS, RajilO, Rajil2  RajilV and Rajil9  

(Figures 4.1 (b) to (i) respectively) was apparently not affected by 

treatment with 0.03 mM MNU. Raj 19 cells were found to be affected 

by MNU treatment (Figure 4.1 (E)), but the decrease in cell growth 

after MNU exposure was significantly less severe than that observed 

in R a jiM e x ' (p<0.01). Therefore, Raj 19 cells were classified as 

m éthylation  resistant.

Thus, all of the established cell lines were able to resist 

treatment with 0.03 mM MNU.
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F igu re  4.1 MNU res is tance  in R aji v a r ia n ts  selected by 

acu te  MNU tre a tm e n t
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M GM T activity

All cell lines were assayed for MGMT activity in vitro and the 

levels detected com pared to RajiMex" and RajiMex+ (Table 4.1). 

Extracts of RajiMex+ cells, included as a positive control, were capable 

o f rem oving  O ^m eG ua  from DNA whilst the negative control, 

R a jiM ex"’ did not have significant MGMT activity.

In none of the resistant variants was any significant level of 

m ethyltransferase  activity detected.

Table 4.1 MGM T activity in Raji variants selected by 
acute M NU treatment

Cell line M G M T  activ ity  (units  per  
mg total p r o t e in ) ( l )

RajiMex+ 0.31 (± 0 .0 5 )(* )

RajiMex" <0.05(2)

RajiS <0.05(2)

RajiV <0.05(2)

RajiS <0.05(2)

Raji9 <0.05(2)

RajilO <0.05(2)

R a j i l2 <0.05(2)

RajilV <0.05(2)

Raji 19 <0.05(2)
(*): standard deviation
(D : One unit of MGMT demethylates Ipmole O^meGua. See Chapter 2 for 

MGMT activity assay conditions and calculation of activity.
(^) : the level of MGMT activity was below 0.05 U mg'^ protein, the 

detection limit of the assay, in all experiments performed
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M o n o n u c leo t id e  repeat  instab i l i ty

The variab ility  of m ononucleo tide  repea t sequences was 

assayed in subclones of each variant cell line (in order to estimate 

the rate of occurrence of frameshift mutations, see Chapter 2 ) at a 

minimum of two (A)n loci. Examples of the data are given in Figure 

4.3. I have selected incidences of instab ility  to illustra te  that 

frameshifts in mononucleotide repeats could clearly be detected in 

variant cell lines. The full data are presented in Table 4.2.

Figure 4.3 (a) shows the analysis of Raji9 subclones at locus 

Bat40. Nonspecific products were found to migrate to positions A, B, 

C and D. The parental Bat40 allele length was seen in lanes 2, 3 and 5. 

Altered tract lengths were detected in lanes 1, 4 and 6 . Therefore, 

Raji9 showed variability at locus Bat40. As the intensities of bands 

varied  sign ifican tly , am biguity  in c lass if ica tion  w hether subtle 

changes detected were due to frameshift mutations or artefacts of 

uneven signal intensity were likely. W here there was any doubt, 

fragments were scored to be of parental length.

Mononucleotide repeat instability was also seen in subclones of 

Raji 19 at locus Bat40 (Figure 4.3 (b)). Fragments designated A, B and 

C were nonspecific amplification products. The specific fragments in 

lanes 1, 2, 4 and 5 were of parental length, whilst an altered tract 

length was seen in lane 3. Thus, (A)n repeat instability was detected 

at locus Bat40 in Raji 19.

Raji8 subclones analysed at locus Bat40 (Figure 4.3 (c)) were 

found to display a very high level of variability. Changes in (A)n tract 

length were seen in four out of seven cases (Lanes 1, 3, 4 and 7).

In Figure 4.3 (d) a subtle change was found between RajilO 

subclones analysed at locus Bat25. The parental allele length was
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seen in lanes 2, 3, 4 and 5. Lane 1 showed clear variation, reduced 

tract length in what was probably the shorter allele.

The same subclones of RajilO were found to be highly variable 

at locus Bat40 (Figure 4.3 (e)). Parental allele length was seen in 

lanes 1, 3, 4, 5 and 6 . Products in lanes 2, 7 and 8 differed in length, 

with a large alteration detected in lane 2 (the band was very faint, 

possibly due to low PCR efficiency). This alteration may have 

occurred due to more than one mutation event.

The total number of alterations detected in m ononucleotide 

repeat sequences is shown in Table 4.2.

In summary, mononucleotide repeat instability was found in 4 

of 8 variant cell lines. In three other cell lines, no changes were 

detected at all whilst one cell line, RajilV, was identified as being 

variable only at one of the loci analysed. It therefore did not fulfil 

the criteria for microsatellite instability set in this study, namely that 

variability must be detected at more than one locus in order to 

classify a cell line (or tumour sample) as unstable. Thus, RajilV was 

classified as stable.
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Figure 4.2 Examples of m ononucleotide repeat
instability in Raji variants selected by acute MNU treatm ent
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(C)
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(E)

RajiS Bat40 

1 2 3 4 5 6 7

f *
« M

RajilO BAT25 

1 2 3 4 5

RajilO Bat40

1 2 3 4 5 6 7 8

e
PCR amplification was performed with primers specific for 

the loci indicated. Products were analysed by denaturing PAGE, 
Southern blotting, and probing with a  ̂  ̂P labe lled  prim er
o l i g o n u c l e o t i d e .

146



Table 4.2 M ononucleotide repeat instability  in Raji
variants selected by acute MNU treatment

Cell line N u m b e r  Rate of  fram eshift
of  a lterations(  1 ) m u t a t i o n s *

R a j iS 0 (40) <10-3

R a j i? 0 (37) <10-3

R a j iS 3 (47) 3 x 1 0 -3

R a j i9 7 (41) 8 x 1 0 -3

R a j i l O 5 (30) 8 x 1 0 -3

R a j i l 2 0 (31) <10-3

R a j i l ? 3 (40)(2) 4 x 1 0 - 3

R a j i l 9 7 (30) 1 0-2

R a j i M e x ” 1 (121) 4 x 1 0 - 4

The mutation rate was scored as mutations per cell per generation and 
calculated as described in Chapter 2. 20 informative generations had
accumulated for all cultures.

(1) Numbers in parenthesis indicate the number of determinations
made.

(2) All variation in Raji 17 subclones detected at locus Bat40.
At least two mononucleotide repeat loci were studied in each cell line.
The frequency of mononucleotide repeat instability in RajiS (6% of

determinations), Raji9 (17%), RajilO (17%) and Raji 19 (23%) was significantly 
elevated compared to RajiMex" (0.8%) (p<0.01; Chi - squared analysis).

D inu c leo t id e  repeat instabil i ty

As introduced in Chapter 1 and illustrated in Chapter 3, the 

instability  of mono- and dinucleotide repeats may, but does not 

always, coincide. This makes the analysis of both classes of repeats 

invaluab le . Four d inucleotide  repeat loci (DIOS 197, D 11S904,

D13S175 and D17S941) were analysed in subclones of each variant

cell line. Examples are shown in Figure 4.4, an overview of all the

data is presented in Table 4.3.
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The length of dinucleotide repeat sequences was estimated by 

PCR amplification with fluorescently tagged primers and analysis of 

products by denaturing PAGE on an ABI autom atic sequencing 

machine. This method permitted a more rapid analysis of fragment 

lengths than Southern blotting. The data were expressed in the form 

of electrophoretogram s, where the intensity of fluorescence  was 

plotted against the length of the fragments analysed. The fragment 

length was estimated from the migration relative to a standard DNA 

marker of known size.

In Figure 4.4 (a) the lengths of D17S941 alleles in RajilV 

subclones are represented. The approximate allele length in bp was 

indicated on the absc issa ,  the fluorescence intensity in arbitrary units 

was plotted on the o r d i n a t e .  Peak heights were standardised to 

sim plify  analysis. No varia tion  was detected  be tw een  RajilV  

subclones at this locus. Similarly no instability was detected at locus 

D11S904 in RajilV subclones (Figure 4.4 (b)).

The data of the two other dinucleotide repeat loci studied, 

DIOS 19V and D13S1V5, were quite distinct from those shown in 

Figures 4.4 (a) and (b). Whilst amplification of D11S904 and D1VS941 

resulted in a sharp peak (even though the peak may have spanned 

more than one nucleotide according to fragment sizing) m ultiple 

stutters, produced most probably by slippage m isalignm ent events 

during amplification, were seen with D10S19V and D13S1V5. The 

reason for this difference in amplification fidelity was not clear.

Figures 4.4 (c) and (d) depict RajilO subclones analysed at loci 

D13S1V5 and D10S19V respectively.

In Figure 4.4 (c) the positions at which peaks were apparent 

are labelled A to F. In the parental genotype alleles were positioned 

at C and D (tracks 2, 3, 4, 6 , V, 8 , 9, and 10). The difference in the

148



am ount of fluorescence detected betw een the two a lleles was 

probably due to the limited processivitiy of Taq polymerase, meaning 

that more of the smaller product was completed. In addition Taq 

polymerase errors during the synthesis of D very probably caused 

the production of C sized fragments.

Tracks 1 and 5 in Figure 4.4 (c) recorded the independent 

occurrence of the same frameshift mutation, an increased length of 

the larger allele by one repeat unit (shifted to position E).

There were two possib le  exp lanations fo r the observed  

reduction to homozygosity in track 11. Either there had been loss of 

the larger allele or a frameshift mutation had occurred in the larger 

allele that shifted it to the position C. As no other example of allele 

loss (loss of heterozygosity) had been observed whereas frameshift 

m uta tions  at d inucleo tide  repeat sequences w ere com m on in 

subclones of variant RajilO, the mutation event was more probable.

Thus variability was apparent between subclones of RajilO at 

locus D13S175.

As depicted in Figure 4.4 (d) frequent fram eshift mutations 

were detected in subclones of RajilO at locus D10S197. Out of 10 

examples shown, changes in allele length were found in at least 4 

(tracks 2, 3, 5 and 11). Allele lengths identical to those seen in the 

parental line were detected in tracks 1, 4, 6 , 7, 8 , 9 and 10. The 

change in allele profile seen in track 12 was most likely due to feeble 

amplification of the larger allele rather than a mutation.
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Figure 4.3 Exam ples of dinucleotide repeat analysis in
cell lines selected by acute MNU treatment
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(d)
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Microsatellite DNA tracts were amplified with specific primers for loci 
D11S904 (a), D17S941 (b), D13S175 (c) and D10S197 and analysed by PAGE on a 
ABI automatic sequencing machine. Data are presented as electrophoretograms 
- for details see text and chapter 2.
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Table 4.3 Dinucleotide repeat instability in Raji
variants  selected by acute MNU treatment

Cell line N u m b e r  
a l t e r a t i o n s (  1 )

0 f  Rate of framesbift  
m u t a t i o n s *

R a j i3 0 (86) <5x10-4

R a j i7 0 (98) <5x10-4

R a j iS 0 (110) <4x10-4

R a j i9 0 (103) <5x10-4

R a j i l O 13 (143) 5 x 1 0 - 3

R a j i l 2 0 (90) <5x10-4

R a j i l 7 0 (87) <5x10-4

R a j i l 9 0 (93) <5x10-4

RajiM ex" 0 (631) <8x10-5
The mutation rate was scored as mutations per cell per generation and 

calculated as described in Chapter 2. 20 informative generations had
accumulated for all cultures. Four dinucleotide repeat loci were studied in each 
cell line.

