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Abstract

DNA mismatch repair (MMR) defects occur in both sporadic and familial 

cancers and are associated with dramatic increases in spontaneous mutation rates. 

In the majority of repair-defective sporadic tumours, the hM LH1  MMR gene is 

inactivated epigenetically by promoter méthylation. In both cultured cells and in 

tumours, deficient MMR is also associated with resistance to certain therapeutic 

drugs -  particularly methylating agents and thiopurines.

The incidence of therapy related cancer -  a malignancy that follows 

therapeutic treatment - is increasing. Therapy-related acute myeloid leukaemia/ 

myelodysplastic syndrome (t-AML/MDS) presently accounts for ^10%  of all 

AML/MDS cases. AML is a malignancy of myeloid progenitor cells. MDS comprises 

a group of disorders characterized by abnormal myeloid stem cell differentiation and 

often precedes t-AML. This thesis describes an investigation of possible 

relationships between defective MMR, t-AML/MDS, and drug treatment.

DNA from a group of cancer therapy-related acute leukaemia (AL)/MDS 

cases was examined for the microsatellite instability (M SI) phenotype that is 

diagnostic for inactive MMR. More than 60% (16/25) were M S r compared to <4% 

(0/28) of de novo cases. hMLH1 promoter méthylation was infrequent. It occurred in 

less than one-third of the M S r cases although it appeared to be more common 

among M S r therapy-related acute promyelocytic leukaemias.

In view of the acknowledged resistance of MMR deficient cells to 6- 

thioguanine, possible connections between therapeutic thiopurine use and M S r  

AML/MDS were examined. I demonstrated that chronic treatment with 6-thioguanine 

could be used to select MMR defective clones from repair-proficient human cells 

grown in tissue culture. The possible relationship between azathioprine - a 

thiopurine prodrug, widely used as an immunosuppressant following organ 

transplantation -  and M S r t-AML/MDS was investigated. Together with Professor 

Gerhard Opelz, I analysed the incidence of AML among > 170,000 organ transplant 

patients. This revealed a significant excess of AML among transplant recipients. 

MMR deficiency was found to be frequent among transplant-related AML/MDS  

cases; seven of seven examined were M S I\

MMR defective (M ST) tumours are highly genetically unstable. They 

accumulate frameshift mutations in coding sequences, which result in most cases in 

truncated and/or inactive proteins. Caspase-5 and FancD2 were identified as targets 

for addition/deletion mutations in M S f t-AML cases.
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Chapter 1 : Introduction

Fifty years ago James Watson and Francis Crick proposed their model for the 

DNA double helix (Watson and Crick, 1953). This macromolecule was thought to be 

highly stable at the time, but it has since been recognised that DNA is dynamic and 

subject to continuous damage, either by environmental agents or spontaneously. To 

deal with these different forms of damage cells have evolved different mechanisms 

for either tolerating or repairing DNA damage (Friedberg, 2003). Failure of these 

mechanisms can lead to diseases like cancer, as it is well illustrated in the human 

hereditary diseases xeroderma pigmentosa (XP), hereditary non-polyposis colon 

cancer (HNPCC) and some forms of breast cancer. In addition, acquired DNA repair 

defects have also been implicated in the development of sporadic cancers and 

chemotherapy resistance in human tumours (Peltomaki, 2003).

Paradoxically, DNA damage cannot only induce cancer, it is also involved in 

treating it. Ionizing radiation (IR) and chemotherapeutic drugs are toxic to cancer 

cells because they introduce DNA lesions that interfere with cell division. The 

problem that this approach to treating cancer poses, is that not only cancer cells are 

affected by this type of treatment. Many chemotherapeutic drugs are also toxic to 

other dividing cells like bone marrow cells. This can lead to bone marrow depression 

and is implicated in certain types of post-chemotherapy leukaemia.

1.1 DNA damage

Single nucleotide (point) mutations are typically generated by the replication 

of DNA that has acquired some form of base damage. DNA damage can be due to 

spontaneous alterations or may be environmentally induced. Normal cellular 

metabolism is associated with many types of DNA lesion including hydrolytic base 

loss, deamination, oxidative damage, base méthylation and base misincorporation 

during replication. Environmental agents, such as chemicals in cigarette smoke, 

also damage DNA. However, the main function of clinical radiation therapy and 

chemotherapy is to kill rapidly dividing cells by damaging DNA.
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1.1.1 Damage caused bv ionizing radiation

IR can induce a variety of DNA lesions. Radiation damage to DNA can be 

caused by either direct or indirect effects. Direct effects result from the direct 

interaction of the radiation energy with the DNA, and are thought to cause -35%  of 

ionizing radiation damage. Indirect effects are due to the interaction of DNA with 

reactive species formed by the radiation. A major potential source of indirect 

damage are reactive oxygen species formed by the radiolysis of water, specifically 

•OH, O 2 and H2O2. One of the major forms of mutagenic base damage caused by 

active oxygen is 8-oxoguanine, which can base-pair with adenine in replication, 

leading to transversion mutations. Thymine glycol, another product of radical attack 

on DNA, can block replication and also undergoes further fragmentation to products 

such as methyltartronylurea and urea. One characteristic feature of ionizing 

radiation damage that is not usually encountered following treatment with other 

agents that generate reactive oxygen species, is the formation of more than one 

damaged moiety in close proximity.

Most of the lethal effects of IR can be attributed to directly induced strand 

breaks, in particular double-strand breaks. The majority of these strand breaks are 

characterised by unusual or damaged termini that preclude repair by a simple DNA 

ligation step. IR can induce strand breakage directly. Single-strand breaks are 

initiated by radical formation at deoxyribose followed by the loss of a hydrogen 

atom. The reactions involved in the formation of double strand breaks (DSB) by 

radiation directly are less clear.

Radiation therapy (RT) plays an important role in the management of benign 

and malignant diseases (Mundt et al., 2000). RT alone is used to treat a variety of 

tumours, for example early stage head and neck and gynaecological tumours. For 

certain tumours, RT administered alone produces results comparable to, if not better 

than, those obtained with surgery. Examples include tumours of the oral cavity and 

early stage cervical cancer. RT is more commonly used in combination with surgery 

and/or chemotherapy. RT is used postoperatively for many tumours, for example 

breast and lung, but may also be given before or during surgery. Chemotherapy can 

be administered prior to, during, or following radiotherapy, depending on the tumour 

site and stage. Early in the 20*  ̂ century it became clear that RT was equally 

efficacious but better tolerated when administered in divided doses. This is thought 

to spare normal tissue by allowing time for repair and repopulation of normal cells. 

Patients are therefore typically treated five days a week for several weeks.
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1.1.2 Alkylating damage

Alkylating agents transfer alkyl groups to DNA. Although numerous 

structurally diverse alkylating agents are used clinically, the methylating agents are 

one of the most significant groups. DNA damage caused by methylating agents has 

been reviewed by (Middleton and Margison, 2003; Sedgwick and Lindahl, 2002; 

Singer and Grunberger, 1983). Alkylating agents produce a wide variety of base 

lesions and phosphotriesters. The relative yield of each lesion depends on the 

nature of the alkylating agent, its reaction mechanism, and the secondary structure 

of the DNA target. One type of alkylating agent (e.g. methyl methanesulphonate 

(M MS)) reacts via an Sn2 (bimolecular nucieophilic substitution) mechanism and 

alkylates DNA almost exclusively at nitrogen moieties in the purine and pyrimidine 

rings. The second group of alkylating agents (e.g. A/-methyl-/V-nitrosurea (MNU)), 

are SnI agents (unimolecular nucieophilic substitution) and alkylate both nitrogens 

and oxygens in the DNA bases as well as oxygen in the sugar-phosphate backbone. 

SnI type reactions function by a stepwise mechanism, whereas the bond making 

and breaking steps in a Sn2 type reaction occur at the same time via a reactive 

intermediate (Fig. 1.1). The rate-limiting step in an SnI type reaction is the breaking 

away of the leaving group (X ) which is followed by the reaction of the nucleophile 

(Y) with the electrophilic carbon (R"). The rate-limiting step of an Sn2 reaction is 

bimolecular. This step occurs when the nucleophile (Y ) begins to bind to the 

electrophilic carbon (R) at the same time that the leaving group (X) begins to break 

away (Morrison and Boyd, 1992).

Monofunctional alkylating agents

Alkylating agents can be further divided into mono- and bifunctional 

alkylating agents. The main monofunctional methylating agents used in the 

laboratory are dimethylsulfate (Me2S0 4 ), MMS, MNU and A/-Methyl-A/-nitro-A/- 

nitrosoguanidine (MNNG). Me2S0 4  and MMS react mainly with the N-7 of G, N-1 

and N-3 of A, and N-3 of C. The potent carcinogens MNU (Fig. 1.3) and MNNG  

predominantly methylate oxygens, and the O® of G, the and of U or T and the 

of C can all be alkylated. For monofunctional methylating agents, 7- 

methylguanine (7-meG), 3-methyladenine (3-meA), and 0®-methylguanine (O®- 

meG) are the major methylated bases generated in double-stranded DNA whereas 

1-methyladenine (1-meA) and 3-methylcytosine (3-meC) comprise the majority of 

modifications in single-stranded DNA (Fig. 1.2). The most abundantly formed lesion,

7-meG, is relative innocuous, as is 3-meA. It appears that these lesions are only
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Figure 1.1 SnI and Sn2 reactions of alkylating agents. Adapted from Bast et 
al., 2000.
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arrows indicate sites methylated by Sn2 agents in single stranded DNA. The 
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deoxyribose residue. Adapted from Sedgwick and Lindahl, 2002.
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cytotoxic when repair is incomplete and repair intermediates accumulate (Horton et 

al., 2003). 0®-meG is both cytotoxic and mutagenic. 0®-meG induced mutations are 

mainly guanine (G) to adenine (A) transitions that arise through mispairing by the 

methylated base during replication (Karran and Bignami, 1994). The analogous 

ethylating agents generally react with the same nitrogen and oxygen groups as their 

methylating counterparts.

Clinically used monofunctional alkylating agents

Tetrazines are monofunctional alkylating agents that are used clinically. 

They methylate DNA at the O® position of guanine via a diazonium ion intermediate. 

Procarbazine and dacarbazine are both used commonly in the treatment of 

Hodgkin’s disease (HD) and non-Hodgkin’s lymphoma (NHL). Temozolomide is an 

imidazotetrazinone. These drugs are metabolized to reactive intermediates that 

decompose to produce a methyl diazonium ion which methylates the O® position of 

guanine (Fig. 1.4). Temozolomide was shown to have activity against high-grade 

glioma. It was significantly more active than procarbazine and was also better 

tolerated (Yung et al., 2000). This anti-tumour activity was further increased when 

temozolomide treatment was combined with procarbazine (Newlands et al., 2003). 

Streptozotocin, which is a naturally occurring nitrosourea, also produces DNA O®- 

meG (Fig. 1.3). This drug is mainly used for pancreatic cancer.

Bifunctional alkylating agents

Bifunctional alkylating agents have two reactive groups and are able to 

modify two different sites in DNA. If these sites are situated on the same strand, the 

reaction product is a DNA intrastrand cross-link. If the two sites are on opposite 

strands, an interstrand DNA cross-link is produced. Interstrand DNA cross-links 

pose problems for the cell, as they prevent DNA strand separation and hence 

constitute complete blocks to DNA replication and transcription. Exposure to 

chloroethylnitrosoureas (for example BCNU, see below) leads to the formation of 

interstrand cross-links between guanine and cytosine residues (Fig. 1.5). 

Bifunctional agents are generally much more efficient anti-tumour agents than 

monofunctional agents.
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Bifunctional nitrosoureas

The first nitrosourea that was found to have an anti-leukaemic activity was 

MNU. When it was shown that the activity of MNU could be further increased by 

substitution of a chloroethyl group, several chloroethylnitrosoureas were developed 

based on the structure of MNU (Fig. 1.3). The main nitrosourea compounds used 

clinically are carmustlne (or BCNU) (N,N'-bis(2-chloroethyl)-N-nitrosourea) (Fig.

1.3), lomustine (or CGNU) (N-(2-chloroethyl)-N ’-cyclohexyl-N-nitrosourea), 

fotemustine (N-(2-chloreoethyl)-N'-(diethyl)ethylphosphonate-N-nitrosourea) (Fig.

1.3). Carmustlne is mainly used for HD, NHL, brain tumours and multiple myelomas, 

whereas lomustine is mainly used for HD and brain tumours. Fotemustine is also 

used to treat brain tumours. These drugs are all bifunctional alkylating agents. They 

are highly mutagenic.

Chloroethylnitrosoureas cause crosslinks between guanine and cytosine 

residues (Fig. 1.5). The chloroethyl group initially attacks the O® position of guanine, 

forming an intermediate 1 -0^-ethanoguanine, which can react with the N  ̂ position of 

cytosine to form the crosslink. Alternatively, reaction with a protein generates a 

DNA-protein cross-link. This reaction has been demonstrated for the O®- 

methylguanine-DNA methyltransferase.

Nitrogen mustards

Nitrogen mustards are cyclic alkylating agents, which are also bifunctional. 

Nitrogen mustards can form both monoaducts and crosslinks. Examples include 

cyclophosphamide (CTX), ifosphamide, melphalan and chlorambucil (CIb). These 

are the most frequently administered alkylating agents in cancer therapy and are 

effective in treating a wide range of cancers. CTX and CIb have also been used as 

immunosuppressive agents. The characteristic chemical constituent of the nitrogen 

mustards is the bischloroethyl group, and all of these compounds react through an 

aziridinium intermediate.

The nitrogen mustards undergo a complex activation to generate the 

ultimate effector molecule. For example, CTX is activated by P450 in the liver to 

produce 4-hydroxycyclophosphamide (4-HC), which is in spontaneous equilibrium 

with the tautomer aldophosphamide (Fig. 1.6). At physiological pH, this equilibrium 

is predominantly In the form of 4-HC, which readily enters target cells by diffusion. 

Aldophosphamide spontaneously decomposes to produce phosphoramide mustard
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(PM) and acrolein. PM is a reactive alkylating agent. It was suggested that one of 

the chloroethyl groups cyclizes to form a chloroethyl azidinium moiety, which leads 

to the formation of chloroethylazidridine. It is thought that chloroethylazidridine 

contributes significantly to the alkylation and cross-linking properties of CTX. 

Acrolein has been shown to inhibit MGMT and will be discussed in more detail in 

Chapter 3.

1 1.3 Damage bv other drugs 

Thiopurines

6-mercaptopurine (6-MP) and 6-thioguanine (6-TG), originally discovered by 

Gertrude B. Elion, are cytotoxic drugs that are used in the treatment of acute 

leukaemia and as immunosuppressants (Elion, 1989). Azathioprine (Aza) is a 

component of a standard triple immunosuppressive therapy that is used following 

solid organ transplants. It is also used, either as the sole agent or in combination 

with other drugs, in treatment of autoimmune diseases. Aza is a pro-drug that is 

converted in vivo to 6-MP. Both 6-MP and 6-TG are taken up in target cells, 

metabolized to 2’-deoxy-6-thioguanosine triphosphate via the hypoxanthine guanine 

phosphoribosyl transferase (H G PR T) pathway (Fig. 1.7) and extensively 

incorporated as thioguanine into DNA (Aarbakke et al., 1997). The exact 

mechanisms by which 6-TG is incorporated and functions as a cytotoxic drug will be 

explained in more detail later (Chapters 1 and 4).

Cisplatin

Cisplatin is a widely used chemotherapeutic drug for a variety of tumours, for 

example ovarian and bladder cancer, and it is a common component of many 

chemotherapy regimes. It has been used very successfully in the treatment of 

testicular carcinomas - more than 90% are now curable by this drug. Cisplatin is 

cytotoxic because it forms DNA cross links (Aquilina and Bignami, 2001). 1,2- 

intrastrand cross-links between N7 atoms of adjacent purines are the major 

products (^80% of all adducts), with 1,2 GpG and 1,2 ApG representing 65 and 25%  

respectively. 1,3 diguanyl crosslinks are less abundant.
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1.2 Cellular responses to DNA damage
This brief survey of the major DNA repair pathways is predominantly based 

on three sources (Cline and Hanawalt, 2003; Fried berg et al., 1995; Hoeijmakers,

2001). The most general repair mechanism in cells is to excise the damaged or 

inappropriate base and replace the normal nucleotide sequence (Friedberg et al., 

1995). Unless otherwise stated, this summary describes the different DNA repair 

and damage tolerance mechanisms that operate in human cells.

1.2.1 Excision pathways

These pathways all involve recognition of DNA damage, removal of a single

stranded section of DNA that contains the damage, repair replication across the gap 

and restoration of DNA continuity by ligation of the repaired strand. All three 

pathways are error free, as the complementary strand is used as a template for 

accurate repair.

Base excision repair

Base excision repair (BER) has been reviewed by (Krokan et al., 1997; 

Lindahl, 2001; Lindahl and Barnes, 2000). The three BER pathways are 

summarised in Fig. 1.8. BER is essential for the removal of endogenous DNA 

lesions caused by hydrolysis, oxidation, or non-enzymatic alkylation. This repair 

pathway is initiated by DNA glycosylases, which recognise and remove damaged or 

modified base residues from DNA (Table 1.1). By cleaving the base-sugar bond 

they produce abasic (AP) sites. Subsequently, an AP endonuclease or AP lyase 

activity incises the abasic site. The terminal deoxyribose phosphate is removed 

leaving a single nucleotide gap that may be filled by the insertion of a single 

nucleotide. Alternatively, the gap may be slightly enlarged requiring the insertion of 

up to six nucleotides for repair. Repair is completed by ligation of the newly 

synthesised base or bases to the original strand.

Eleven known DNA glycosylases act on DNA lesions in human cells (Table 

1.1). DNA glycosylases can be divided into two groups, monofuctional and 

bifunctional. In addition to their DNA glycosylase activity the bifunctional enzymes 

posses an intrinsic AP lyase that catalyses strand cleavage 3' to the abasic site after 

base removal (Fig. 1.8.A). All DNA glycosylases known to remove alkylation 

damage and uracil are monofuctional, whereas those participating in the repair of
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oxidised base residues are bifunctional (Seeberg et a!., 2000). After base removel, 

the AP endonuclease APE1 (also called HAP1), DNA polymerase p (pol p) and DNA 

ligase III/XRCC1 are required to compete repair. The XPG protein, which is also 

involved in nucleotide excision repair, acts as a cofactor for glycosylase excision of 

some damaged pyrimidines.

Table 1.1 Human DNA glycosylases

DNA Functionality major altered base released
UNG mono- U
SMUG1 mono- U
MBD4 mono- U or T opposite G at GpG
TDG mono- U or T opposite G
OGGI bi- 8-oxoG opposite C
MYH bi- (very weak activity, not clear if 

really bifunctional)
A opposite 8-oxo-G

NTHL1 (NTH1) bi- ring-saturated or fragmented 
pyrimidines

MPG mono- 3-meA, hypoxanthine
NEIL1 bi- removes thymine glycol
NEIL2 bi- removes oxidative products of 0, U
NEIL3 removes fragmented pyrimidines

Adapted from http://www.cgal.icnet.uk/DNA_Repair_Genes.html.

The sequential steps of BER are carefully ordered. Most DNA glycosylases 

remain bound to the abasic site after cleavage of the base sugar bond. They are 

displaced by APE1 which cleaves the DNA 5 ’ to the abasic site (Fig 1.8.8). Pol p 

(Fig 1.8.8 left side) then removes the 5'-terminal abasic sugar-phosphate residue 

and carries out the gap-filling synthetic step. DNA ligase III has been implicated in 

the final step in this pathway. The role of its XRCC-1 cofactor in this process is not 

entirely clear, but it is thought that XRCC1 acts as a scaffolding protein (Lindahl,

2000). Complex lesions with damage to both the base and deoxyribose residues 

can be repaired by an alternative BER pathway (Fig 1 .8 .8  right side). This 

subpathway leads to slightly longer repair patches of 2-6 nucleotides, and employs 

replication factors such as Flap endonuclease 1 (Feni), the proliferating cell nuclear 

antigen (PCNA), and DNA ligase I.

No human syndromes have been attributed to inherited dysfunctions of BER. 

However, single-nucleotide polymorphism in MYH -  which encodes a glycosylase 

that recognises A opposite 8-oxoguanine (Table 1.1) -  have been linked to an
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increased susceptibility to colorectal cancer (Al-Tassan et al., 2002; Jones et al.,

2002). Mice with knockouts of specific DNA glycosylases have unexpectedly mild 

phenotypes. Mice defective in BER functions such as APE1, pol p, or XRCC1 on the 

other hand, exhibit an embryonic lethal phenotype. Embryonic fibroblasts 

established from these mice are, however, viable. This apparent paradox might be 

explained in two ways. DNA glycosylases might be highly redundant, or individual 

BER pathways not essential. Loss of the entire system is lethal, however. This, 

together with the apparent absence of inherited human syndromes associated with 

non-functional BER, would suggest that BER itself is an essential function (Lindahl,

2001). Alternatively, the viability of DNA glycosylase knock-out mice indicates that 

BER may not be essential. The extreme phenotype of APE1, pol p and XRCC1 

knockout animals may suggest additional functions for these proteins that are 

required for normal embryogenesis.

Nucleotide excision repair

The principal function of nucleotide excision repair (NER) is the removal of 

DNA photoproducts caused by exposure of cells to sunlight. This excision repair 

pathway was reviewed recently by (Batty and Wood, 2000; Friedberg, 2001). NER 

can also act with varying efficiency on a wide variety of other bulky helix-distorting 

adducts in DNA. Helix distortion plays a role in recognition by NER factors. In 

general, the more a lesion distorts the normal DNA structure, the more efficiently it 

is likely to be repaired by NER.

Six NER core factors, some of which have multiple subunits, are required for 

the repair of most damage. These proteins are: XPA, the replication protein A (RPA) 

heterotrimer, the XPC-hHR23B complex, the 6 subunit core transcription factor IIH 

(TFIIH ) complex and the two structure-specific endonucleases, XPG and the 

heterodimeric excision repair cross-complementing 1 (E R C C I)-X PF. These NER 

factors assemble in an ordered, stepwise fashion. This generates a large 

multiprotein complex (Fig. 1.9). A helix-distorting lesion is first recognised by XPC, 

which is stably bound to HHRAD23B. This step is followed by binding of the XPA, 

RPA, TFIIH and XPG proteins. Of these, XPA and RPA are thought to facilitate 

specific recognition of the base damage. TFIIH is composed of six subunits and 

contains two DNA helicase activities (XPB and XPD) that unwind the DNA duplex in 

the immediate vicinity of the base damage. This generates a bubble in the DNA with 

discrete junctions between double-stranded and single-stranded DNA at the edges.
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These junctions define the position of incision of the DNA. Bubble formation is 

followed by the binding of the ERCC1-XPF heterodimer to generate a completely 

assembled NER complex. The XPG endonuclease cuts the damaged strand 3’ to 

the site of damage, and the ERCC1-XPF endonuclease cuts 5’ to the damage. This 

results in the release of a damage-containing oligonucleotide 24-32 residues in 

length. The gap is then filled by DNA polymerase ô or e holoenzyme and sealed by 

a DNA ligase.

Defects in NER result in the human autosomal recessive hereditary disease 

XP. XP is characterised by a severe predisposition to skin cancers, mainly 

squamous cell carcinomas (SSCs) and basal cell carcinomas. This disease 

provided evidence that the inability to repair DNA damage, specifically base damage 

caused by exposure to UV light, results in enhanced mutational burden and 

eventually cancer.

Transcription-coupled DNA repair

Repair of DNA damage in active genes occurs much faster than in non

transcribed regions of the genome (reviewed by (Svejstrup, 2001)). Specifically it is 

the transcribed DNA strand that is preferentially repaired. Lesions in the non

transcribed strand of the same gene are repaired at similar rates to those in non

transcribed regions.

Transcription coupled repair (TCR) was first thought to be a specific sub

pathway of NER, but it has become clear that several lesions removed by base 

excision repair are also repaired through TCR. The proteins encoded by the 

Cockayne’s Syndrome A (CSA) and CSB genes have been implicated as specific 

TCR factors. Cell lines expressing defective forms of these proteins have normal 

global genome repair (GGR), but are almost completely unable to effect selective 

repair of lesions in the transcribed strand of active genes. An arrested RNA 

polymerase II (RNAPII) is required to trigger TCR. A DNA lesion that is exposed in 

the context of a DNA duplex pre-melted by RNAPII might be an excellent substrate 

for the repair machinery. This would explain why the general initiator of NER, XPC, 

is not required for TC R  (Svejstrup, 2001). Almost all models involve the 

displacement of RNAPII from the lesion by CSB and other TCR factors. The 

following model was recently proposed by Svejstrup (Svejstrup, 2003). After RNAPII 

stalls CSA uses DNA translocase activity to remodel the RNAPII-DNA interface,
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possibly to push the polymerase past the obstruction or to remove it from the DNA 

so that repair can take place. However, if RNAPII displacement is not possible, the 

polymerase is unbiquitinated instead and eventually removed by proteolysis.

DNA mismatch repair

Will be discussed in detail in Section 1.3.

1.2.2 Reversal of DNA damage

Some alkylation damage can be repaired through direct chemical reversal by 

specialised enzymes.

1-meA/3-meC DNA dioxygenases

The Escherichia coii (E. coli) AlkB protein is one of several that are induced 

during the adaptive response to alkylation damage; a response that enhances the 

cellular resistance to these agents (Sedgwick and Lindahl, 2002). The AlkB protein 

is an a-ketogluterate-Fe(ll)-dependent dioxygenase that repairs 1-meA and 3-meC 

in DNA by oxidative déméthylation (Faînes et al., 2002; Trewick et al., 2002). These 

lesions are predominantly generated in single-stranded DNA by Sn2 methylating 

agents such as MMS and DMS. AlkB can repair them both in single and double 

stranded DNA in vitro and reverts them directly to adenine and cytosine with the 

release of the oxidised methyl-group as formaldehyde. AlkB can also demethylate 1- 

meA in nucleotides (Koivisto et al., 2003).

Two human AlkB homologues, hABH2 and hABH3, have been identified so 

far. Both remove 1-meA and 3-meC from single- and double-stranded DNA by direct 

reversal to adenine and cytosine by oxidative déméthylation (Aas et al., 2003; 

Duncan et a!., 2003). Furthermore, AlkB and hABH3, but not hABH2, can repair 1- 

meA and 3-meC in RNA (Aas et al., 2003). Apart from reactivation of single 

stranded DNA and RNA phages inactivated by MMS méthylation (Aas et al., 2003; 

Dinglay et al., 2000), no biological activity of AlkB and its human homologues has 

been shown. The in vivo relevance of the déméthylation of RNA by AlkB and hABH3 

has been subject of some debate, as 1-meA and 3-meC are naturally occurring 

bases in tRNA molecules, which are essential for correct folding. Inappropriate
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activity on RNA molecules could lead to cytotoxic tRNA destruction by AlkB and 

hABH3 (Koivisto et al., 2003).

Repair of 0^-alkylguanlne

0^-methylguanine is a potentially mutagenic lesion because it can mispair 

with thymine during semi-conservative DNA synthesis. The repair of 0®-alkylguanine 

has recently been reviewed by (Margison and Santibanez-Koref, 2002; Middleton 

and Margison, 2003; Pegg, 2000). The predominant pathway for the repair of O®- 

meG in DNA is via the 0®-methylguanine-DNA methyltransferase (MGMT). MGMT 

repairs 0®-meG in double-stranded DNA by transferring the methyl-group from the 

DNA to one of its own cysteine (Cys) residues. This stochiometric reaction leads to 

the inactivation of the enzyme. The most probable reaction mechanism involves the 

flipping of the substrate 0®-meG out of the DNA helix into a binding pocket 

containing the Cys acceptor site. Such base flipping would require the insertion of 

an amino residue into the DNA to displace the base. MGMT binds to DNA via a 

helix-turn-helix motif in the C-terminal domain. The second helix contains an 

arginine that flips the methylated base out into the active site. The reaction 

mechanism is not fully understood, but it is thought that a histidine residue and an 

glutamic acid residue form a hydrogen bond network with the active site Cys residue 

effecting the transfer of the methyl group to the Cys. In addition to removing methyl- 

groups, longer alkyl groups including ethyl-, n-propyl-, n-butyl-, 2-chloroethyl-, 2- 

hydroxyethyl-, /so-propyl-, /so-butyl- and some other adducts can be repaired. This 

indicates that the active pocket must be quite flexible to recognise this wide range of 

different structures. The autoinactivated protein is quickly degraded via the 

ubiquitin/proteosomal system and de novo synthesis of the protein is required for 

the continued repair of 0®-alkylation damage.

Since the reaction of MGMT leads to its inactivation, any substrate of the 

protein acts as an irreversible inhibitor. The most commonly used inhibitor is O®- 

benzylguanine (0®-BzG), which binds in the active site and the benzyl-group is 

transferred to the protein. This reaction results in the formation of S-benzylcysteine 

at the active site and the stoichiometric release of guanine. Even though 0®-meG in 

DNA is a much better substrate for MGMT than 0®-BzG as a free base, the latter is 

an effective inhibitor of the enzyme in vivo because much larger concentrations of 

the free 0®-BzG base can be readily achieved.
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Many human tumour cell lines and primary human tumours lack MGMT 

expression. These cells are referred to as having a Mex' (or Mer ) phenotype. In 

most cases this is due to silencing of MGMT expression rather than deletion of the 

gene. However, mutations and deletions of the M G M T  gene have been reported 

(Wang et al., 1997).

1.2.3 Double strand break repair

Double strand break repair has been recently reviewed by (Jackson, 2002; 

Karran, 2000; Lieber et al., 2003; Thompson and Schild, 2002; West, 2003). DSBs, 

caused for example by radiation, can be repaired by two distinct pathways: non- 

homologous end joining (NHEJ) or homologous recombination (HR). The relative 

contribution of each pathway depends on the stage of the cell cycle. NHEJ 

dominates in G1 and HR makes a greater contribution in the S and G2 phases 

during which the presence of an additional copy facilitates recombinational 

exchanges.

Non-homologous end joining

NHEJ does not require a template. It involves the simple ligation of the 

broken termini that generally produces small deletions of DNA sequence. For the 

two ends to be processed they must be maintained in physical proximity, known as 

synapsis. The first proteins to bind to the ends at a DSB is a heterodimer of Ku70 

and Ku80 (Fig. 1.10). Once loaded onto a DNA terminus the heterodimer undergoes 

conformational change, which leads to the formation of a highly charged channel 

through which the DNA passes. Then the DNA-dependent protein kinase catalytic 

subunit (DNA-PKcs) is recruited which, together with Ku, forms the DNA-PK  

holoenzyme. The protein kinase function of DNA-PKcs is activated by its interaction 

with a single-stranded DNA region derived from the DSB. Ku then recruits XRCC4 

along with DNA ligase IV. One likely in vivo substrate for DNA-PK is XRCC4, 

phosphorylation of which may influence its activity. DNA ligase IV, which functions in 

a tight complex with XRCC4, brings about the physical religation of the DNA ends.

Most DNA DSBs generated by DNA damaging agents cannot be directly 

ligated, but require some processing and/or DNA polymerisation. The M r e l l-  

Rad50-Nbs1 complex, which contains exo- and endo-nuclease and helicase 

activities, is thought to be involved in NHEJ if the ends require processing before
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Fig. 1.10 Schematic representation of the DNA Non- 
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ligation. The exact role of the Mre11-Rad50-Nbs1 complex in NHEJ is not 

understood yet, but recent work suggests that one of its roles may be to keep the 

DNA ends in close proximity (de Jager et al., 2001). Another factor that might be 

involved in processing DNA DSB ends before NHEJ is the Artemis endonuclease. 

DNA-PKcs has been shown to bind to, and phosphorylate Artemis, thereby activating 

its endonuclease.

Furthermore, the Mre11-Rad50-Nbs1 complex is also thought to play an 

early role in a signal transduction pathway by which DSBs activate checkpoint 

functions (D'Amours and Jackson, 2002). Cell cycle checkpoints pause cell cycle 

progression, presumably providing time to allow DNA repair. Both M rel 1 and Nbsl 

are phosphorylated in response to UV, IR, MMS and hydroxyurea. After IR 

treatment this phosphorylation is dependent on the ataxia telangiectasia kinase 

(ATM), whereas after UV, hydroxyurea or MMS the ATM-related kinase ATR is 

probably responsible. Evidence suggests that the ATM-dependent pathway 

recognises DNA DSBs, whereas ATR is triggered by bulky lesions and stalled 

replication forks (O'Driscoll and Jeggo, 2003).

Deficiencies of the genes encoding proteins mentioned above involved in 

NHEJ and/or DNA damage response are associated with carcinogenesis and/or 

clinical radiosensitivity in people. The rejoining of V(D)J recombination intermediates 

is also severely impaired in some of these patients leading to immunodeficiency. 

Defects in Artemis occur in a group of radiosensitive patients with severe combined 

immune-deficiency (Moshous et al., 2001). Mutations in ligase IV have been found 

in a set of patients with features including immunodeficiency and developmental and 

growth delay (O'Driscoll et al., 2001). Their clinical phenotype closely resembled the 

DNA damage response disorder Nijmegen breakage syndrome (NBS), and the cells 

from individuals with defective DNA ligase IV were radiosensitive, displayed 

chromosomal instability but were proficient in cell cycle responses. NBS is a genetic 

disorder involving defects in N bsl. These patients display clinical radiosensitivity, 

immunodeficiency, and an elevated cancer incidence. Defects in ATM give rise to 

the rare hereditary genetic disorder ataxia-telangiectasia (AT). Mutations in the 

Mre11 gene (ataxia-telangiectasia-like disorder (ATLD)) have also been reported 

recently in a group of patients. Both AT and ATLD patients exhibited many of the 

features characteristic of NBS. It was recently shown that a splicing mutation in ATR 

results in Seckel syndrome (O'Driscoll et al., 2003). This syndrome shares an
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overlap In clinical features with the disorders described above. Seckel patients, 

however, are not immunodeficient.

Homologous recombination

The different steps in HR are described in Fig. 1.11. The early steps of 

recombination are promoted by proteins belonging to the RadSI family of 

recombinases. The DNA at the break site is resected to expose single-stranded 

(ss)DNA, which then becomes coated by the single-stranded-binding protein 

replication protein A (RPA). The ssDNA-RPA complex acts as a target for the 

binding of RAD52. RAD52 stimulates RadSI-mediated strand invasion through 

direct interaction with RAD51 and RPA. The mammalian RadSI protein, a 

homologue of the E. coli RecA protein, forms a long helical polymer that wraps 

around the DNA to form a nucleoprotein filament. Invasion of a resected end of the 

DSB takes place in the RADSI filament, requires ATP binding and is stimulated by 

the SWI/SNF protein RADS4.

The next stages of HR are less clear, but involve either invasion of the 

ssDNA tail of the second end, or simple annealing of the second ssDNA tail with the 

displaced strand at the joint. One proposed model is called synthesis-dependent 

strand annealing, where the first invading end could function as a primer for DNA 

replication. This is followed by strand displacement of the newly synthesised DNA, 

which would then be available for annealing with the complementary strand of the 

second-end tail. A double Holliday junction is formed by DNA resynthesis using the 

two invading ends as primers. The Holliday junction needs to be resolved to 

separate both chromosomes, but this process is not yet understood in mammalian 

cells. In prokaryotes this step involves the RuvA, B and C proteins.

In response to DNA damage recombination proteins that are normally found 

diffused throughout the nucleus are rapidly relocalised and concentrated in nuclear 

foci. After treatment with various DNA-damaging agents, nuclear RAD51 foci form. 

Other proteins like RAD52, RAD54, RPA and the tumour suppressors BRCA1 and 

BRCA2 (see below) colocalise with RAD51 in these foci. RAD51 foci also form in 

undamaged S-phase cells, probably at sites of stalled or broken replication forks 

undergoing repair.
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Fig. 1.11 Double strand break repair by homologous recombination.
1. DNA double-strand break; 2. rexection; 3. invasion of first end into a 
homologous duplex; 4. second-end capture; 5. continued strand exchange 
and DNA synthesis; 6. Holliday junction resolution. Adapted from West 2003.
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BRCA1 and BRCA2

People who carry mutations in BRCA1 or BRCA2 are predisposed to breast 

and/or ovarian cancers, and cells derived from their tumours show evidence of 

genome instability. One defective copy of BRCA1 or BRCA2  is enough to confer 

cancer predisposition, and the loss of the second allele is often observed in the 

tumours of these patients. Both BRCA1 and BRCA2 are required for normal levels 

of HR and DSB repair. BRCA2 has been shown to interact directly with RAD51, and 

BRCA2 interacts either directly, or indirectly via its interaction with BRCA1, with 

RAD51. Cells lines that are defective in one of these two breast cancer susceptibility 

genes show gross chromosomal rearrangements indicating chromosome breakage. 

Furthermore, BRCA1 and BRCA2 have been shown to interact with many different 

proteins and are thought to be involved in processes like chromatin remodelling and 

transcription.

Fanconi anaemia

Fanconi anaemia (FA) has been recently reviewed by (D'Andrea, 2003; 

DAndrea and Grompe, 2003). FA is an autosomal recessive disease characterised 

by chromosome instability and cellular hypersensitivity to DNA-crosslinking agents 

like mitomycin C (MMC). FA patients have an increased predisposition to cancer, 

specifically leukaemia and SSCs of the head and neck or gynaecologic systems. At 

least nine separate FA complementation groups have been identified and the 

FancA, 6, C, D1, D2, E, F  and G, genes have been cloned. Of these genes only 

F an cD 2  has homologues in other eukaryotic systems. Several FA proteins, 

including A, C, E, F and G, form a constitutive multisubunit complex in the nucleus 

of normal human cells (Fig. 1.12). This complex has some chromatin binding 

activity, but its exact function is still unknown. It is thought to mediate translocation 

of FancD2 into the nucleus and its subsequent monoubiquitination in response to 

DNA damage. A new component, FancL, of the FA complex has just been identified 

(Meetei et al., 2003). This protein possesses E3 ubiquitin ligase activity and has 

been suggested to be the FA complex subunit required for monoubiquitination of 

FancD2.

FancD2 seems to function in a downstream point in the FA pathway (Fig. 

1.12). The monoubiquitinated protein is targeted to nuclear foci where it colocalises 

with BRCA1 and RAD51. Indeed, BRCA1 is required for the monoubiquitylation of 

FancD2. It has recently been established that FancDI and BRCA2 are the same
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Fig. 1.12 The Fanconi anaemia / BRCA pathway.
In response to DNA damage, the FA complex (FancA, C, E, F, G and L) mediates 
the monoubiquitylation (Ub) of FancD2. FancDI is then translocated to RAD51 
(51) foci on DNA, which also contain the BRCA1 and BRCA2/FancD2 proteins. 
The damage is then repaired RAD51-mediated homologous recombination. 
Adapted from West, 2003.
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protein (Hewlett et al., 2002). As BRCA1 and BRCA2 are required for HR and 

function in the same pathway as the FA proteins, and FancD2 colocalises with 

Rad51 in DNA damage induced foci, it appears that the FA pathway, HR, and DSB 

repair are inextricably linked.

Single strand annealing

The single-strand annealing (SSA) pathway can be considered as a 

subpathway of HR. SSA uses regions of homology to align the strands of DNA to be 

rejoined, but this pathway does not involve the formation and resolution of Holliday 

junctions. The Rad50-Mre11-Nbs1 complex are the main proteins involved in this 

pathway. This complex probably binds to the DNA ends and holds them in close 

proximity (de Jager et al., 2001). This could facilitate searches for regions of 

sequence homology. Sites of limited homology may anneal to begin repair by SSA. 

DNA annealing steps would create single-stranded tails, which have to be trimmed 

before ligation. This is most probably performed by the endonuclease activity of the 

XPF/Ercci complex. This process furthermore requires the Msh2 and Msh3 proteins 

in yeast, but their exact function in SSA is not clear yet. The last step in this pathway 

is ligation of the DNA ends.

1,2.4 Tolerance of DNA damage

Unrepaired DNA damage encountered during DNA replication can be 

bypassed directly by translesion synthesis or indirectly by recombination.

Translesion synthesis

Translesion synthesis has been reviewed recently by (Friedberg et al., 2002; 

Holmquist and Maher, 2002; Lehmann, 2002). The DNA polymerases that are part 

of the replication machinery replicate DNA with high speed and extreme accuracy, 

but they are unable to deal with damage in the template strands they are copying. 

The first polymerase known to specialise in lesion bypass is DNA polymerase ^ ( pol 

^). Since the discovery of this polymerase a number of new polymerases, mainly 

belonging to the Y family of polymerase, have been characterised. Many Y 

polymerases appear to be involved in replicating DNA past damaged sites. The 

properties of eukaryotic DNA polymerases are summarised in Table 1.2. Bypass 

polymerases are characterised by their ability to copy specific lesions or classes of
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lesions with high genetic fidelity by incorporating the nucleotide that normally pairs 

with the undamaged version of the base. Pol t], for example, seems to have evolved 

to copy cyclobutane TT dimers by inserting the correct complementary bases AA. 

But when copying undamaged DNA they exhibit reduced fidelity resulting in the 

generation of mutations.

The following model for trans-lesion synthesis has been proposed. High- 

fidelity replication is arrested at sites of DNA damage. The exact mechanism of 

polymerase switching is not fully understood yet, but recent studies have shown 

interactions between some of the bypass polymerases and known accessory 

proteins for DNA replication like PCNA. During trans-lesion synthesis the correct or 

incorrect nucleotide is incorporated depending on the polymerase. The newly 

synthesised strand is extended for some distance, often by a second bypass 

polymerase like pol Then high-fidelity replication is resumed. Once the site of 

damage is cleared, it is subject to normal DNA replication, which can result in a 

mutation if the bypass polymerase inserted the incorrect base. There are still many 

unanswered questions concerning the replication of DNA damage, including how 

the appropriate polymerase is selected to carry out trans-lesion synthesis.

Table 1.2 Properties of eukaryotic DNA polymerases.

DNA
polymerase

Gene or synonym Proposed function Family Fidelity reading 
undamaged DNA

a POLA {P0L1) Replication priming B 2x10"*
P POLB BER X 7x10"*
Y POLG Mitochondrial replication A <1 X 10*®
Ô P0LD1 {P0L3) Replication (leading 

strand), repair
B 2x10®

£ POLE {P0L2) Replication (lagging 
strand), repair, damage 
sensor

B <1 X 10"®

; POLZ {REV3) TLS B 10"*-10®
n POLH

{RAD30A/XPV)
TLS Y 10‘̂ -10®

0 POLO Cross-link repair A
10'*-10"*1 POLI {RAD30B) TLS, BER, Ig 

hypermutation
Y

K POLK {DINB1) TLS Y 10®-10"*
X POLL {P0L4) Meiosis, BER X 9x10"*

POLM ds DNA break repair, Ig 
hypermuation

X

a POLS {TRF4) Sister chromatid cohesion X
4) POLF {P0L5) rRNA synthesis B
Rev 1 REV1L TLS Y
TdT TDT Ig and TcR gene diversity X
Adapted from (Holmquist and Maher, 2002).
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Repair of broken replication forks via recombination

As an alternative to translesion synthesis, which can be mutagenic, DNA 

damage can also be bypassed indirectly by recombination This pathway is 

nonmutagenic (reviewed by (Cox, 2002)). For example, a lesion in the template for 

the leading strand synthesis causes fork arrest and results in a long single strand 

gap (Fig. 1.13.8). The first step in the repair of arrested forks is probably fork 

regression to generate a four-way junction that is also called a chicken foot'. The 

single stranded gap that is now at the end of the short arm in the four-way junction, 

can be filled in by a polymerase. A replication fork like structure is regenerated by a 

reverse branch migration step. Alternatively, the ‘chicken foot’ structure can be 

cleaved by a Holliday junction resolvase. This creates two double strands, one full 

length and one shorter (Fig. 1.13.A), which can then be repaired by homologous 

recombination. The third possible way of resolving a ‘chicken foot’ structure is to 

degrade the short arm by a nuclease generating a fork like structure. As this does 

not remove the lesion, DNA repair has to precede the restart of replication.

1.3 DNA mismatch repair
DNA mismatch repair (MMR) is an excision repair pathway, and its primary 

role is to remove replication errors from DNA. MMR has been reviewed extensively 

(Aquilina and Bignami, 2001; Buermeyer et al., 1999; Harfe and Jinks-Robertson, 

2000; Hsieh, 2001; Jiricny, 2000; Modrich and Lahue, 1996). This repair mechanism 

is also sometimes referred to as the ‘long-patch’ MMR system to distinguish it from 

short-patch’ systems that repair deaminated 5-methyl cytosine residues. MMR  

proteins also recognise mismatches in heteroduplex recombination intermediates. 

Here the role of MMR seems to be to suppress excessive recombination between 

interspersed and diverged sequences (Datta et al., 1997; de Wind et al., 1995). In 

addition, it was shown recently that MMR removes 8-oxo-dGMP incorporated during 

replication (Colussi et al., 2002). This is thought to provide an additional level of 

protection against DNA oxidation damage.

1.3.1 DNA mismatches

DNA mismatches can arise due to DNA biosynthetic errors that are 

generated by DNA polymerases and have escaped proofreading mechanisms 

(reviewed by (Kunkel, 1996; Lindahl, 1996)). The replicative DNA polymerases are 

slightly error-prone enzymes, and make about one incorporation mistake for every
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ten thousand nucleotides replicated. DNA synthetic errors can be either due to 

insertion of an incorrect deoxyribonucleoside monophosphate or template-primer 

slippage. Some alternative base pairs can be formed readily, for example G*T, or 

between two purine nucleotides when one of them is in the syn conformation. 

Frameshift mutations can arise from template-primer slippage. In this case the 

terminal nucleotide of the primer relocates to pair with the same base but in the 

wrong position in the template prior to its extension. This results in extrahelical loops 

(Fig. 1.14).

DNA polymerases have an intrinsic editing function, which increases the 

replication accuracy to 10 .̂ This proofreading activity is provided by an associated 3 ’ 

5 ’ exonuclease that edits out 3’-terminal mispaired nucleotides. DNA mismatch 

repair (will be discussed in detail below) further increases the accuracy by one 

hundred- to one thousand-fold by excising any persistent error from the newly 

synthesized daughter strand.

The human genome contains several hundred thousand extensive 

repetitions of motifs of up to 6 base pairs. These sequences are called 

microsatellites. As noncoding DNA regions can generally accumulate neutral 

mutations, microsatellites are usually highly polymorphic (Karran, 1996). The 

mononucleotide repeat Bat26, which has been shown to be quasi monomorphic, is 

an exception (Hoang et al., 1997). Shorter repetitive DNA sequences (usually mono- 

or dinucleotide repeats) can be found within the coding sequences of genes. 

Repetitive DNA sequences are prone to frameshift mutations due to slippage of the 

daughter and parental strands during replication. This misalignment generates 

‘looped-out’ or 'slipped/mispaired' regions of one or more repeated element, which 

are recognised and repaired by DNA mismatch repair. In the absence of correction, 

further elongation of the daughter strand then fixes the mutation as a plus or minus 

frameshift, depending on the configuration of the slippage (Fig. 1.14) (Karran, 1996).

1.3.2 Bacterial mismatch repair

The bacterial MMR pathway serves as a paradigm for the more complex 

MMR processes in eukaryotes and will therefore be discussed first. The three- 

dimensional structures of the bacterial MMR proteins have been determined by X- 

ray crystallography. They provide new insights into the molecular mechanisms of 

MMR.
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The E. coli MMR system involves three dedicated proteins, MutS, MutL and MutH. 

MutS recognises and binds to both base-base mismatches and insertion-deletion 

loops (IDLs), MutL couples mismatch recognition by MutS to downstream  

processing steps and MutH cleaves the transiently unmethylated daughter strand at 

GATC sequences thereby ensuring that it, rather than the fully methylated template 

strand, is corrected (Fig. 1.15).

MutS binds to mismatches as a homodimer with a substrate preference for 

base-base mismatches and IDLs of up to 4 nucleotides in length. The MutS protein 

possesses an intrinsic ATPase and is a member of the ABC (ATP binding cassette) 

transporter superfamily of ATPases. The ATP hydrolysis activity of MutS is 

essential, as mutations in the conserved ATP-binding domain are associated with a 

dominant mutator phenotype in vivo. The three-dimensional structures of the MutS 

proteins from E. coli and Thermus aquaticus complexed with an oligonucleotide 

containing either a G*T mispair or a single unpaired thymine, respectively have been 

solved (Lamers et al., 2000; Obmolova et al., 2000). MutS is present as a 

homodimer. The structure has been described as resembling a pair of praying 

hands in which the thumbs are folded inwards, and the DNA passes between the 

fingertips and the thumbs (Lamers et al., 2000). In the case of both oligonucleotide 

substrates, the DNA was bent by about 60°. These structures also showed that the 

interaction between the MutS dimer and the DNA mismatch is asymmetric, as direct 

interaction with the mismatch involves only one monomer.

Electron microscopy studies indicated that MutS mediates the formation of 

an a-shaped loop structure in a reaction dependent on mismatch binding and ATP 

hydrolysis (Allen et al., 1997). This led Modrich and colleagues to propose a model 

in which MutS engages in ATP-dependent migration away from the mismatch, 

resulting in the formation of an a-loop structure that contains the mismatch (Fig. 

1.15). This model is contradicted by Hsieh and colleagues, who showed that 

although MutS by itself diffuses rapidly from the mismatched DNA, in the presence 

of MutL a stable MutS-MutL-DNA complex is formed. They proposed that this 

complex activates MutH and regulates the extent of gap repair (Hsieh, 2001) in E. 

coii.

MutL possesses an ATP binding site, but its precise role has not been 

defined. ATP binding and hydrolysis leads to dimérisation, and it was shown that
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mutations in the ATP binding domain can give rise to a dominant negative mutator 

phenotype. MutL interacts directly with MutS, the helicase UvrD and MutH. It can 

stimulate the endonuclease activity of MutH. Gel shift experiments indicate that the 

presence of MutL increases the efficiency of MutS binding to the mismatch. It is 

thought that one of the functions of MutL is the recruitment and assembly of a 

functional repair complex. MutL can be seen as the factor that couples the initial 

mismatch recognition step to downstream processing.

For MMR to selectively remove the newly incorporated mispaired base, it 

has to be able to distinguish between the daughter and parental strands. The strand 

discrimination signal in E. coli is provided by the transiently unmethylated state of 

the newly synthesised DMA. Méthylation of DMA by the DMA adenine methylase 

(Dam) protein at the sequence GATC lags slightly behind replication. This means 

that, just behind the replication fork, the newly synthesised daughter strand is less 

methylated than the parental strand allowing discrimination between the two 

strands. The monomeric protein MutH is a méthylation sensitive endonuclease. It is 

activated in vitro by a complex of MutS, MutL, and mismatched DMA and cleaves 

the unmethylated strand of a hemimethylated GATC dam  méthylation site in vivo. 

This targets repair to the newly synthesised strand. The distance separating the 

strand signal and the mismatch can be quite substantial, up to one or two kilobases 

(kb). MutH can nick DNA either 5’ or 3’ to the mismatch, reflecting the bidirectionality 

of this system. The MutH-directed nick serves as a point of entry for helicase II 

(UvrD). Depending on where the cleavage occurred, either a single-strand specific 

5' to 3' (RecJ or exonuclease VII) or 3' to 5' (exonuclease I) exonuclease degrades 

the mismatch-containing nicked strand to just beyond the mismatch. The last step is 

gap repair by DNA polymerase III holoenzyme and ligation of the repair product.

1.3.3 Human mismatch repair

The eukaryotic counterparts of MutS (MSH proteins for MutS homologues) 

and MutL (MLH proteins for MutL homologues) are heterodimers (Table 1.3). Two 

mismatch binding complexes formed by MutS homologues, hMutSa (hMSH2- 

hMSH6) and hMutSp (hMSH2-hMSH3), carry out recognition of replication errors in 

humans. In vitro hMutSa preferentially recognises single base mismatches and 

loops of one or two bases. hMutSp on the other hand binds larger ( 2 - 8  bases) IDL. 

It can also recognise loops of just one base, however (Fig. 1.16). This redundancy
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Figure 1.16 Initiation of Mismatch Repair in Human Cells.
Illustrated are the two major mismatch recognition complexes h Mut Sa (hMSH2 
/ hMSHS) and hMutSp (hMSH2 / hMSH3). Both have distinct yet overlapping 
substrate specificities. Only the major secondary recognition complex, hMutLa 
(hMLHI / hPMS2), is shown for simplicity. Parental strand ( —  ), daughter 
strand ( — ).
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for one and two base pair loops presumably ensures efficient recognition and repair 

of these more common replication errors. Like the bacterial MutS proteins, the C- 

termini of MSH proteins contain ATP binding sites. Several human MutL 

homologues have been identified. The most important MutL homologue for DNA 

repair is encoded by the hM LH I gene. The hMLHI protein can form heterodimers 

with any of the remaining three MutL homologues, hPMS2, hPMS1 and hMLH3. The 

hMutLa complex consists of hLMH1 and hPMS2, and seems to provide the main 

MutL function, whereas the hMutLp (hMLH1/PMS1) complex provides a minor or 

more specialised function. The role of the hMLH1/hMLH3 complex has not yet been 

characterised. Expression of a dominant-negative hMLH3 protein in cells in culture 

causes microsatellite instability, which could indicate that hMLH3 has a role in MMR 

(Lipkin et al., 2000). Alternatively, hMLH3 overexpression could prevent hMutL 

formation by binding all available hMLHI protein. This would also result in MSI. 

Furthermore it has been shown that mlh3 has a essential role in murine meiosis 

(Lipkin et al., 2002).

Table 1.3 Mammalian MutS and MutL homologues.

E. coli Mammals Mammalian Function

MutS MSH2
Mismatch and loop recognitionMSH3

MSH6
MSH5 MutS homologues specialised for meiosisMSH4

MutL PMS2 MutL homologue forming heterodimerMLH1
PMS1 MutL homologues of unknown functionMLH3

Adapted from http://www.cgal.icnet.uk/DNA_Repair_Genes.html.

No obvious MutH homologues have been found in eukaryotes and the strand 

discrimination signal in mammalian cells has not been identified either. PCNA 

participates in MMR. It interacts both with MSH2 and replication proteins, and is 

required at both early and late stages of MMR. A plausible role for PCNA might be 

to couple MMR proteins to the replicative machinery. The termini of Okazaki 

fragments could serve as strand discrimination signals. This hypothesis is supported 

by the observation that yeast PCNA mutated in the binding motifs for MSH3 and 

MSH6 results in a mutator phenotype (Clark et al., 2000). The involvement of
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Okazaki fragments would be consistent with the excision of long patches of single 

stranded DNA.

The degradation and resynthesis steps also remain uncharacterised. 

Exonuclease I (Exo1), a 5’-3 ’ exonuclease, interacts with MutS and MutL 

homologues. Exo1 was shown to participate in mismatch provoked incision directed 

by a strand break either 5’ or 3’ of the mismatch in vitro (Genschel et al., 2002), and 

to be required for repair of both mismatches and single-base IDL in murine ES cells 

(Wei et al., 2003). A second exonuclease, Fen1, has also been implicated in MMR. 

Biochemical evidence suggests that DNA polymerase Ô is used in the repair of DNA 

mismatches. No helicase involved in MMR has been identified yet, but it is not clear 

if this is because a helicase is simply not required or, perhaps more likely, this is 

due to functional redundancy among helicases.

Two models have been proposed for the function of hMutSa. Both models 

are based on the following experimental data. The ATPase activity of hMutSa is 

stimulated by its binding to a DNA mismatch and ATP binding induces rapid 

dissociation of the complex from the DNA. The model proposed by Modrich involves 

translocation of the DNA through the hMutSa complex driven by ATP hydrolysis. 

ATP hydrolysis induced the formation of a DNA loop by threading the DNA through 

the hMutSa compiex (Blackwell et al., 1998). This loop is formed because the DNA 

strand can diffuse freely through one of the subunits while it is being ‘held tightly’ by 

the latch (L-) site of the other sub-unit. The open or closed status of the L-state is 

determined by ATP or ADP occupancy of the subunit nucleotide-binding site. ATP 

turnover induces a change in the occupancy of the nucleotide-binding site and 

opens up the L-site. The looped DNA is then extruded through the open site and the 

protein complex is translocated along the DNA by the distance of the length of the 

extruded DNA loop.

Fishel has proposed an alternative model (‘hydrolysis-independent sliding 

clamp model’) in which hMutSa functions like a G protein (Fishel, 2001). The 

mismatch binding complexes exist in the ADP-bound form when ‘resting’ as hMutSa 

binds to and hydrolyses ATP. In the absence of a mispaired base the ADP remains 

associated. Oniy this hMutSa form can recognise a mispair. Mismatch binding 

induces the exchange of ADP for ATP and dissociation of the heterodimer from the 

mispair. This allows the dimer to slide along the DNA in the form of a sliding clamp
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(SC). Diffusion of the 8 0  to the downstream repair machinery initiates MMR. Fishel 

further proposes that the MutL heterodimers recycle/reset the MSH sliding clamps 

(Fishel, 2001). The key difference between this and the ATP-hydrolysis mediated 

translocation model proposed by Modrich is that SC formation and movement is 

independent of ATP hydrolysis.

1.3.4 Biological consequences of inactive mismatch repair

The main role of MMR is the correction of replication errors. This is reflected 

in an increased spontaneous mutation rate in MMR defective tumours. The 

frequencies of transitions, transversions, and frameshift mutations are all greatly 

increased in repair defective human cell lines. The mutation spectrum is somewhat 

dependent on the missing MMR function, however, and there are major differences 

in the mutational spectra of hM SH6- and h M L H I- or hPMS2-6e1ec{\\/e tumour cell 

lines. For example, inactivation of hMutLa was associated with a greater increase in 

frameshift mutations than loss of hMSH6, implying that hMutSp repairs a significant 

fraction of frameshift intermediates.

As one of the major roles of MMR is to repair extrahelical loops created by 

polymerase slippage, frameshift-like mutations in extensive regions of repetitive 

mono- or dinucleotides called microsatellites, are used as diagnostic markers for 

loss of MMR (Fig. 1.12). This mutator phenotype is known as microsatellite 

instability (MSI). Microsatellite mutations in expressed genes cause frameshifts that 

result in truncated, inactive proteins. Microsatellite instability is affected by the MMR 

genotype. Loss of hMSH2, h M L H I or P M S 2  leads to a pronounced instability at 

both mono- and dinucleotide repeats while inactivation of hM SH 6  is associated 

predominantly with instability at mononucleotide runs. It has been suggested that, 

due to the redundancy in the repair functions, inactivation of more than one MMR 

gene is required for a strong mutator phenotype (Malkhosyan et al., 1996). This is 

supported by the finding, that most MSI human tumour cell lines have mutations in 

more than one MMR gene. These are often frameshift mutations in mononucleotide 

repeats in the coding sequences of the hMSHS and hMSH6 genes (Malkhosyan et 

al., 1996). Furthermore, the mutator phenotype is much more pronounced in tumour 

tissue than in normal organs in hM SH 2  mice (Baross-Francis et al., 1998). This 

could, however, reflect contribution of other metabolic changes in tumours to the 

mutation rate.
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1.4 The role of DNA mismatch repair in tolerance to DNA damaging agents

1.4.1 Tolerance to methvlatino agents

DNA damage tolerance can be defined as resistance to the cytotoxic effects 

of a DNA lesion without its removal from the DNA. Méthylation tolerance was 

originally shown in E. coli dam' mutants where inactivation of MMR restored wild- 

type resistance to the toxicity of MNNG (Karran and Marinus, 1982).

The main cytotoxic lesion caused by methylating agents like MNU and 

MNNG is 0®-meG (Section 1.1.6). Most human cells are protected against the 

cytotoxicity of DNA 0®-meG by the enzyme MGMT (Section 1.2.2). Cells that do not 

express this protein (designated Mex or Mer ) are extremely sensitive to killing by 

these agents. Mex* cells can, however, develop tolerance to these drugs by 

inactivating MMR. The following mechanism for tolerance to methylating agents was 

proposed by Karran and Bignami (Fig. 1.17) (Karran and Bignami, 1994). DNA O®- 

meG introduced by methylating agent treatment miscodes during replication, and 

directs incorporation of a T or 0 . Neither 0®-meG*T nor 0®-meG*C fulfil the 

requirements for a correct base pair and both mispairs are recognised by hMutSa, 

which then recruits hMutLa. This complex initiates MMR targeted to the daughter 

strand. A long DNA fragment containing the newly incorporated base is removed, 

and this stretch of DNA is resynthesised. The ‘incorrect’ base 0®-meG remains in 

the parental strand, however. The repair polymerase reinserts either a T or 0  

opposite the methylated base. Further attempts at correction are provoked, resulting 

in a futile cycle of uncomplete repair attempts. These long-lived strand interruptions 

lead to cell death, probably by induction of DNA double strand breaks. These death 

prone’ repair attempts can be avoided if MMR is not functional. Inactivation of MMR 

creates a strong selective advantage for a cell treated with a methylating agent.

This model is supported by the following evidence.

1. Inactivation of MMR confers high levels of methylating agent resistance with 

increases in the D37 (the drug dose required to kill 63% of cells) of up to 100- 

fold (Aquilina et al., 1990; Branch et al., 1993; Hampson et al., 1997; 

Humbert et al., 1999; Koi et al., 1994).

2. Cells defective in MSH2, MSH6, MLH1 and P M S2  all exhibit méthylation 

tolerance.
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3. If MMR is restored by transfer of the appropriate human chromosome or 

oDNA in human cells, sensitivity is also restored (Branch et al., 2000; Cejka 

et al., 2003; Koi et al., 1994).

4. MNU resistant clones can be isolated from human cell lines by exposing 

cells to either a single cytotoxic dose or by chronic exposure to low levels of 

the drug (Bignami et al., 2000; Hampson et al., 1997).

5. hMutSa can recognise 0®-meG paired with T, and to a lesser extent with C, 

in an oligonucleotide (Duckett et al., 1996; Griffith et al., 1994).

6. The ATPase activity of hMutSa is stimulated by 0®-meG»T and 0®-meG»C 

mispairs (Berardini et al., 2000).