(1) Numbers in parenthesis indicate the number of determinations made 
The frequency o f  dinucleotide repeat instability in RajilO (9% of  
determinations) was significantly greater than that observed in RajiMex" 
(<0.16%) (p<0.01; Chi - squared analysis).

In conclusion, the data indicated that only one cell line, RajilO,

was hyperm utable at dinucleotide repeat sequences. This cell line

was predicted to harbour a defect in either hMSH2, hM L H l or 

hPMS2.

Spontaneous mutation frequencies at the H PRT  l o c u s

DNA m ismatch repair defects are associated with not only

m ic ro sa te l l i te  in s tab i l i ty  but also w ith general spon taneous 

hy perm utab ility . Several cell lines were charac terised  for the 

frequency of spontaneous mutations from HPRT+ to HPRT" (Table 

4.4).
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Only cell lines that displayed m icrosatellite  instability  were 

assayed for their spontaneous mutation frequency at the H P R T  locus.

In all of the lines analysed an increased spontaneous mutation 

rate  com pared to the parental RajiMex" cells was detected. The 

d eg ree  o f  hyperm utab ility  was found to be ind is tin gu ishab le  

between all three cell lines tested.

Table 4.4 Spontaneous mutation rate at the H P R T  locus 
in Raji variants selected by acute MNU treatment

Cell line

R aj iM ex"

R a j iS

R a j i9

R a j i l O

R a j i l 9

Mutation  
(mutations  
c e l l s  per

3(a) ( ± 1.8) 

1 0 (t>)(± 1.2 )

9(c)(±i .7)  

9 ( d )  ( ± 2 .9 )  

l l ( e ) ( ± 4 . 2 )

Rate
to H P R T  ~ per 10^ 
g e n e r a t io n ) (  I )

(1): standard deviation
Single cell clones were grown to 10^ cells and distributed in a 96 well

plate, 10"̂  cells per well in the presence of 5mg 6 - thioguanine per ml medium.
Clones were scored as positive, if  growth was detected in one or more wells. A 
minimum of 18 plates were scored and the mutation rate calculated as described 
by Luria and Dellbruck (1943) (Chapter 2). Alternatively, rate estimates were 
made from estimates of the mutation frequency in cell populations after a 
known number of cell doublings (Chapter 2).

(a) to (e): three independent determinations of the spontaneous
mutation rate were made for each cell line (mutations to H P R T '  per 10^ c e l l s  
per generation):

(a): 2.7; 1.0; 4.5 (b): 10.8; 8.5; 9.2 (c): 9.3; 10.5; 7.1
(d): 8.8; 12.1; 6.4 (e): 11.9; 14.2; 6.0

The estimated spontaneous mutation rate at the H P R T  locus in variants Raji8, 
Raji9, RajilO and Raji 19 was significantly higher than that of the parental 
RajiMex" cells as estimated by t - test: Raji 8: t=7.9; p<0.01, 4 degrees of freedom;

Raji9: t= 5.9; p<0.01; 4 d.f.; RajilO: t=4.3; p<0.05; 4 d.f.; Raji 19:
t=4.3; p<0.05; 4.d.f
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(A)

In  vitro m ism atch binding activ ities

All cell lines were assayed for binding to GT mismatches and 

AC mispairs, as there is a paradigm for mismatch repair defects that 

are associated with méthylation tolerance resulting in loss of GT 

recognition activity (RajiF12, see Chapter 4).

Recognition of AC and GT mismatches was seen in extracts of all 

cell lines (RajiS, Raji? and Raji8 Figure 4.5 (a); Raji9 and RajilO Figure 

4.5 (b); Raji 12, R ajil?  and Raji 19 Figure 4.5 (c)). Specific binding 

complexes are indicated by an arrowhead.

Thus, no mismatch recognition defects were observed in any of 

the variant cell lines established after acute MNU exposure.

Figure 4.4 In vitro m ism atch  recognition  in Raji 
v a r ia n ts  se lected  by acu te  MNU tre a tm e n t
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In v itro  m i s m a t c h  r e c o g n i t i o n  a c t i v i t y  w a s  a s s a y e d  by  gel  r e t a r d a t i o n  a n a l y s i s  
as  d e s c r i b e d  in C h a p t e r  2. S p e c i f i c  c o m p l e x e s  f o r m e d  on  m i s m a t c h e d  s u b s t r a t e s  
a r e  i n d i c a t e d  by  an  a r r o w  h e a d .  S p e c i f i c  r e c o g n i t i o n  o f  b o t h  A . C  a n d  G . T  
m i s m a t c h e s  w as  se en  in ex t r a c t s  o f  al l  ce l l  l ines.
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The data presented so far implied that cells with mismatch 

repair defects had been isolated. The selective mononucleotide repeat 

instability found in RajiS, Raji9 and Raji 19 cells indicated that these 

were defective in hH SH 6 activity. The identification of mono- and 

dinucleotide repeat instability in RajilO was consistent with loss of 

either hMSH2, hMLHl or hPMS2 activity in this cell line. In order to 

check whether these predictions were correct and to determine if  the 

cell lines in which no phenotypes attributed to mismatch correction 

defects  had been detected  were correction p rofic ien t, in vitro  

m is m a tc h  repair activity was assessed. Where defects were observed, 

complementation with extracts from mutant cell lines was performed 

to pinpoint the defect.

In vitro m ism a tch  c o r r e c t io n

Mismatch correction analysis was carried out in collaboration 

with Dr. Odile Humbert, who performed in vitro mismatch correction 

assays with extracts I supplied.

Assays were perform ed on a TC m ism atched substrate as 

outlined in Chapter 2. In vitro repair activity was indicated by the 

presence of band B, formed by cutting of the DNA substrate at an 

M lu l res tric tion  site recreated by m ism atch correction. In the 

absence of repair activity, only a single band (A; the linearised 

plasmid) was seen.

Raji9 and RajilO were defective in mismatch correction in vitro 

(Figure 4.6(a)). RajiMex" extract was repair proficient, band B was 

detected. Variants Raji9 and RajilO complemented each other for in  

v i t ro  repair activity, indicating a defect in separate components of 

the repair pathway in the two varian t cell lines. RajilO was 

complemented by extracts of the hM SH6 defective DLDl but not the
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hM L H l mutant HCT116 cell line. The reciprocal complementation is 

seen with Raji9 (repair is seen when mixed with HCT116 but not

DLDl).

These data indicated that RajilO cells lacked hM utL a activity

whilst Raji9 were defective in hMSH6 .

Results of a similar experiment are shown in Figure 4.6 (b)

where the repair activity of Raji7, RajiS Raji 12 and R a j i l?  was

assessed (lanes labelled RajilO? and Raji 104 will be discussed in the 

following chapter). Raji? was proficient in TC repair, as were RajiS 

and R a ji l? ,  whist no repair is seen with Raji 12. The efficiency of 

repair was found to vary between the cell lines in this experiment. 

The extracts of RajiS and R a ji l?  seemed to repair with greater

efficiency than Raji?. It was not further investigated if  the lower 

repair capacity in Raji? was merely a characteristic of the extract or a 

general phenomenon.

Therefore, out of four cell lines that did not display any 

detectable microsatellite instability, three were found to be mismatch 

correction proficient.

Figure 4.6 (c) shows that Raji 12 could be complemented with 

the hMSH6 defective Raji9 and DLDl but neither HCT116 or RajilO, 

which are defective in hMutLa.

This indicated that Raji 12 cells lack hM utLa function.

In summary, using an in vitro m ism atch  co rrec tio n  assay,

processing  defects in three cell lines, RajilO (h M utL a) ,  Raji 12

(h M u tL a )  and Raji9 (hMSH6 ) were pinpointed.
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c e l l  extracts were assayed for mismatch correction proficiency and 
complemented in repair activity as in Figure 3.6.
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D i s c u s s i o n

I have generated eight méthylation resistant variant cell lines 

from the méthylation sensitive RajiMex" and attempted to define the 

m echanisms that underlie resistance.

I will discuss the observations made on MNU resistance and 

MGMT activity for all cell lines together and then consider variants in 

groups, according to identified characteristics

All cell lines were assayed for resistance to m éthylation 

damage by treatment with 0.03 mM MNU, as it is possible for cells to 

survive the exposure to MNU during selection without acquiring 

res is tance  or for the resistance phenotype to be transient (see 

Chapter 5). The concentration of 0.03 mM MNU was chosen to assay 

for resistance as this dose resulted in killing of the parental RajiMex" 

and other MNU sensitive cell lines. Selection for resistance was 

carried  out to a much h igher level (0.5 mM MNU). Indeed 

preliminary experiments indicated that RajilO cells could withstand 

exposure to 1.5 mM, whilst growth of RajiF12 was abolished by ImM 

MNU. This indicated either that there was a quantitative difference in 

tolerance level between the two cell lines or that death of the RajiF12 

cells occurred by a mechanism which did not function in RajilO cells.

M ethyltransferase activity was not regained by any of the 

resistan t variants, indicating that they had a m éthylation tolerant 

p h e n o ty p e .
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Table 4.5 M utator phenotypes, mismatch recognition and m ism atch processing defects

in variant cell lines from acute selection

CELL LINE (A)n (CA)n HPRT hM utS a IN  VITRO PREDICTED
INSTABILITY INSTABILITY MUTATION BINDING MISMATCH REPAIR

RATE REPAIR DEFECT
RajiMex" - - l ( a ) + + wild type

RajilO + + 3 + - hM utL a(^)

Rajig + - 3 + -(b ) hM SH 6 (d)
Raji9 + - 3 + hM SH 6 (c)
R a ji l9 + - 3 + hM SH 6 (d)

R a ji l2 - - n. d. + - hM utLo(^)

Raji 17 - - n. d. +

RajiS - - n. d. +
Raji? - - n. d. +

The spontaneous mutation rate at the HPRT locus is given relative to the rate observed in the wild type RajiMex" cells. 
In a cell population sensitive to DNA méthylation damage, RajiS was found to be repair proficient. This indicated that 

either the designation RajiS was incorrect or that reversion had occurred in a subpopulation during long term culture. 
(^) Specific mismatch repair defect identified through in vitro complementation.
(d) Specific mismatch repair defect inferred from phenotypic characteristics.



In Table 4.4 I have summarised observations made on mutator 

phenotypes, m ism atch recognition  and m ism atch  rep a ir  defects  

among méthylation resistant clones.

Variants RajilO and R aj i l2

Although RajilO and Raji 12 were phenotypically quite distinct, 

both were found to be defective in the same component o f  the 

mismatch repair pathway.