7. 0®-meG»T/C mispairs are processed by MMR in vitro (Fig. 1.18) (Duckett et 

al., 1999). As repair of 0®-meG«T/C mispairs where the methylated base is 

in the parental strand and the T is in the daughter strand, is likely to direct 

reincorporation of T a reverse system was used. A circular heteroduplex 

DNA contained an 0®-meG»T lesion so that the 0®-meG is in the nicked 

strand mimicking the ‘daughter strand’, and the T is in the ‘template strand". 

It was shown using this system that 0®-meG*T mispairs are excised in a 

reaction that depends on functional MMR (Duckett et al., 1999). Although 

strictly, this is not a biological relevant experiment because the 0®-meG is 

not in the ‘template strand’, it is nevertheless important because it 

establishes the principle that 0®-meG base pairs provoke full processing by 

MMR -  not just recognition. It is easy to imagine though how, when the O®- 

meG is in the parental strand and therefore not excised, complications can 

arise.

An alternative model for resistance to alkylating agents was proposed by 

Fishel and colleagues (Berardini et al., 2000; Fishel, 2001). In the SC model the 

MMR proteins act as direct sensors capable of signalling to downstream effectors 

such as the apoptotic machinery. This direct-sensor signalling mechanism would be 

independent of DSBs and p53.
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should be processed by MMR, but as G®-meG redirects incorporation of T, 
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1.4.2 Tolerance to thiopurines

MMR deficiency is also associated with resistance to the base analog 6 -TG 

(Aquilina et al., 1990; Hawn et al., 1995). The 6 -TG resistance conferred by a MMR 

defect is substantial (about 5 -  10-fold). It was shown by Swann and co-workers 

several years ago that the molecular mechanism of this resistance involves loss of 

MMR (Fig. 1.20) (Swann et al., 1996). Despite the fact that 6 -TG has been used in 

the clinic for more than 50 years, its exact mechanism of action is not fully 

understood. It is known that 6 -TG is incorporated into DNA via the HGPRT pathway 

and that this incorporation is essential for its cytotoxicity (Section 1.1.7 and 4.1). 

Once incorporated, 6 -TG can be methylated to form 6 -thiomethylguanine (6 -meTG). 

This is probably by a non-enzymatic reaction most likely involving S- 

adenosylmethionine (SAM). SAM is a co-factor involved in several biosynthetic 

reactions, but it is also a weak methylating agent, and the thiol group of 6 -TG is a 

good acceptor for the methyl-group of SAM. The cytotoxicity of 6 -TG is independent 

of the Mex status of the cells treated, as 6 -meTG is a very poor substrate for 

MGMT. The removal of the methyl group of 6 -meTG by MGMT is 10® times slower 

than the removal of the methyl group of 0®-meG (Swann et al., 1996). During DNA 

replication, thymine and cytosine are incorporated opposite 6 -meTG at similar rates, 

and the resultant base pairs are recognized by hMutSa (Waters and Swann, 1997). 

Just as 0®-meG"T is a better substrate for hMutSa recognition and for correction, 

the S®-meG*T pair is recognised more efficiently by hMutSa than S®-meG*C. By 

analogy to 0 ®-methylguanine, the methylated base will be in the template strand, 

and hence not excised by MMR. This unrepairable mispair is likely to induce a futile 

repair cycle that leads to cell death (Fig. 1.20). As for 0®-meG, cells could avoid the 

cytotoxicity of 6 -TG by the same mechanism, inactivation of MMR.

Even though 6 -meTG has miscoding properties 6 -TG is not a strong 

mutagen at sub-toxic doses, unlike MNU, which is able to induce mutations at low 

toxicity. However, in a MMR-defective background in which the base analog is not 

toxic, growth in high concentrations of 6 -TG induced point-mutations (Aquilina et al., 

1993). Loss of MMR therefore not only confers resistance to toxicity but also 

increases the susceptibility to mutation induction by 6 -TG.
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1.4.3 Tolerance to other drugs

Evidence suggests that MMR may contribute to the cytotoxicity of the 

chemotherapeutic drug cisplatin. hMutSa binds to DNA containing a 1,2 cisplatin 

intrastrand cross-link (1,2 GpG), although with a lower affinity than to a G«T 

mismatch. No binding is observed with a 1,3-intrastrand lesion (Duckett et al., 1996; 

Yamada et al., 1997). Binding comparable to that for a G*T mispair was observed 

only when the complementary strand contains T opposite the 3' G in the crosslink. 

This mispair might be caused by replicative bypass of the 1,2 diguanyl intrastrand 

crosslink (Yamada et al., 1997). It is generally agreed that MMR defects are 

associated with a minor (^ 2 -fold) increase in cisplatin resistance compared to 

méthylation or 6 -TG treatment (Aebi et al., 1997; Branch et al., 2000). A two-fold 

increase in cisplatin sensitivity was observed when the MMR defect of the hM LHI- 

deficient human colon carcinoma cell line HCT116 was corrected by transfer of 

chromosome 3 (Lin and Howell, 1999). HCT116 was furthermore found to be more 

mutable by cisplatin than HCT116+ch3.

In addition to the substrates mentioned above, purified hMutSa is able to 

bind to synthetic DNA duplexes containing various single DNA lesions including 8 - 

oxoG (Mazurek et al., 2002), UV photoproducts (Li et al., 1996; Mu et al., 1997), 

1,2-dipurinyl intrastrand crosslinks (Duckett et al., 1996; Li et al., 1996; Yamada et 

al., 1997), C8 -guanylaminofluorenes or acetylaminofluorenes (Li et al., 1996), and 

benz(a)pyrene adducts (Wu et al., 1999). Binding in vitro does not necessarily 

indicate that these lesions are processed in vivo, and the degree to which MMR is 

involved in the cytotoxicity of these various lesions it is still a matter of debate.

1.5 DNA mismatch repair and cancer
1.5.1 Roles of MMR aenes in human cancer 

Familial cancer

The roles of MMR defects in the pathogenesis of human cancer has been 

reviewed by several authors (Bignami et al., 2003; Duval and Hamelin, 2002; Jiricny 

and Marra, 2003; Peltomaki, 2003). Germline defects in MMR genes underlie 

HNPCC. This cancer syndrome predisposes individuals to colorectal cancer, other 

gastrointestinal (Gl) cancer, and cancer of the female reproductive organs. MMR 

mutations have been identified in 70 - 80% of HNPCC families. About 50% of the 

known MMR mutations affect hM L H I, about 40% are found in hMSH2, and ^10% 

affect hM SH6. hP M S I, hPMS2  and hMLHS  are rare (less than 5%), and might
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account for a small percentage (Peltomaki, 2003). The predisposing germline 

mutations inactivate one allele of the MMR gene. The second allele is inactivated 

somatically prior to, or during, tumour development.

h M L H I and hM S H 2  mutations generally give rise to classical' HNPCC  

families, that lie within the strict clinical definition of the syndrome and give rise to 

tumours with overt MSI. hPMS2  mutations are also associated with severe MSI, but 

are much rarer in ‘classical’ families. hMSH6  mutations give rise to more cryptic MSI 

and occur often in less typical HNPCC families. Based purely on clinical criteria, it is 

thought that HNPCC accounts for 0.5 -  2% of the total colorectal cancer burden.

Exo1 and DNA pol ô may also have a role in HNPCC development, but not 

enough data are available to allow any reliable assignments at the moment. These 

two proteins as well as PCNA and RPA are not only involved in MMR but they also 

play key roles in DNA replication. It has been suggested that inactivating mutations 

in the genes encoding these polypeptides would be lethal because of this function in 

replication (Jiricny and Marra, 2003). Mutations in these genes could only lead to 

HNPCC if they were missense mutations affecting amino-acid residues in domains 

that are only necessary for MMR and not for replication. These types of mutations 

are likely to be very rare. Exo1 has been reported to be mutated in HNPCC, but 

these tumours either lost the mutant allele and retained the wild-type copy, or 

retained both copies (Jagmohan-Changur et al., 2003; Wu et al., 2001).

A small number of individuals homozygous for mutations in the MMR genes 

h M L H I and hM SH2  have been reported. Children from consanguineous families 

who had homozygous h M L H I mutations developed early onset haematological 

malignancies (lymphomas and leukaemias), one glioma and clinical features of de 

novo neurofibromatosis type 1 (NF1) (Ricciardone et al., 1999; Vilkki et al., 2001; 

Wang et al., 1999). One patient homozygous for mutations in h M S H 2  was 

diagnosed with acute lymphocytic leukaemia (ALL) and café au lait spots, a feature 

of NF1 (Whiteside et al., 2002).

Furthermore, hPMS2 mutations have been described in Turcot kindreds (De 

Rosa et al., 2000). Turcot’s syndrome is a genetic disease characterised by the 

concurrence of primary brain tumours and colon cancer and/or multiple colorectal 

adenomas. Some Turcot patients were reported to have inherited either one or two
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mutated copies of PMS2. These tumours, and In some cases even normal tissue, 

was microsatellite unstable.

Sporadic cancer

MSI occurs in approximately 15% to 25% of sporadic colorectal cancers and 

tumours at other sites (for example endometrium, ovary, stomach -  and others that 

are common in HNPCC).

Definition of MSI

Following the discovery of MSI and its role in human cancer, different 

laboratories used different micorsatellites and arbitrary definitions of instability to 

determine MSI. This made it difficult to compare results and lead to confusion in the 

field. In 1997 a panel of five microsatellites, two mono- (Bat25 and Bat26) and three 

dinucleotide (D2S123, D5S346 and D17S250) repeats, was recommended for the 

analysis of microsatellites by the National Cancer Institute Workshop on 

Microsatellite Instability for Cancer Detection and Familial Predisposition' (Boland et 

al., 1998). They suggested MSI be defined as instability at two or more of these five 

loci or ^ 30% to 40% of all microsatellites studied. In the absence of non-tumour 

tissue to which to compare the length of the altered microsatellite, the 

mononucleotide marker Bat26 is often used to determine the MSI status. Bat26 is 

quasimonomorphic (Hoang et al., 1997) and germ-line polymorphisms are rare in 

the Caucasian population (Samowitz et al., 1999). This marker has been shown to 

identify 97% of all MSI cases (Hoang et al., 1997; Loukola et al., 2001).

Mutational target genes in MMR defective tumours

In MSI tumours changes occur not only at non-coding microsatellites, but 

also at repetitive sequences within the coding sequence of a gene, or at intronic 

sequences adjacent to mRNA splice sites. Frameshift mutations generally result in 

inactive proteins and such sequences are important targets for selective inactivation 

in MMR deficient tumours. The observation that some genes with a potential tumour 

suppressor function are particularly prone to mutations at repetitive coding 

sequences led to the concept of target genes for instability.
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The first repetitive sequence identified to be selectively mutated in MST 

tumours was a poly (A) 10 repeat within the coding region of the transforming growth 

factor p receptor type II (TGFpRII) gene (Markowitz et al., 1995). A substantial 

number of potential target genes have been reported to be mutated at 

polynucleotide repeats in MSI cancer (Examples in Table 1.4). These include genes 

involved in apoptosis (e.g. Caspase-5, Bax), regulation of cell growth (e.g. IGFIIR), 

response to DNA damage (e.g. BLM, RAD50, MRE11), MMR genes (hMSHS, 

hMSH6  and hMLHS), and many others. Some of these genes will be discussed in 

more detail in Chapter 5. It was shown that genes frequently found to be altered in 

MMR proficient colorectal cancers, such as ARC or P5S, were rarely mutated in 

M S r tumours (Olschwang et al., 1997). The number of genes found to be mutated 

in M S r tumours has been increasing steadily, but it is difficult to establish which of 

these alterations really contribute to carcinogenesis in MSF tumours. The frequency 

of these mutations is generally taken as an indication that they were selected during 

the development of the MSF tumour.

Table 1.4 Different genes mutated at coding repeat sequences in MSF cancer.

Target gene Gene function
ACTRII Growth factor receptor
AI M2 Interferon inducible protein
APAF1 Pro-apoptotic factor
AXIN2 Wnt signalling
Bax Pro-apoptotIc factor
BCL10 Pro-apoptotIc factor
BLM Response to cellular damage
Caspase-5 Pro-apoptotic factor
CDX2 Homeobox transcription factor
GRB14 Growth factor receptor bound proteins
hG4-1 Cell cycle protein
IGFIIR Growth factor receptor
KIAA0977 Homologue of mouse cordon-blue protein
MBD4 DNA glycosylase and methyl CpG binding protein
MLH3 DNA MMR
MSH3 DNA MMR
MSH6 DNA MMR
NADH-UOB NADH ubiquinone oxidase
OGT 0-llnked GlcNAc transferase
PTEN Cell cycle protein
RAD50 Response to cellular damage and HR
MRE11 Response to cellular damage and HR
RHAMM Cellular motility and HA binding
RIZ Cell cycle and apoptotic protein
SEC63 ER membrane protein
SLC23AI Nucleobase transporter
TCF4 Transcription factor (Wnt pathway)
TGFbRII Inhibitor of cellular growth
WISP-3 Growth factor (Wnt pathway)

Adopted from (Duval and Hamelin, 2002).
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The different spectra of genes mutated in MMR proficient and deficient 

tumours supports the hypothesis proposing the existence of two distinct pathways 

for oncogenesis: the mutator and tumour suppressor pathways (Perucho, 1996; 

Perucho et a!., 1994). Tumour suppressor gene mutations are accompanied by an 

immediate capability for territorial expansion and/or a selective growth advantage. In 

contrast, the mutator phenotype, caused by MSI for example, does not alter the 

growth properties of the cell. This phenotype increases the likelihood of occurrence 

of mutations in cancer genes and in other mutator genes, which then affect the 

growth property of the cell.

1.5.2 Roles of MMR aenes in mouse tumouriaenesis

The relationship between MMR defects and tumourigenesis in mice has 

been reviewed by (Buermeyer et al., 1999; Jiricny and Marra, 2003; Wei et al., 

2002). Mice heterozygous for MMR defects do not develop significant numbers of 

tumours, and the tumours that eventually do develop are generally MMR proficient. 

Therefore mice homozygous for MMR defects were studied. The findings from 

homozygous knock-out (KO) mice are summarised in Table 1.5. Mice with 

homozygous MMR defects generally succumb to lymphoma at an early age.

Table 1.5 Mouse models with disrupted MMR alleles.

Genotype Fertility
(male/female)

Tumour
incidence

Tumour spectrum M sr

Msh2'- yes/yes High Lymphomas, Gl, skin and yes

Msh6 '-
other tumours

yes/yes Low Lymphomas, Gl and other no

Msh3*'- 
Msh6 '- & 
Msh3''

tumours
yes/yes High Gl tumours at old age yes
yes/yes High Lymphomas, Gl, skin and yes

other tumours
MIhl*'- no/no High Lymphomas, Gl, skin and 

other tumours
yes

Pms2'‘
Pmsl* '̂

no/yes High Lymphomas and sarcoma yes
yes/yes Low None no

Exol'- no/no High Lymphomas yes
*MSI was investigated in tumour samples, or normal tissue or culture cells. Gl, 
gastro-intestinal; MMR, mismatch repair.
Adapted from Jiricny and Marra, 2003, Current Opinion in Genetics & Development
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Mice with mutations is MutS homologues

mshZ^' mice were developed by two independent groups (de Wind et a!., 

1995; Reitmair et a!., 1995). These mice displayed no major abnormalities, were 

fertile, but a significant fraction developed lymphoid tumours at an early age. These 

tumours were M S r. Older mice were also found to have intestinal and skin 

neoplasms (Reitmair et al., 1996). De Wind et al. showed that immunocompromised 

(reduced levels of CD 8 * T-cells) m sh2-deficient mice did not develop T-cell 

lymphomas, survived relatively long, and more than half developed intestinal 

tumours (de Wind et al., 1998). They furthermore showed that, even though 

heterozygous animals are generally not more susceptible to death from 

spontaneous cancer than wild-type mice, msh2*^' mice developed more tumours 

than msh2*^* animals. These excess tumours tend to be non-GI and appear to retain 

the active copy of msh2.

Animals homozygous for a null msh6 mutation had a reduced life span and 

developed a variety of tumours. The most frequent malignancies were NHL followed 

by tumours of the Gl tract. These malignancies were microsatellite stable 

(Edelmann et al., 1997). Te Riele and co-workers reported early onset lymphomas 

and epithelial cancers of the uterus and skin, but only very rare cancers of the Gl 

tract in msh&^' mice (de Wind et al., 1999). msh3 deficiency on the other hand did 

not predispose to cancer (de Wind et al., 1999; Edelmann et al., 2000). These mice 

were viable and fertile, and developed tumours in old age with a similar frequency to 

that in wild type animals. The tumour spectrum in the mutant mice was 

characterised by more Gl tumours, however (Edelmann et al., 2000). Combined 

m sh3/m sh6  deficiency predisposed to the development of both intestinal and 

lymphoid malignancies (de Wind et al., 1999; Edelmann et al., 2000). These double 

KO mice had survival rates compared to msh2^' animals. These findings are 

compatible with the inactivation of both MutSa and p complexes.

Mice with mutations MutL homologues

mlh1 mutant mice were generated by two groups, and both heterozygous 

and homozygous mlh1 mice were viable (Baker et al., 1996; Edelmann et al., 1996). 

mlh1 homozygous mutant mice showed reduced survival compared to wild type 

mice (all of the animals died within 12  months) and were susceptible to tumours at 

an early age. They developed a spectrum of neoplasms similar to that in m sh2  

mutant mice, including lymphomas both of T- and B-cell origin, Gl tumours and, to a
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lesser extent, sebaceous gland tumours (Edelmann et al., 1999; Prolla et al., 1998). 

As expected, m/h)-deficient tumours displayed high levels of MSI. Furthermore,

males and females were found to be sterile (Baker et al., 1996; Edelmann et 

al., 1996). m//?f-deficient spermatocytes exhibited high levels of prematurely 

separated chromosomes and arrested in first division meiosis. It was also shown 

that mihl appears to localise to sites of crossing-over on meiotic chromosomes. 

This phenotype suggests a role for mihl in the processing or resolution of 

recombination intermediates, m/hf"''’ mice were also susceptible to tumour 

development both outside and inside the Gl tract, but did not develop as many 

tumours as homozygous mice (Edelmann et al., 1999).

Only few cases of colorectal tumours with hP M S 2  mutations have been 

described. Both heterozygous and homozygous pms2-mutant mice were viable, but 

the male pms2 homozygous mice were sterile due to the production of abnormal 

spermatozoa. The females on the other hand were fertile (Baker et al., 1995). pm sZ  

mice were susceptible to early onset cancers, but they lived longer than mlh1 

animals. pms2 mice developed mainly lymphomas, but also a small number of 

sarcomas, and all of these tumours displayed MSI (Prolla et al., 1998). Unlike mlh1, 

msh2  and msh6 mutant mice, the pms2^' animals did not develop Gl and skin 

tumours. The MSI analysis in tissues from pms2 and mlh1 KO mice revealed that 

the mononucleotide repeat mutation frequency in pms2^' mice was 2- to 3-fold lower 

than in mlh1' '̂ mice (Yao et al., 1999). These differences could influence the risk for 

tumourigenesis.

pms1 homozygous mice on the other hand have no apparent phenotype. 

These animals have a normal life span and do not seem to have increased cancer 

susceptibility. Both sexes are fertile (Prolla et al., 1998).

Mice with mutations in other MMR genes

The majority of exo1 mutant mice developed lymphomas. These animals 

also developed other tumours, for example Gl tumours, lung tumours, uterine and 

ovarian cancers, and others, but these malignancies were observed at similar 

frequencies in wild-type mice. Like mlh1 mice, exoT^'animals were unstable at 

mononucleotide repeats in normal tissue. When dinucleotide repeats were analyzed 

no MSI was found in the exo1 mice, whereas mlh1 mice showed high stability at 

these markers. This supports the idea that Exol plays an important role in the repair
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of single bp IDL and is less important in the repair of two-base I/D loop mismatches. 

Furthermore, exol'^' male and female mice were infertile because of a meiotic defect 

(Wei et al.. 2003).

Response to DNA damaging agent treatment of MMR defective mice

To investigate what role MMR plays in DNA damage, and specifically DNA 

methylating agent, induced cancer MMR defective homozygous and heterozygous 

mice were treated with different carcinogens. Treatment of mshZ^' mice with MNU 

resulted in increased mutation frequencies, mainly G«C to A*T transitions, in all 

tissues tested (Andrew et al., 1998). Treatment of m s h 2  KO mice with 

ethyl nitrosourea (ENU) and the methylating agent 1,2-dimethylhydrazine (DMH) led 

to an increase in tumour frequency. Lymphomagenesis was strongly accelerated by 

ENU at a dose that did not induce tumours in wild-type mice (Claij et al., 2003). 

DMH not only accelerated the development of lymphomas, but also induced 

colorectal adenocarcinomas (Colussi et al., 2001). MNU treatment of mit)1 and 

pm s2  KO mice at doses that did not induce lymphomas in wt mice, caused an 

increase in thymic lymphoma development in the mutant animals (Kawate et al., 

1998). Thus, MMR defects are associated with an increased susceptibility to drug 

induced cancer.

Treatment of heterozygous msh2 mice with MNU on the other hand did not 

resulted in increased mutation frequencies (Andrew et al., 1998). Furthermore 

msh2*^' mouse cell lines do not display an increased tolerance to the methylating 

agent MNNG (de Wind et al., 1995). There is evidence that heterozygous MMR KO 

mice may be more susceptible to drug induced cancer, however. DMH-treatment did 

not affect the survival of msh2*'’ mice, but produced more tumours and a somewhat 

different spectrum of tumour types in msh2*'' compared to msh2*^* animals (Colussi 

et al., 2001). MNU treatment also causes significantly more Gl tumours in pms2*^' 

mice than in pms2*^* animals. In this case there was no effect on overall survival, 

however, and mice of both genotypes died at the same rate (Qin et al., 2000). Even 

though msh2 heterozygosity does not affect the mutability by drug damage, it still 

increases the susceptibility to drug induced cancer. The effect of drug treatment on 

tumourigenesis is less pronounced in heterozygous than in homozygous KO though.

mgmf^' mice, similarly to human Mex' cell lines, are extremely sensitive to 

killing by methylating agents like MNU. They are also susceptible to carcinogenesis
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and even low-dose treatment with the drug induces a large number of tumours. Mice 

with homozygous mutations in both mgmt and mlh1 are as resistant to MNU as wt 

mice, but develop large numbers of thymic lymphomas (Kawate et al., 1998). 

Evidence of haploinsufficiency for mihl was seen in this mgrnf^' background. 

Survival of m g m f' mlh1*^' animals after MNU treatment was intermediate between 

mgrnt^' mlh1' ‘̂ and wt. The drug induced thymic tumour formation in about half as 

many mgrnf^' mlhl*^' animals compared to rngmf^' mlh1' '̂ mice (Kawate et al., 2000).

1.6 DNA mismatch repair and secondary cancer
Apart from sporadic HNPCC-like tumours, therapy-related acute myeloid 

leukaemia is most associated with MSI. The incidence of a therapy-related or 

secondary malignancy - a tumour at a different site to the first tumour that is a direct 

consequence of the therapy - is increasing (Bignami et al., 2003). The risk of 

developing a second malignancy has been estimated to range from 8 % to 1 2 % by 

20 years after the diagnosis of a first cancer (Leone et al., 1999). Leukaemia is the 

most frequent secondary neoplasm, and therapy-related acute myeloid leukaemia or 

myelodysplastic syndrome (t-AMUMDS) now accounts for around 10% of all acute 

myeloid leukaemia (AML) (Leone et al., 2001).

1.6.1 General haematopoiesis and leukaemia development

Acute leukaemia is described in detail in (Barrett, 1996; Schiffer and Stone, 

2000; Weinstein, 1988). The acute leukaemias are defined as primary malignant 

diseases of the blood forming organs characterised by a predominance of immature 

myeloid and lymphoid precursors (blasts). They arise due to the unregulated 

proliferation of early precursor cells that have lost their capacity to differentiate in 

response to normal hormonal signals and cellular Interactions. Blast cells 

progressively replace the normal bone marrow cells, which suppresses normal 

maturation of erythrocytes, granulocytes, platelets and other blood cells derived 

from residual precursor cells. This results in bone marrow failure and patients 

become anaemic, thrombocytopenic and neutropenic. In addition blast cells can 

migrate and invade other organs, for example the spleen, liver and, to a lesser 

extent the lymph nodes. If untreated, acute leukaemia is fatal within a period of 

months to one year.
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General haematopoiesis

Leukaemic transformation can arise at any point during the differentiation of 

the pluripotent haematopoietic stem cell. The pluripotent stem cell normally divides 

infrequently to generate either more pluripotent stem cells or progenitor cells that 

are irreversibly programmed to produce only a few types of blood cells (Fig. 1.20). 

The earlier progenitor cells are multipotent but, as division and differentiation 

proceed, later committed progenitors are formed. These progenitor cells are 

stimulated to proliferate by specific growth factors, and can divide only a limited 

number of times. The terminally differentiated cells have a limited lifespan and die 

after several days or weeks (Alberts et al., 1994).

Classification of leukaemia

The acute leukaemias are classified morphologically by reference to the 

predominant cell line involved as lymphoid (ALL) and myeloid (AML). In 1976, a 

classification system was developed to quantify and standardise definitions of the 

sometimes clinically and biologically distinct subtypes of AML and ALL. This is 

known as FAB (French-American-British) classification (Bennett et al., 1976). ALL 

was divided into three subgroups, LI to L3 and AML was into 7 subgroups. The 

AML classification was later extended to 8  groups, MO to M7 (Table 1.6).

Table 1.6 FAB classification of AML.

FAB
Class

Common Name Subtypes Common
karyotypes

MO Minimally differentiated 
AML

complex

Ml Myeloid leukaemia without 
maturation

Wide range

M2 Myeloid leukaemia with 
maturation

20-25%: t(8;21)

M3 Hypergranular 
promyelocytic leukaemia

Majority: t(15;17) 
Rare: t(11;17)

M4 Myelomonocytic leukaemia With bone marrow 
eosinophilia (M4E0)

Wide range 
M4E0: inv16 or 
del16q22

M5 Monocytic leukaemia Poorly differentiated (M5a); 
differentiated (M5b)

Del(11q23); t(-,11) 
M5b: t(8;16)

M6 Erythroleukaemia Del(5), del(5q), 
del(7), del(7q)

M7 Megakaryoblastic
leukaemia

Minority: inv(3)
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AML is much more common after drug treatment than ALL. Because my 

work is concerned with therapy-related cancer, the remainder of this chapter 

focuses on AML. The FAB morphological classification categorises the AML 

subtypes according to the degree of maturation of the leukaemic cells and their 

lineage differentiation (Table 1.6). AML cases are now divided into eight major 

groups with subtypes for three of them (McKenna, 2000). These classification 

criteria are based on morphologic and cytochemical features, but for some of the 

categories immunophenotyping is necessary. In addition, some AML subtypes have 

specific chromosomal translocation. Even though morphology and karyotype have 

prognostic significance predicting favourable and less favourable outcomes of 

treatments, they do not affect the type of treatment a patient receives. Acute 

promyelocytic leukaemia (APL) is an exception. This subgroup is uniquely 

responsive to all-frans-retinoic acid (ATRA).

Acute promyelocytic leukaemia

APL has been reviewed by (Pandolfi, 2001; Pitha-Rowe et al., 2003; 

Ruggero et al., 2000). In almost 100% of cases, APL blasts contain reciprocal 

chromosomal translocations involving chromosome 17. Nearly all these (-99% ) are 

reciprocal and balanced translocations between chromosomes 15 and 17, 

t(15; 17)(22;q11.2-12). The breakpoints were found to lie within the retinoic acid 

receptor a  {RAR a) gene on chromosome 17 and the promyelocytic leukaemia 

{PM L) gene on chromosome 15. The PML-RARa fusion protein has multiple 

oncogenic functions. It can block myeloid differentiation and confers a survival and 

proliferative advantage on the expressing cell. It also seems to render cells 

genomically unstable (Fig. 1.21.A).

PML-RARa affects both the RARa pathway and the PML function. RARs are 

members of the superfamily of nuclear hormone receptors that act as retinoic acid - 

inducible transcriptional activators. RARs form heterodimers with retinoid-X- 

receptors (RXR), which repress transcription in the absence of retinoic acid by 

recruiting nuclear receptor corepressors, which then recruit histone deacetylases 

(HDACs). PML-RARa can bind to retinoic acid response elements (RARE) and 

binds retinoic acid with the same affinity as RARa (Fig. 1.20.6). The fusion protein 

could hence interfere with the RARa pathway at multiple levels. It was shown that at 

physiological concentrations of retinoic acid, PM L-RARa acts as a potent
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Figure 1.21  The multiple oncogenic functions of PML-RARa.
A.The fusion protein of APL can confer a proliferative and survival 
advantage to the myeloid haematopoietic cells. PML-RARa also has the 
ability to perturb myeloid differentiation. Adopted from Pandolfi, 2001.
B. In the absence of pharmacologic RA dosages, PML-RARa recruits 
corepressors and acts as a dominant-negative inhibitor of multiple 
retinoid-dependent signaling pathways. This blocks cells in an immature 
stage of differentiation. Pharmacologic RA dosages can overcome this 
block by the loss of corepressor interactions and the recruitment of a 
coactivator complex. This results in the activation of RA target genes 
that activate terminal myeloid differentiation and other biological effects 
that lead to clinical remissions in APL. Adopted from Pitha-Rowe et al., 
2003.
C. PML is localised in discrete nuclear structures called PML MBs. NB 
components and the possible functions of these bodies are shown. 
Adopted from Ruggero et a/., 2000.
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transcriptional repressor due to an increased affinity for corepressors and HDACs. 

At a (high) pharmacological dose of the ligand however, the PM L-RARa- 

corepressor complex is resolved and the fusion protein can transactivate RARa 

target genes (Fig. 1.21.6). Treatment of APL patients with ATRA alone induces 

disease remission by allowing maturation of leukaemia cells to neutrophils. 

Remission is only transient however and relapse is inevitable if the patients are not 

also treated with conventional chemotherapy or bone marrow transplantation post 

remission.

In addition, the fusion protein can act as a dominant negative PML mutant. 

PML is essential for the proper formation and stability of nuclear bodies (NB). Cells 

typically contain 10 to 30 NB per nucleus. These structures contain several proteins 

including transcription co-factors, oncoproteins, and ribosomal proteins (e.g. p53, 

the retinoblastoma-susceptibility protein (Rb) and the Bloom syndrome DMA 

helicase (BLM)) (Fig 1 .21 .0 ), some of which PML physically interacts with. 

However, the actual function of this structure is still largely unknown. It has been 

proposed that MBs might serve as depots for the different proteins they contain. The 

PML-RARa fusion protein can form complexes with PML, which leads to disruption 

of the NB. PML has also been found to have a role in growth and tumour 

suppression possibly due to its interaction with proteins like tumour suppressors in 

the NB. Due to this role, interference with PML function might result in a growth 

advantage for leukaemic blasts. In addition, interference with PML can result in 

genomic instability, probably related to the number of proteins involved in the 

maintenance of genomic stability that accumulate in PML bodies. These include 

BLM. Thus it appears that the PML-RARa fusion protein promotes oncogenic 

growth by disrupting normal PML function.

Myelodysplastic syndrome

Secondary leukaemia associated with alkylating agent treatment is generally 

preceded by a myelodysplastic phase. Myelodysplastic syndrome (M DS) is 

described in detail in a number of textbooks (Catovsky, 1996; Silverman, 2000). 

MDS describes a group of disorders that are characterised by hyperproliferative 

bone marrow reflective of ineffective haematopoiesis. MDS is accompanied by one 

or more peripheral blood cytopenias, most commonly anaemia. If not treated it 

results in either bone marrow failure, which causes death from bleeding and
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infection, or transformation to acute leukaemia. The FAB cooperative group has 

proposed a classification of these heterogeneous conditions (Bennett et al., 1982). 

MDS was divided into five categories on the basis of morphologic characteristics 

and the percentage of blasts in the bone marrow and peripheral blood. The different 

disorders are called;

(1) refractory anaemia (RA)

(2) refractory anaemia with ringed sideroblasts (RARS)

(3) refractory anaemia with excess blasts (>5 to 20% blasts) (RAEB)

(4) chronic myelomonocytic leukaemia (CMML)

(5) refractory anaemia with excess blasts ‘in transformation' (21 to <30% blasts) 

(RAEB-t).

These should not be considered as rigid definitions, however, as progression 

from one to another, especially from RAEB to RAEB-t occurs frequently. 

Transformation to AML is the inevitable outcome in 30 to 50% of patients with RAEB 

and CMML, and in more than 50% of those with RAEB-t. This course is less 

common in RA and RARS (5 to 15% of cases). MDS with complex karyotypes and 

more than 10% blasts have the highest risk of progression to AML. The FAB 

classification has also been shown to correlate with prognosis, with RAEB and 

RAEB-t generally having the worst. Other prognostic factors include the number of 

bone marrow blasts, age, the severity of cytopenia and karyotypic abnormalities.

Clonal karyotypic abnormalities can be found in the marrows of 50 to 70% of 

patients with MDS. These changes frequently involve chromosomes 5 (-5,5q-), 7 (- 

7,7q-) and 8  (+8 ). The chromosomal abnormalities are similar to those seen in AML 

patients, but none of the changes associated with specific types of AML, e.g. 

t(15;17) in APL, are found in MDS. This suggests that these AML subtypes are not 

preceded by a myelodysplastic phase.

1.6,2 Therapy-related acute mveloid leukaemia

t-AML was reviewed by (Bignami et al., 2003; Karp and Smith, 1997; Leone 

et al., 1999). t-AML and de novo AML are clinically distinct diseases and they 

respond very differently to therapy. The proportion of t-AML is increasing due to the 

widespread use of chemo- and radiotherapy and the increased survival of patients. 

Unfortunately t-AML, unlike do novo AML, is refractory to treatment and good 

responses are rare. t-AML occurs most frequently after HD, NHL, ALL, multiple
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myeloma, myeloproliferative diseases, breast cancer, ovarian cancer, and testicular 

cancer.

t-AML has been divided into two sub-types: AML after alkylating agent 

treatment and radiotherapy, and AML induced by DNA topoisomerase II (topo-ll) 

inhibitors. The peak incidence of AML after alkylating agents is 4 to 6  years after 

initiation of treatment for the primary malignancy, but they can occur with a latency 

as short as 12 months or as long as 15 to 20 years. Complete or partial deletions of 

chromosomes 5 and/or 7 are commonly found among this group of t-AML. Topo-ll 

inhibitor induced AML is characterised by a shorter latency period (2 to 3 years) and 

chromosomal abnormalities of the 11q23 locus.

AML after Hodgkin’s disease and non-Hodgkin’s iymphoma

Alkylating agents, but not radiotherapy or topo-ll inhibitors, are the major risk 

factors for t-AML after HD and NHL. Both forms of lymphoma are often treated with 

mixtures of drugs that include methylating agents such as procarbazine or 

dacarbazine, for example as part of COPP (CTX, oncovin, procarbazine, 

prednisone). The risk in patients treated for HD has been reported to be 10 to 80- 

fold greater than among the general population.

AML after breast and ovarian cancer

Both alkylating agents and topo-ll inhibitors are risk factors for t-AML after 

breast cancer. One study estimated the cumulative risk after these treatments to be 

as high as 25±10% at 3 years (Andersen et al., 1990). The risk of t-AML in women 

treated for ovarian cancer has also been shown to be high, specifically after 

alkylating agent treatment (7% at 10 years).

1.6.3 Theraov-reiated mveiodvsolastic syndrome

t-MDS was discussed in detail in (Leone et al., 1999; Leone et al., 2001). In 

classic alkylating agent related leukaemia, about two thirds of cases present with 

fewer than 30% blasts in the marrow and less than 5% blasts in the blood and are 

diagnosed as t-MDS. t-MDS is considered to generally have a poorer prognosis 

than de novo MDS and more than 50% of t-MDS evolve into AML. Cytogenetic 

abnormalities in t-MDS are similar to, but more frequent than in de novo MDS.
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Deletion or loss of chromosomes 5 and 7 is often associated with exposure to 

alkylating agents.

1.7 Overview of work described in this thesis
The work described in this thesis is concerned with the role of MMR and 

drug treatment in the development of secondary leukaemia. In Chapter 3, the 

involvement of MMR defects in the development of post chemotherapy AML/MDS 

was investigated. hMLH1 silencing by promoter méthylation was examined as a 

potential mechanism for loss of MMR function in these cases. As the cytotoxicity of 

methylating agents and 6 -TG are both dependent on functional mismatch repair, the 

role of MMR defects in the development of AML/MDS after thiopurine treatment was 

investigated in Chapter 4. The work described in Chapter 5 was aimed at identifying 

target genes for frameshift mutations in MMR defective leukaemia cases. The aim of 

the projects described in the thesis was to elucidate the different steps involved in 

the development of leukaemia after drug treatment.
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Chapter 2 : Materials and Methods

2.1 Materials
2.1.1 Chemicals

All chemicals were obtained from Sigma-Aldrich, Biorad Laboratories, Merck 

/ BDH and Gibco Cell Culture / Invitrogen Life Technologies unless otherwise 

stated. Standard solutions of 0.5M EDTA, 1M Tris-HCI, Tris-EDTA (TE), 1M MgCL, 

5M NaCI, Phosphate Buffered Saline (PBS) and Tris Borate EDTA (TBE) were 

produced by Cancer Research UK London Research Institute (LRI) central services. 

All other stock solutions were made according to standard methods (Sambrook et 

al., 1989; Sambrook and Russell, 2001).

Recrystalized MNU was a kind gift from Prof. Peter Swann. A 50mM stock of 

MNU was made up in 4mM potassium acetate buffer pH4.0. 0®-BzG was a kind gift 

from Dr. Juergen Thomale. A 20mM 0®-BzG stock was made up in DMSO. 6 -TG  

and 6 -MP were both made up to a 5mM stock in 0.1 M sodium hydroxide. A 5mg/mL 

stock of Cyclosporin A (CsA) and a lOOmM stock of prednisolone (Pred) were made 

up in DMSO. A Im M  stock of MMC was made up in H2O.

2.1.2 Cell culture

Dulbecco's MEM (E4), 2% RPMI 1640 and Giemsa stain were supplied by 

Cancer Research UK LRI central services. Cells were grown in media 

supplemented with 10% (v/v) foetal calf serum (PCS) (Gibco Cell Culture I 

Invitrogen Life Technologies). Sterile disposable plastic ware was acquired from 

Becton Dickinson, Corning Incorporated, Millipore Corporation, Nun and Sterile.

2.1.3 Cell lines and clinical samples

All cells used were obtained from the Cancer Research UK LRI central cell 

services. The cell lines used are summarised in Table 2.1.

Chemotherapy-related AL/MDS DNA, RNA and bone marrow samples were 

obtained from Dr. Margherita Bignami and Dr. Ida Casorelli, Instituto Superiore di 

Sanita’, Laboratorio di Tossicologia Comparata, Rome, Italy, and Prof. Giuseppe 

Leone and Dr. Luca Mele, Haematology Department, Catholic University, Rome, 

Italy. Colon cancer DNA samples were contributed by Dr. Ian Tomlinson, Cancer
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Genetics Laboratory, Cancer Research UK LRI, UK, Bone marrow and explanted 

tissue samples from transplant-related AML patients were provided by Dr. David 

Cummins, Dr. Ozay Halil, Dr. Nicholas R. Banner and Dr. Margaret M. Burke, 

Harefield Hospital, Hill End Road, Harefield, Middlesex, UK.

Table 2.1 Cell lines

Cell Line Derived from MGMT
Status

MMR
defect

HeLa cervix carcinoma Mex+ WT
Raji TK- Burkitt’s lymphoma Mex- WT
Raji TK+ Burkitt’s lymphoma Mex+ WT
SW480 colon carcinoma ? WT
Ramos Burkitt’s lymphoma ? WT
BL2 Burkitt’s lymphoma ? WT
A2780-SCA ovarian carcinoma Mex+ WT
GM08925 peripheral blood leukocytes of an apparently normal individual ? WT
GM03714 peripheral blood leukocytes of an apparently normal individual ? WT
GM03469 peripheral blood leukocytes of an apparently normal individual ? WT
GM01953 peripheral blood leukocytes of an apparently normal individual ? WT
GM00621 peripheral blood leukocytes of an apparently normal individual ? WT
GM00558 peripheral blood leukocytes of an apparently normal individual ? WT
GM1056a peripheral blood leukocytes of an apparently normal individual ? WT
GM00130b peripheral blood leukocytes of an apparently normal individual ? WT
GM00637 peripheral blood leukocytes of an apparently normal individual ? WT
Rpmi 1788 peripheral blood leukocytes of an apparently normal individual ? WT
Jurkat T-lymphocyte leukaemia ? hMSH2
SW48 colon carcinoma Mex- hMLHI
HCT116 colon carcinoma Mex+ hMLHI
LoVo colon carcinoma Mex+ hMSH2
DLD1 colon carcinoma Mex+ hMSHB
HecIA endometrial carcinoma ? hMLHI
REH B-lymphocyte leukaemia ? hMLHI
Molt4 T-lymphocyte leukaemia ? hPMS2
CCRF-GEM B-lymphocyte leukaemia ? hPMS2
AN3CA endometrial carcinoma ? hMLHI
DU 145 Prostate Carcinoma ? hMLHI
SK0V3 ovarian carcinoma ? hMLHI
A278G-MNÜCI1 ovarian carcinoma Mex+ hMLHI
Raji F I 2 Burkitt’s lymphoma Mex- hMSHB

2.1.4 Molecular biology reagents

All molecular biology reagents and kits were obtained from Qiagen unless 

otherwise stated. dNTPs were purchased from Amersham Pharmacia. The ImProm- 

II Reverse Transcriptase was obtained from Promega Corporation. DNA markers 

and restriction enzymes were obtained from New England Biolabs Inc. The BigDye 

Terminator v3.1 Cycle Sequencing Kit was purchased from Applied Biosystems. All 

PCR amplification and sequencing reactions were performed on a Peltier Thermal 

Cycler PTC-200.
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2.2 Cell culture techniques
2.2 .1 Maintenance of cell cultures

Lymphoblastoid cell lines were maintained in 2% RPMI 1640 cell culture 

medium supplemented with 10% PCS. Cells were maintained at a concentration of 

between 2 x 1 0 ® and 2 x 10® cells/ml at 37°C in a humidified atmosphere containing 

5% CO2. Fibroblast lines, colorectal lines and the variants of A2780 were maintained 

in Dulbecco's MEM (E4) supplemented with 10% PCS at 37°C and 10% CO2. Cells 

were passaged approximately twice a week by detaching the cells with a thin layer 

of 0.25% Trypsin in 0.1% Versene for 3 to 5 minutes at 37°C. This was neutralised 

with lOmL of medium containing 10% PCS and cells replated at dilutions of between 

1:5 and 1:12. Viable cell numbers were counted using an Improved Neubauer 

haemocytometer. At least four large squares were counted, the number averaged 

and multiplied by 10  ̂ to give the number of viable cells/mL. Long-term maintenance 

of cell cultures was performed by the Cancer Research UK LRI central cell services 

laboratory according to their standard methods.

2.2.2 Cell storage

Frozen cell stocks were stored at -70°C and under liquid nitrogen (LN2). 

Approximately 2 to 5 x 10^ cells were pelleted, the medium removed and the pellet 

resuspended in the appropriate growth medium containing 10% (v/v) DMSO. Cell 

suspensions were transferred to cryovials, wrapped in tissue paper, placed at -70°C 

and cooled at a rate of 1°C / minute. After 48 hours, vials were transferred to LN2 

for long-term storage. Cell stocks were recovered by rapidly thawing the cryovial at 

37°C and transferring the cells into an appropriate volume of fresh media.

2.2.3 Generation of cell cultures from single cells

Single cell clones were established by limiting dilution. Essentially, an 

exponentially growing cell culture was diluted to 10, 20 or 30 cells per mL. 200pL of 

diluted cells were seeded in each well of a 96 well plate and allowed to grow for 2-3 

weeks. Mass cultures were established from wells containing only a single colony.
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2.2.4 Selection of 6-TG resistant clones

The 6 -TG resistant clones were isolated as described in Fig. 2.1.

HAT treatment

One medium flasks containing an exponentially growing, sub-confluent 

population of approximately 5 x 1 0 ®  A2780-SCA cells was treated with 1 x HAT 

supplement (100M hypoxanthine, 0.4M aminopterin, 16M thymidine) in growth 

medium containing 10% PCS. A second flask was treated with 1 x aminopterin 

(0.4M) as a control. Treatment was 10 days until the aminopterin-only treatment had 

killed all cells. The medium was then replaced with drug-free medium containing 

10% PCS.

6-TG treatment

The HAT treated cells were divided into five medium flasks. Once the cells 

were growing exponentially each flask was treated with either 0.1 or 0.3pg/mL 6 -TG 

in growth medium containing 10% PCS (Pig. 2.1). Treatment was continual until the 

cells had recovered. The cells treated with 0.3pg/mL 6 -TG were maintained in 6 -TG 

at this concentration for one month. The treatment of the cells grown in O.Ipg/mL 6 - 

TG was increased to 0.3pg/mL after one week. These cells were then maintained in 

this concentration of 6 -TG for an additional 3 weeks. After one month of continuous 

treatment with 6 -TG the concentration was increased in all five flasks to either 0.7 or 

I.Opg/mL. The cells were maintained in this concentration for another month and 

then cloned into growth medium containing 10% PCS and 1x HAT to obtain single 

HGPRT"^ clones.

Screening for cross-resistance to MNU

After 5 weeks single colonies were picked and each colony was divided into 

two wells of a 24-well plate in growth medium containing 10% PCS. Cells in one of 

the wells from each colony were treated with 25pM 0®-BzG and allowed to attach. 

After 2 hours cells growing in medium containing 0®-BzG were treated with 200pM  

MNU. Five single cell clones that were cross-resistant to MNU were picked and 

expanded.
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Figure 4.1. Flowchart of the generation of 6 -TG resistant A2780 clones. 
A2780-SCA cells were first treated with HAT, then with increasing 
concentrations of 6 -TG until 6 -TG resistant cell populations were established. 
Three single cell clones were isolated in HAT per flask. All clones were 
analysed for MMR gene expression and MMR protein levels. JA5-3 and JA8-3 
(both highlighted in pink) were analysed further.
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2.2.5 Cell survival bv colony formation assay 

6-TG

Cells from an exponentially growing culture were seeded at between 200 

and 5000 cells per well of a 6-well plate and allowed to attach for about 2-4 hours. 

An appropriate concentration of 6-TG was added. The cells were incubated for 10 

days and then colonies counted after staining with Giemsa. Every treatment was 

performed in duplicate.

MNU

Cells from an exponentially growing culture were seeded at between 200 

and 5000 cells per well of a 6-well plate into growth medium containing 10% PCS 

and 25pM 0®-BzG and allowed to attach for about 2-4 hours. An appropriate 

concentration of MNU was added. The cells were incubated for 10 days and then 

colonies counted after staining with Giemsa. Every treatment was performed in 

duplicate.

2.2.6 Cell survival bv cell density

Cells from an exponentially growing culture were seeded at 2 x 10  ̂ cells per 

well of a 6-well plate into growth medium containing 10% PCS and allowed to attach 

for about 2-4 hours. An appropriate concentration of 6-MP, CsA and Pred was 

added. The cells were incubated for 10 days. The colonies were then stained with 

Giemsa. The relative resistance of the treated cultures was reflected by the intensity 

of the staining.

2.2.7 Lymphoblastoid growth curves

Cells from exponentially growing cell stocks were seeded at a concentration 

of 5 X 10® cells per mL in a 24 well plate and grown in the continuous presence of 

MMC. Cell numbers were determined by daily cell counts using an improved 

Neubauer haemocytometer. Exponential growth of cells was maintained by dilution. 

These experiments were carried out by Karen Gascoigne.
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2.3 Molecular and cellular biology techniques
2.3.1 Preparation of genomic DNA 

From animal cells

2 X 10^ cells were pelleted, washed twice in PBS and either used 

immediately or stored at -70®C. Genomic DNA was prepared from these cells using 

a DNeasy Tissue Kit according to the manufacturer's instructions. An RNase step 

was included.

From paraffin embedded tissues

10pm thick sections were cut from the paraffin blocks by Dr. Peter Maddox. 

The DNA was extracted following the manufacturer’s instructions. The paraffin was 

removed by extraction with xylene as described. An RNase step was included. Due 

to the small amount of starting material 5pg of carrier DNA (poly(dl)»poly(dC) double 

strand (Amersham Pharmacia Biotech)) was added to the buffer AL (before the 

precipitation step). The DNA was precipitated with 230pL instead of 200pL ethanol 

and in the last step eluted with 60pL buffer AE.

2.3.2 Preparation of total RNA

5 X 10^ cells were pelleted, washed twice in PBS and either used 

immediately or stored at -70°C. Total RNA was prepared using an RNeasy Mini Kit 

according to the manufacturers instructions. Qiashredders were used to 

homogenise the samples. A DNase digestion step was included using the RNase- 

Free DNase Set according to manufacturer’s instructions.

2.3.3 Parallel RNA and genomic DNA purification

Bone marrow samples were obtained suspended in TRIzol reagent 

(Invitrogen Life Technologies). RNA and DNA were isolated following the 

manufacture’s instructions.
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2.3.4 Determination of DNA concentrations in aqueous solutions 

Spectrophotometer

Concentrations of DNA in solution were determined according to the method 

of (Sambrook et a!., 1989; Sambrook and Russell, 2001). The absorbance of 

appropriately diluted solutions was determined at 260 and 280nm (A260 and A280) in 

quartz cuvettes (Jencons) using a GeneQuant (Amersham Pharmacia Biotech, 

APB) spectrophotometer. An A260 equal to 1.0 corresponds to 50pg/mL dsDNA or 

33pg/mL ssDNA or oligonucleotide. The ratio of A260/A280 is an estimate of purity and 

should be between 1.8 and 2.0 for pure dsDNA.

SYBR Green I stained agarose gel

The method described by (Kiltie and Ryan, 1997) was used to determine the 

concentration of DNA samples that were too low to be determined using the 

spectrophotometer. DNA samples were separated on a 0.7 to 1% agarose gel using 

0.5 X TBE buffer. The gel was dried at room temperature for 30 and then at 60®C for 

60 minutes using a gel drier (Biorad model 583). The gel was stained with 1 x SYBR 

green (Molecular Probes, Invitrogen Life Technologies) in 0.5 x TBE pH 8.0 buffer 

for 30 minutes to 24 hours protected from light. The DNA was visualised using the 

blue fluorescent channel on the Storm 860 Scanner. A set of Lambda DNA 

standards of known amounts were run at the same time as the DNA samples of 

unknown concentration. The intensity of each band was calculated using the IQ Mac 

version 1.2 software and plotted against the known amounts of DNA. The DNA 

concentration of the unknown samples was calculated using the slope of the 

standard curve.

2.3.5 Determination of RNA concentrations in aqueous solutions 

Spectrophotometer

Concentrations of RNA in solution were determined according to the method 

of (Sambrook et al., 1989; Sambrook and Russell, 2001). The absorbance of 

appropriately diluted solutions was determined at 260 and 280nm (A260 and A280) in 

quartz cuvettes (Jencons) using a GeneQuant (Amersham Pharmacia Biotech, 

APB) spectrophotometer. An A260 equal to 1.0 corresponds to 40pg/mL RNA. The 

ratio of A260/A280 is an estimate of purity and should be between 1.9 and 2.1 for pure 

RNA.
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Spectrofluorophotometer

Concentrations of RNA in solution were determined using the RiboGreen 

RNA Quantitation Reagent (Molecular Probes, Invitrogen Life Technologies) 

following the manufacture’s instructions. The excitation maximum for RiboGreen 

bound to RNA is ~500nm and the emission is ~525nm. The sample fluorescence 

was m easured in disposable fluorim eter cuvettes (K arte ll) using a 

spectrofluorophotometer (Model RF-1501, Shimadzu) and standard fluorescein 

wavelengths (excitation ~480nm, emission ~520nm). An RNA standard curve was 

prepared using RNA purified from Raji cells. The concentration of the Raji RNA had 

previously been determined using the spectrophotometer. The RNA concentration of 

the unknown sample was determined from the standard curve.

2.3.6 hM LHI promoter méthylation assay

The promoter méthylation assay was adapted from Kane et al. (Kane et al., 

1997). The PCNA  promoter sequence from -982 to +45 used as a control contains 

the ATG start codon and five Hpall/MspI restriction sites. Genomic DNA (10pg to 

2ng) was digested in 10pL buffer (NEB) with no enzyme, SOU Hpall, or 100U Mspl. 

Incubation was for 8 hours at 37"C followed by nuclease inactivation for 10 minutes 

at 6 5 X .

Digested DNA was analyzed by multiplex PCR in SOpL 1 x Qiagen PCR 

buffer containing 2.5mM MgCb, 0.2mM each dNTP, 2.5U HotStarTaq DNA  

Polymerase and lOpmol of each primer. The primers are described in Table 2.2. 

Amplification was performed after initial dénaturation at 95®C for 15 minutes. Each 

cycle was: 1 minute at 9 5 X , 1 minute at 68“C, 1 minute at 72®C. Thirty to 35 cycles 

were followed by a final extension at 72®C for 7 minutes.

After 35 cycles, unamplified samples were cycled further with nested 

primers. For the hM LH I promoter, IpL  of the multiplex PCR product was analyzed 

in 50pL buffer containing I.SmM MgCI2, 0.2mM each dNTP, 2.5U HotStarTaq DNA 

Polymerase and lOpmol of each primer (Table 2.2). hM LH I amplifications were 

performed as described above with an annealing temperature of 59”C after an initial 

dénaturation at 95‘*C for 15 minutes. Twenty cycles of 1 minute at 9 5 X ,  1 minute at 

59®C, 1 minute at 7 2 X  were performed followed by a final extension of 72°C for 7 

minutes. Conditions for PCNA were identical except that the MgCb concentration 

was 2.5mM, the annealing temperature was 69®C and each cycle consisted of 1
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minute at 95°C, 1 minute at 69®C, and 1 minute at 72®C followed by 7 minutes at 

72®C. The primers are described in Table 2.2. Products were separated on an 

agarose (1.5% ) gel and visualised with ethidium bromide or SYBR Green I 

(Molecular Probes, Invitrogen Life Technologies).

2.3.7 MMR RT-PCR

The MMR RT-PCR was adapted from (Wei et al., 1997). Ipg of total cellular 

RNA was reverse transcribed to cDNA in 20pL 1 x ImProm-ll Reaction Buffer 

containing 20U of RNasin Ribonuclease Inhibitor (Ambion), lOmM of each dNTP, 

3mM MgCl2, 0.5pg pd(N)e random hexamer primers (Amersham Pharmacia Biotech, 

APB) and Ip L  ImProm-ll Reverse Transcriptase following the manufacturer’s 

instructions. 2pL of the RT product was amplified in a multiplex PCR reaction 

containing 2pmol p-actin, 25pmol hMSH2, 12.5pmol hPMS2, Spmol hMSH6, 25pmol 

hMLHI and 6.25pmol hPMSI primers as described in Table 2.2. p-actin was used 

as a positive control. Reactions (50pL) contained 2.5mM MgCb, 200pM of each 

dNTP and 2.5U HotStarTaq. Amplification was performed for 15 minutes at 95®C, 30 

cycles of 95®C for 30 seconds, 58®C for 30 seconds and 72®C for 45 seconds 

followed by a final extension of 72“C for 10 minutes. PCR products were separated 

on a 2% agarose gel and detected by ethidium bromide staining.

MMR RT-PCR of clinical samples

To increase the sensitivity of this assay for the use with clinical samples, the 

number of cycles was increased to 50 and the amount of HotStarTaq was doubled.

Alternatively, nested primers were designed for amplification of samples of 

low RNA concentration and quality (Table 2.2). The primers from the first PCR 

reaction were removed using the QIAquick PCR Purification Kit following the 

manufacturer’s instructions. 0.1 to 2pL of the multiplex PCR product were amplified 

in a multiplex PCR reaction containing lOpmol of each primer (Table 2.2). Reactions 

(50pL) contained 4mM MgCb, 200pM of each dNTP and 2.5U HotStarTaq. 

Amplification was performed for 15 minutes at 95®C, 30 cycles of 95®C for 30 

seconds, 58®C for 30 seconds and 72°C for 45 seconds followed by a final 

extension of 72®C for 10 minutes. PCR products were separated on a 2% agarose 

gel and detected by ethidium bromide staining.
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Table 2.2 Primers

00
CO

Gene / Locus Primer sequence (S' to 3’) PCR annealing 
temperature, °C

MgCb concentration, 
mM

fragment 
size (bp)

Reference

hMLHI promoter méthylation assay
hMLHI promoter CCA CAT ACC GCT CGT AGT ATT CGT GC 

CCT CAG TGC CTC GTG CTC ACG TTC
55 / 68 multiplex 2.5 618 Kane et al., 1997

hMLHI promoter nested GGG TTG CTG GGT CTC TTC GTC CCT CC 
CGC GTT CGC GGG TAG CTA CGA TGA GG

59 1.5 449

hPCNA promoter GGC AGG AGA CTC ACT TGA ACC TGG 
CCT AGA AAG ACA ACG ACC ACT CTG C

67/ 68 multiplex 2.5 1010

hPCNA promoter nested GAA TGT TAA GAG GAT GAT AGG GAG C 
GCG GGG AAG ACT TTA GGG CCA ATC G

69 2.5 440

MMR RT-PCR
P-actin ACA CTG TGC CCA TCT ACG AGG 

AGG GGC CGG ACT CGT CAT ACT
58 2.5 621 Wei et al., 1997

p-actin nested TCG TGC GTG ACA TTA AGG AG 
TGA TCC ACA TCT GCT GGA AG

57 4 450

hMSH2 GTC GGC TTC GTG CGC TTC TTT 
TCT CTG GCC ATC AAC TGC GGA

58 2.5 429 Wei et al., 1997

hMSH2 nested CTT CGT GCG CTT CTT TCA G 
CCT TGG ATG CCT TAT TTC CA

57 4 287

hPMS2 TGC ATG CAG CGG ATT TGG AAA 
GAA CCC CTC AGA ATC CAC GGA

58 2.5 358 Wei et al., 1997

hPMS2 nested TTT GGA AAA GCC CAT GGT AG 
GAG ATC TCA GGA CGC CTT TG

57 4 239

hMSH6 CCC TCA GCC ACC AAA GAA GCA 
CTG CCA CCA CTT CCT CAT CCC

58 2.5 288 Wei et al., 1997

hMSHB nested CAG CCA CCA AAC AAG CAA CT 
CCT CCT CCT GTG CTC ATC TC

57 4 194

hMLHI GTG CTG GCA ATC AAG GGA CCC 
CAC GGT TGA GGC ATT GGG TAG

58 2.5 215 Wei et al., 1997

hMLHI nested CAA CAT AGC CAC GAG GAG AA 
GGT TGA GGC ATT GGG TAG TG

57 4 166

hPMS1 GCG GCA ACA GTT CGA CTC CTT 
AGC CTT GAT ACC CTC CCC GTT

58 2.5 174 W eieta l., 1997

MSI analysis Dietmaier et al., 1997
Bat25 TCG CCT CCA AGA ATG TAA GT 55 2 -9 0



TCT GCA TTT TAA CTA TGG CTC
Bat26 TGA CTA CTT TTG ACT TCA GCC 

AAC CAT TCA ACA TTT TTA ACC C
55 1.5 -80-100

Bat40 ATT AAC TTC CTA CAC CAC AAC 
GTA GAG CAA GAC CAC CTT G

55 1.5 -80-100

D2S123 AAA CAG GAT GCC TGC CTT TA 
GGA CTT TCC ACC TAT GGG AC

55 2 197-227

D5S346 ACT CAC TCT AGT GAT AA TCG 
AGC AGA TAA GAC AGT ATT ACT AGT T

55 2 96-122

D17S250 GGA AGA ATC AAA TAG ACA AT 
GCT GGC CAT ATA TAT ATT TAA ACC

55 2 -150

Target gene analysis
Caspase-5 CAG AGT TAT GTC TTA GGT GAA GG 

AAC ATG AAG AAC ATC TTT GCC CAG
55 3 141 Schwartz et al., 1999

Mre11 AAT ATT TTG GAG GAG AAT CTT AGG G 
AAT TGA AAT GTT GAG GTT GCC

57 3 122 Giannini et al., 2002

Chk1 CTG CCA TGC CTA TCC TGA TT 
TCA CAC AAT GAT GAA ACC ACC T

57 3 175

Fas ATC ACC TGG CCA TTT TCT TG 
GGT TGG GGG AAA GGA GAA TA

57 3 205

Rb AAG AAA GAA AAT CTT TAC CAT GCT G 
CAG CCT TAG AAC CAT GTT TGG

57 3 336

Fits GAA CTC GCT GCA GAA ATC CT 
GGG ATT CTT GCC TGA CTC AA

57 3 402

CBFp CAT CAC AAC TGC CAT GGT TT 
ACA GAA GCC AGC CTG TGA CT

57 3 480

FancD2 CTT GCA AAG AGC CAT CTG CT 
ATC CTG TGT TCC CGC TAT TT

55 3 300

FancE GGG AGC TTC TCC ACT GTC TG 
TGA GTC CTT TCT GCG TTT CC

63 3 160

FancG AGG AAA GCC AGA GTG TGT GG 
ACT GCA GCT GGA GAG AAA GG

63 3 358

FancD2 RT-PCR
FancD2 exon 5-9 TTT GTC TTG TGA GCG TCT GC 

GGA TCT CAG GTA GGC TGG TG
57 3 314
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2.3.8 Microsatellite analysis

The standard microsatellites BAT26, BAT25, D2S123, D17S250, D5S346 

and BAT40 were amplified by PCR using fluorescent primers (Table 2.2). The sense 

primer of each primer set was FAM-labelled. Every marker was analysed 

separately. Genomic DNA (10pg to 20ng) were amplified in 1 x Qiagen PCR buffer 

containing 1.5 or 2mM MgC^ (Table 2.2), 0.2mM each dNTP, 2.5U HotStarTaq DNA 

Polymerase and lOpmol of each primer. Amplification was performed after initial 

dénaturation at 95®C for 15 minutes. Each cycle was: 1 minute at 95®C, 1 minute at 

55®C, 1 minute at 72®C. Thirty to 35 cycles were followed by a final extension at 

72®C for 10 minutes. Products were analyzed by the Cancer Research UK LRI 

Equipment Park either on an ABI Prism 377 Sequencer or an ABI Prism 3100 

capillary system. The results obtained were analysed using the Genotyper 1.1 

software.