R ajilO  cells  d isp layed  genera l m ic ro sa te l l i te  in s tab i l i ty .

Fram eshifts  in di- and m ononucleo tide  repeat sequences w ere 

frequently found in these cells. These data were consistent with a 

mismatch repair defect due to loss of function of hMSH2 or either 

component of hM utLa. Extracts of RajilO bound mismatches in vitro, 

suggesting that hMSH2 was functional.

The spontaneous mutation rate at the H P R T  locus was

approx im ate ly  three fold that o f wild type cells . Thus the 

m ic ro s a te l l i t e  m u ta to r  p h e n o ty p e  c o in c id e d  w ith  H P R T  

h y p e rm u ta b i l i ty .

The mismatch repair defect in RajilO could be complemented 

with D LD l extracts (h M S H 6  mutant (Papadopolous, et ah, 1995)) but 

not HCT116 (hMLHl defective (Li and Modrich, 1995)). This provided

direct evidence for a hMutLa defect in RajilO.

No microsatellite instability was detected in Raji 12 cells. They 

were, however, defective in DNA mismatch repair as determined by 

in vitro assay. As in RajilO, the repair defect could be complemented 

with hM SH6 but not hM LHl defective extracts. This implied that 

R aji 12 lacked  h M u tL a  activ ity . The absence  o f  de tec tab le  

microsatellite instability in Raji 12 cells was in stark contrast with
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observations made in other hM utLa defective cell lines (for examples 

see (Battacharyya, et a l ,  1994; Shibata, et al., 1994)).

Thus, although both RajilO and Raji 12 were defective in the 

h M u tL a  component of mismatch processing they were phenotypically 

quite distinct. It is a formal possibility that Raji 12 had a highly 

specific repair defect whilst RajilO cells are generally not capable of 

mismatch processing. If Raji 12 cells were specifically defective in 

correction of O^meGua containing base pairs and C.T mismatches in  

v i tro  but able to carry out all other types of repair this would explain 

the phenotypes observed. If on the other hand Raji 12 cells had a 

general mismatch repair defect, this would imply that the association 

between lack of mismatch processing and microsatellite instability is 

not always apparent.

Variants RajiS, Raji9 and Raj i l9

The unifying characteristic of these three variants was that all 

displayed specific mononucleotide repeat instability, indicative of a 

defect in hMSH6 .

Raji9 was defective in mismatch repair in vitro. Raji9 extracts 

were com plem ented by HCT116 but not D L D l extracts. This 

confirmed that Raji9 was very likely to be defective in the same 

mismatch repair component as D L D l (Papadopolous, et al., 1995), 

hM SH 6 .

In Raji 19, mismatch repair activity was not characterised. As 

specific m ononucleotide repeat instability had been shown to be 

indicative of an hMSH6 defect in D LD l, M Tl (Papadopolous, et a l ,  

1995), RajiF12 (Chapter 3) and Raji9 it was probable that Raji 19 cells 

shared the same defect. Raji9 and Raji 19 were proficient in hM utSa 

mismatch recognition activity. As has been observed in other hMSH6
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defective cell lines (such as M T l, identified as mismatch correction 

defective by Kat, et al., 1993) defects in function of this mismatch 

recognition protein do not necessarily result in in vitro m i s m a t c h  

binding defects. This implies that some hM utS a  com plexes Can 

interact with mismatches but do not mitigate their repair.

Phenotypic characteristics of RajiS were identical to those of 

Raj 19, apart from the finding that CT mismatches were corrected by 

RajiS cell ex tracts in vitro.  There are at least two possib le  

explanations: RajiS cells were proficient in m ism atch repair and 

defective in a different DNA replication fidelity mechanism (or the 

mismatch repair defect in RajiS cells was very subtle and did not 

abolish CT processing), or RajiS cells have changed their phenotype 

during long term culture (or were confused with, for exam ple, 

R ajiM ex"). The latter possibility is more probable, as the RajiS culture 

from  which repair ex tracts were prepared  was found  to be 

m éthylation sensitive.

Variants Rajl3, Raji? and R aji l?

No phenotypes associated with defects in mismatch processing 

were detected in these cell lines. Indeed Raji? and R a ji l?  extracts 

were proficient in repair of C.T mispairs in vitro. It therefore seems 

possible that Raji? and R ajil?  cells, unless they have a highly specific 

mismatch repair defect (involving, for example, exclusively a lack of 

repair of O ^m eG ua contain ing  base pairs), gained m éthy la tion  

resistance by a mechanism that did not involve abolition of mismatch 

process ing .

The mismatch correction activity  of Raji 3 cells was not 

determined. Any of the mechanisms mentioned above could account 

for the méthylation resistance seen in this cell line.

166



One pertinent question was not addressed in the these variant 

cell lines: Was the level of damage sustained constant. A reduction in 

the level of damage sustained between the parental and resistant 

variant cell line could contribute to resistance. - -

S u m m a r y

Resistance to DNA méthylation damage can be selected for by a 

single MNU treatment. In all eight méthylation resistant variants 

characterised no incidence of MGMT reactivation was detected. Four 

cell lines (RajiS, Raji9, RajilO and Raji 19) were found to display 

phenotypes associated with loss of mismatch repair. By in vitro 

complementation of mismatch repair activity, defects in hM SH6 and 

h M u tL a  were found. In four lines (RajiS, Raji7, Raji 12 and Raji 17) no 

phenotypes indicative of lack of mismatch repair were identified.

At least two of these lines was proficient in repair o f  C.T 

m ism a tch e s  in vitro, at least one was defective in m ism atch 

correction (Raji 12). Correction activity in the other cell lines has yet 

to be characterised.

These findings illustrate the great variability in phenotypic 

characteristics associated with mismatch repair defects in hum an 

cells.
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Chapter 5

- Results III -

Biochemical alterations in cells selected for 
resistance to DNA méthylation damage by chronic

MNU treatment

I n t r o d u c t i o n

In Chapter 4 I described the characterisation of m éthylation 

resistant cell lines isolated by single treatments of MNU.

Acute exposure to méthylation damage is not the only method 

by which resistant cells can be selected. Various protocols involving 

repeated exposure to damaging agents have been used (for example 

(Aquilina, et a l ,  1995)). Here I describe the characterisation of seven 

cell lines isolated after exposure to escalating doses of MNU.

Resistant cells were selected as described in Chapter 2. Briefly, 

after exposure to a cytotoxic dose of MNU, the surviving cells were 

allowed to repopulate the culture and retreated with an increased 

dose of MNU. The selection was continued up to 0.5 mM, more than 

50 fold higher than the dose that kills the parental RajiMex" c e l l s .  

After the final treatment, single cell clones were established from 

surviving populations, one clone from each to assure independence.

Cell lines from chronic selection are designated Raji 101 to 

Raji 107 to distinguish them more easily from lines derived after 

acute MNU exposure.
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M NU resistance

In order to assess méthylation damage resistance, cells were 

treated with 0.03 mM MNU on day 0 and growth recorded at 24 hour 

intervals (Figure 5.1). Figure 5.1 (a) illustrates growth of the parental 

R a jiM ex"  cells after exposure to MNU. Rapid cell death was the result 

of MNU treatment, untreated cells grew exponentially. Raji 101 cells 

were able to resist 0.03 mM MNU (Figure 5.1 (b)). Raji 102, Raji 103 

and Raji 104 cells were observed to have close to exponential growth 

after treatm ent with 0.03mM MNU (Figure 5.1 (c), (d) and (e) 

respectively), as were Raji 105 (Figure 5.1 (f)) and Raji 106 cells 

(Figure 5.1 (g)). On the final day of the experiment a significant 

d ifference between treated and untreated population num ber was 

detected only in Raji 104 (p<0.01) and Raji 106 (p<0.05) as well as the 

parental cell line. But as the effects of MNU treatment on Raji 104 and 

Raji 106 were significantly (p<0.01 in both incidences) less severe 

than in the parental line, both were c lassified  as m éthylation  

re s is ta n t .

In preliminary experiments a further variant line established 

from cells surviving the selection procedure, Raji 107, was found to 

me m éthylation sensitive. It was included as a control in some 

assays.
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Figure 5.1 MNU resistance in Raji variants selected by 

chronic  MNU treatment
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Exponentially growing cells were exposed to 0 or 0.03 mM MNU on day 0 and 
the cell concentration determined at 24 hour intervals. The logarithm of the 
initial cell concentration was standardised to 1 to permit comparison between  
e x p e r im e n ts .
On the final; day of the experiment cell numbers in treated and untreated 
populations were found to differ significantly in RajiMex" (p<0.01), Raji 104 
(p<0.01) and Raji 106 (p<0.05) but none of the other variants. Raji 104 and 
Raji 106 treated with O.OSmM MNU were found to grow significantly more than 
treated RajiMex" cells and were hence classed as méthylation resistant. For 
details of statistical analysis see Appendix 1, Table to Figure 5.1.
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M G M T  activity

The in vitro removal of O ^m eG ua from DNA by whole cell 

extracts was assessed and the MGMT activity calculated as described 

in Chapter 2. Data are presented in Table 5.1

Table  5.1 MGMT activity in Raji variants selected by 
chronic  MNU treatment

Cell line MGMT activity (units per mg 
total protein)( 1 )

RajiMex+

RajiMex"

R a ji lO l

R aji 102

RajilO S

R a j i l0 4

R a j i l0 5

R a j i l0 6

R a ji lO ?

0 .3 1 (± 0 .0 4 )(* )

<0.05(2)

0.32 (±0.1)(*> 

<0.05(2) 

<0.05(2) 

<0.05(2)

0.33 (± 0 .1 2 )(* )  

0.2 (± 0 .07 )(* )

<0.05(2)
Four independent estimates of MGMT activity were made for RajiMex"^ and 
R ajiM ex" , three for all other lines.
(*): standard deviation
(D : One unit of MGMT demethylates 1 pmole O^meGua. See Chapter 2 for MGMT 
assay and calculation of activity.
(2): the level of MGMT activity was below 0.05 U mg"^ protein, the detection 
limit of the assay, in all experiments performed.
No significant difference in MGMT levels was detected between RajilOl and 
RajiMex+ (t= 0.3) or Raji 105 and RajiMex+. The level estimated in Raji 106 was 
significantly below that of RajiMex+ (t= 7.9; p<0.01, 5 d.f.), but was clearly above 
the level of  detection. Thus, RajilOl, Raji 105 and Raji 106 were classified as 
MGMT proficient)

Variant cell lines Raji 102, Raji 103, Raji 104 and RajilO? were 

found to lack methyltransferase activity, as was RajiMex". Three of

1 ? 3



the variant cell lines had gained MGMT activity (RajilOl, Raji 105 and 

Raji 106). The level of activity in cell extracts was comparable to that 

observed in RajiMex+, which was included as a positive control.

Thus, a transition from Mex“ to Mex+ was observed in variants 

R a jilO l, Raji 105 and Raji 106. The level of MGMT activity in these 

variants was comparable to that in RajiMex+ cells and probably 

sufficient to account for méthylation resistance observed.
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A nalysis  o f m ononucleotide  repeat sequences

The length of at least two mononucleotide repeat sequences 

was estimated in subclones of each of the seven variant cell lines and 

the rate of frameshift mutations calculated as described in Chapter 2.