2.3.9 Target gene analysis 

Genotyping

The repeat sequences in Caspase-5, Mre11, Chk1, Fas, Rb, Flt3, Cbf^, 

FancD2, FancE and FancG were amplified by PCR using fluorescent primers (Table

2.2). The sense primer of each primer set was FAM-labelled. These genes were 

amplified as three multiplex PCRs: Caspase-5 and FancD2; Mre11, Chk1, Fas, Rb, 

Flt3 and Cbf^; FancE and FancG. Genomic DNA (lOpg to 20ng) was amplified in 1 

X Multiplex PCR Master Mix containing lOpmol of each primer. Amplification was 

performed after initial dénaturation at 95®C for 15 minutes. Each cycle was: 30 

seconds at 94®C, 90 seconds at 55-63°C (Table 2.2), 60 seconds at 72®C. To 

increase the sensitivity of the assay for use with clinical samples the annealing time 

was increased from 90 seconds to 3 minutes. Thirty to 40 cycles were followed by a 

final extension at 72®C for 10 minutes. Products were analyzed by the Cancer 

Research UK LRI Equipment Park either on an ABI Prism 377 sequencer or an ABI 

Prism 3100 capillary system. The results obtained were analysed using the 

Genotyper 1.1 software.

DNA sequencing reactions

First multiplex PCR reactions were performed as described above with the 

exception that primers were not fluorescently labelled. The PCR products were 

separated by agarose gel electrophoresis (2% agarose). The bands were excised
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from the gel and the PCR products were purified with the Gel Purification Kit. One to 

5pL of purified products were sequenced using the BigDye Terminator v3.1 Cycle 

Sequencing Kit according to the manufacturer's instructions. Essentially, reactions 

contained 8pL of BigDye mix, and 3.2pmol primer in a total volume of 20pL. The 

DNA was then sequenced for 25 cycles of 96°C for 30 seconds, 50°C for 15 

seconds and 60°C for 4 minutes (at a ramp rate of 1°C/second). At the end of the 

reaction, excess dye terminators were removed using the DyeEx 2.0 Spin Kit. 

Electrophoresis was carried out by the Cancer Research UK LRI Equipment Park 

either on an ABI Prism 377 sequencer or an ABI Prism 3100 capillary system. 

Sequences were analysed on the Sequencher 4.1 software.

2.3.10 FancD2 RT-PCR

The reverse transcriptase reaction was performed as described in Section 

2.3.7. The FancD2 cDNA was amplified with p-actin as a positive control as a 

multiplex PCR. 4pl of the RT product was amplified in 1 x Multiplex PCR Master Mix 

containing lOpmol of each primer. Amplification was performed after initial 

dénaturation at 95*C for 15 minutes. Each cycle was: 30 seconds at 94°C, 90 

seconds at 57®C, 60 seconds at 72"C. Thirty-five cycles were followed by a final 

extension at 72"C for 10 minutes. The FancD2 product was purified and sequenced 

as described in Section 2.3.9.

2.3.11 Cell extracts 

For M GM T assay

Approximately 10  ̂ cells were lysed in Triton extraction buffer (50mM Tris- 

HCI pH 7.5, lOmM DTT, Im M  EDTA, 0.2% (v/v) Triton X-100) for 5 minutes on ice. 

Lysates were clarified by centrifugation at 15 000 x g at 4°C for 15 minutes. The 

protein concentration in the supernatant was determined.

For Western blots

One medium flask (or around 2x10^ cells) were pelleted, washed and 

resuspended in 100-200pL of extraction buffer (1% NP40, lOmM NaF, Im M  

NaV3Ü 4, Im M  NaPP0 4 , Mini EDTA free protease inhibitor cocktail tablet (Roche) in 

PBS) and incubated on ice for 1 hour. Samples were centrifuged at 15 000 x g for 

30 minutes at 4°C and the protein concentration determined.
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Stillman replication extract

Cell extracts were prepared from either 20 triple flasks or 5 litres of cell 

culture (Cell Production Unit, Cancer Research UK LRI Clare Hall). The cells were 

washed first in hypotonic buffer (20mM Hepes-KOH pH 7.5, 5mM KCI, 1.5mM MgCl2 

and 0.5mM DTT) containing 250mM sucrose then in hypotonic buffer alone and 

allowed to swell on ice for 5 minutes. Cells were then dounce homogenised with a B 

pestle and centrifuged for 20 minutes at 10 000 x g at 4°C. The supernatant was 

centrifuged again at 50,000 x rpm in a Beckman TL100.2 rotor for 1 hour at 4°C. 

Aliquots of the supernatant were snap frozen and stored at -70°C. All solutions were 

kept at less than 4°C and all steps carried out on ice. These cells extracts were 

prepared by Peter Macpherson.

2.3.12 Measurement of protein concentrations in aqueous solution

Protein concentrations were determined according to the method of 

Bradford. An appropriately diluted IpL  aliquot of extract was added to iOOpL of 

dH20 and to this, 900pL of Bradford reagent. After thorough mixing and incubation 

at room temperature for 5 minutes, the absorbance at 595nm (A595) was determined 

and the background (900pL + lOOpI dH20) subtracted. The protein concentration 

was determined from a standard curve of the A595 from known amounts of BSA. 

Bradford Reagent: 100mg Coomassie Brilliant Blue

50mL 95% (v/v) Ethanol 

lOOmL Orthophosphoric Acid 

dH20 to 1L

The solution was stored at +4°C, protected from light but was warmed to room 

temperature prior to use.

2.3.13 In vitro mismatch repair assay

The substrate was prepared and the assay carried out by Mr. P. Macpherson 

in the laboratory according to the previously described method (Oda et al., 2000).

Mismatch correction was assayed in 25pL 30mM Hepes-KOH pH 8.0, 7mM 

MgCb, 0.5mM DTT, 100pM each dNTP, 4mM ATP, 40mM phosphocreatine, Ipg  

creatine phosphokinase (rabbit muscle type I), 70mM KCI, 90ng DNA substrate (T*C 

mispair) and up to 200pg cell extract. Extracts were prepared according to the 

method of Stillman described earlier. Mixtures were incubated at 37°C for 15
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minutes and then terminated by the addition of 10mM EDTA, 0.5% SDS. Proteins 

were removed by proteinase K digestion and phenol extraction and the DNA 

precipitated with 1/10*'’ volume 3M NaAc and 2 volumes ethanol. After extensive 

washing with 70% ethanol and drying, the DNA was dissolved in restriction enzyme 

buffer (NEB) and digested with Mlul which is diagnostic for the removal of the 

mismatch. Digestion products were separated on a 0.8% agarose gel and detected 

by ethidium bromide staining.

2.3.14 Western blotting

SOpg of whole cell extract (total volume of lOpL) per well was loaded onto a 

8% SDS-PAGE gels along with lOpL of prestained Perfect Protein markers (lane 1) 

and lOpL Kaleidoscope markers (lane 10, both Biorad). Separated proteins were 

transferred to a PVDF membrane (Immobilon-P, Millipore) for 1 hour at 18V using a 

Transblot semi-dry transfer cell (Biorad) and 25mM Tris, 192mM Glycine, 0.037%  

SDS and 20% MeOH as the transfer buffer. Membranes were blocked overnight in 

5% (w/v) non-fat powdered milk in PBS-Tween (0.1% Tween20) at 4°C with gentle 

rocking. Membranes were washed three times with PBS-Tween before being 

incubated with the primary antibody diluted in 5% BSA / 0.1% sodium azide / PBS- 

Tween for 1 hour at room temperature. Membranes were again washed three times 

with PBS-Tween and immunoreactive proteins detected using a HRP-conjugated 

secondary antibody diluted according to the manufacturers instructions in 5% BSA / 

PBS-Tween; anti-mouse (hMSH2, hM LHI, hPMS2, Biorad) or anti-goat (hMSH6, 

Chemicon). Incubation was for 1 hour at room temperature. Membranes were 

washed a further four times before antibody complexes were detected using ECL 

substrate and quantitated on Hyperfilm ECL film (APB). Transfer efficiency was 

ascertained by staining the membranes with Ponceau after immunogen detection.

Table 2.3 Antibodies.

Immunogen Manufacturer Clone Concentration (pg/ml)
hMSH2 Pharmingen G219-1129 1
hMSH6 Santa Cruz Q-20 2
hPMS2 Pharmingen A16-4 1
hMLHI Pharmingen G168-15 0.5
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2.3.15 Methvltransferase assay 

Substrate and reaction conditions

M. leutus  DNA was methylated with A/-[methyl -  ^H]-A/-nitrosourea 

(Amersham Biosciences) as enzyme substrate; heat treatment of the DNA removes 

labile /V-methylated bases thus increasing the proportion of 0®-meG in the total 

amount of méthylation damage. The substrates were prepared by Peter 

Macpherson.

Enzyme reactions were performed in 100pL assay buffer (70mM Hepes 

KOH pH7.8; 10mM DTT; 1mM EDTA; substrate so that approximately 1.5 x 10  ̂

counts per lOOmL; stored at -20®C) by addition of 0, 25 and 50mg. Reactions were 

incubated 20 minutes at 37°C, protein and DNA precipitated by addition of 125pL 

ice cold 0.8M trichloroacetic acid and lOpL carrier DNA (2mg/mL heat denatured 

herring sperm DNA) and incubated on ice for 5 minutes. The precipitate was 

pelleted by centrifugation at 13,000 x g for 10 minutes at 4°C and the supernatant 

removed and discarded. 0®-pH]meG in DNA was hydrolysed by incubation with 

0.1 M HCI. This treatment did not hydrolyse pHJmethyl groups associated with the 

methyltransferase. Thus transferred and non-transferred methyl groups could be 

distinguished. After incubation on ice for 5 minutes and centrifugation (1 minutes, 

1000 X g at room temperature) 80mL of the hydrolysate were added to 5mL 

EcoscintA (National Diagnostics) and activity measured in a liquid scintillation 

counter (Tricarb 1500 Liquid Scintillation Counter, Packard).

Calculation of MGMT activity

In order to estimate the amount of radioactivity removed from the DNA by 

incubation with cell extracts, the count of radioactive disintegrations per minutes 

(dpm) in the sample containing extract was subtracted from the number of 

disintegrations detected in the control reaction without protein. The specific activity 

of the substrate is approximately 5 x 10^ dpm per pmole DNA, the counting 

efficiency is assumed to be 20% thus approximately 10  ̂ counts per minute (cpm) 

per pmole substrate will be recorded. If the data are plotted as 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.
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The MGMT activity of the extract can thus be calculated as:

slope _ cpm!mg 

10"* cpm/pmole

with 1 unit of MGMT being able to remove 1 pmole of 0®meGua.

96



Chapter 3 : Results I

Drug treatment and hM LHI promoter méthylation in the development of 
MMR defective acute leukaemia and MDS

3.1 Introduction
t-AML is particularly associated with treatment for HD and NHL (Section

1.6.2). Both diseases are often treated with mixtures of drugs that include 

methylating agents such as procarbazine or dacarbazine. These drugs are cytotoxic 

and cells can acquire resistance by inactivating their MMR (Section 1.4.1) (Karran 

and Bignami, 1994). Thus, the question arises whether methylating agents exert the 

same selective pressure in a clinical situation - in particular, on the cells of patients 

who are treated with these drugs - as they do on cells in the laboratory. Bone 

marrow cells are particularly sensitive to methylating agents and treatment dosage 

for these drugs is usually limited by this myelotoxicity. The tissue in which the 

highest selective pressure to inactivate MMR occurs is therefore the bone marrow. 

This led us to propose that t-AML after methylating agent treatment could be the 

clinical counterpart to selection for méthylation tolerance and loss of MMR in the 

laboratory. This hypothesis would be supported by the detection of MSI among 

methylation-treatment related myeloid leukaemia.

When I started working on this project the estimates of the frequency of MSI 

in t-AML/MDS varied widely. Three studies had investigated MSI among t-AML and 

reported frequencies of 94% (Ben-Yehuda et al., 1996), 0% (Boyer et al., 1998) and 

20% (Horiike et al., 1999), so the role of MMR in these malignancies was far from 

clear. Guided by the hypothesis that selection for loss of MMR might play a role in 

the development of therapy related leukaemia, a collaboration with Professor G. 

Leone (Université Cattolica, Rome) and Dr. M. Bignami (Instituto Superiore di 

Sanità, Rome) was initiated. Ideally we wanted to selectively investigate the 

possible association between MSI and methylating agent treatment compared to 

other drugs. Unfortunately we were not able to obtain a sufficiently large number of 

post-methylating agent AML cases to address this question directly. We therefore 

decided to examine all available t-AML samples from Prof. Leone and his 

colleagues. Firstly, we analysed these samples for MSI to identify MMR defective 

cases. Secondly, we addressed the mechanism by which the MMR defect arose in 

MSF cases.
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hM LH I promoter méthylation is the most common mechanism of loss of 

MMR in sporadic M S r tumours. It occurs in most (80% ) M S r sporadic colorectal 

(Kane et al., 1997), (Herman et al., 1998), endometrial (Simpkins et al., 1999), and 

gastric (Fleisher et al., 1999) tumours. DNA méthylation is a post-replication 

modification that is predominantly found in cytosines of the CpG sequence 

(reviewed by (Herman and Baylin, 2003; Jaenisch and Bird, 2003)). Most CpG sites 

in the genome are methylated. The CpG islands, in which the frequency of CpG 

dinucleotides is significantly higher than in the genome overall, are the exception. 

CpG islands are found in the promoters of some genes and méthylation of CpG 

dinucleotides in these regions generally correlates with silencing of the gene.

Many types of cancers show both reduced CpG méthylation in non-promoter 

regions and increased méthylation in gene promoter sequences. This promoter CpG 

méthylation is associated with transcriptional silencing and is, for example, one 

mechanism for inactivation of tumour suppressor genes. Somatic inactivation of 

both alleles of a gene by point mutations is improbable. Loss of gene expression 

more commonly involves more high frequency events such as promoter silencing. 

Numerous genes involved in critical growth regulatory mechanisms like cell cycle 

control, DNA repair, apoptosis and others are known to be silenced in human 

cancers.

The h M L H I promoter contains a CpG island. It was first shown by Baylin 

and co-workers that the h M L H I gene was silenced by hypermethylation of this 5’ 

CpG island in the overwhelming majority of MSF sporadic primary colorectal 

cancers (Herman et al., 1998). Silencing of the h M L H I gene confers an identical 

phenotype to gene mutation and/or loss of heterozygosity (LOH). I therefore decided 

to investigate the frequency of hM LH I promoter méthylation among the therapy- 

related AML cases.

3.2. Results
3.2.1 Patients

We examined 25 Italian cases from the Division of Haematology, Université 

Cattolica of Rome. Patient details are summarized in Table 3.1. This group of 

patients consisted of 19 AML and 2 MDS cases, but also included 4 cases of ALL. 

The median ages at diagnosis of the primary and secondary malignancy were 52 

years (range 22-73) and 58 years (range 39-75), respectively.
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Table 3.1 Characteristics of t-AL/MDS patients.

Case Sex/
age

Primary
tumour

Therapy Latency
(month)

FAB
subtype

Karyotype

3 M/57 HL MOPP, ABVD 60 AML-M2 46,XY, del7(q21ter)/46,XY del 7(q31ter), 3q-
7 M/58 HL MOPP, ABVD, MiCMA, RT 226 RAEB 5q-, -7, +13, isochr 18q
13 F/31 HL MOOP, ABVD 108 AML-M4 46,XX
9 M/65 NHL CTX, VCR, Procarbazine, RT 83 ALL t(9;22)
20 M/68 NHL Fludarabine, CIb 56 AML-nc Aneuploidy (43-48) +ring, dupl 1q, isochromosomes
4 F/39 breast CTX, Epirubicin, 5-FU, Tamoxifen, CisPt, VP16, APBSCT 47 /UVIL-M2 46,XX
6 F/31 breast CTX, Epirubicin, 5-FU, RT 24 AML-M2 no metaphases
8 F/56 breast CTX, Epirubicin, MMC, MTX, Mitoxantrone, RT 31 RAEB-t 46,XX, del(3q), -7, +mar g, 2q+
11 F/55 breast CTX, RT 276 AML-MO 46,XX
12 F/71 breast Tamoxifen 82 ALL-L2 no metaphases
18 F/49 breast CTX, Methotrexate, 5-FU, Tamoxifen 32 AML-M4eo 46,XX,t(9:16)(q21;q22)
19 F/56 breast RT 12 ALL-LI no metaphases
21 F/70 breast CTX, 5-FU, Mitoxantrone, Tamoxifen, RT 61 AML-M2 44XX, -1, -5, -c, t(1,5) (p36;q35), del (7q), del 

(9p),der(11)
24 F/75 breast RT 20 AML-M3 t(15,17)
5 F/62 breast/colon 5-FU 260/48 AML-M2 46,XX
23 F/65 breast/colon RT (breast) 300/98 AML-M3 t(15;17) (q22,q22); t(2;12) (p?;q?)
22 M/55 colon Chemotherapy, RT 84 ALL-L2 hyperdiploidy (61-69); t(4;11)
25 M/60 colon RT 60 AML-MO No metaphases
17 F/68 multiple

myeloma
Melphalan, CTX, VCR, Doxorubicin 42 AML-nc no metaphases

2 F/47 ovarian CisPt, Farmorubicin, Taxol 51 AML-M3 t(15;17)
14 M/73 prostate/paget Leuprolide, RT 17 AML-M4 47,XY, +8
15 M/74 skin CTX 89 AML-nc 45,XY, +4, +16, +ring, -9, -10, -17, -21
1 F/48 thyroid RT(^^'l) 12 AML-M2 46,XX
10 F/42 thyroid RT(^^\) 24 AML-M3 t(15;17)
16 F/63 uterus RT 40 AML-M3 t(15;17)

g ne, not classified. Abbreviations: see List of Abbreviations.



Cytogenetic analysis was performed at the time of diagnosis. Deletion of the 

long arm or loss of an entire chromosome 7 was detected in only four cases (3, 7, 8, 

and 21) and cases 7 and 21 also had a deletion of 5q or loss of the whole 

chromosome 5. This is consistent with a previous suggestion that these events are 

infrequent in t-AML in Italian patients (Pagano et al., 2001). The 5 t-ARLs (cases 2, 

10,16, and 24) each had the classical t(15:17) translocation.

We also examined 28 de novo acute leukaemias (ALs) with a median age at 

diagnosis of 43.5 years (range 16-75) and a similar distribution between females 

and males (13 and 15, respectively). These cases included 8 do novo APL.

3.2.2 Microsatellite instabilitv in chemotherapv-related AUM DS

The microsatellite analysis was performed by Ida Casorelli and Margherita 

Bignami at the Institute Superiore di Sanita’ of Rome. Where the patient’s normal 

DNA was available, the standard panel of five microsatellites recommended by 

Boland et al. (Boland et al., 1998) was analyzed. Examples of MSI are shown in Fig.

3.1. Evidence of instability at two or more loci was found in 10 of 15 (67%) cases. 

These were designated MSF. Non-tumour DNA was not available for the remaining 

10 patients. Tumour DNA was analyzed at the Bat26 locus in these cases. This 

locus is considered to be essentially monomorphic among the general population 

and alterations at Bat26 are considered to be a good indication of MSF (Loukola et 

al., 2001). As expected, the frequency of MSF was similar in this group and six 

cases (60%) were altered at Bat26. These were also designated MSF. We conclude 

that the overall frequency of MSF among our patients is around 60% (16/25, 64%) 

(Table 3.2). The frequency of MSF was similar in t-AL/MDS (11/16, 68%), t-APL 

(3/5, 60%), and t-ALL (2/4, 50%) considered separately. In contrast to the therapy- 

related cases, none (0/28) of the de novo leukaemias were MSF. This low (<3.5%) 

frequency of MSF in de novo disease is in good agreement with published estimates 

(Ohyashiki et al., 1996; Sill et al., 1996).
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Fig. 3.1 Microsatellite instability in chemotherapy-related AUMDS.
The analysis was performed by Ida Casorelli. The Bat26, Bat25, D2S123, D5S346 and D178250 microsatellites were 
analysed. Representative examples of DNA from t-AUMDS (T) or unaffected tissue (N) are shown. Altered alleles and LOH 
are designated (*) and (*), respectively. A. BAT26 locus, t-AUMDS patients. X and Y, DNA from peripheral blood lymphocytes 
from clinicaly normal individuals. B. BAT26, de novo AL patients (D1-D8). C. BAT25, D2S123, D5S346 and D17S250, t- 
AUMDS patients.
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Table 3.2 Analysis of M S r in t-AL/MDS patients.

Case Primary tumour Bat26 Bat25 D2S123 D178250 D5S346 diagnosis
HD/NHL

3 + + + - No DNA U
7 + U
9 + U
13 + + + . No DNA U
20 + + + - - U

Breast
4 + U
5 + + - - - U
6 na + + - - U
8 - 8
11 - 8
12 + U
18 + + - - - U
19 - - - - - S
21 + + - LOH U
23 + - + + No DNA U
24 - - - - - S

Others
22 - - - - - 8
25 - 8
1 - - - - -  S
10 + 8
2 + + - + + U
14 - 8
15 + U
16 + U
17 + + + + + U
LOH, loss of heterozygosity; U, unstable; 8, stable; na, not amplifiable.

3.2.3 Clinical sample DNA concentrations

DNA samples from the t-AL/MD8, de novo AML and blood donor control 

patients were obtained from Ida Casorelli. The DNA concentration and quality of the 

samples varied somewhat. As t-AML is still a relatively rare disease most hospitals 

see only a small number of cases every year. Most of the t-AL/MD8 DNA samples 

had therefore been purified from archival material, in some cases from sections 

scraped off slides. These samples were often of very poor quality and low DNA 

concentration. By contrast, DNA from cases 2, 10, and 21 -  25, which had been 

purified from bone marrow samples recently taken from patients, were of higher 

concentration and better quality. This emphasizes the desirability of working with 

material freshly prepared from clinical samples without intervening periods of 

storage. The blood donor and do novo ALL DNA samples had also been purified 

from fresh material, and were of good quality. To be able to obtain consistent results 

from these samples the DNA concentration had to be determined accurately and the
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PCR assays optimised to achieve the highest level of amplification possible. The 

conventional method of measuring DNA concentrations by A260 did not result in a 

reading that was above background for most of the t-AL/MDS samples. I therefore 

investigated the use of SYBR Green I stain, following the method described by Kiltie 

and Ryan (Kiltie and Ryan, 1997) to determine the DNA concentration (Figure

3.2.AIB). 1pL of the t-AML samples (cases 3 - 1 2  shown as examples) was run on a 

0.7% agarose gel together with a titration of Lambda DNA (5 -  80ng). To determine 

the sensitivity of the dye, a second titration (0.1 -  20ng) was performed. After 

electrophoresis, the gel was dried and stained with SYBR Green I. Stained DNA 

bands were visualised using the Storm 860 Scanner and IQMac v1.2 software. The 

intensities of the Lambda DNA bands were used to construct a standard curve from 

which the DNA concentrations of the t-AML samples were determined. Figure 3.2.C  

shows that as little as O.Sng Lambda DNA can be detected using this method. The 

correlation between DNA concentration and the intensity of the bands is not linear 

below 5ng (Figure 3.2.D). Nevertheless, the method will usefully detect < 1 ng DNA 

with reasonable precision. Despite this high sensitivity, I was not able to detect any 

DNA in seven out of ten samples. This indicates that the concentration of these 

samples is less that 0.5ng/pL. The concentration of most of the other 15 samples 

was equally low.

In addition to low concentrations, some the t-AL/MDS DNA samples ran as 

heterogeneous smears on electrophoresis (data not shown). This indicates that 

these DNA samples are severely degraded and contain many breaks.

3.2.4 Optimisation of the hMLHI promoter méthylation assay

hMLH1 promoter méthylation was examined by Hpall/M spI digestion. Hpall 

and MspI are isoschizomers. The recognition sequence of both enzymes is CCGG  

and hence contains a CpG site. Hpall is méthylation sensitive and only digests non- 

methylated DNA. M spI on the other hand, cleaves both methylated and non- 

methylated DNA. In the basic approach, DNA is first digested with either MspI or 

Hpall. The region of interest can only be amplified by PCR if the CpG sites within 

the recognition sequence are methylated and the DNA is resistant to cleavage by 

Hpall. MspI digestion serves as an internal control for digestion, because the DNA is 

always cleaved it can never give rise to a detectable amplification product.
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Fig. 3.2 DNA concentration standard curve.
A. Increasing amounts of genomic Lambda DNA (5 - 80 ng) were, together with 
1 pi of each tAML sample (samples 3-12), separated on a 0.7% agarose gel. 
After electrophoresis the gel was dried and stained with SYBR Green I. The 
stained DNA was visualised using the Storm 860 Scanner. 8. The intensity of 
each band was calculated using the IQ Mac version 1.2 software and plotted 
against the known amounts of DNA. The DNA concentration of the tAML 
samples was calculated using the slope of the standard curve. The SYBR Green 
I sensitivity was determined repeating the experiment (C.) electrophoresing 
smaller amounts of Lambda DNA (0.1 - 20 ng) and (D.) from these plotting the 
DNA standard curve.

105



XDNA

D.

r -  un
d  d

o  o
(N  r -  fN

D N A  S ta n d a rd s

80000

70000
= 6822.6X

60000

50000

40000

30000

20000

10000

ng Lam bda DNA

106



The hM LH I promoter méthylation assay was adapted from Kane et al. (Kane 

et ai., 1997). The region between nucleotides -6 7 0  to -6 7  of the promoter amplified 

by PCR analysis consists of 58.4% G+C (Fig. 3.3.A). Hpall I MspI recognition sites 

are located at nucleotide positions -567 , -527 , -347 , and -341 . Kane et al. showed 

that lack of hMLHI expression correlated with cytosine méthylation at these four 

sites in the h M L H I promoter region in a group of sporadic colon tumours, the 

sporadic colon tumour cell line SW48 and the sporadic endometrial tumour cell line 

AN3CA.

The promoter region of the PCNA gene was included as an internal standard 

for enzyme digestion. This gene is ubiquitously expressed in dividing cells and its 

promoter is méthylation free. The sequence amplified (-982  to +45) contains the 

start codon and 5 Hpall/MspI restriction sites. The sequence amplified comprises 

part of the CpG island (-3 0 9  to 190) identified by Marc Offman (personal 

communication) using the EMBOSS tool. The SW48 cell line that has a methylated 

h M LH I promoter (Kane et al., 1997) and does not express hM LHI protein 

detectable by Western blotting, was used as a positive control. The Raji Burkitt's 

lymphoma cell line, in which hM LHI gene expression and protein levels are normal 

served as a negative control.

When the assay was first set up it worked very well with DNA isolated from the 

SW48 and Raji cell lines. I was unable to amplify DNA from the clinical samples, 

however. It seemed likely that this was due to their low DNA concentration and poor 

quality. To increase the sensitivity of this assay, I designed a set of nested primers 

for PCR of both the h M L H I and PCNA  promoters (Fig. 3.3). Each of the PCR 

reactions was optimised to obtain the highest possible level of amplification (Fig. 

3.4). A MgCb titration was carried out to determine the optimal Mg^  ̂ concentration 

(Fig. 3.4.A, B, D, F). This was 2.5mM for both PCNA and hM LH I. For the PCR 

reactions with the nested primers the same PCR reaction using the determined 

MgCb concentration was performed over a range of different temperatures to 

identify the optimal temperature and to minimize non-specific amplification (Fig. 

3.4.E, G). The hM LH I and PCNA promoters were then amplified in a multiplex PCR 

using 2.5mM MgCb This PCR was performed over a temperature gradient to identify 

the optimal temperature which was found to be 68®C. The nested PCRs were then 

set up using a small amount of the h M L H I and PCNA  multiplex PCR. Fig. 3 .4 .0  

shows that the hM LH I PCR with the set of nested primers is sufficiently sensitive to 

detect 0.1 to Ing of Raji DNA. When a nested PCR using 1 pL of a hM LH I PCR of
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3.4 Optimisation of the hMLHI promoter méthylation assay.
MgCl2 titrations and temperature gradients of hMLHI and hPCNA PCR assays. 
Raji DNA was used for all PCR assays. The conditions picked for further 
amplification protocols are indicated by red arrows.
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10pg Raji DNA, was performed with these primers under the same conditions, it 

resulted in clear amplification products (Fig. 3.4.C right panel).

3.2.5 Sensitivity of the hMLHI promoter méthylation assay

To determine the limits of detection of this assay different amounts of Raji 

and SW48 genomic DNA were mixed and assayed. Figure 3.5.A shows that, after a 

single PCR of 2ng of total DNA input, the limit of detection is 10% (0.2ng) 

methylated DNA. An Increase in sensitivity was obtained using nested PCR (Figure 

3.5 .6 ), where the input into the PCR reaction was only around lOOpg DNA and as 

little as 2% (2pg) methylated DNA resulted in a positive signal. As one human cell 

contains between 5 to lOpg of DNA, lOOpg is equivalent to DNA from only 10 to 20 

cells. Since as little as 2% (2pg) of methylated DNA can be detected, this method is 

clearly very sensitive. It appears that as little as a single methylated sequence is 

detectable.

This high sensitivity of the assay can be a source of problems. As enzymatic 

digestion of DNA is unlikely to be complete, even very small amounts of undigested 

DNA can produce false positives. To minimise this risk of false positives the digest 

was carried out with a large amount of restriction enzyme for more than 16 hours. In 

addition, every sample was assayed at least three times to ensure reproducibility.

3.2.6 hMLHI promoter methvlation analysis of control samples

To ensure that this assay does not give rise to false positives, twenty MMR 

proficient control samples were analysed. I assayed 8 de novo APL, 10 blood donor 

and 12 de novo ALL DNA samples. These samples were all shown to be MSI' by 

Ida Casorelli. Examples are shown in Figure 3.6. Raji and SW48 were used as 

controls in all assays. These samples were of better quality and higher DNA 

concentration than the majority of the t-AL/MDS samples. The do novo APL 

samples were analysed both by nested hM LH I PCR (Fig. 3 .6 .A ) and single 

multiplex PCR (Fig. 3 .6 .6). No promoter méthylation was detected using either 

method. The high sensitivity of the nested PCR indicates that less than 2% of each 

DNA sample and therefore also of the leukaemic cell population was methylated. As 

the same result was obtained by both assays, the remaining control samples (blood 

donor and do novo ALLs) were analysed by single PCR only. This assay is not as 

sensitive as the nested PCR. None of the blood donor (Fig. 3 .6 .C) or the de novo
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Fig.3.5 hMLHI promoter méthylation assay of Raji/SW48 DNA titrations.
Different amounts of SW48 DNA (methylated hMLH^ promoter) were mixed with Raji DNA. A. 2ng total DNA, single PCR. B. 
100pg total DNA, nested PCR. The DNA mixture was digested as discribed in Chapter 2 and amplified by PCR. H, Hpall 
digested. M, MspI digested. U, undigested. Controls: Blank, no DNA added to PCR; Buffer, digest without enzyme used as 
template; Enz, digest withour buffer used as template for PCR.
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Fig. 3.6 Examples of the hMLHI promoter méthylation assay of clinical control 
samples.
DNA aliquots were digested with either Hpall (H) or MspI (M) or left undigested 
(U). The cell lines SW48 (methylated hM LHI promoter) and Raji (non- 
methylated) were used as controls. The hMLHI fragments described in Figure
3.3.A were amplified as described in Chapter 2. An hM LHI PCR product 
following digestion with Hpall, but not with MspI, is diagnostic for promoter 
méthylation provided both Hpall and MspI digestion abolish the PCNA PCR 
product. Samples containing a methylated hMLHI promoter are marked (*). A. 
de novo APL multiplex PCR; 8. da novo APL samples hMLHI nested PCR; C. 
blood donor samples single hMLHI PCR; D. da novo ALL single hMLHI PCR
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ALL (Fig. 3.6.D) samples was methylated at the sites analysed, indicating that less 

than 10% of the DNA was methylated. More than 90% of the DNA from these 

control samples was therefore negative ior hM LHI promoter méthylation.