Only one example of variation was detected (at locus Bat40 in a 

Raji 103 subclone). The full data set is presented in Table 5.2.

Table 5.2 Rates of m ononucleotide repeat variability  in 
Raji variants selected by chronic MNU treatm ent

Cell line Number of 
a l te ra t io n s

Rate o f fram esh if t  
m uta tions*

RajiMex" 1 (117)(1) 4 x 1 0 - 4

R a ji lO l 0 (43) <10-3

R a j i l0 2 0 (90) <6x10-4

R aji 103 1 (66) 8 x 1 0 - 4

R a j i l0 4 0 (43) <10-3

R aji 105 0 (30) <10-3

R aji 106 0 (40) <10-3

R aji 107 0 (39) <10-3

Mutation rate scored as mutations per cell per generation, calculated as 
described in Chapter 2. 20 informative generations were accumulated for all 
c u ltu r e s .

(1) Numbers in parenthesis indicate the number of determinations made 
Dinucleotide repeat stability did not differ significantly between Raji 103 

and the parental RajiMex" cells (0.1>P>0.05).

In summary, no evidence for mononucleotide repeat instability 

was detected in any of the variant cell lines.
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D inu cleotid e  repeat length  variab ility

Variants from chronic selection were assessed for spontaneous 

changes in the length of dinucleotide repeat sequences in the same 

way as méthylation tolerant variants selected by acute treatment.

As shown in Table 5.3, no alterations in the length of loci

D10S197, D11S904, D13S175 and D17S941 were observed in any of

the resistant variants.

Table 5.3 Dinucleotide repeat variability in Raji 
variants selected by chronic M N U treatm ent

Cell line N u m b e r  
of a lterations

Rate of fram eshift  
m u ta t io n s *

RajiMex" 0 (631)(1) <8x10-5

R a ji lO l 0 (95) <5x10-4

Raji 102 0 (108) <5x10-4

R a ji l0 3 0 (124) <4x10-4

R a j i l0 4 0 (108) <5x10-4

R a ji l0 5 0 (89) <5x10-4

R a j i l0 6 0 (210) <2x10-4

Raj i l  07 0 (92) <5x10-4
Mutation rate scored as mutations per cell per generation, calculated as 

described in Chapter 2. 20 informative generations were accumulated for all 
c u ltu r e s .

(1) Numbers in parenthesis indicate the number of determinations made

In conclusion, in all of the cell lines the rate of frameshift 

mutations in dinucleotide repeat sequences was below the detection 

lim it.
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M utator phenotypes at the H P R T  locus

The mutation rate was estim ated in variants Raji 102 and 

Raji 103, as shown in Table 5.4.

No significant increase in the spontaneous m utation rate was 

detected relative to the parental RajiMex" cells.

Table 5.4 Spontaneous mutation rates at the H P R T  
locus in Raji variants selected by chronic M NU exposure

Cell line M utation  r a t e d )

(m utations to H P R T "  p e r  

10^  cells per generation)

RajiMex" 3(^)(± 1.8)(*)

Raj i l  02 1.5(b)(± 0 .6)(*)

Raj i l  03 2 . 1 (c) (± 2 .2)(*)

(*): standard deviation
Single cell clones were grown to 10^ cells and distributed in a 96 well plate, 10^ 
cells per well in the presence of 5mg 6 - thioguanine per ml medium. Clones 
were scored as positive, if  growth was detected in one or more w ells. A
minimum of 18 plates were scored and the mutation rate calculated as described 
by Luna and Dellbruck (1943) (Chapter 2). Alternatively, rate estimates were
made by estimates of the mutation frequency in cell populations.
(a) to (c): Three independent determinations o f the spontaneous mutation rate
were made for each cell line (in Mutations to H P R T '  per 10^ c e lls  per
g e n e r a tio n :
(a) 2.7; 1.0; 4.5 (b) 1.6; 2.0; 0.9 (c) 0.9; 0.8; 4.6
N either the estimated rate for Raji 102 or Raji 103 was found to d iffer
significantly from the parental cell line (t values 1.9 and 0.7 respectively, 4
degrees of freedom).

In vitro DNA m ism atch binding activ ities .

All variant cell lines were assayed for their capacity  to 

specifically recognise GT and AC mismatches in vitro. In all figures, 

specific complexes are indicated by an arrowhead.
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Figure 5.3 (a) shows the capacity of RajiMex”, R a jilO l, Raji 102 

and Raji 103 extracts to form the hM utSa com plex. RajiM ex", as 

previously  reported (Branch, et aL, 1993), recognised  m ism atched 

and the looped out heteroduplex substrates. RajilO l was also found 

to be proficient in hM utSa formation in vitro. This was consistent 

with its MNU resistance arising from expression of MGMT. Raji 102 

was found not to bind detectably to a GT mispair or looped out bases 

although recognition of the AC m ism atch was not s ignificantly  

impaired (Figure 5.3 (b)). This indicated that extracts o f Raji 102 were 

not globally defective in mismatch recognition and had most likely 

specifically lost hMutSa activity.

Similarly, GT mismatch recognition by Raji 103 extracts was 

seen to be greatly reduced under these assay conditions (Figure 5.3

(a)). In contrast to Raji 102 where apparently complete abolition of 

recognition had occurred, there was a faint signal with Raji 103 cells 

when a GT mismatch or a substrate with two looped out bases was 

used. The binding defect in Raji 103 was not general, AC mismatches 

were recognised (Figure 5.3 (b)). In view of the faint recognition of 

GT mismatches in Raji 103, a titration was performed, increasing the 

amount of protein added to the reactions (Figure 5.3 (c)). For extracts 

from cells with normal binding lOmg to 15mg of protein are added 

per reaction. In the case of Raji 103, 2 to 3 fold this amount of protein 

was required to observe (faint) binding. Addition of more protein 

(upto 50mg) obscured the specific recognition complex. It therefore 

appeared that Raji 103 cells were capable of GT mismatch recognition, 

but at a lower efficiency than the parental cells.

Reversion o f  Rajil02

Raji 102 was found to revert in long term culture as, after long 

term culture, a subset of Raj i l  02 cells were proficient in mismatch
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recognition. W hilst the originally established variant Raji 102 was 

found to be completely defective in hM utSa (Figure 5.4 (b)), Rajil02B 

(Figure 5.3 (d)) appeared to have normal m ism atch recognition 

capacity. This correlated with the méthylation resistance observed. 

W hilst Raji 102 was resistant to MNU, a prelim inary experiment 

indicated that Raji 102(B) was sensitive to MNU at a level comparable 

to RajiMex" cells.

It therefore seemed that at least a subset of Raji 102 cells had 

regained DNA m ism atch processing ability  in culture and lost 

m éthylation  tolerance. It should be noted that estim ates o f the 

spontaneous mutation rate and microsatellite instability were carried 

out on méthylation tolerant Raj i l  02 cells.

Variants Raji 104, Raj i l  05 and Raji 106 bound efficiently to GT 

(Figure 5.3 (d)) and A.C mismatches (Figure 5.3 (e)).

Thus, of seven cell lines established after acute exposure to 

MNU, two were impaired in GT mismatch recognition whilst all were 

capable of binding to AC mismatches.
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Figure 5 . 2  In vitro mismatch recognition in Raji
variants selected by chronic MNU treatment
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In vitro m ism atch  rep a ir  activ ity

I prepared extracts from méthylation tolerant cell lines and the

capacity  for in vitro  m ism atch  repair of a T.C m ism atched

heteroduplex DNA molecule was assayed by Dr. Odile Humbert.

As shown in Figure 5.4 (a), Raji 102 extracts  (designated 

Raj i l  02 A in the figure) were apparently unable to repair the C.T 

mismatch. The diagnostic band B was not observed, only the signal 

from the linearised plasmid (band A). R econstitu tion  of repair 

activity was achieved by addition of HCT116 but not D LD l extract, 

ind icating  that Raji 102 and D L D l were defective  in the same 

component of the mismatch repair pathway, hM SH6 . Extracts of the 

revertant culture of Raji 102, Rajil02B, which was MNU sensitive and 

GT binding proficient were able to correct mismatches (Figure 4.5 

(b)).

Raji 103 extracts were capable of processing C.T mismatches in  

v itro  (Figure 5.4 (c)), albeit with decreased efficiency. The extent of 

repair was found to be increased by addition of HCT116 extract. 

There was no equivalent increase in repair in the presence of either

LoVo (hMSH2 defective) or DLDl (hMSH6 mutant). These data were

consistent with a partial defect in hMSH6 function in Raji 103 cells.

F igure  5.4 (d) shows the com plem enta tion  of m ism atch

correction  activity  in repair defective Raji 104 cells (lanes not 

concerned with Raji 104 in this figure show data that led to the 

identification of the hM utLa defect in Raji 12 cells (Chapter 4)). No 

correction was seen upon addition of Raji9 or D L D l extracts to 

Raji 104, whilst CT repair was reconstituted through addition of either 

HCT116, Raji 10 or Raji 12 extracts. This indicated that Raji 104 cells 

were defective in hMSH6 as are both Raji9 and DLDl.
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Cell extracts were assayed for mismatch correction proficiency and 
complemented in repair activity as in Figure 3.7.
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D is c u s s io n

The variant cell lines generated by chronic exposure to MNU 

fell into three categories. They were either sensitive to méthylation 

dam ag e , had  reg a in ed  m e th y l t ra n s f  e ra se  a c t iv i ty  or w ere  

m éthylation tolerant and defective in DNA m ism atch repair. The 

phenotypic characteristics identified are summarised in Table 5.5.

Of the seven varian t cell lines iso la ted  th rough  chronic 

exposure to MNU, Raji 107 was found to be sensitive to méthylation 

damage. E ither this cell line acquired res is tance  but lost this 

characteristic after a brief period in culture or survival was achieved 

although the cell was never stably resistant to DNA méthylation 

dam age .

Reexpression of M GM T in R ajilO l, RajilOS and R ajil06

Of the six resistant lines, three (RajilO l, Raji 105 and Raji 106) 

regained MGMT activity. The level of methyltransferase activity was 

comparable to that observed in the wild type cells, thus making it 

likely that the MGMT activity alone was sufficient to account for the 

level of resistance observed. It is unlikely that these Mex+ variants 

stemm ed from a pre-existing MGMT proficient subpopulation as 

R a j iM e x "  have been found to be stable over very long periods in 

culture (P. Karran, pers. comm.) In addition, resistant variants were 

isolated from clonal populations of RajiMex" which were MGMT 

defective , m inim ising the probability  o f a p re-ex is ting  M ex+ 

subpopulation. It seems highly probable that MGMT reexpression 

was brought about by the exposure to MNU.

The MGMT gene is often subject to epigenetic silencing through 

changes in patterns of 5meC (Cairns-Sm ith and Karran, 1992). 