3.2.7 hMLHI promoter methvlation analysis of t-AL/MDS samples

The t-AL/MDS samples described earlier were examined for hMLH^  

promoter méthylation. Each sample was analysed by the sensitive nested PCR  

assay. The more recently collected samples (2, 10, 21-25), which were of better 

quality and quantity, were also analysed by single multiplex PCR (not shown). In 

cases where both types of analysis were used congruent results were obtained. 

Examples of the analysis of the t-AL/MDS samples are shown in Fig. 3.7, the 

remaining examples can be found in the Appendix. Evidence of hM LH I promoter 

méthylation was seen in six t-AL/MDS cases (2, 4, 5, 14, 16, 23) (Table 3.3).

Table 3.3 MSF and hMLHI méthylation in t-AL/MDS patients.

Case Primary
tumour

Therapy M sr hMLHI
méthylation

HUNHL MOPP, ABVD + -

3
7 MOPP, ABVD, MiCMA, RT +
9 COPP, RT + -

13 MOPP, ABVD + -

20 Fludarabine, CIb + -

4 Breast CTX, Epirubicin, 5-FU, Tamoxifen, Pt, VP16, 
APBSCT

+ M

5 5-FU + M
6 CTX, Epirubicin, 5-FU, RT + -

8 CTX, Epirubicin, MTX, Mitoxantrone, MMC, RT - -

11 CTX, RT - -

12 Tamoxifen + -

18 CTX, 5-FU, Methotrexate, Tamoxifen + -

19 RT - -

21 CTX, 5-FU, Mitoxantron, Tamoxifen, RT (50Gy) + -

23 RT (breast) + M
24 RT - -

22 Others 5-FU, RT - -

25 RT - -

1 RT(;^;i) - -

10 RT(^^ l̂) - -

2 CisPt, Epirubicin, Paclitaxel + M
14 CTX - M
15 CTX + -

16 RT + M
17 VCR, Doxorubicin, CTX, Melphalan + -

M, methylated:
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Fig. 3.7 Examples of the hMLHI promoter méthylation assay of t-Al_/MDS samples.
DNA aliquots were digested with either Hpall (H) or MspI (M) or left undigested (U). The cell lines SW48 (methylated 
hMLHI promoter) and Raji (non-methylated) were used as controls. The hMLHI fragments described in Figure 3.3.A 
were amplified as described in Chapter 2. An hMLHI PCR product following digestion with Hpall, but not with MspI, is 
diagnostic for promoter méthylation provided both Hpall and MspI digestion abolish the PCNA PCR product. Samples 
containing a methylated hMLHI promoter are marked (*). U, undigested; H, digested with Hpall; M, digested with MspI.



Raji and SW48 DNA were always included as negative and positive controls 

for hM LH I méthylation. Case 5, 14 and 23 were positive for promoter méthylation at 

the sites examined, and amplification was observed after Hpall digestion (H-lane) 

(Fig. 3.7). Case 19 and 20 are shown as examples of samples negative for hM LH I 

promoter méthylation. Five of the méthylation positive samples were MSF. The 

proportion of t-AL/MDS cases that are MMR defective due to silencing of hM LH I by 

promoter méthylation is about 30%, much lower than the frequency in other 

malignancies.

3.2.8 Optimization of MMR RT-PCR

RT-PCR offers an alternative way to investigate gene expression. mRNA 

levels of hM LH I, hPMS2, hP M S I, hMSH2 and hMSH6 were examined by this 

method. The assay used was adopted from Wei et al. (Wei et al., 1997). RNA was 

purified and transcribed into cDNA using random hexamers. Fragments of easily 

distinguishable length of each target gene were amplified from the cDNA using the 

primers described in Chapter 2 (Fig. 3.8.A-F). p-actin was used as an internal 

control and to monitor possible DNA contamination (Fig. 3.8.A). The 621 bp 

fragment of p-actin spans the exon4/intron 4/5 (95 bp)/exon 5/intron 5/6 (112 

bp)/exon 6 boundaries. If the cDNA amplified was contaminated with genomic DNA, 

the PCR product would also contain an additional 828 bp product containing introns 

4/5 and 5/6, which would be visible on an agarose gel.

A series of control experiments was carried out to optimize conditions. 

Firstly, each fragment was amplified independently from Raji cDNA (Fig. 3 .8 .G). 

Secondly, all fragments were amplified as a multiplex PCR using cDNA from 

different control cell lines (Fig 3.8./-/). Raji was used as a positive control. Three 

MMR defective colorectal carcinoma cell lines served as negative controls. To 

obtain similar levels of amplification from each gene, the concentration of each 

primer pair in the PCR mix was adjusted to the optimal concentration previously 

determined in several primer titration assays (not shown). All five MMR fragments 

and p-actin were amplified from Raji cDNA. The hMLHI product was absent from 

SW48 - consistent with the known silencing of the hMLHI promoter in these cells 

(Kane et al., 1997). Similarly, no hMSH2 product was recovered from LoVo cDNA. 

LoVo cells contain a homozygous hMSH2 deletion (Umar et al., 1994). The DLD-1 

cell line contains two mutations in the hMSH6 gene (Papadopolous et al., 1995).
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PCR primers 

A  p-actin 621 bp

1 exon 4 I--..... - 1  exon 5 1- .....- |  exon 6  :
95 bp 1 1 2 bp

RhMSH2 429 bp 4-

1 ATG exon 1 1 exon 2  1 exon 3 I

C. hPMS2 389 bp ^

1 exon 1 1  1

D. hMSH6 288 bp ^

1 exon 4

E hMLHI 215 bp ^

I exon 5 I exon 6 I exon T

EhPMSI ^ 1 74  bp^

I ATG exon 1| exon 2 1
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Fig 3.8 Optimisation of the MMR RT-PCR.
RNA was transcribed into cDNA and amplified by PCR as described in Chapter 2. 
Products were separated by agarose gel electrophoresis, stained with ethidium 
bromide and visualized under UV. A-F. Diagrams of gene regions amplified. G. 
Separate PCRs. Raji cDNA was amplified with each of the five sets of primers 
separately. H. Multiplex PCR of control samples. cDNA from control cell lines Raji 
(MMR proficient). SW48 (hMLHI deficient). LoVo (hMSH2 deficient). DLD-1 
(hMSH6  deficient) was amplified as a multiplex PCR of all five target genes. /. 
Nested RT-PCR. I pi of the Raji and SW48 multiplex PCR each were amplified 
using nested sets of primers.
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Although RT-PCR under these conditions is not quantitative, I consistently observed 

a reduced level of hMSH6 amplification from this cell line (Fig. 3.8 .H). This is 

consistent with a reduced level of hMSH6 mRNA in DLD-1. This approach 

confirmed normal levels of hMLHI transcription in a series of cisplatin-resistant 

variants of A2780 ovarian carcinoma cells (Massey et al., 2003).

In an attempt to increase the sensitivity of the assay, a set of nested primers 

(Table 2.2) was designed and I pL of the SW48 and Raji multiplex MMR RT-PCR  

each were amplified using these primers. Fig 3.8./ shows that nested PCR revealed 

low levels of hMLHI transcription even in the ‘fully methylated’ SW48 cells. This can 

be explained in two ways. Méthylation silencing of hMLHI may be leaky and a very 

small amount of the transcript is detected by this highly sensitive nested RT-PCR  

approach. Alternatively nested RT-PCR may detect a small sub-population of 

‘revertant’ SW48 cells that express normal levels of hM LHI. These two possibilities 

are not mutually exclusive. I decided that this extreme sensitivity and the 

concomitant risk of false positive signals was not an advantage in analysing the 

clinical samples.

3.2.9 MMR gene expression in AML samples

To examine the feasibility of RT-PCR analysis with the clinical samples, RNA 

prepared from two de novo AML cases was analysed. The RNA from these cases 

was of good quality and I considered that it was likely to be superior to that from the 

therapy-related cases. Figure 3.9.A shows that even though the assay worked well 

with RNA purified from cell lines, it does not amplify the different MMR gene 

transcripts consistently using mRNA from clinical samples. For example, I could 

amplify p-actin, hPMS2 and hMSH6 from AML-1 RNA, but I could not amplify any of 

the cDNA fragments from AML-2 RNA. The reasons for this are not known, but may, 

for example, reflect degradation of some of the RNA molecules due to inadequate 

storage before or after extraction.

I obtained cDNA from patients 5, 8, 11, 17, 18, 21, 24 and 25. I wanted to 

assay these samples with the highest sensitivity possible, but without increasing the 

risk for false positives by using nested PCR. These cDNAs were therefore amplified 

by a single PCR, but for 50 cycles. Unfortunately this protocol did not improve the 

conditions compared to the nested PCR with regards to false positives, nor did it
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Fig. 3.9 MMR gene expression in AML samples.
RNA was purified from AML-1/-2 bone marrow 
obtained from M. Bignami, and transcribed into cDNA 
as described in Chapter 2. t-AML cDNA was obtained 
from M. Bignami. cDNA from AML samples was 
amplified by multiplex PCR together with control 
samples. cDNA from control cell lines Raji (MMR 
proficient), SW48 (hMLHI deficient), LoVo (hMSH2 
deficient), DLD-1 (hMSH6  deficient) was amplified as 
a multiplex PCR of all five target genes. Products 
were separated by agarose gel electrophoresis, 
stained with ethidium bromide and visualized under 
UV. A. Expression of MMR genes in de novo AML 
samples. B. Expression of MMR genes in eight of the 
t-AML samples. S, microsatelite stable; U, 
microsatellite unstable.
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ensure reproducible amplification of the p-actin positive control. The results obtained 

can therefore only be used as an indication.

The problems with this assay are illustrated in Fig. 3.9.6. Cases 8, 11, 25 

and 24 are microsatellite stable, whereas 5, 17, 18 and 21 are unstable. Case 5 was 

furthermore shown to have a methylated hM LH I promoter. The p-actin cDNA, used 

as a positive control, could not be amplified from any of the samples.

hM S H 6  cDNA could not be amplified in any of the clinical samples, and 

hM SH2  could only be amplified from sample 24. In contrast, cDNA fragments from 

both genes were amplified from controls.

hMLHI cDNA was amplified from all of the control samples, including 

hMLHV S\N4S, and from cases 24 and 25 cDNA, which are both MSI'. No hMLHI 

signal could be detected from the other AML samples apart from case 5, a patient 

that was both shown to be MSF and have a methylated hM LHI promoter.

hPMS2 cDNA was amplified from all samples, including the controls, apart 

from case 8. The ease and reproducibility of hPMS2 amplification in the other 

samples suggest that this finding for case 8 may be valid.

3.3 Discussion
3.3.1 M S r frequency among t-AUMDS

Cancer therapy clearly plays an important role in the development of 

secondary leukaemia with defective MMR. Since we started this project a number of 

studies of MSI among t-AML cases have appeared (Table 3.4). The reported 

frequencies for MSI lie between 0 and 94% with an average of about 40%. The 

variation is probably influenced by factors such as primary cancer and type of 

treatment. In the absence of a generally accepted methodology for MSI 

determination and an agreed definition of MSI in leukaemia, a contribution of 

different methods of analysis cannot be ruled out, however. Notwithstanding this 

reservation, there is a clear consensus that the M SF phenotype is much more 

common in t-AL/MDS than in de novo AML. Our data fully support this conclusion. 

Almost two-thirds (64%) of our therapy-related cases were MSF compared to none 

of 28 de novo cases.
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Table 3.4 Microsatellite instability in therapy-related and de novo AML/MDS  
published in the literature.

t-AMUMDS de novo AML/MDS
No. of markers % No. of

Author analysed MSI cases % MSI No. of cases
(Ben-Yehuda et al.,

1996) 8 94 16
(Boyer et al., 1998) 14 includ. Bat26 0 14 0 34
(Horiike et al., 1999) 12 includ. Bat26 2 0 1 0

(Das-Gupta et al., 2001) 1 1 2 1 9 1 0 52*
(Sheikhha et al., 2002) 12 including Bat26 53 19 18 56

(Olipitz et al., 2002) 7 or 13 including Bat26 14 37
(Worrillow et al., 2003) Bat25, Bat26, Bat16 38 46

(Sill et al., 1996) 1 2 0 2 0

(Indraccolo et al., 1999) 1 0 3 29
(Ribeiro et al., 2002) 5 0 14

'Mostly elderly de novo AML/MDS patients.

3.3.2 M S r and treatment

Most of the patients in our study had been treated with combinations of 

drugs and/or RT for their primary tumour. The treatments are summarized in Table 

3.5. The most widely used drugs were CTX (9 cases), 5-FU (6 cases) and 

methylating drugs (4 cases). All four t-AL/MDS that developed in patients who had 

received the methylating agents procarbazine or dacarbazine as part of the MOPP, 

ABVD, or COPP regime for HD or NHL were MSF. Both 5-FU and CTX were 

associated with a high frequency of MSF (Table 3.5). Five of six (83%) of t-AL/MDS 

in patients treated with 5-FU and 7 of 9 (78%) in the CTX group were MSF. Four 

patients had received both 5-FU and CTX, however. All four of these t-AL/MDS were 

M S r as was one case in which CTX was given with procarbazine. In the single 

instances of exclusive 5-FU or CTX treatment, both t-AL/MDS were MSF. These 

data indicate that MSI might be, as expected, particularly high after treatment with 

methylating agents, but as the number of cases analysed is small, this requires 

confirmation from a larger study. It is, however, quite clearly apparent that other 

drugs may also be a risk factor for MSF t-AL/MDS.

Table 3.5 MSF and therapy for the first tumour.

Treatment No. Cases Msr
Methylating drugs 4 4/4

CTX 9 7/9
5-FU 6 5/6

Radiotherapy alone 8 2 / 8

Combined therapy 7 4/7
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In this regard, it is of note that combination therapy (RT + chemotherapy) 

was associated with a higher frequency of M S r than RT alone. Of seven t-AL/MDS 

in patients treated with combination therapy, four (57%) were M S r. In contrast, 

there were only two M S r cases in the RT group (25%). This suggests that for M S r  

t-AL/MDS, RT is relatively low-risk. The probability of M S r t-AL/MDS is notably 

increased by drug treatment.

3.3.3 CvcloDhosDhamide and t-AML

CTX is commonly used to treat a wide range of malignancies. CTX  

exposure was also highly represented among our group of t-AL/MDS patients (Table 

3.1). CTX is activated to 4-HC by P450 in the liver. 4-HC can then tautomerise to 

aldophosphamide, which fragments to acrolein and PM (Lind and Ardiet, 1993) 

(Section 1.1.6 and Fig. 1.6).

Lee et al. showed that concentrations of acrolein similar to serum levels after 

high dose CTX treatment, but not of CTX inhibit recombinant MGMT in vitro. PM 

also inhibited the enzyme but only at much higher concentrations than are used to 

treat patients (Lee et al., 1992). If acrolein inhibits MGMT in vivo, it would function 

like 0®-BzG when given in combination with méthylation agents. Acrolein would 

deplete MGMT activity and thereby increases the effective alkylating agent dose. 

This effect would be most pronounced if CTX was given in combination with a 

methylating agent such as procarbazine as it is, for example, in the COPP protocol. 

Under these conditions, acrolein might serve to enhance the leukaemogenicity of 

the methylating drug.

I carried out a preliminary investigation of the effect of acrolein on MGMT 

activity. The MGMT activity of cultured cells was reduced by a 4 to 8 hour treatment 

with 30 -  60 pM acrolein (data not shown). The decrease in MGMT activity was both 

time and drug dose dependent: 60pM acrolein for 8h provided the maximum 

inactivation. It is not clear whether this inhibitory effect is due to a direct inactivation 

of MGMT by acrolein or requires the production of a DNA lesion that is repaired by 

MGMT by an autoinactivating mechanism. Whatever the mechanism, it would be 

interesting to investigate if methylating agent treatment in combination with acrolein 

can potentiate the effect of the methylating agent.
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3.3.4 hMLHI promoter methvlation in t-AUMDS

hM LH I promoter méthylation was infrequent (6/25 or 24%) in t-AL/MDS and 

accounts for at most one-third (between 31% and 35%, 5/16 or 6/17) of M S r cases. 

Only five of the six cases in which a methylated h M LH I promoter was identified 

were M S r. Patient 14, who had been designated MSI* based on Bat26 only, also 

appeared to have a methylated promoter. This apparently paradoxical promoter 

méthylation may result from intra-tumour heterogeneity or from méthylation of a 

single h M L H I promoter, as the assay is not quantitative and a positive signal is 

produced if only a minor fraction of the DNA is methylated. In case 14, Bat26 may 

simply have been uninformative and it may be MSI". I note in this connection that 

one other case (case 8) was subsequently reassigned unstable based on a more 

detailed molecular analysis (Chapter 5). Bat26 is known to be occasionally 

uninformative in colorectal carcinomas.

Deng et al. showed that the region of the h M L H I promoter analysed using 

this assay can be partially methylated without silencing of the hM LH I gene. They 

nevertheless found a correlation between full méthylation and gene silencing (Deng 

et a!., 1999). The region from -2 4 8  to -1 7 8  (8 CpG) sites seemed to be the most 

indicative of silencing, but does not contain any Hpall sites. This could be a further 

explanation for the MSI and hM LH I promoter méthylation results. It is not possible 

to distinguish between these possibilities using my analysis.

The frequency of about 30% obtained for h M L H I promoter méthylation 

represents an upper limit as this sensitive method can detect even a very minor 

population of méthylation positive leukaemic cells. Even though this value is 

considerably lower than the frequency (>80% ) among sporadic MSI" colorectal 

tumours (Herman et al., 1998), it is higher than the frequency among t-AML cases 

reported by others. Sheikhha et al. identified one methylated case among eight MSI" 

t-AMLs. Seedhouse et al. did not identify any méthylation among 23 t-AML cases. 

This apparent discrepancy may simply reflect the higher sensitivity of the assay I 

used and its ability to detect very low levels of methylated sequences.
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3.3.5 hMLHI promoter methvlation in t-APL

The M S r frequency among the t-APL cases was 3/5 (60%), similar to the 

overall frequency of 64%. The incidence of h M L H I promoter méthylation was, 

however, strikingly higher among the MSrt-APLs (Table 3.6).

Table 3.6 M S r and hM LHI méthylation in therapy-related and de novo APL.

t-APL Primary
tumour Therapy MSI" hMLHI

méthylation

T2 ovary CisPt, Epirubicin, 
Paclitaxel

+ M

T10
T16

thyroid
uterus

RT(^^ Î)
RT + M

T23 breast/colon RT (breast) + M
T24 breast RT - -

APL 1-8 de novo - - -

Méthylation was observed in all (3/3) M S r t-APLs (cases 2, 16, and 23). 

This contrasts with only one fifth (15% (2/13) or 21% (3/14)) of the remaining MSI" 

cases. None (0/8) of the de novo APL cases were MSI" and none contained a 

methylated h M L H I promoter (Figure 3.6.A /8). Although this observation requires 

confirmation from a larger number of patients, the possibility that t-APL is associated 

with a high frequency of hM LHI promoter méthylation is consistent with the known 

derangement of epigenetic gene regulation in APL. Pelicci and colleagues 

demonstrated that the PM L-R A R a fusion (Section 1 .6 .1) induces gene 

hypermethylation and silencing by recruiting DNA methyltransferases to target 

promoters. This hypermethylation contributed to the leukaemic potential of the PML- 

R AR a fusion (Di Croce et al., 2002). A possible scenario for the development of 

MSI" t-APL could be as follows: The initial event is the translocation between 

chromosomes 15 and 17. This would result in a general ‘méthylation phenotype' as 

a result of which a large number of genes is switched off. Silencing of the hMLHI 

promoter would then result in a ‘mutator phenotype’ which, in addition to the 

‘méthylation phenotype’, would further accelerate leukaemogenesis.

3.3.6 Gene defects in other MMR aenes in t-AL/MDS

The RT-PCR assay was developed to provide a direct assessment of the 

expression of the MMR genes. Unfortunately unresolved problems remain with this 

analysis. Low RNA/cDNA quality and quantity did not allow reliable amplification of 

t-AL/MDS samples. The results provided only an indication of gene expression.

124



Eight of the t-AL/MDS cases together with the control cell lines were 

analysed by RT-PCR. hMLH1 cDNA was amplified from all of the control samples, 

including SW48, which is hMLHV  due to a methylated hMLH1 promoter. The only t- 

AL/MDS samples that resulted in visible hMLH1  amplification was case 5. This 

patient though had been shown to be both M S r and have a methylated hMLH1  

promoter. The fact that both SW48, the negative control for hMLH1, and case 5 are 

hMLH1 positive indicates that this RT-PCR assay is probably not informative for loss 

of expression by hMLH1 méthylation at this high sensitivity.

hPMS2 cDNA was amplified from all samples including the controls apart 

from case 8 which had previously been assigned stable, but by using Bat26 only. 

More detailed molecular analysis (Chapter 5) of this case at a later time led to a 

reassignment of case 8 as unstable. As hPMS2 was amplified from all samples, and 

p-actin and hPMS1 could be amplified from case 8, it seems possible that case 8 is 

hPMS2 deficient. Inactivation of hPMS2 is encountered infrequently among HNPCC  

families and sporadic M S r tumours. If these data are confirmed, case 8 would be to 

my knowledge, the first example of loss of hPMS2 in M S r t-AL/MDS.

A recent study reported an increase in incidence of an intron splice acceptor 

polymorphism in hMSH2  among t-AML cases (Worrillow et al., 2003). They 

identified two of thirteen MST t-AML cases that were homozygous for this 

polymorphism compared to an incidence of homozygosity of 1.6% among the 

general population. They found one M S r case that was heterozygous for this 

polymorphism compared to the frequency of heterozygotes of 12% among the 

general population Together with Karen Gascoigne, I identified this polymorphism in 

two of the M S r t-AL/MDS cases (cases 5 and 6; 2/16,12.5% ). Both cases were 

heterozygous (data not shown). As there was no evidence for an overrepresentation 

of this polymorphism among our t-AL/MDS samples it is not clear to what degree 

this hMSH2 variant is involved in leukaemogenesis after drug treatment.

3.3.7 t-AUMDS and primary breast cancer

The largest subgroup - 11 patients - had been treated for a primary breast 

cancer. M S r in this group (7/11, 64%) and the frequency of hMLH1 promoter 

méthylation among the M S r cases (3/7, 42%) were similar to the overall incidences 

(64% and 35%, respectively). There appeared to be a trend towards early onset 

breast cancer among these cases.

125



The Gruppo Italiano Malattie Ematologiche dell'Adulto (GIMEMA) Archive of 

Adult Acute Leukaemia yielded information on 37 more primary breast cancer 

patients who had been excluded from the MSI / promoter méthylation study because 

no DNA was available. The study population of the GIMEMA Archive comprised 

patients with newly diagnosed acute leukaemia registered in 62 Italian Haematology 

Divisions during the period July 1992 to June 1996 (Pagano et al., 2001). Inclusion 

of the age of onset data for these additional patients supported the apparent bias 

towards early primary disease. Fig. 3.10 compares the age at diagnosis of breast 

cancer for the patients in the GIMEMA Archive (48 cases total) with similar data for 

all breast cancer patients from the Cancer Registries of six Italian provinces (Zanetti 

et al., 1992). Only 6% of registry cases were diagnosed between 20 years and 39 

years. For t-AL/MDS patients, the corresponding figure was 24%. Overall, more 

than half (54%) of the breast cancer cases in the GIMEMA group occurred at <50 

years. The corresponding value for patients in the registries was 23.5%. The data 

from the GIMEMA Archive and the cancer registries were supplied by Ida Casorelli 

and Luca Mele.

Interestingly, a number of patients who developed acute leukaemia either 

simultaneously or several years after surgical removal of breast cancer were 

described by Rosner et al. and Carey et al. (Carey et al., 1967; Rosner et al., 1978). 

Several surgery only' AML cases after breast cancer also appear in the GIMEMA  

Archive. These studies indicate a thirty-fold higher risk for secondary AML in breast 

cancer patients than in the general population. Taken together, these reports point 

towards a possible involvement of one of the breast cancer susceptibility genes 

{BRCA1 and 2) in the development of secondary AML. This possibility is further 

supported by recent data showing that BRCA1 and BRCA2 function in the same 

pathway as the FA proteins (discussed in Chapter 5).
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Fig. 3.10 tAUMDS and primary breast cancer.
Age at diagnosis of a primary breast tumour in t-AL7MDS patients and in the general 
population. Light blue bars: breast cancer cases (6664 total) retrieved from the 
cancer registries of six Italian provinces (Torino, Genova, Parma, Firenze, Latina 
and Ragusa) (1983 - 1987) (Zanetti, et al., 1992). Dark blue bars: breast cancer 
patients in the GIMEMA Archive, 48 cases total.
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3.4 Conclusion
Our study shows that MSI is high among t-AL/MDS cases (>60%). Loss of 

hMLH1 expression due to promoter silencing was found to be relatively infrequent 

and to accounts for at most 30% of the MSI cases. Many questions remain, 

however. Foremost among these is the mechanism by which MMR is inactivated in 

the other MSF cases. With improved clinical sample collection and handling, it 

should be possible to address these issues using more informative approaches 

such as real-time RT-PCR and bisulfite analysis of promoter méthylation. With these 

more incisive methods -  which are crucially dependent on good quality DNA and 

RNA -  it will be possible to investigate the mechanism of loss of MMR and to further 

clarify the connections between specific drugs and possible genetic predisposition 

and the development of t-AML/MDS.
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Chapter 4: Results II

The role of thiopurine resistance and defective DNA mismatch repair in 
the development of acute myeloid leukaemia after organ transplants

4.1. Introduction
Aza Is part of the triple immunosuppressive therapy following solid organ 

transplants, and it is also used, either as the sole agent or in combination with other 

drugs, for autoimmune diseases (Appendix Table 4.7). Aza Is a pro-drug that is 

converted in vivo to 6-MP. Both 6-MP and 6-TG are taken up by target cells, 

metabolized to 2’-deoxy-6-thioguanosine triphosphate via the hypoxanthine guanine 

phosphoribosyl transferase (HGPRT) and incorporated as thioguanine into DNA 

(Fig. 1.7) (Aarbakke et al., 1997). Both drugs are metabolised by a slightly different 

route. 6-TG is directly converted to 6-thioguanosine-5’-monophosphate (6-TGMP). 

6-MP, on the other hand, is first converted to 6-thioinosine-5’-monophosphate (6- 

TIMP), which is then converted to 6-TGMP in two steps by inosine monophosphate 

dehydrogenase (IMPD) and guanosine monophosphate synthetase (GMPS) (Fig. 

1.7).

The delayed cytotoxicity and chromosome damage that are characteristic of 

these drugs are associated with their incorporation, and these properties involve 

MMR (Swann et al., 1996) (discussed in more detail in Section 1.4.2). Cells avoid 

the cytotoxicity of 6-TG by the same mechanism as for 0®-meG, inactivation of 

MMR. Thus, MMR-deficient cells can tolerate 6-meTG in their DNA and are resistant 

to killing by TG. As functional MMR is also required for the cytotoxicity of 

methylating agents, 6-TG resistant cells exhibit cross-resistance to methylating 

agents like MNU (Aquilina et al., 1990; Green et al., 1989).

Patients with low thiopurine methyltransferase (TPMT) (Fig. 1.7) activity 

cannot catabolize thiopurines efficiently. When they are treated with thiopurines, 

they accumulate abnormally high levels of the thioguanine nucleotides. These 

patients have a significantly increased risk of t-AML/MDS following thiopurine 

treatment (Thomsen et al., 1999) suggesting that thiopurine-induced DNA damage 

may contribute to cancer development.

Interested in identifying a potential link between Aza treatment and 

leukaemia, I started searching the literature for a possible connection. More than 30 

publications reported the occurrence of AML after thiopurine treatment, either for
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autoimmune diseases (Appendix Table 4.7.A) or after organ transplants (Appendix 

Table 4.7 .8). All of these patients had been treated with Aza, with the exception of 

two cases that had been treated with 6-Mercaptopurine. In most cases Aza was 

administered in combination with other drugs. Interestingly, in more than half of the 

AML cases for which the karyotype was described, there was an involvement of loss 

of all or part of chromosomes 5 and/or 7, which is also very common among 

alkylating agent-related AML. The large number of these reports and the 

involvement of loss of chromosomes 5 and/or 7 was taken as an indication that 

there might be a connection between thiopurine treatment and AML.

This led us to suggest the following hypothesis. If a patient is treated for a 

prolonged period of time with the myelotoxic drug Aza, the selective pressure for 

loss of MMR would be high in the bone marrow. This MMR defective cell would 

have a growth advantage and would undergo clonal expansion. It would have a 

mutator phenotype and rapidly accumulate the mutations necessary to give rise to 

M S r myeloid leukaemia. The hypothesis was tested by several approaches.

1. Cells were treated with 6-TG in vitro to examine whether this selected for 

MMR defective clones.

2. The incidence of AML after Aza treatment was investigated.

3. AML samples from patients treated with Aza for organ transplants were 

assayed for MSI.

MMR defective clones can be isolated by either chronic or acute methylating 

agent treatment. The A2780-MNUcl1 subclone of the human ovarian carcinoma cell 

line A2780 was isolated by MNU treatment (see below) (Aquilina et al., 2000). 

A2780 cells are MMR proficient and p53 positive. A2780-MNUcl1 exhibited a 100- 

fold increased resistance to MNU and a high degree of cross-resistance to 6-TG. It 

was additionally shown that the p53-dependent DNA damage response was 

defective in this subclone due to a dominant negative p53  mutation. It seems likely 

that this resistant variant was a member of a pre-existing drug-resistant 

subpopulation {hMLH1' and p5S) within A2780.

To mimic the selective pressure experienced by bone marrow cells of organ 

transplant recipients tissue culture cells were treated with increasing concentrations 

of 6-TG for a prolonged period (Fig. 2.1), using a protocol similar to that used by 

Aquilina et al. to select for 6-TG resistant CHO cells (Aquilina et al., 1990). Cells can 

become resistant to 6-TG by losing HGPRT. This enzyme is central to the purine
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salvage pathway that incorporates 6-TG into DNA (Stout and Caskey, 1985). To 

avoid selecting a pre-existing H G PR T clone, A2780-SCA cells were first treated 

with HAT (hypoxanthine, aminopterin and thymidine) for 10 days. Aminopterin 

blocks de novo nucleotide synthesis. It kills all cells that do not have purine or 

pyrimidine salvage pathways.