Méthylation patterns associated with activation and inactivation of
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Table 5.5 M utator phenotypes, mismatch recognition and mismatch processing defects

in variant cell lines from chronic selection
oo

CELL LINE 

RajiMex"

(A)n AND MGMT 
(CA)n ACTIVITY 
INSTABILITY

HPRT
MUTATION
RATE
l(a )

hM utS a
BINDING

+

IN  VITRO 
MISMATCH 
REPAIR 
+

PREDICTED 
REPAIR 
DEFECT 
wild type

R a ji lO l + n. d. + n.d.

R a ji l0 2
RajilOS
R a ji l0 4

1
1
n. d.

- (b )
-(c)
+

-(d )
-(e)

hM SH 6 (d)
hM SH 6 (c)
hM SH 6 (d)

RajilOS + n. d. + n.d.

R a ji l0 6 + n. d. + n.d.

Raji 107 — — n. d. + n.d.

The spontaneous mutation rate at the HPRT locus is given relative to the rate observed in the wild type RajiMex' cells. 
Mismatch binding proficiency was detected in a subset of Raji 102 cells, indicating either reversion of part of the 

population or confusion with repair proficient cells.
Raji 103 cells had reduced but not completely absent mismatch recognition activity.

(d) Mismatch correction proficiency was detected in a subset of Raji 102 cells, indicating either reversion of part of the 
population or confusion with repair proficient cells.
(e)  RajilOS cells had reduced but not completely absent mismatch repair activity.



this locus are inverse to the correlation seen at many other loci. 

H ypom ethy la tion  is associated  with reduced  express ion  levels , 

hyperm ethylation with increased expression (Chomet, 1991). It is 

poss ib le  tha t the treatm ent with M NU alters or affects the 

méthylation status of the DNA. Thus, MNU may act as an epimutagen.

Mismatch processing defects in Raji 102, Raji 103 and Raji 104

The final three cell lines, Raji 102, RajilOS and Raji 104 were 

found to deficient in tnismatch recognition capacity.

Raji 102 had to be categorised into two sub-variants, Raji 102 

and Raji 102(B). Raji 102 lacked both m ism atch recognition  and 

mismatch repair activity. Complementation of the in vitro m ismatch 

repair activity indicated that Raji 102 was devoid of hMSH6 function. 

Raji 102 (B) was found to proficient in both binding and repair. 

Raji 102(B) was isolated as a MNU sensitive variant of Raji 102 which 

arose spontaneously during normal culture. Again this suggested that 

the relevant change leading to the mismatch repair defect may have 

been epigenetic rather than mutational

Raji 103 cells were found to be of intermediate phenotype. 

M ism atch  recognition  and m ism atch repair activ ities could be 

detected, but were attenuated in comparison to wild type levels. As 

described in Chapter 2, the dynamic range of the gel retardation 

assay used to assess mismatch recognition for fully hMutSa proficient 

cells is narrow and lies between 10 and 15mg of protein. Below lOmg 

no s ign if ican t b inding to labelled  o ligonucleo tide  substra te  is 

observed. Above 15mg non-specific binding can obscure mismatch 

specific recognition. As seen in Figure 5.4 (c), 30mg of protein from 

extracts of Raji 103 are required to detect (faint) specific binding.
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more than 2 -fold higher than the amount needed in fully proficient 

cells.

S im ila r ly ,  a lthough  R aji 103 was shown to have some 

proficiency in mismatch processing, the level of repair (Figure 5.5

(b)) could be increased by addition of HCT116 (hM LHl mutant (Li 

and Modrich, 1995)) but not D L D l or LoVo extracts (defective in 

hM SH 6 (Papadoupolos et a l ,  1995) and hMSH2 (Umar et a i ,  1994) 

respectively). This selective increase in repair capacity suggested

that rather than general loss of mismatch processing, either hMSH2 

or hMSH6 function was limiting in Raji 103 cells. As Raji 103 did not 

have any detectable  m utator phenotype and because no other

examples o f hMSH2 defects have been detected in the entire panel of 

variants, it was likely that a reduction in hM SH 6 function had 

occurred. It would be of interest to determine the relative abundance 

of hM SH 6 protein and mRNA in Raji 103 cells in comparison to 

R a j iM e x " .  This could facilitate investigation of possible causes for 

reduced hM SH6 activity such as lowered expression levels, instability 

of the mRNA resulting in lower protein abundance or the presence of 

a mutant peptide with decreased activity.

The observations from Raji 103 imply that a partial mismatch

processing defect may be sufficient for the acquisition of méthylation 

to le rance .

V ariant Raji 104, in contrast to Raji 102 and R a ji l0 3 , was

proficient in mismatch recognition. In addition, this cell line did not 

display any microsatellite instability. It was, however, defective in in  

vitro  mismatch repair and complemented by extracts lacking hM LHl 

but not hMSH6 activity (Figure 5.5 (c)), indicating that this cell line 

was probably hMSH6 defective.
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Raji 102, Raj i l  04 and RajilOS add further support to the notion 

that mismatch processing defects in human cells are not always 

associated with microsatellite instability.

S u m m a r y

Of seven cell lines established after chronic exposure to MNU, 

six were found to be resistant to MNU, of which half had regained 

m ethyltransferase activity, probably accounting for resistance.

Evidence for mismatch processing defects were found in all 

M e x "  tolerant variants In none of the cases was there any evidence 

for microsatellite instability.
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Chapter 6

Results IV

Microsatellite instability in the méthylation tolerant 
adenocarcinoma cell line SW48

I n t r o d u c t io n

DNA mismatch repair defects are associated with the vast 

majority of HNPCC tumours as well as approximately 10% of sporadic 

cancers of the colon (Lynch and Smyrk, 1996). As illustrated in the 

previous three chapters, tolerance to DNA méthylation damage can 

be effected by loss of mismatch processing ability. But are mismatch 

repair defective tumour cells tolerant to DNA méthylation damage?

In order to address this question, levels of MGMT within the 

cell must be taken into account. The presence of MGMT activity may 

prec lude  d irect determ ination, w hether loss o f  m ism atch repair 

co n tr ib u te s  to m éthy la tion  res is tance . U n derly ing  m éth y la t io n  

tolerance can be masked by MGMT activity. Mismatch proficient and 

deficient cell lines may therefore be indistinguishable upon exposure 

to MNU (reviewed in (Karran and Hampson, 1996)).

One approach to this problem is to inhibit MGMT activity with 

O 6 -benzylguanine which covalently binds to and inactivates the 

enzym e (Dolan, et al., 1990). Pauline Branch in the laboratory 

attempted to deplete MGMT in the Mex+, mismatch repair defective 

colorectal adenocarcinoma cell lines D LD l and HCT116 and the 

mismatch correction proficient, Mex+ colon tumour cell line HT29. No 

sensitisation to MNU was apparent in repair proficient or deficient
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cells upon exposure to MNU, even after O ^-benzylguanine treatm ent. 

This could be due to auxiliary toxicity of the - b e n z y l g u a n i n e  

treatm ent or rapid recovery of MGMT levels after depletion as 

sensitive cells do not die immediately after exposure to MNU.

In a separate approach, a screen of M GM T activ ities in 

colorectal adenocarcinom a cell lines was carried out by Pauline 

Branch. Two cell lines, SW48 and SW620, were Mex“. SW48 cells 

were found to be resistant to MNU whilst SW620 cells were sensitive. 

The MNU concentration at which 37% of SW620 cell were killed was 

0.05mM but 0.8 mM for SW48, indicating that despite the lack of 

MGMT activity, SW48 cells were capable of resisting MNU induced 

damage. SW48 cells were detected to have increased spontaneous 

mutation rates at the H P R T  locus compared to wild type cells, here 

HT29 (The rate for SW620 cells was very low; SW620 cells have been 

reported  to harbour two functional copies o f the H P R T  gene 

(Battacharyya, et al ,  1994)).

Thus, SW48 displays characteristics o f a m ism atch repair  

defective cell line: resistance to DNA méthylation damage despite 

lack of MGMT and an increased spontaneous mutation rate. Here I 

describe the investigation of microsatellite instability in SW48 and 

SW620 cells. This investigation was carried out in parallel to Pauline 

Branch's characterisation of the phenotypes of SW48 and SW620.

D inuc leo tide  re p e a t  in s tab i l i ty  in SW 48 b u t  n o t  SW 620
c e l l s

The somatic variability of four dinucleotide repeat sequences, 

D2S123, D11S904, D10S197 and D2S177 was determined in subclones 

of SW48 and SW620 that had been established after the passage of 

20 (SW48) or 40 (SW620) informative generations.
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Variability in dinucleotide repeat sequences was abundant in 

SW48, whilst no dinucleotide repeat instability was found in SW620. 

Examples of fram eshift mutations at locus D2S123 are shown in 

Figure 6.1, the full data are summarised in Table 6.1. PCR products 

were analysed using an ABI automatic sequencing machine and data 

were represented as electrophoretograms. In Figure 6.1 the top two 

panels show the parental allele length (sized at 211 and 217 bp). 

Fragments in the upper two panels with mobilities of 207, 209, 213 

and 215 base pairs were probably due to amplification errors by the 

Taq polymerase. The third panel from the top illustrates that one 

repeat unit was gained in the larger allele of the subclone analysed, 

resulting in allele lengths of 211 and 219 bp. The second panel from 

the bottom depicts a -2bp frameshift (allele sizes 211 and 215 bp) 

whilst in the bottom electrophoretogram loss of one repeat unit of 

the smaller allele was observed (allele sizes 209 and 217 bp). In the 

lower three graphs peaks except those discussed above were most 

probably the results of amplification errors.
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F igu re  6.1 E xam ples of d inucleo tide  re p e a t  v a r ia b il i ty  
in SW48 cells.

2 3 52 3 02 0 52 0 0

- 2 0 C

p 4 0 0
- 3 0 0  
- 2 0 0  
- 1  0 0

h-400 
- 3 0 0  
- 2 0 0  
- 1  0 0

Locus D2S123 was amplified by PCR with fluorescently labelled primers 
and analysed on an ABI automatic sequencing machine. Data are presented as 
electrophoretogram plots where fragment size (in base pairs, deduced from the 
mobility of standard fragments of known size) was plotted against the intensity 
of fluorescence detected.
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Table 6.1 Summ ary o f  d inucleotide repeat instability
detected in SW48 and SW620 cells

D in uc leo t id e  
repeat locus

Number of 
variants in 
S W 4 8 (1 )

Number of 
variants in 
S W 6 2 0

D2S123 3 (30) 0 (36)

D 10S197 3 (30) 0 (36)

D 11S 904 5 (30) 0 (36)

D2S177 1 (42) 0 (36)

(1) numbers in parenthesis indicate the number of subclones

Cell line S p o n t a n e o u s  f r a m e s h i f t  
mutation rate at (C A )n  
repeats(&)

SW48 (b)  

S W 6 2 0 ( c )

4 x 1 0 - 3

<2x10-4

(a) mutation rates in mutations per cell per generation
(b) SW48 had been cultured for 20 informative generations
(c) SW 620 had been cultured for 40 informative generations
Even when not taking the difference in informative generations into account, 
dinucleotide repeat instability was found in a significantly higher proportion 
o f determinations in SW48 (7%) than SW620 (<0.7%) (p<0.01; Chi - squared 
a na l ys i s ) .

Therefore, dinucleotide repeat instability was seen in SW48 but 

not SW620 cells.
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D is c u s s io n

Attempts have previously been made to ascertain if  colon 

tumour cell lines defective in mismatch correction are méthylation 

tolerant. It has been reported that whilst the HCT116 colorectal 

adenocarcinom a line, mutant in h M L H l ,  was resistant to DNA 

m éthylation damage, introduction of Chromosome 3 (harbouring a 

functional copy of HML Hl )  resulted in the decrease of resistance (Koi, 

et al., 1994). The authors concluded that HCT116 cells were 

m éthylation  tolerant and that restoration of m ism atch correction 

through introduction of a functional copy of the H ML H l  gene resulted 

in loss of the méthylation tolerance phenotype. But HCT116 cells 

have MGMT activity. It is also known that a com ponent on 

Chromosome 3 is able to suppress MGMT expression. Thus an equally 

plausible explanation to that proffered by the authors (Koi, et al., 

1994) is that resistance in HCT116 cells is due to MGMT activity, 

whilst the observed sensitivity upon introduction of chromosome 3 

may be due to a reduction in methyltransferase levels.

By treatment of HCT116 with O^-benzylguanine, it has recently 

been shown that these cells are indeed méthylation tolerant (Wedge 

et al., 1996).

The colorectal adenocarcinoma cell line SW48 was identified as 

having the hallmark phenotypes of DNA mismatch repair defects: 

resistance to DNA méthylation damage in the absence of MGMT 

activity and an elevated spontaneous mutation rate at the H P R T  

locus. Here I have described my finding that SW48 cells display 

m icrosatellite instability at dinucleotide repeat sequences, a further 

charac teris tic  that d istinguishes m ism atch repair defective  from
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mismatch repair proficient cells. SW48 has since been identified as 

being hM LHl defective (Eshleman, et a l ,  1995).

SW48 cells were the first example where loss of mismatch 

p ro cess in g  capacity  was a ssoc ia ted  with to le rance  to DNA 

méthylation damage in a colorectal adenocarcinoma cell line. SW48 

had acquired méthylation tolerance in vivo. Since we reported this 

finding (Branch, et al., 1995), other groups have shown tolerance to 

DNA méthylation damage in mismatch repair defective colon cancer 

cell lines by suppression of MGMT activity (for example (Wedge, e t  

al., 1996b)).

In the absence of any other plausible explanations it has been 

speculated that the acquisition of méthylation tolerance could be a 

selective force for the loss of mismatch processing activity in colon 

tu m o u rs .
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Chapter 7

RESULTS V

Microsatellite instability in |32 - microglobulin 
defective colon tumours

I n t r o d u c t io n

The immune system is an im portant m echanism  for the 

avoidance of tumours in humans. Immune suppression may result in 

high incidence of some tumours in, for example, patients chronically 

im m unosuppressed after organ transplants (Stewart, et al., 1997). 

The mechanism by which the immune system exerts a protective 

function is thought to rely on the perception of tumour cells as non - 

self by the cellular immune system. Internally derived peptides are 

expressed on the surface of all cells via the HLA class 1 system. 

These surface complexes are recognised by T-cells through the T-cell 

receptor system (TCR). In normal cells which are unm utated the

peptides do not provoke an immune response as they are recognised

as "self" by T-cells. Cancer cells may, however, express numerous 

m utant proteins. Some of the peptides derived from these altered 

proteins expressed on the cell surface will be recognised as non - self.

The cell would therefore be a target for elimination by a cytotocic T

lymphocyte (CTL) mediated immune response.

M u ltip le  ce llu la r  com ponen ts  are in v o lv ed  in an tig en  

presentation on the cell surface. Proteins are degraded to peptides 

for surface presentation by the proteasome machinery and are then 

thought to be transported to the endoplasmatic reticulum by the TAP
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transport system, where they are complexed with an HLA molecule 

and subsequently expressed on the cell surface, stabilised by a p 2 - 

microglobulin molecule (Creasy, 1981).

Fram eshift mutations are more likely than point mutations to 

provoke a CTL response. Point mutations will usually only result in 

minimal changes in peptide sequence or possibly, by introducing a 

termination codon, loss of peptide sequence. In contrast, frameshift 

m utations are likely to generate nonsense polypeptides which, if  

presented to cytotoxic T-cells, are highly immunogenic.

As discussed earlier, approximately 10% of sporadic colorectal 

tumours lack DNA mismatch repair activity and exhibit microsatellite 

instability (reviewed by, for example (Karran, 1996)). Microsatellite 

instability simply reflects an increased rate of frameshift mutations. 

The expectation is therefore that mismatch repair defective tumour 

cells  are more likely to be subject to rem oval by im m une 

surveillance. This implies a strong selective pressure on emerging 

mismatch repair defective tumour cells to lose the ability to present 

surface antigen.

It has also been described that P2 -m icroglobulin  expression is 

lost in colon cancers (the loss of p 2 -m icroglobulin  leading to the 

absence of surface antigen expression) at higher frequency than in 

other tumours (Bodmer, 1987). This is indicative on a heightened 

se lec tive  pressure  on colorectal tum our cells to loose antigen 

presentation relative to tumour cells from other sites of the body.

The aim of this study was to determine if  there is any 

correlation between defects in mismatch repair and loss of surface 

antigen expression. To do this, I made use of data from a large study 

of P2 -microglobulin mutations in tumours by David Bicknell.
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p2-m icroglobu lin  m utations in tum ours

DNA from  various  d if fe ren t  tum our types (co lo rec ta l ,  

m elanom a, breast and lym phom a) had been analysed for p 2 - 

m ic ro g lo b u l in  m u ta t io n s  by s in g le  s t ra n d  c o n fo rm a tio n a l  

polymorhism (SSCP) by David Bicknell. His findings are presented in 

Table 7.1. Mutations in the p2 -microglobulin gene were found in 6 % 

of colorectal tumours but in less than 1% of tumours from other sites. 

Thus p 2 -m icroglobulin  m utations were significantly (p<0.02) more 

common in colorectal than in the other types of tumours.

Table 7.1 p2-microgIobuIin m utations in tum ours of  
d if fe r e n t  s ites

T u m o u r N um ber an a lysed  N um ber with b2
m ic r o g lo b u l in
m u t a t i o n s

C o lo r e c ta l 147 9

M e la n o m a 3 0 0

B r e a s t 4 8 0

O v a r y 2 1 0

L y m p h o m a 3 4 1

T o ta l 2 8 0 10

Mutations detected in the p2 -microglobulin gene in colorectal 
tu m o u rs

Sequencing of the p 2 -m icroglobulin gene by David Bicknell 

revealed that more than 50% of mutations were fram eshifts in 

repe tit ive  sequences (see Table 7.2). In triguingly , this is the 

mutational signature associated with mismatch repair defects.
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M icrosate llite  instab ility  in colorecta l tum our sam ples

My contribution to this study was to determine the frequency 

o f  m icrosate llite  instability among the colorectal tum our samples 

studied. This information was used to determine if p 2 -m ic ro g lo b u l in  

m utations were more common in mismatch repair defective than 

profic ien t tumours.

M icrosa te ll i te  loci were am plified  by PCR with prim ers 

fluorescently tagged for automated analysis as previously described. 

In Figure, 7.1 allele profiles of a tumour and matched normal DNA 

sam ple  at d inucleo tide  repeat locus D2S123 are p resen ted  as 

electrophoretograms. With genomic DNA from normal mucosa, two 

alleles were detected (211 and 229 bp in size). Stutter bands were 

observed at 207, 209, 227 and 225 bp. In contrast, multiple allele 

peaks were seen in the tumour sample.

Thus, the tum our but not the norm al tissue  d isp layed  

variability at D2S123.
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Figure 7.1 M icrosatellite  instability  
D2S123 in tumour but not normal DNA

at locus

' I '
20 0

T - T - r
20 5
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'  I I I '
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■P''
15 24 52
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-2 0 0 0Normal
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Locus D2S123 was amplified by PCR using specific primers with genomic DNA  
preparations from tumour and adjacent normal mucosa samples supplied by Dr 
I. Tomlinson. The electrophoretogram depicts the amount o f product detected 
(intensity of fluorescence in arbitrary units) versus the size of products (in 
base pairs).
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Table 7.2 M icrosatellite  instability  and m utations in  
the p 2-m icroglobulin  gene in colorectal tum our sam ples

T u m o u r M u t a t io n S e q u e n c e
c o n t e x t

M
sa
is

1 G to A (GA)2 -

2 TO deletion (TG)2 -

3 C to G (CG)2 -

4 CT deletion (CT)4 -

5 CT deletion (CT)4 +

6 CT deletion (CT)4 +

7 CT to GG n o n -

re p e t i t iv e

+

8 G to A n o n -

re p e t i t iv e

+

9 A deletion (AJ5 +

In total 71 colorectal tumour samples (37 of these samples 

were m atched with control DNA from normal epithelial tissue 

adjacent to the tumour) were analysed for microsatellite instability 

at three or more loci. Tumour samples were classified as unstable if 

variab ility  was detected at two or more loci. Seven cases of 

instability were detected.

The frequency of m icrosatellite  instability  detected in this 

sample of colorectal tumours ( 1 0%) was in accordance with previous 

r e p o r ts .

A strong correlation (p<0.01) was detected between mutation of 

P 2 -m icrog lobulin  and m icrosate llite  instability . Of nine tum our
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samples mutated in P2 -microglobulin, five were found to display 

microsatellite  instability and thus concluded to be mismatch repair 

defective. This was a significant over representation compared to the 

frequency of microsatellite instability detected in colon tumours in 

gen era l .

D i s c u s s i o n

This study indicated that the CTL immune system is likely to 

play a role in selecting for tumours which have lost the ability to 

present surface peptides. This pressure is more likely to be exerted 

on m ism atch repair defective cells because they are liab le  to 

frameshift mutations. In addition the p2-m icroglobulin  gene contains 

'hot spots' for frameshift mutations.

It can be speculated that the CTL immune response is not the 

only immune function that exerts a selective pressure on tumour 

cells. If surface antigen expression were lost through, for example a 

defect in p 2 -microglobulin function, the cells are recognised by the 

natural killer cell system which picks up cells that do not express 

antigen on their surface. Target cells are bound by NK cells and killed 

(Karre, 1995). The effectiveness of this response is thought to vary 

depending on the physiological environment.

I would therefore like to speculate that the magnitude of the 

selective advantage incurred through loss of antigen presentation in 

a cell is dependent on the relative effects of at least two mechanisms: 

the growth advantage accrued though evasion of the CTL response 

and the selective disadvantage incurred by becoming a target of the 

NK cell system. The balance of these two pressures could possibly 

vary according to tumour type.
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Chapter 8

Concluding Discussion

The work described in this thesis is concerned with the 

m echan ism  whereby DNA dam age sensitive  cells  can acquire  

m éthylation resistance, especially through loss o f DNA m ism atch 

correction capacity. The main results are summarised below:

(1) Méthylation tolerance in RajiF12 is associated with loss of 

hM SH 6 function.