4.2. Results
4.2.1 Generation of clonal variants of A2780 resistant to 6-TG

The A2780 cell line was used to investigate the development of thiopurine 

resistance in vitro. They are widely-used as a model for drug resistance. As this cell 

line harbours a sub-population of cells defective both in hMLHI and p53, a single 

cell clone (A2780-SCA) previously isolated by Andrew Massey in this laboratory, 

was used. A2780-SCA cells are proficient in both hMLHI and p53 (Massey et el., 

2003).

Preliminary experiments showed that A 2780-SC A  are sensitive to 

aminopterin. Cultures were then treated with HAT. After 10 days the HAT treated 

cells were divided into five flasks, the HAT medium was removed and each flask 

was treated with escalating concentrations of 6-TG for 2 months (Fig. 2.1). The cells 

were exposed continuously to the drug, and were allowed to recover and repopulate 

the flask after each increase in dose. After 2 months of continuous 6-TG treatment 

the cell populations as a whole grew normally in to 1 pg/mL 6-TG.

To isolate single cell clones 2, 4 or 6 cells per well were inoculated into 96- 

well plates in medium containing HAT. The plating efficiency was between 50 and 

83% (Table 4.1), which is similar to A2780-SCA. This indicates that the 6-TG  

resistance of the five cell populations was not mainly due to loss of HGPRT. The 

HAT selection at the end of the cloning procedure ensured that any 6-TG resistant 

clones picked for further analysis had functional HGPRT.

Approximately 30 single cell clones from each of the five 6-TG resistant 

cultures were screened for resistance to MNU. Resistance to methylating agents 

like MNU is a common characteristic of MMR defective cells (Bignami et al., 2000; 

Hampson et al., 1997). As an indicator of a possible MMR defect, each clone was 

assayed for cross-resistance to MNU. Because A2780 cells express normal levels 

of MGMT, all MNU treatment was performed in the presence of the MGMT inhibitor
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0®-BzG. Each HAT-resistant clone was split into two wells in a 24-well plate. 0®-bzG 

was added to one well to inactivate MGMT followed by MNU after 2h. The second 

well was left untreated, so that these cells could be used for further analysis. Most 

clones (140/154) did grow after MNU treatment. Clones (not treated with MNU) were 

picked from the independent resistant cultures each and expanded for further 

analysis.

Table 4.1 Plating efficiency of A2780-JA clones in HAT medium.

PE% Average PE %
JA1 80.2

2/well 86
4/well 96.8
6/well 57.8
JA3 83.4

2/well 53.4
4/well 96.8
6/well 100
JA4 59.6

2/well 51.9
4/well 73.9
6/well 53
JA5 45.8

2/well 43.8
4/well 5
6/well 43.6
JA8 47

2/well 46.3
4/well 36.8
6/well 57.8

PE, Plating efficiency.

The clones were named A2780 after the parental cell line. JA indicates the 

selection protocol described above. The first digit specifies the flask the clone 

originated from and the second digit describes the number of the clone isolated from 

each flask. A2780-MNUcl1 (see above) was used as a MMR defective control 

subclone in the following experiments performed to characterise the isolated clones.

4.2.3 Mismatch repair status of thiopurine resistant cells

MMR gene expression was analyzed in all fifteen 6-TG resistant clones 

using the RT-PCR method described and established in Chapter 3. Most expressed 

detectable hMSH2, hM LHI, hPMS2, hMSHS, and hPMSI mRNAs. hMLHI mRNA 

was absent in clones 5-1, 5-3, 5-4 and 8-3 and diminished in some clones, however
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(Fig. 4.1). As clones 5-1, 5-3 and 5-4 originated from the same culture they are 

possibly siblings originating from the same hM LHI' clone.

Independent clones that did not express measurable hMLHI mRNA were 

analyzed further. The hMLHI protein was either not detectable or was present at 

severely reduced levels in extracts of all of the clones analysed (Fig. 4.2). It was 

present in extracts of parental A2780-SCA cells. hPMS2, the heterodimer partner of 

hM LH I, was also undetectable, or barely detectable, in all extracts including JA5-3 

and JA8-3. The hPMS2 protein is unstable in the absence of hM LHI (Li and 

Modrich, 1995) and this finding is consistent with a primary defect in hM LH I gene 

expression. The hMSH2 and hMSH6 proteins were present at similar levels in 

extracts from the parental and most of the resistant clones (Fig. 4.2). The absence 

of detectable MMR protein in the JA3-5 extract was probably due to general low 

protein concentrations in this extract. Similarly, the faint hMSH2 and hMSH6 bands 

from JA5-1 and JA5-4 extracts might also be a consequence of low protein levels, 

protein degradation or reduced protein transfer during the blotting procedure. An 

hMSH6 defect in clone JA5-1 and JA5-4 cannot be excluded without further assays, 

however.

Biochemical assays confirmed the MMR deficiency of JA5-3 and JA8-3. The 

mismatch repair assay was carried out by Peter Macpherson. Unlike parental 

A2780-SCA cell extracts, JA5-3 and JA8-3 cell extracts did not correct a C/T mispair 

in a standard substrate (Figure 4.3).

4.2.4 HGPRT status of 6-TG resistant clones

To confirm that the 6-TG resistant subclones retained active HGPRT their 

sensitivity to aminopterin was tested. A2780-SCA, -JA5-3, -JA8-3 and -M NUcll 

were treated with both HAT and aminopterin at the same concentrations used 

during the selection procedure. After drug treatment for 10 days the colonies formed 

were stained with GIEMSA (as described in Chapter 2). All four clones grew 

normally in HAT, but did not in the presence of aminopterin (Fig. 4.4). This indicates 

that this dose of aminopterin efficiently blocks de novo nucleotide synthesis and all 

four clones retained an active purine salvage pathways.
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Figure 4.1 Expression of MMR genes in 6-TG resistant clones.
RNA from representative 6-TG and MNU-resistant A2780-SCA subclones was 
amplified by RT-PCR. RNA from control cell lines Raji (MMR proficient), 
SW48 (hMLHI deficient). LoVo (hMSH2 deficient), DLD-1 (hMSH6 deficient) 
were included. Products were separated by agarose gel electrophoresis, 
stained with ethidium bromide and visualized under UV. Clones A2780-JA5-1, 
-JA5-3 and -JA5-4 (*) arose in the same flask. A2780-JA8-3 (*) was isolated 
from a different flasks.
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Figure 4.2 MMR protein expression in 6-TG resistant clones.
Extracts from parental A2780-SCA, the control MMR defective cells, and 
A2780-JA clones were separated by SDS polyacrylamide gel 
electrophoresis, blotted and probed sequentially with antibody against 
hMLHI, hMSH2, hMSHB, and hPMS2.
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Figure 4.3 In vitro mismatch correction in A2780-JA5-3 and -JA8-3.
Extracts (lOOpg) of HeLa, A2780-SCA, -JA5-3, or -JA8-3 were incubated with 
a standard nicked circular DNA substrate containing a T:C mispair. DNA was 
recovered, digested with Mlul and products separated by agarose gel 
electrophoresis. The band shown arrowed is diagnostic for correction. This 
assay was carried out by P. Macpherson.

JA5-3 JA8-3 SCA5

IxHAT

MNUcll

#
IxA

Figure 4.4 HAT and Aminopterin sensitivity assay of A2780-JA5-3 and -JA8-3. 
1x10^ cells were plated per well into medium containing either 1x HAT or 1x 
A. Cells were stained after 5 - 1 0  days with Giemsa stain. Cell lines: A2780- 
SCA, -M NUcll, -JA5-3 and JA8-3. A. aminopterin, HAT. hypoxanthine, 
aminopterin, thymidine.
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4.2.5 Drug resistance of A2780-JA5-3 and JA8-3

As the MNU screen as well as the MMR analysis suggested that all of the 

clones tested were MMR deficient due to loss of hM LH I, two independent clones, 

A2780-JA5-3 and -JA8-3 were picked for further analysis. The MNU and 6 -TG  

sensitivities of these two clones were determined by clonogenic survival. The MNU 

treatment was performed in the presence of 0®-bzG. JA5-3 and JA8-3 were both 

highly resistant to MNU and 6 -TG (Fig. 4.5). Their D37 values were estimated 770 

pM and 680 pM for MNU in the presence of 0®-bzG and 3.00 and 2.45 for 6 -TG  

respectively (Table 4.2). JA5-3 is therefore 39-fold more resistant to MNU and 6.7- 

fold more resistant to 6 -TG compared to the parental cell line A2780-SCA. The 

resistance is similar for JA8-3, 34-fold for MNU and 5.4-fold for 6 -TG. The small 

differences in resistance between the two clones is probably not significant.

Table 4.2 Comparative cytotoxicity of 6 -TG resistant clones.

MNU (pM) 6 -TG (pg/mL)
Clone D3 7 RF D3 7 RF
SCA 2 0 0.45

JA5-3 770 39 3.00 6.7
JA8-3 680 34 2.45 5.4

MNUcll 1600 80 2.35 5.2
D 3 7  values (the dose of MNU / 6 -TG required to kill 63% of the cells) were estimated 
from clonal survival curves. RF, Fold resistance compared to the wild type.

Thiopurines in organ transplant patients are usually administered in 

combination with CsA and Pred. To see if the development of AML could also be 

due to selection for resistance to CsA and/or Pred the sensitivity of the MMR' 

subclones A2780-JA5-3 and -JA8-3 to these two drugs was compared to the MMR 

proficient parental cell line. 2 x1 0  ̂ cells were plated per well, treated with increasing 

concentrations of the drug and stained after 5 - 1 0  days. These assays show that 

the difference in sensitivity to CsA or Pred was less than 2-fold (Fig. 4.6.A/B) which 

indicates that loss of MMR does not significantly affect the cytotoxicity of these 

drugs.

Aza is converted to 6 -MP in vivo. As 6 -MP and 6 -TG are metabolised slightly 

differently, the cross-resistance of the 6 -TG resistant clones to 6 -M P was 

investigated. Figure 4.6C shows that the MMR defective clones are resistant to 6 -
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Figure 4.5 MNU (A.) and 6-TG (B.) sensitivity of A2780-JA5-3 and -JA8-3.
Cells were treated as described in Chapter 2 and survival was determined by clonal assay. A2780-SCA (♦); A2780-MNUcl1 (■); 
A2780-JA5-3 (A); A2780-JA8-3 ( • ) .
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c. 6-Mercaptopurine - pM

A2780 0 0.1 0.2
I  " ÿ  -

SCA

JA5-3

0.5 1 3

JA8-3 i

MNUcll

'Vi

i L .
'i

;■;. ■*«

Figure 4.6 CsA, Pred and 6-MP sensitivity assay of A2780-JA5-3 and JA8-3. 
2x10^ cells were plated per well and treated with CsA, Pred or 6-MP after 2 
hours. Cells were stained after 5 - 1 0  days with Giemsa stain. Cell lines: 
A2780-SCA, -MNUcll, -JA5-3 and JA8-3. A. Pred. B. CsA. C. 6-MP.
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MP. Most of the A2780-SCA cells were killed by 0.2|jM 6-TG, whereas the A2780- 

JA5-3 and -JA8-3 variants were resistant to more than 1|jM of the drug. The 

difference in resistance between the parental A2780-SCA cells and the A2780-JA5- 

3 and -JA8-3 clones lies between five and ten-fold, similar to 6-TG.

4.2.6 Microsatellite instability of 6-TG resistant clones

Analysis of the standard panel of five mono- and dinucleotide repeat 

microsatellites (Boland et al., 1998) in 28 subclones of A2780-JA5-3 and -JA8-3 

cells, compared to 20 subclones of A2780-SCA indicated an M S r  phenotype. 

Examples are shown in Fig. 4.7. MSF was defined by instability at two or more 

markers compared to the originally isolated A2780-JA5-3 and -JA8-3 clones. The 

subclones were isolated after continuous growth for approximately 50 generations 

from the originally isolated A2780-JA5-3 and -JA8-3 subclones. Alterations at two or 

more loci were detected in 14 of 28 (50%) A2780-JA5-3 subclones (Table 4.3.A) 

and in 20 of 28 (71%) A2780-JA8-3 subclones (Table 4 .3 .8 ) compared to 0 of 20 

(0%) A2780-SCA subclones.

Thus, cells that survived chronic treatment with 6-TG had impaired hMLHI 

gene expression that resulted in loss of the hMutLa repair complex. Representative 

clones were MSF, tolerant to DNA damaging drugs, and deficient in MMR in 

biochemical assays. All these observations are consistent with MMR defects. 

Inactivation of MMR appears to be a frequent response to 6-TG and all (5/5) treated 

cultures yielded MNU/6-TG resistant clones. Thiopurine treatment hence provides 

an effective selection for MMR defective clones from an initially repair competent 

population of cells. None of the clones tested were resistant to the 

immunosuppressants CsA and Pred, indicating that these two drugs are not 

involved in the selection. Thus A2780 cells provide a model for the ability of chronic 

thiopurine treatment to select for rare MMR defective variants.
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Fig. 4.7 Microsatellite instability analysis of A2780-JA8-3 subclones.
Examples of microsatellites in the isolated A2780-JA8-3 clone before subcloning and 5 subclones (1-5) analysed after growth for an additional 50  
generations. Stable loci are designated (*).



Table 4.3 Microsatellite instability of A2780-JA subclones.
A. A2780-JA5-3 subclones. B. A2780-JA8-3 subclones.

CO

no.+ve
subclone Bat26 Bat25 D2S123 D5S346 D17S250 markers

1 - - - - + 1
2 - + + - - 2
3 - - + - - 1
4 + + - - - 2
5 + - - - - 1
6 - - + + - 2
7 + - + - - 2
8 + - - - - 1
9 + - - - - 1
10 - - - - - 0
11 + + - - - 2
12 + - + - + 3
13 - - - - - 0
14 + - - - - 1
16 + - - + - 2
17 - - - - - 0
18 + - + - + 3
20 - - - - - 0
21 - + - + - 2
22 + - - - - 1
23 - - - - - 0
24 - + - + - 2
25 + + - - - 2
26 + + + - - 3
27 - + - - + 2
28 + - - - - 1
29 + - - - - 1
30 + - - - + 2

Overall
Frequency

16/28=5
7%

8/28=
29% 7/28= 25% 4/28= 14% 5/28= 18%

14/28=50%
MSI

no. +ve
subclone Bat26 Bat25 D2S123 D 5 S ^ 6 _ D17S250 m arkers___

1 - + - - - 1
2 - + - - - 1
3 + + - - + 3
4 - + + - - 2
5 + + - + - 3
6 + + + - - 3
7 + - + - - 2
8 - - + - + 2
9 - + + + + 4
10 - + - - + 1
11 - + - + - 2
12 + - + - + 3
13 + + - - + 3
14 + + - - - 2
15 - + - + - 2
16 - + - + - 2
17 + + + - + 4
18 - - - + - 1
19 + + - - + 3
20 + - - - - 1
21 + + - + - 3
22 - - - - + 1
24 - - + - - 1
25 + + + - + 4
26 + + + - - 3
27 - + - - + 2
28 - - + - - 1
29 + - - - + 2

Overall 14/28= 19/28= 11/28= 7/28= 12/28= 20/28=71%
Frequency 50% 68% 39% 25% 43% MSI



4.2.7 AML in transplant recipients

Because my data from experiments with A2780 suggested a connection 

between MSI, drug treatment and thiopurine resistance, I examined the hypothesis 

that chronic thiopurine use might be associated with an increased risk of M S r AML. 

This was approached in two ways. I searched the literature for case reports 

describing this AML associated with thiopurine treatment for autoimmune diseases 

or following organ transplants (Appendix Table 4.7). This provided evidence that 

immunosuppressive therapy related AML occurs both after organ transplants and 

immunosuppressive treatments for other diseases like rheumatoid arthritis. I then 

contacted 42 specialists mainly in the fields of haematology, rheumatology and 

nephrology (specialised in transplantation) mostly in the UK (Table 4.4). Twenty- 

eight consultants replied, but they mainly reported lymphomas and SSCs. Dr. Sue 

Snowden, a specialist in kidney transplantations at St. George’s Hospital in London 

reported one case of AML after 21 years of Aza treatment (Table 4.4).

The incidence of AML after organ transplantations reported in the literature 

appears to be higher after heart/lung transplants than after kidney transplants 

(Appendix Table 4 .7 .8). Huebner et al. reported 5 AML cases among 631 cardiac 

transplants (Huebner et al., 2000) and Krikorian et al. one among 124 cases 

(Krikorian et al., 1978). This compares to one case among 620 renal transplants 

(Ondrus et al., 1999) and one case among 316 renal transplants (Barbanel et al., 

1975). Furthermore, it has been suggested that the risk of malignancy is higher after 

cardiac than after kidney transplants (Penn, 1993). This applies specifically for 

lymphoma which is more common in heart than in kidney recipients (Opelz et al., 

1993). This led me to contact specialists at the eight cardiac transplant centres in 

the UK. Dr. Jayan Prameshwar at Papworth Hospital and Dr. Nick Banner at 

Harefield hospital reported two and six cases of AML/MDS, respectively (Table 4.4 

and 4.5).
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Table 4.4 Consultants contacted to enquire about post-azathioprine treatment AML.

Name Speciality Hospital AMUMDS after 
azathioprine AML/MDS after immunosuppressants Other malignancies after 

immunosuppression

Paul Sweny Nephrology Royal Free Hospital none none SSC and occasionally EBV- 
induced lymphomas

A E S  Gimson Hepatology Addenbrooke's Hospital - - -

Neil Turner Nephrology Royal Infirmary of Edinburgh, 
Transplantation Unit none none N/l

John Forsythe Transplant Surgery Royal Infirmary of Edinburgh, 
Transplantation Unit none none N/l

Peter Amlot Pathology Royal Free Hospital, London - - -
R M Bernstein Rheumatology Manchester Royal Infirmary - - -
Terence Gibson Rheumatology Guy’s Hospital, London none none N/l
Ian Chikanza Rheumatology Royal London Hospital - - -
Chandra Chattopadhyay Rheumatology Royal Preston Hospital - - -
J Isaacs Rheumatology Leeds General Infirmary none none rarely lymphomas and myelomas
Patrick Kiely Rheumatology St. George’s Hospital, London none none N/l
Mark Peakman Immunology King’s College Hospital N/l N/l N/l
John D Tayler General Surgery Guy’s Hospital - - -

A N Warrens Nephrology and 
Immunology Hammersmith Hospital none none lymphomas

mainly skin but occasional solid

Stephen Smith General Medicine Victoria Hospital, Lichfield none none organ and haematological 
malignancies, mainly EBV 

related lymphoma
Colin D Short Nephrology Manchester Royal Infirmary none none N/l

D Throssell Renal Medicine Northern General Hospital, 
Sheffield none none

a number of cases of lympho- 
proliferative disease in renal

transplant recipients
Antonio Pagliuca Haematology King’s College Hospital - -
Ghulam Mufti Haematology King’s College Hospital none none

t-MDS/AML after CTC and CIb for
post immunosuppression PTLDs

Jamie Cavenagh Haematology St Bartholomew's Hospital none immunosuppression include. 4 Wegener's 
syndrome patients who had only been treated 

with CTX

N/l

David D'Cruz one case of MDS after extensive treatment with
Rheumatology St. Thomas' Hospital none methotrexate and CTX (but debatable whether N/l

4̂Ol
MDS disease or treatment related)



Brian Bourke Rheumatology St. George’s Hospital, London - - -

John Tapson Nephrology Freeman Hospital, Newcastle none none N/l
Hisashi Yamada Haematology Jikei Hospital, Japan none none none
Leo Kinlen Epidemiology University of Oxford - - -

Brendan Madden Cardiothoracic
Medicine St. George’s Hospital, London none none N/l

Hannah Short Information Analyst UK Transplant none none none
Judith Marsh Haematology St. George’s Hospital, London none none none
Steve Nelson Haematology St. George’s Hospital, London - - -

J. Treleaven Leukaemia Royal Marsden, Sutton - - -

R. Powles Leukaemia Royal Marsden, Sutton - - -

Jayan Prameshwar

Jackson Wong

Andrew Murday

Nick Banner

Tony H Walker

Gareth Parry

J E. Deanfield

Judith Chessels 

Alison Leiper 

Sue Snowden

Gerhard Opelz

Cardiology

Cardiology

Cardiothoracic
Surgery

Cardiology

Cardiology

Cardiology

Cardiology

Haematology and 
Oncology 

Haematology

Nephrology

Collaborative 
Transplant Study

Cardiac Transplant Unit, 
Papworth Hospital

Cardiac Transplant Unit, 
Papworth Hospital 

Heart Transplant Unit, Royal 
Infirmary, Glasgow 

Heart Transplant Unit, Harefield 
Hospital 

Heart Transplant Unit, 
Wythenshawe Hospital 

Transplant Unit, Freeman 
Hospital, Newcastle 

Cardiothoracic Unit, Great 
Ormond Street Hospital

Great Ormond Street Hospital

Great Ormond Street Hospital

St. George's Hospital London

Institute of Immunology, 
University of Heidelberg

2 AML following either a heart or heart and lung transplant; tx)th on 
long term immunosuppression with Aza and Pred, one patient also

on CsA

none none

5 cases of AML/MDS (details in Table 4.6)

N/l

N/l

none

none

none

N/l

N/l

none

N/l

N/l

N/l

1 case of AML after 21 years of Aza + possibly other drugs Same patient also had lung
® cancer

Identified about 80 centres that had reported cases of post-transplant AML and contacted these to
_________________________ ask for samples for MSI analysis for us._________________________

N/l, no information; -, no reply; CTX, cyclophosmamide; Aza, azathioprine.



As a result of these enquiries I contacted Prof. Gerhard Opelz, the head of 

the Collaborative Transplant Study, who had previously reported a higher incidence 

of lymphoma in heart transplant recipients compared with kidney transplants (Opelz 

et al., 1993). By coincidence he had analysed the frequency of AML among organ 

transplant recipients using information from more that 300 transplant centres 

worldwide. His analysis provides the first unequivocal evidence that organ 

transplantation is associated with an increased risk of AML. These data are 

reproduced in Figure 4.8.A. The relative risk of AML among a total of 29,077 heart 

and/or iung transplant patients compared to control individuals matched for age, sex 

and geographical origin was 5.3 (p < 0.0001). The frequency of AML among 

141,749 cadaver kidney recipients was lower but was also significantly greater than 

in the controls (relative risk = 2.1; p < 0.0001) (Figure 4.8 .8). It is notable that the 

excess of AML was less marked in the first three to four years post-transplant and 

diverged sharply from the expected incidence thereafter. These findings establish 

organ transplantation/immunosuppression as a risk factor for AML/MDS. They also 

indicate that the relative risk is higher for cardiac than kidney transplants. This 

accords with my experiences and anecdotal evidence from the kidney transplant 

centres.

Gerhard Opelz contacted about 80 transplant centres that had reported at 

least one AML case. He sent a letter explaining this project, and asking for samples 

for MSI analysis. We received one sample from Prof. Dr. G. Kirste (Germany) (case 

A7) (Table 4.5). I also received material from 6 post transplant AML/MDS cases 

from Nick Banner and colleagues. Sue Snowden contacted the pathologist in charge 

of the samples from her patient, but the paraffin embedded tissue blocks had 

unfortunately been lost. The details on Dr. Banner’s patients can be found in Table 

4.5 (cases A1-6). For all 6 cases I received one or two blocks of a paraffin 

embedded bone marrow trephine, and one block of paraffin embedded explanted 

tissue (heart or lung). In cases A2 the two trephines had been taken at different 

times. From Prof. Dr. Kirste I received one block of paraffin embedded trephine, but 

no malignant tissue to be used as a control. The histopathologist Peter Maddox cut 

a number of 10pm sections of each block. These sections were used to extract 

genomic DNA as described in Chapter 2.
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Fig. 4.8 Incidence of AML in transplant recipients.
A  Heart and/or lung. Expected incidence in control subjects matched for age, sex, 
and geographical location is included for comparison. B. Cadaver kidney, n, patient 
numbers.
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Table 4.5 Details of patients.

Case
Number

Age at 
Diagnosis of 
AML/MDS

Type and 
year of 

transplant
Explant Histology Clinical details Alive/

dead BM aspirate findings Cytogenetics
Aza

treatment
(months)

Total
Aza

(mg/kg)
Other treatment

A1 68 OCT 1995 Coronary heart 
disease

Pancytopenia 
Jan 2002 A 01/02 Trilineage MDS 

(18% blasts)
Deletion of 6q 

&7q 14.7 275 Steroids FX506 
ATG

A2 62 SLT 1993 Fibrosing
alveolitis

Pancytopenia
1999 D

07/99 Trilineage MDS 
08/99 Trilineage MDS 

(7% blasts)

Deletion of 9q 
Absence of 21 74 554 CsA Steroids

A3

A4

A5

60

72

50

OCT 1995 

OCT 1986

HLT 1991

Dilated
cardiomyopathy

Coronary heart 
disease

Bronchiectasis

2/52 h/o gum 
hypertrophy 1999

Pancytopenia
1994

Unexplained
anaemia

D

D

A

06/99 AMML (M4Eo)

l)8 /94lÿpopi^ticM D S  
(10% blasts) 

04/95JfipS (26% blastsi 
11/85 Acquired 

sideroblastic anaemia 
(35% ring sideroblasts)

Deletion of 16q 
distal to q22 

5q-; 
monosomy 7 
and trisomy 8

No details

43.4

91.6

59.8

1696

3080

1325

CsA Steroids 
ATG

CsA Steroids 
TLI

CsA Steroids 
ATG

A6 59 SLT 1989
Alpha 1 

Antitrypsin 
deficiency

Pancytopenia D
Hypoplastic 

Trilineage dysplasia 
18% blasts

Complex 
karyotype 

Monosomy 5 
&7

132 2571

CsA
FK506

Steroids
TLI

A7 48 CK 1987/91 Glomerular
nephritis Leukocytosis D AML M4 No details 55 960 CsA Steroids

HLT, Heart/lung transplant; SLT, Single lung transplant; OCT, Cardiac transplant; CK, Cadaver kidney transplant; ATG, Anti-thymocyte 
globulin; TLI, total lymphoid irradiation.
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4.2.8 Microsatellite instability in transplant related AMUMDS

MSI was analyzed in the seven cases of AML or MDS from individuals 

who had undergone organ transplantation. Available treatment histories are 

presented in Table 4.5. There were three heart transplant recipients, one 

heart/lung, and two lung only. One patient had received a cadaver kidney. All had 

been treated with Aza, usually combined with CsA and steroids. Cytogenetic 

analysis at diagnosis revealed three examples of loss of all or part of 

chromosome 7 and two examples of loss of all or part of chromosome 5 - 

alterations that are common in alkylating agent-related AML/MDS in cancer 

patients (Leone et al., 1999). For the six patients (case A1 to 6) for whom a 

biopsy of the explanted tissue was available as a source of matched non-tumour 

DNA, the standard panel of microsatellites -  two mononucleotides Bat26 and 

Bat25, and three dinucleotides D2S123, D5S346 and D17S250 - (Boland et al., 

1998) was analyzed. Examples are shown in Figure 4.9 and the Appendix. The 

results are summarized in Table 4.6. Two or more microsatellites were altered in 

each of the five bone marrow samples that were compared at all loci. These meet 

the criteria for MSI.

1. Case A1 (Fig. 4.9.A) is unstable at three of the five markers. The length 

of the Bat25 marker amplified from the AML sample appeared to have 

increased by 3 bps. A second, smaller peak appeared besides the Bat26 

peak in the tumour compared to the normal sample. Both D2S123 and 

D5S346 are stable, which can be seen by the unchanged length of these 

markers. D 178250 is unstable.

2. Case AS (Fig. 4 .9 .8) was unstable at four of the five markers analysed. A 

second smaller peak appeared next to the main Bat26 peak of the AML 

sample. The Bat25 peak in the tumour sample has broadened by what 

appears to be a second peak. D2S123 is the only locus that is stable from 

this sample. Both D5S346 and the D173250 have broadened.

3. Case AS (Fig. 4 .9 .0 ) was unstable at two of the 5 loci analysed. Even 

though the Bat26 and Bat25 peaks obtained from AML and normal 

material look marginally different the width of the peaks did not change. 

They were hence scored as stable. D5S346 was also stable. Both 

D2S123 and D178250 were unstable. A smaller second peak appeared in
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the tumour D2S123 product. The tumour D17S250 peak seemed to have 

broadened due to two duplication events.

4. Cases A2, A3 and A4 (Appendix to Fig. 4.9) were unstable at all five 

markers analysed.

Bat26 is essentially monomorphic, with 96-98% of the population carrying 

the same allele. It has therefore been proposed for the detection of MSI in the 

absence of normal tissue (Perucho, 1999). Hartmann et al. showed that the use 

of the three mononucleotide markers Bat25, Bat26 and Bat40 resulted in 100% 

detection of MSF tumours in urinary tract carcinomas (Hartmann et al., 2002). 

The mononucleotide length in the AML samples was compared to blood donor 

samples as normal controls. Bat26 has the same length in nine blood donor 

samples tested confirming it being monomorphic (Fig. 4.10). The length of Bat25 

on the other hand seems to vary by one base (Appendix). Comparing it to the 

blood donor samples case A7 appeared unstable. The Bat26 marker has 

obtained a second smaller peak and the main peak has shifted slightly to the 

right, indicating a shortening of the microsatellite (Fig. 4.10). The Bat25 

microsatellite of case A7 has both broadened and shifted to the left by about four 

bases compared to the blood donors (Appendix to Fig. 4.10). As this difference is 

larger than the variation observed among the blood donors, this marker was also 

scored unstable. Case A7 was therefore designated MSF (Table 4.6).

Table 4.6 Microsatellite Instability in MDS/AML cases.

Case Number BAT26 BAT25 D2S123 D5S346 D17S250
Al + + - - +
A2 + + + +/LOH +
A3 + + + + +
A4 + + + + +
AS + + - + +
A6 - - + - +
A7 + +

+, Unstable; -, Stable; LOH, Loss of heterozygosity; N/D, not determined.

Thus, all seven transplant-related AML/MDS cases analysed were MSF. 