(2) Exposure of RajiMex" cells to a single highly toxic dose of 

MNU leads to méthylation resistance. Of eight cell lines analysed, at 

least two were defective in hM LH l and at least three in hM SH 6 

activity. In three cell lines no overt phenotypes associated with DNA 

mismatch repair defects were observed. Despite this, at least one was 

deficient in DNA mismatch correction in vitro .

(3) MNU treatment using an incremental protocol can be used 

to generate resistant cells. Of 6 resistant lines, three were found to be 

M e X + . In the other three variants evidence for defects in DNA 

m ismatch repair were detected.

(4) M éthylation tolerance through loss o f mismatch repair 

activity can occur in vivo.

(5 )  Loss of DNA m ism atch correction, as iden tified  by 

m icrosa te llite  instability, may increase the selective pressure  on 

tumour cells to abolish surface antigen presentation.
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In the following general discussion I will try to highlight some 

implications the discoveries reported here may have and attempt to 

make predictions for future developments.

Does MNU act as an epimutagen?

MNU is a very powerful mutagen and highly cytotoxic (Lawley, 

1984). Results reported in Chapters 4 and 5 indicate that MNU may 

also act as an epimutagen.

R a j i M e x "  cells are deficient in MGMT, probably  due to 

epigenetic silencing of the gene via cytosine méthylation (Karran, e t  

al . ,  1990). RajiMex" cells are phenotypically stable in long term 

culture and no reversion to Mex+ has been reported (P. Karran, pers. 

comm.). But after chronic exposure to MNU MGMT was reexpressed in 

50% of the resistant clones examined. Thus, it seems likely that MNU

induced alterations in 5meC distribution. It is therefore possible that

changes in cytosine méthylation might lead to loss o f mismatch 

repair activity. An example may be the R a ji l0 2  cell line. The 

spontaneous reversion of this line from defective mismatch repair to 

active correction is consistent with epigenetic change.

The observation that MNU induced epigenetic changes may 

cause the expression of one but the silencing of the other gene is in 

acco rdan ce  w ith the f ind ing  that w hils t  h y p o m eth y la tio n  is 

correlated with gene expression in the vast majority of examples, 

h y p e r m e th y la t io n  is a s s o c ia te d  w ith  e x p re s s io n  o f  the  

methyltransferase gene (for example see Karran et al., 1990)

Further evidence of possible epigenetic changes after MNU 

treatment have been put forward (for example see (Antonsson, et a l ,  

1987; Kanduc, et a l ,  1994; Nyce, 1989) ), implying that this may be

a general effect of MNU.
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It has been proposed that changes in méthylation patterns may 

be associated with tum our developm ent (Fearon and V ogelstein, 

1990). Epimutagenic effects may contribute to the tumorigenicity of 

MNU and similar compounds.

Defects in which components of the mismatch repair system are 
associated with méthylation tolerance?

The hum an m ism atch  recognition  system  (Figure 1.3) is 

branched. Base base mismatches and single base loops are thought to 

be preferentially recognised by hM utSa, whilst it is considered that 

h M u t S p  binds to larger loops. Which of these recognition categories 

do O^meGua containing base pairs belong to? Can both activities bind 

to such mispairs and mediate the cytotoxicity of the lesion?

W ork reported in this thesis and e lsewhere indicates that 

h M u t S a  initiates repair attempts at O ^m eG ua lesions. No data 

compatible with selective hMutSp defects were obtained.

Identification of hMSH6 and hM utLa by complementation of in 
vitro  mismatch repair capacity

P rec ise  p in p o in t in g  o f  a rep a ir  d e fec t  by in v i t ro  

com plem entation was possible at the hM utSa but not the hM utLa 

step of the pathway. Mutants in both of the components of the 

h M u t S a  complex but only the hM LH l component of the hM utLa 

complex were available in the laboratory. As hPMS2 protein has been 

reported to be unstable in cells in the absence of hM LHl (Drummond, 

et aL, 1996), it is not possible to distinguish between hPMS2 and 

hM LH l cells by the complementation analysis used. Under the assay 

conditions employed here selective complem entation with hMSH2
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and hM SH6 defective extracts could be carried out (O. Humbert, pers. 

comm.).

Why is function hMSH6 and hM utLa lost at high frequency?

Of the fifteen m éthylation resistant variants I characterised, 

DNA mismatch repair defects were identified or inferred in eight. Six 

of the variants were defective in hMSH6 , whilst two were found to 

lack hMutLa activity. No defects in hMSH2 were apparent.

At least three possibilities exist to explain the preponderance of 

loss of hMSH6 and hM utLa activity: (1) Raji cells may only have one 

functional copy of h M S H 6  and (at least one of) the hM utL a 

components but two functional copies of all other repair genes, (2 ) 

h M S H 6  and genes encoding (at least one component of) hM utLa are 

frequently affected by the mutagenic or epimutagenic effects of MNU 

and (3) méthylation tolerance is most easily gained through loss of 

hM SH6 or hM utLa activity.

Loss of both functional copies of a mismatch repair gene is 

most likely to be required to attain méthylation tolerance (although 

the partial repair defect detected in Raj i l  03 may imply otherwise). It 

is thought that cells heterozygous for a DNA m ism atch repair 

component have full repair capacity (Modrich, 1994), transfer of a 

single copy of a gene is sufficient to confer mismatch correction 

proficiency in a cell line lacking both functional copies of a gene (Koi, 

et a l ,  1994). This is supported by our finding that there is no 

detectable difference the extent of mismatches required to saturate 

the m ism atch repair system in either wild type cells and cells 

heterozygous for either hM SH 2  or h M L H l  (Tomlinson, et a l ,  1997).

If parental Raji cells are hemi- or heterozygous for hMSH6 and 

h M u t L a  components but not other mismatch repair genes that can be
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involved in méthylation tolerance, this could explain the spectrum of 

defects observed.

MNU has m utagenic and, as discussed above, potentia lly  

ep im utagenic  effects. It is possib le  that some genes encoding 

components of the mismatch repair pathway are more susceptible to 

mutagenic or epigenetic silencing than others.

An alternative explanation for the high frequency of hM SH 6 

defective méthylation tolerant variants found in this study could be 

that cells with hMSH6 defects have a growth advantage over other 

mismatch repair defective cells. Thus, hMSH6 defective cells could 

outgrow other cells after selection. A possible reason for a growth 

advantage could be that, whilst hMSH6 defects result in selective loss 

of repair, other defects associated with méthylation tolerance result 

in complete loss of correction activity. It seems unlikely that this 

explanation is applicable to hM utLa defective cells.

Mismatch repair defects and mutator phenotypes

M icrosa te ll i te  instab ility  arises from , and is considered  

d iagnostic  for, defective m ism atch correction. In to le ran t cells 

m ism a tch  re p a ir  d e fec ts  a re  no t a lw ays a s so c ia te d  w ith  

destabilisation of microsatellite sequences. To take two examples: 

Both Raji 10 and Raji 12 were defective in mismatch correction in vitro 

because of lost hM utL a function. But whilst Raji 10 the had the 

expected  m ono- and dinucleotide repeat instability , no somatic 

hyperm utability was seen in Raji 12 cells. Similarly, Raj i l  04 was 

hM SH 6 defective in in vitro analysis but no mutator phenotype was 

detected. Raji9, also hM SH 6 defective, d isplayed characteristic  

m ononucleotide repeat instability.
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Raji 12 and Raj i l  04 could harbour very specific defects in 

hM L H l and hM SH 6 respectively, which abolish in vitro but not in  

v iv o  mismatch repair. There is, however, no precedent for such a 

defect. As these cells are resistant to DNA m éthylation damage 

without having regained MGMT expression, it seems likely that the 

m ism atch  repair defect is real and not m erely an experim ental 

artefact. Thus, it is possible that by defining mismatch correction 

defects through loss of microsatellite stability, a proportion of repair 

defective tumours are being overlooked.

If  m ism atch  repa ir  defective  tum ours w ith no dram atic  

m utator phenotype exist, this could have profound implications for 

the selective advantage conferred on a tum our cell by loss of 

mismatch correction. The acquisition of microsatellite instability is an 

early  event in tum origenisis that persist through transform ation  

(Shibata, et aL, 1994). A mutator phenotype has been postulated to 

be beneficial for tumorigenisis (Loeb, 1991) as it could accelerate the 

accumulation of mutations required for tumour development. On the 

other hand, mathem atical modelling has indicated that a m utator 

phenotype is not a necessity for tumorigenesis (Tomlinson, et aL, 

1996). If one were to find mismatch repair defective tumour cells 

with stable microsatellite sequences, it would imply that the somatic 

hypermutability need not underlie the growth advantage gained by 

loss of mismatch repair.

A curious feature of mismatch repair defective tum our cell 

lines is that disabling mutations may be found in more than one 

com ponent of the correction pathway. It appears that a growth 

advan tage  may be gained through success ive  loss o f rep a ir  

components, each of which may lead to an accentuated m utator 

phenotype (Malkhosyan, et aL, 1996; Perucho, 1996). This could be
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an effect seen exclusively in mismatch correction defective cells that 

d isp lay  m ic ro sa te l l i te  in s tab il i ty  ra ther than m ism atch  repa ir  

defective cells in general.

If the mutator phenotype plays a central role in tumorigenesis, 

why are other defects in the DNA replication fidelity machinery not 

frequently associated with cancer? Reduction in either base choice by 

the DNA polym erase and DNA polym erase proofreading activity 

result in an increased spontaneous mutation rate (as reviewed by 

M innick  and Kunkel, 1996) (currently only one exam ple of a 

colorectal adenocarcinom a cell line with a possib le  polym erase  

proofreading defect is known (Costa, et aL, 1995) and the defect 

occurs in conjunction with a mutation in hMSH6  (Papadopolous, et aL, 

1995)). This again could imply that mutator phenotypes may not be 

fundamentally associated with tumorigenesis.

If the mutator phenotype is not the fundamental reason for the 

association between defects in mismatch repair and cancer, why are 

defects in mismatch processing so frequently found in tumours? I 

would like to propose that the cause may be an effect of the absence 

of mismatch repair such as méthylation tolerance or resistance to 

other types of damage (see below).

These effects could aid tumour progression irrespective  of 

whether a cell is hypermutable or not. For example some cells in the 

colon have low MGMT activity (Gerson, et aL, 1986) and may be 

subjected to DNA méthylation damage in the gut environment (Nagao 

and Sigimura, 1993; Trickier and Preussman, 1991). An alternative 

s o u r c e  o f  e n d o g e n o u s  m é t h y l a t i o n  d a m a g e  are  S 

adenosy lm eth ion ine  m olecules present in cells (L indahl, 1996), 

leading to persistent low levels of DNA méthylation damage during
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norm al cell metabolism. In either o f  these examples, m éthylation 

tolerance could give a growth advantage to the cell.

In summary, I propose that mismatch repair defects may be so 

frequently associated with tumours because they permit the cells to 

ignore DNA damage.

Mismatch repair defects and general DNA damage resistance

Since the initiation of this study, it has become apparent that

loss o f m ism atch  processing  activ ity  may be assoc ia ted  with 

resistance to not only méthylation damage, but also other, apparently 

unrelated types of DNA damage (for example induced by cisplatin 

(Aebi, et a l ,  1996; Anthoney, et a l ,  1996; Drummond, et a l ,  1996)). 

It is likely that in the near future more types of DNA damage that

can be resisted will be detected. I will in the following paragraphs

attempt to predict the characteristics of such resisted lesions.

It seems probable that there is a unify ing  charac teris tic  

be tw een  the types o f dam age in which m ism atch  p rocess ing  

contributes to cytotoxicity. Replicative bypass of O ^m eG ua adducts 

and diguanyl intrastrand crosslinks formed by cisplatin  treatm ent 

can occur and in both cases may form complexes recognised by the 

mismatch correction system (Yamada et a i  (1997) and references 

therein). But repair attempts are not thought to result in correction 

because the lesion is not removed. A cycle of futile repair attempts 

are thought to be carried out which result in cytotoxicity o f the 

lesions.

It is tempting to predict that other, not yet identified lesions 

that can be resisted through loss of mismatch correction are bypassed 

by the replication machinery to form structures recognised by the 

mismatch repair system but which, after correction attempts, are
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again recognised by mismatch repair, leading to a cytotoxic repair 

cycle.

Redundancy in the human mismatch correction system

It seems very probable, that there is more redundancy in the 

hum an m ism atch  repair  system  than is cu rren tly  known. For 

example, the second step in human mismatch recognition is thought 

to be carried out by hM utLa (Figure 1.3), a heterodimer of hM LHl 

and hPMS2. If these are the only MutL homologues in humans that 

have a role in mismatch processing, why are defects in hPM Sl 

function associated with HNPCC (Nicolaides, et aL, 1994) and what is 

the function of hPMS3 to 8 (Horii, et aL, 1994)?

In general, it is a safe presumption that many more intricacies 

of DNA damage tolerance, DNA mismatch correction, the interplay 

between mismatch repair and other mechanisms such as nucleotide 

excision repair (Mellon, et aL, 1996) and their implications for 

carcinogenesis remain to be elucidated.
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Table to Figure 3.1
o
m
(N

STANDARDISED LOG([CELLS])
CELL
LINE

0 1 2 3 4 5

RajiM ex’
control

1 - - 1.17
(0.02)

1.25
(0.01)

1.3
(0.03)

RajiM ex’
trea ted

1 - - 1.02
(0.02)

0.96
(0.03)

0.90
(0.08)

RajiF12
control

1 - - 1.12
(0.04)

1.18
(0.05)

1.23
(0.06)

RajiF12
trea ted

1 - - 1.05
(0.08)

1.20
(0.06)

1.25
(0.06)

Values in brackes are standard  deviations.
Three independent experim ents  were perform ed for each cell line. In each individual experim ent two estimations of cell density were made on each 
c u l tu re .
To assess the s ignificance o f  d ifferences between cell counts o f  treated and untreated cultures on the last day of the experiments, t - values were 
calculated: R a jiM ex ':  11.46; RajiF12: 0.72. The t - value was significant for RajiMex" (p<0.01; 4 degrees of freedom).



Table to Figure 4.1
S T A N D A R D IS E D  L O G ([C E L L S ] )

j CELL LINE D A Y  0 DAY 1 DAY 2 DA Y 3 DAY 4
R A J I 3 1 1 .0 2 1 .04 1.11 1.18
CONTROL ( 0 . 0 1 ) ( 0 . 0 2 ) ( 0 . 0 2 ) ( 0 . 0 2 )
R A J I 3 1 1 .00 1.03 1 .09 1.15
TREATED (0 .0 1 2 ) ( 0 . 0 2 ) (0 .0 3 ) ( 0 .0 3 )
R A J I 8 1 1 .02 1 .10 1 .16 1.21
CONTROL ( 0 . 0 1 ) ( 0 . 0 1 ) ( 0 . 0 2 ) ( 0 . 0 1  )
R A J I 8 1 1 .04 1 .10 1 .17 1.18
TREATED (0 .0 4 ) ( 0 . 0 2 ) (0 .0 5 ) ( 0 .0 3 )
R A J I 9 1 1 .02 1 .07 1 .14 -

CONTROL ( 0 . 0 1 ) ( 0 . 0 1 ) ( 0 . 0 1 2 )
R A J I 9 1 1 .00 1 .05 1 . 1 1 -

TREATED ( 0 . 0 1 ) ( 0 .0 0 6 ) (0 .0 4 )
R A J I I O 1 1.03 1 .12 1 .17 1.25
CONTROL ( 0 . 0 1 ) ( 0 . 0 2 ) (0 .0 1 ) ( 0 . 0 1  )

R A J I I O 1 1 .06 1 .07 1.15 L 2 6
TREATED ( 0 . 0 2 ) ( 0 . 0 2 ) (0 .0 4 ) (0 .0 4 )
R A J I 1 2 1 1 .02 1 .07 1 .16 1 .20
CONTROL ( 0 . 0 2 ) (0 .0 3 3 ) ( 0 . 0 1 ) ( 0 . 0 1 )
R A J I 1 2 1 1 .05 1 .10 1 .14 1 . 2 0
TREATED ( 0 . 0 2 ) ( 0 . 0 2 ) (0 .0 4 ) (0 .0 3 )
R A J I 1 7 1 1.05 1 .10 - -

CONTROL ( 0 . 0 1 ) ( 0 . 0 1 )
R A J I 1 7 1 1.03 1 .10 - -

TREATED ( 0 . 0 2 ) ( 0 . 0 1 )
R A J I 1 9 1 L 0 3 1 .10 1.13 -

CONTROL (0 .0 4 ) ( 0 . 0 1 ) (0 .0 4 )
R A J I 1 9 1 1 .04 1 .06 1.11 -

TREATED (0 .0 4 ) ( 0 . 0 1 ) (0 .0 4 )

CM

Values in brackets are s tandard  devia tions.
Three independent expe r im en ts  w ere perfo rm ed  for each cell line. In each individual exper im en t two es tim ations of cell density  were carried 
out on each culture.
To assess the statistical s ign if icance o f  diffe rences between the cell counts of  treated and untreated  cultures on the last day of the experiment, t 
values were calculated: RajiM ex-: 11.46; Raji3: 2.38; RajiS: 1.64; Raji9: 2.93, RajilO: 0.6; R a j i l2 :  0; R a ji l7 :  0; R a ji l9 :  0.96. t-values were significant 
for RajiMex- (p<0.01; 4 degrees o f  freedom) and Raj 19 (p<0.05; 4 degrees of  freedom) but none of  ther other cultures.
Although there was a s ign if ican t  d iffe rence between treated and untreated Raj 19 cells, it was also found that Raji9 cells were significantly more 

_ resis tan^ than_R ajiM ex- cells to M N U  treatment( t-value: 4.9; p<O.OT, 4 degrees of  freedom). Therefoip Raji9 w as classed as MNU resistant.



Table to Figure 5.1

Values in brackets are standard  deviations.
Three independent experim ents  were perform ed for each cell line, 
each culture.
To assess the statistical s ignificance of 
were calculated: R a j i lO l :  0; R a j i l0 2 :

STA N D AR D ISED  L O G ([C E L L S ])
CELL LINE DAYO D A Y l DAY 2 DAY 3 DAY 4 D A Y  5
RAJIlOl
CONTROL

1 1 .02
( 0 .0 1 )

1.11
(0 .01)

1.2
(0 .0 3 )

1 .24
(0 .0 1 )

-

RAJIJOl
TREATED

1 1 .04
(0 .0 2 )

1.09
(0 .05)

1 .18
(0 .0 2 )

1 .24
(0 .0 3 )

-

RAJII02 1 1 .04 1.07 1 .12 1 .16 1.21
CONTROL (0 .0 2 ) (0 .03 ) (0 .0 3 ) (0 .0 3 ) (0 .0 2 )
RAJI102 1 1 .0 4 1 .12 1 .12 1 .18 1.25
TREATED (0 .0 6 ) (0 .05 ) (0 .0 5 ) (0 .0 6 ) (0 .0 6 )
RAJI103
CONTROL

1 1 .02
(0 .0 2 )

1 .09
(0 .07 )

1 .16
(0 .0 6 )

1.21
(0 .0 4 )

-

RAJT103
TREATED

1 1.01
(0 .0 4 )

1 .08
(0 .01 )

1 .13
(0 .0 5 )

1 .20
(0 .0 3 )

-

RAJI104 1 1 .05 1 .14 1 .18 1 .25 1 .30
CONTROL (0 .0 2 ) (0 .0 3 ) (0 .0 4 ) (0 .0 2 ) (0 .0 1 )
RAJI104 1 1.01 1.07 1 .10 1.18 1.25
TREATED (0 .0 0 3 ) (0 .0 1 ) (0 .0 3 ) (0 .0 1 ) (0 .0 2 )
RAJI105 1 1 .03 1.09 1 .15 1 .24 1 .30
CONTROL (0 .0 2 ) (0 .02 ) (0 .0 4 ) (0 .0 5 ) (0 .0 1 )
RAJT105 1 1.01 1.09 1 .12 1.2 1.27
TREATED (0 .0 2 ) (0 .02 ) (0 .0 3 ) (0 .2 6 ) (0 .0 5 )
RAJI106 1 1 .00 1.03 1 .09 1 .16 1 .20
CONTROL (0 .0 0 3 ) (0 .01 ) (0 .0 2 ) (0 .0 1 ) (0 .0 2 )
RAJI106 1 1.01 1.05 1.11 1 .19 1 .23
TREATED (0 .0 2 ) (0 .03 ) (0 .0 2 ) (0 .0 1 ) (0 .0 1 )

C\1
m
CM

In each individual experim ent two estimations of cell density were carried out on

differences between the cell counts o f  treated and untreated cultures on the last day of the experiment, t values 
71; RajilOS: 0.48; Raj i l  04: 6.8; R a ji l05 :  1.35; R a j i l06 :  3.9. t - values were significant for Raj il  04 (p<0.01; 4

degrees of  freedom) and Raj i l  06 (p<0.05; 4 degrees of  freedom) but none of  ther other cultures.
Although there was a s ignificant difference between treated and untreated cells in both Raj i l  04 and R a ji l06 ,  it was also found that both cell lines were
significantly more resistant than RajiMex- cells to M N U  treatment (Raji l 04: t-value: 10.4; p<0.01, 4 degrees of freedom; R ajil06: t-value: 10.1; p<0.01 , 4
degrees of  freedom). Therefore R a j i l0 4  and R a j i l0 6  were classed as MNU resistant.