Although this is a small number of patients, the findings suggest that a large 

proportion of organ transplant related AML/MDS cases may be defective in MMR.
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A. Case A1

Bat26 Bat25

Tumour

Normal

D2S123 D5S346 D17S250

Tumour

Normal

Fig. 4.9 Microsatellite instability in transplant-related AML/MDS (cases A1-6).
Examples of MSI in three AML/MDS cases (Patients A1 {A}, A5 (B) & A6 (6) ) are shown. 
DNA recovered from paraffin blocks of bone marrow (tumour) or explanted tissue (normal) 
was amplified at the indicated microsatellites. Stable loci are designated (*). Case A6 was 
analysed by Karen Gascoigne and Peter O'Donavan.
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6. Case A5

Tumour Tumour

Normal Normal

Bat26 Bat25

Tumour * Tumour Tumour

Normal Normal Normal

D2S123 D5S346 D17S250
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C. Case A6

Bat26 Bat25

Tumour

Normal

D2S123 D5S346 D17S250

Tumour

...̂ UIAiUUaJLL
Normal
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Bat26 Bat26

BD1 BD7

BD2

BD3

BD4

BD8

BD9

case A 7

BD5

BD6

Fig. 4.10 Microsatellite instability in transplant-related AML/MDS (case A7).
Examples of MSI in nine blood donors (BD1-9) and one AML bone marrow samples 
(Patients A7) are shown. The blood donor DNA had been obtained from Ida Casorelli 
(Chapter 3). DNA recovered from paraffin blocks of bone marrow (case A7) and blood 
donor DNA was amplified at Bat26. As Bat26 is monomorphic blood donor DNA was 
used as a normal control.
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4.3. Discussion
4.3 .1 M M R  clonal variants ofA2780 resistant to 6-TG and MNU

This study showed that chronic treatment with 6-TG selects for MMR  

defective variants from a population of repair proficient human cells. The 

carcinoma A2780 cell line contains a preexisting hMLH1 deficient cell population 

that has a mutated p53  gene (Aquilina et al., 2000). To avoid isolating subclones 

from this preexisting subpopulation, A2780-SCA (p53^, hMLH1*), was isolated by 

single cell cloning. All 6-TG resistant A2780 subclones obtained were cross- 

resistant to MNU and h M L H f. This probably reflects the tendency of A2780 cells 

to silence hMLH1 (Strathdee et al., 1999) and need not implicate hM LH 1  

silencing in transplant-related AML/MDS. Indeed, hMLH1 promoter méthylation is 

infrequent in chemotherapy-related MSI" AML/MDS (Chapter 3 and (Sheikhha et 

al., 2002)).

A2780-MNÜCI1 (Fig. 4.3 and 4.4) was used as a positive control in the 

drug sensitivity assays. This subclone, which is probably a representative of the 

subpopulation described above, is hM LH V  and is also deficient in the p53- 

dependent response to DNA damaging agents. This loss of p53 function could 

explain the 2-fold higher MNU resistance of A2780-MNUcl1 than A2780-JA5-3 

and -JA8-3. The p53-dependent DNA damage response was not tested in 

A2780-JA5-3 and -JA8-3 due time limitations, but it seems unlikely that they 

would have acquired a p53 as well as an MMR defect.

Transplant patients are treated with a combination of drugs. I tested the 

sensitivity of the isolated clones to CsA and Pred. Loss of MMR did not 

detectably alter the toxicity of either drug and it seems unlikely that CsA or Pred 

play an important role in the development of MSI" post-transplant AML/MDS. 

Although immunosuppression might contribute to AML/MDS simply by providing 

a permissive environment for the clonal expansion of altered cells, this does not 

provide a ready explanation for the high frequency of MSI.

Most immunosuppressed patients are treated with Aza, which is 

converted to 6-MP. My MMR defective clones, however, were isolated with 6-TG. 

These two drugs are metabolized slightly differently. Méthylation of 6-MP and 6- 

TG bases by TPM T is inactivating, producing S-m ethyl-thioinosine-5’- 

monophosphate (M eTIM P) and S-methyl-thioguanosine-5’-monophosphate 

(M eTGMP), respectively (Fig. 1.7). TPMT thereby removes 6-MP and 6-TG
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nucleotides from the pool of bases to be incorporated into DNA. It has been 

suggested however, that the production of MeTIMP nucleotides may contribute to 

the antiproliferative properties of the 6-MP through inhibition of de novo purine 

synthesis, whereas 6-TG is inactivated by TPMT (Dervieux et al., 2001). As these 

experiments were carried out in MMR' cell lines (for example CCRF-CEM) (Gu et 

al., 2002) the results obtained by the authors are not likely to reflect treatment of 

a normal, MMR proficient individual. To ensure that the difference in sensitivity 

between MMR deficient and proficient cells is the same for 6-TG and 6-MP, the 

effect of 6-MP on A2780-SCA, -JA5-3, -JA6-3, and -M NUcll was determined. 

The MMR' clones were found to be almost equally resistant to 6-MP and to 6-TG. 

Aza and 6-MP treatment is therefore likely to exert the same selective pressure 

on cells as 6-TG.

4.3.2 AML after organ transplants

To investigate the possible link between thiopurine treatment, MMR and 

AML I contacted British clinicians to enquire if they had previously treated a 

patient with post-immunosuppression AML. In the case of a positive reply I asked 

if I could obtain some material for my study. These enquiries gave me the 

impression that the incidence of AML was much higher after heart/lung 

transplants than after kidney transplants or treatment for autoimmune diseases. 

This was confirmed by Gerhard Opelz (Collaborative Transplant Study). He 

provides evidence that the relative risk of AML after heart/kidney transplants is 

more than 5 and after kidney transplants more than 2. The reason for the 

difference in incidence of AML after heart/lung and kidney transplants is not 

clear. However, diagnostic and therapeutic radiation is also a potential risk factor 

for t-AML/MDS and thoracic organ transplant patients generally receive more 

radiation than kidney recipients.

The incidence of AML after both types of transplantation increases quite 

dramatically after three to four years post-transplant. This apparent lag period 

distinguishes AML from the more common transplant-related non-Hodgkin 

lymphomas, the majority of which occur within the first two years (Opelz et al., 

1993). This suggests that these secondary malignancies develop by different 

mechanisms. However, a second type of post-transplant lymphoproliferative 

disorders (PTLDs) that arise several years after the transplant, exist. It has been 

suggested that late onset PTLDs may be pathologically different from PTLDs
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arising earlier (Randhawa et al., 1989). This is supported by Larson et al. who 

found MSI only among cases of late onset PTLD (two cases). This lag-period and 

loss of MMR indicates that the development of these two cases late onset PTLD 

might be similar to the development of post-transplant AML.

4.3.3 Microsatellite instability in transDlant-related AMUMDS

I obtained material from 7 post-transplant AML/MDS cases. Six of these 

cases were obtained from Harefield hospital, whereas case A7 was obtained 

through the help of Gerhard Opelz. The clinical information on these patients 

provided two things of interest. Three of the six thoracic transplant AML/MDS  

cases for which cytogenetic data were available had chromosome 5/7  

involvement (Table 4.5). These changes are common in alkylating agent induced 

AML. This high incidence of chromosome 5/7 involvement reflects the frequency 

among the case reports summarised in Table 4.7 (Appendix). I also noticed that 

the majority of the cases (5 of 6 cases) obtained from Harefield hospital were not 

actually AML but MDS. As the letter that Gerhard Opelz wrote to all transplant 

centres only asked about AML and not MDS cases, we might have been able to 

obtain more material if we had requested AML and MDS. We are considering this 

option.

Microsatellite analysis of the transplant-related AML/MDS cases showed 

that all seven cases were unstable. Until now, apart from de novo AML in elderly 

patients (Das-Gupta et al., 2001), MSI AML/MDS was largely confined to cases 

secondary to alkylating agent treatment (Chapter 3). Thiopurines and alkylating 

agents are linked by a shared ability to produce DNA damage that interacts with 

MMR, and the cross-resistance of MMR deficient cells to both types of drug is 

well established. In addition to the high frequency of MSI, alkylation- and 

immunosuppression-related AML/MDS share other features that are consistent 

with a common etiology. For example, loss of all or part of chromosome 5 and/or 

7 is both common in AML/MDS secondary to immunosuppression (Tables 4.5  

and 4 .7 ) and alkylating agent (Leone et al., 1999). Alkylating agents and 

thiopurines also share a dose-limiting myelotoxicity (Cummins et al., 1996; 

Lennard et al., 1989). The data obtained here and the similarity between 

alkylation- and immunosuppression-related AML/MDS are all consistent with 

common steps in the developments of both malignancies.
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4.4 Conclusion
My data show that thiopurines may contribute significantly to 

leukaemogenesis in organ transplant recipients. There are preliminary data to 

indicate that the incidence of AML after transplantation may be Aza dose 

dependent (Gerhard Opelz, personal communication). It therefore seems likely 

that low TPMT activity due to a polymorphism could increase the risk of AML. A 

less efficient metabolic inactivation would result in a higher effective dose and 

therefore more 6-TG being incorporated into DNA. Children diagnosed with t- 

AML/MDS after treatment with 6-MP had lower TPMT activities compared to the 

remaining patients on the treatment (Thomsen et al., 1999). Pre-treatment testing 

for T P M T  polymorphisms is being debated at the moment because of life- 

threatening toxicity in high-risk patients with polymorphisms in both copies of the 

gene (Marshall, 2003). These tests, however, could also benefit patients that 

have a lower risk of life-threatening complications but might have a higher risk of 

developing t-AML/MDS.
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Chapter 5 : Results III

Mutations at mononucleotide repeats in target genes in M S r human 
cell lines and t-AML

5.1 Introduction
MMR defective (MST) tumours are highly genetically unstable. They 

accumulate frameshift mutations in coding sequences, which result in most cases 

in truncated and/or inactive proteins. For example, Caspase 5 (Casp-5) 

(discussed in more details below) was shown to accumulate frameshift mutations 

in M S r tumours (Schwartz et al., 1999).

Frameshift-like mutations in intronic polynucleotide repeats close to splice 

sites can affect RNA splicing. These mutations could lead to exon skipping which 

can result in premature stop-codons or inactive proteins. For example, 

addition/deletion mutations in one of the introns of Mre11  (discussed in more 

detail below) was shown to cause exon skipping. The list of genes containing 

coding repeat sequences that are found mutated in MSF tumours is increasing 

constantly (also discussed in Section 1.5.1).

To identify potential target genes in the development of MSF t-AML genes 

known to be mutated in tumours at other sites, and newly identified potential 

target genes were analysed. A number of known target genes was analysed by 

Ida Casorelli in the chemotherapy related AML samples (Table 5.1).

Table 5.1 Potential target genes for frameshift mutations analysed by Ida 
Casorelli.

Gene function type of repeat location
Bax promotes apoptosis (G)8 _ exon 3

TGFpRII tumour suppressor (A)10 exon 3
BRCA1 (A)8 exon 9

BLM ....... (A)^ _ exon 6
ATM genome integrity (T)7 exon 5

RAD50 (A)9 exon 13
M rell (T)11 intron 4/5

I examined the sequences of genes known to be involved in 

leukaemogenesis or haematopoiesis for the presence of small mono- or 

dinucleotide repeats. Table 5.2 lists the genes I identified as potential targets in t-
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AML development. Mre11 (discussed below) was included in this analysis as a 

control.

Table 5.2 Potential target genes for frameshift mutations in MMR defective cell 
lines.

gene function type of repeat location
Caspase 5 apoptosis/inflammation (A)10_ exon 2

Fas apoptosis (T)9 intron 4/5
Fits haematopoiesis (T)10 intron 10/11
Rb

FancD2
jynipur suppressor i m _____

(T)10
__intron 6/7

intron 5/6
FancE
FancG

genome integrity (0)7
(TG)5

exon 4 
intron 3/4

Chkl (A)9 exon 7
The repeats are also described in Figures 5.1, 5.2 and 5.3.

These genes can be divided into two categories: genes that have been found to 

be involved in tumourigenesis in general, and genes which are important for 

haematological development or thought to be involved in leukaemogenesis.

Genes involved in general tumourigenesis:

1. The Mre11 protein is part of the Rad50-Mre11-NBS1 complex which is 

essential for a normal cellular response to DSBs (reviewed in (Thompson 

and Schild, 2002)). M rel 1 is thought to be required for DSB repair and 

cell cycle checkpoint signalling (discussed in Chapter 1). Recently 

mutations in the Mre11 gene were identified in four patients described as 

having the cancer predisposition syndrome "ataxia telangiectasia-like 

disorder' (ATLD). Giannini and co-workers identified mutations of an 

intronic poly(T)11 repeat in the human M RE11  gene in MMR defective 

cell lines and colon tumours. These mutations resulted in aberrant 

splicing, giving rise to a truncated, unstable transcript (Giannini et al., 

2002). This is the first and, as far as I am aware, the only example of an 

intronic mutational target in MSF cells leading to a splice defect that 

affects protein function.

2. Casp-5  was first identified as a target for frameshift mutations in MSF  

tumours of the endometrium, colon and stomach by Schwartz et al. 

(Schwartz et al., 1999). Members of the caspase family of proteases are
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involved in apoptosis, and in immune and inflammatory responses. Casp- 

5 is thought to act in an inflammatory context, but its exact function has 

not been determined (Creagh et al., 2003). Exon 2 contains a (A) 10 

repeat (Fig. 5 .3 .8 ) that has been shown to be mutated in M S r colon, 

stomach and endometrial tumours, and cell lines (Schwartz et al., 1999).

3. C h k l is required for multiple DNA damage checkpoints (reviewed by 

(Melo and Toczyski, 2002; Shiloh, 2001). Chkl is, for example, 

phosphorylated by ATR in response to UV and IR damage. This leads to 

activation of the G2/M checkpoint, which inhibits cell cycle progression. 

Exon 7 of the Chkl gene contains two poly(A) repeats, one nine and one 

seven nucleotides long (Fig 5.1.D).

4. The Fas protein (CD95) is a member of the tumour necrosis factor (TNF) 

superfamily. It is involved in initiating the apoptotic cell signalling cascade 

by activating members of the caspase family. Fas expression is up- 

regulated by cytokines such as interferon^ and TNF, and Fas-mediated 

apoptosis is triggered by its natural ligand, FasL. Loss of Fas function 

occurs frequently during human tumour progression (Reichmann, 2002). 

Intron 4/5 of the Fas  gene contains a (T)9 that is separated from the 

splice acceptor site by two bases (Fig. 5.1.0).

5. The retinoblastoma-susceptibility gene {Rb) is a tumour suppressor gene. 

The Rb protein interacts with the E2F family of transcription factors 

causing the repression of genes that are required for DNA synthesis. This 

leads to an inhibition of cell growth. Hence, the inactivation of Rb is a 

prerequisite for cell proliferation. Loss of Rb function occurs in many 

tumour types, and can be due to either promoter méthylation or mutation 

(Chau and Wang, 2003). Mutations in genes that are part of the ‘Rb 

pathway' occur so frequently that it has been proposed that disabling this 

pathway may be essential for cancer development (Sherr and 

McCormick, 2002). Intron 6/7 of the Rb  gene contains a (T)9 repeat 

separated from the splice acceptor site by one base (Fig. 5.1.D).
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Genes involved in haematopoiesis:

6. Mutations in the FMS-like tyrosine kinase 3 {Flt3) gene have been found 

to be the most common genetic event in AML, occurring in ~25% of cases 

(reviewed in (Levis and Small, 2003; Stirewalt and Radich, 2003)). Flt3 

encodes a membrane-bound receptor tyrosine kinase that has a crucial 

role in normal haematopoiesis. This kinase is involved in the proliferation, 

differentiation and apoptosis of haematopoietic cells. Flt3 is normally 

expressed mainly in early myeloid and lymphoid progenitor cells. Binding 

of Flt3 ligand (Flt3L), produced by many haematopoietic cells, promotes 

dimerization and activation of Flt3. The most common form of Flt3 

mutations is an internal tandem duplication (ITD) in exons 14 and 15. 

Point mutations in heavily conserved areas of the intracellular tyrosine 

kinase domain are also common. Intron 10/11 of the Flt3 gene contains a 

(T)11 repeat that precedes the splice acceptor site (Fig 5.1.E).

7. The Fanconi anaemia pathway is discussed in more detail in Chapter 1. 

Disruption of this pathway leads to the characteristic cellular and clinical 

abnormalities observed in FA. One feature of FA is a high incidence of 

AML (Alter, 2003; D'Andrea and Grompe, 2003). Interestingly, cytogenetic 

abnormalities similar to those found in patients with t-AML occur 

frequently among FA associated AML. These abnormalities include 5q-, 

monosomy 7, 7q-. Abnormalities of chromosome 7 are particularly 

common (Lensch et al., 1999). Intron 5/6 of the FancD2  gene contains a 

(T)10 repeat two bases 5' of the splice site (Fig. 5.3.A). Exon 4 of FancF  

contains a (0 )7  repeat (Fig. 5.2.A). Intron 10/11 of F an cG  contains a 

(TG)5 repeat 10 bases upstream of the splice site (Fig. 5.2.6).

Part of the work in this chapter (as indicated) was carried out by Karen 

Gascoigne, a summer student in the laboratory, under my supervision.
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MS-PCR primers

A  M re ll 124 bo ^

I exon 4........|- ....(T )nA A G --| exon 5 I

6. Chkl 173 bp ^

I exon 6 I — —I   GG(A)hG(A)qCA GGÇAlyTC  |— —| exon 8 I

205 bp ^

I exon 4 |- ....(T)qCTAG--| exon 5 I

336 bp ^

I exon 6 |- ..... (T)qC A G -| exon? I

£Flt33 402 bp ^

I exon 10 |- ....(T)ioCAG--1 exon 11 I

F. Cbfp  ^  484 bp ^ _

 - |st5p:;:...AG(T)« CA(T)^aA(T)„GT. .nA(T)^G(T)^.....TTTCj[T),^.:...:i

6.

«- O  Ü)

<
Ü(/) CD o  ^  ^

CM h -

m x Q : ( O Q i t n < ^ a D X _ i Q x a : ^ o < Q w < Q : m ^

Fas
Chk1
Mre11

Fig. 5.1 Schematic representation of the amplified genomic region of assayed 
target genes and example of multiplex PCR.
AG splicing signals are highlighted in bold. Primers used to amplify the region 
containing the poly-T stretch are indicated by blue arrows. The nucleotide repeat 
of interest is highlighted in red and bold. A. M re ll. B. Chkl. C. Fas. D. Rb. E. Flt3. 
F. Cbfp (was not analysed further). G. Multiplex PCR of all 5 gene target 
sequences from tumour cell line DNA. The PCR was performed as described in 
Chapter 2, the products separated on a 2% agarose gel and visualised under UV 
light.
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MS-PCR primers

A  FancE

I exon 3 I- .
 ^  160 bp ^ __

I  atg(C)7AGT..... f ~ --1 exon 5

B. FancG

exon 10
358 bp ^

(TG) JATACTCTACAG-I exon 11

CMultiplex PCR example

c
<0

2
o

lO
< 2
Ü 111
to Ü
Ô LL

X CO 01
LU CN Ü
X < Ü

o m CN

I
CD

FancG
Control
FancE

Fig. 5.2 Schematic representation of the amplified genomic region of 
assayed target genes and example of multiplex PCR.
AG splicing signals are highlighted in bold. Primers used to amplify the 
region containing the poly-T stretch are indicated by blue arrows. The 
nucleotide repeat of interest is highlighted in red and bold. A. Fanconi 
anaemia complementation group E (FancE). B. Fanconi anaemia 
complementation group G (FancG). C. Example of multiplex PCR of both 
Fanconi gene target sequences. A region downstream of the FancF served 
as a control. The PCR was performed as described in Chapter 2, the 
products separated on a 2% agarose gel and visualised under UV light.
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A  FancD2

exon 5

MS-PCR primers 

► 301 bp

.(T)3C(T)ioACAG--[ exon 6 |- .....C(T)fiAG-r exon 7

RT-PCR primers ^ 

.(T)^AG-r"  exon 8 I - ..... -  I exon 9

B. CaspS 

I exon 1 I
141 bp 

.CAC(A),nCAG. exon 3
exon 8 skipped 

=> premature stop-codon 
in exon 9

C Example multiplex PCR

I  c -  I CO 0:
O  LU

O ' m

FancD2

Fig. 5.3 Schematic representation of the amplified 
genomic region of assayed target genes and 
example of multiplex PCR.
AG splicing signals are highlighted in bold. Primers 
used to amplify the region containing the poly-T 
stretch are indicated by blue arrows. The nucleotide 
repeat of interest is highlighted in red and bold. A. 
Fanconi anaemia complementation group D2 
(FancD2). Primers used to amplify the gene 
transcript from exon 5 to exon 9 by RT-PCR are 
indicated by black arrows. In some cases exon 8 
was skipped as indicated. B. Caspase-5 (Casp-5). 
C. Example of multiplex PCR of both target gene 
sequnces. The PCR was performed as described in 
Chapter 2, the products separated on a 2% agarose 
gel and visualised under UV light.



5.2 Results
5.2.1 Mre11 analysis of chemotherapy-related AML samples

M r e l l  was the only one of seven putative target genes mutated in the 

chemotherapy-related AML cases (Ida Casorelli) (Table 5.3). There were three 

examples of a single nucleotide deletion in the (T)11 tract of M re ll.  The mutation 

was heterozygous in two cases (3 and 7) and homozygous in case 21. This 

suggests that M r e ll  might be a particular target for inactivation in M S r t- 

AML/MDS.

Table 5.3 Target gene analysis of t-AL/MDS cases by Ida Casorelli.

Gene function type of repeat location mutation frequency
Bax promotes apoptosis (G)8 0/25

TGFpRII tumour suppressor (A)10 0/25
BRCA1 (A)8 _ 0/25

BLM (A)9 0/25
ATM genome integrity (TJ7 0/25

RAD50 (A)9 0/25
Mrell (T)11 3/25 (12%)

These mononucleotide repeat lengths were analysed by direct sequencing.

5.3.2 Genescan analysis of target repeats

The gene sequences in Table  5 .2  w ere obtained from  

http://www.ensembl.org. They all contain repeat sequences longer than eight 

bases. Base insertions and deletions in long microsatellites (>20 bases) can be 

detected by PCR with fluorescent primers. First I determined whether this method 

might be adapted to analyse these shorter repeats. Each of the potential target 

repeats described in Table 5.2 was amplified by PCR using fluorescently labelled 

primers. These PCR products were analysed at the Cancer Research UK LRI 

Equipment Park either on an ABI Prism 377 sequencer or an ABI Prism 3100 

capillary system. The data obtained was analysed using the GeneScan analysis

3.1.2 software. The primers were designed so that PCR analysis would result in 

fragments of different length, enabling amplification by three multiplex PCR  

reactions. Multiplex PCR analysis is advantageous when working with clinical 

samples as it reduces the amount of material required. The repeats in Fas, Rb, 

Fits and C hkl were amplified in one multiplex PCR (Fig. 5 .1.G). M r e l l  - mutated 

in the chemotherapy-related AML - was included in this PCR assay as a control. 

The 3' untranslated region (3'-UTR) of the core binding factor subunit beta {Cbfp>) 

which contains three poly(T) repeats was also amplified in this PCR. This was not
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analysed further because the PCR product was too long to be analysed on the 

system as it was set up for the other, shorter PCR products. Adjusting the system 

would have been prohibitively expensive. Casp-S and FancD2  (Fig. 5.3.C), and 

F a n c E  and FancG  (Fig. 5 .2 .C) were amplified as separate multiplex PCR  

reactions. A 207 bp long DNA fragment situated downstream of the FancF gene 

was amplified as an internal control.

5.2.3 Target aene analysis of MMR proficient and deficient tumour cell lines

To investigate whether the putative targets could be mutated in a MMR 

defective genetic background I first analysed a panel of MMR proficient and 

deficient tumour cell lines (Table 5.4). The series included six MMR proficient and 

fourteen deficient lines. They are described in more detail in Table 2.1. Examples 

of these PCR assays are shown in Figures 5.1.G, 5 .3 .0  and 5 .2 .0 . To ensure 

that this method of analysis is accurate the C asp-5/FancD 2  genotypes were 

confirmed by direct sequencing. The sequencing data was analysed using 

Sequencer 4.1 software. Examples of both types of analysis of the Casp-5 repeat 

are shown in Fig. 5.4. This comparison shows that both genotyping and direct 

sequencing leads to the same results. Genotyping of both Raji and Jurkat 

resulted in one peak only (Fig.5.4.A), which is reflected by one single sequencing 

trace (Fig. 5.4.8). In the cases where more than one peak was obtained from 

genotyping, sequencing resulted in two overlaying traces. Genotyping of SW48 

DNA, for example, gave rise to two peaks, the shorter one for (A)9 and the 

second one for (A)10 (Fig.5.4.A). These two genotypes resulted in two 

sequencing traces, which overlapped until the ninth A (Fig. 5.4.8). After the ninth 

A the (A)9 trace reads CAGTT. The (A) 10 trace carries on with one more T and 

then CAGTT. These two overlaying traces cannot be read accurately by the 

Sequencer 4.1 software and result in the sequence CNGNTA. The (A)9 peak is 

slightly higher than the (A)10 peak, which is reflected by the fact that the peaks of 

(A)9 trace are also slightly higher than the peaks of the (A) 10 trace. Since these 

and other data confirm that the two methods produce identical results, 

genotyping was used to analyse the other putative target genes.

Examples of the repeat length analysis of the other genes are shown in 

Fig. 5.5. The results of this analysis are summarised in Table 5.4.
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A. Casp-5 
(A) 10

8.

Raji

SW48

C C A C A A A  A A A A A A N C A G T  T A  A
C CflCflflflflflfinflflNCflGTTflfl

C C A  C: f l  A A A A A A A A C M G M T A  

CCflCflflflflflflnflfiCNGNTfln, n n n, n n n ,n, n n n

Fig. 5.4 Casp-5 repeat analysis of 
tumour cell lines.
All samples were assayed both 
by genotyping (A.) and genomic 
sequencing (8 .). Examples of 
Raji, SW 48 and Jurkat analysis 
are shown. The results obtained 
are summarised in Table 5.4.

Jurkat
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A. Mrel 1 
(T)11

Raji

HeLa

Jurkat

SW48

HCT116

LoVo

DLD-1

Chkl
(A)9/(A)7

Fas
(T)9

Rb
(T)9

Fits
(T)10

Casp-5
(A)10

B. FancE 
(07

Raji

REH

CEM

DU 145

Heel A

HeLa

Jurkat

FancG
(TG)5

Fig. 5.5 Examples of target gene analysis of repeats in Mre11, Chk1, Fas, Rb, Flt3, Caspase-5 (A), FancE and FancG (B).



Table 5.4 Target gene analysis of MMR proficient and deficient cell lines.

Cell Line MMR Mre11 (T)11 
alleles

Chk1 (A)9 + 
(A)7 alleles

Fas (T)9 
alleles

FLT3 (T)10 
alleles

Caspase 5 
(A) alleles

FancD2 (T)10 
alleles

FancE
(C)7
alleles

FancG
(TG)5
allele

Rb (T)9 
alleles

HeLa + (T)11 (A)9 + (A)7 (T)9 (T)10 (A)10 (T)8/(T)10 (C)7 (TG)5 (T)9
Raji + (T)11 (A)9 + (A)7 (T)9 (T)10 (A)10 (T)8/(T)10 (C)7 (TG)5 (T)9
SW480 + (T)11 (A)9 + (A)7 (T)9 (T)10 (A)10 (T)10 (C)7 (TG)5 (T)9
Ramos + (T)11 (A)9 + (A)7 (T)9 (T)10 (A)10 (T)10 (C)7 (TG)5 (T)9
BL2 + (T)11 (A)9 + (A)7 (T)9 (T)10 (A)10 (T)10 (C)7 (TG)5 (T)9
/V2780-SCA + (T)11 (A)9 + (A)7 (T)9 m io N/D (T)8/(T)10 (C)7 (TG)5 (T)9
Jurkat - (T)9/(T)11 (A)9 + (A)7 (T)9 (T)9/(T)10 (A)9 (T)9/(T)10 (C)7 (TG)5 (T)9
SW48 - (T)10 (A)9 + (A)7 (T)9 (T)9/(T)10 (A)9/(A)10 (T)10/(T)11 (C)7 (TG)5 (T)9
HCT116 - (T)9/(T)10 (A)9 + (A)7 (T)9 (T)10 (A)9/(A)10 (T)10/(T)11 (C)7 (TG)5 (T)9
LoVo - (T)10 (A)9 + (A)7 (T)9 (T)9/(T)10 (A)9/(A)10 (T)10 (C)7 (TG)5 (T)9
DLD1 - (T)9/(T)11 (A)9 + (A)7 (T)9 (T)9/(T)10 (A)9/(A)10 (T)8/(T)10 (C)7 (TG)5 (T)9
Hec1A - (T)10/(T)11 (A)9 + (A)7 (T)9 (T)10 A)10 (T)10 (C)7 (TG)5 (T)9
REH - (T)11 (A)9 + (A)7 (T)9 (T)10 A)10 (T)10/(T)11 (C)7 (TG)5 (T)9
Molt4 - (T)10/(T)11 (A)9 + (A)7 (T)9 (T)10 (A)9/(A)10 (T)8 (C)7 (TG)5 (T)9
CCRF-CEM - (T)10/(T)11 (A)9 + (A)7 (T)9 (T)10 (A)9 (T)10 (C)7 (TG)5 (T)9
AN3CA - (T)9 (A)9 + (A)7 (T)9 (T)9/(T)10 (A)10 (T)8 (C)7 (TG)5 (T)9
DU145 - (T)9/(T)10/(T)11 (A)9 + (A)7 (T)9 (T)10 (A)9/(A)10 (T)10 (C)7 (TG)5 (T)9
SK0V3 - (T)11 (A)9 + (A)7 (T)9 (T)10 A)10 (T)8/(T)10 (C)7 (TG)5 (T)9
A2780-MNUcl1 - (T)10/(T)12 (A)9 + (A)7 (T)9 (T)10 N/D (T)8/(T)10 (C)7 (TG)5 (T)9
RajiF12 - (T)11 (A)9 + (A)7 (T)9 (T)10 N/D (T)8/(T)10 (C)7 (TG)5 (T)9
The lengths of the different mono- and dinucleotide repeat were analysed as described in chapter 2. N/D, not determined.



1. C a s p - 5  and M r e l l  were confirmed as targets for insertion/deletion 

mutations in a MMR defective background. The Mre11 (T)11 repeat was 

mutated in nearly all MMR defective cell lines apart from REH, SK 0V3 and 

RajiF12. Jurkat, DLD1, Hec1A, Molt4, CCRF-CEM and DU145 retained one 

wt copy of the gene. No repeat length changes were observed in the MMR 

proficient cell lines. Caspase-5 was not mutated in the MMR defective cell 

lines N e d  A, REH, AN3CA and SK0V3, but the (A)10 repeat was shortened 

by one base in one copy of the gene in SW48, HCT116, LoVo, DLD1, Molt4 

and DU 145. The second copy remained at wt length. Both copies were 

mutated to (A)9 in Jurkat and CCRF-CEM.

2. C h k l ,  Fas, Rb, F an cE  and FancG  were not targets for insertion/deletion 

mutations in the MMR defective cell lines analysed.

3. Fits was identified as a new target for frameshift-like mutations in a MMR 

defective background. Changes in the length of the repeat were observed in 

Jurkat, SW48, LoVo, DLD1 and AN3CA as a second peak in the analysis. 

These changes were all heterozygous for a -1  deletion suggesting that a 

functional copy of the gene might be required for cell viability.

5.2.4 Target aene analysis of t-AML samples

To examine whether any of these putative target sequences were altered in 

M S r t-AML both chemotherapy- and organ transplant-related samples were 

analysed. Table 5.5 summarises the data.

Casp-5  was identified as a target in t-AML. Three chemotherapy-related 

(cases 2, 8 and 23) and two transplant-related (A2 and A3) AMLs were 

heterozygous for a one bp deletion (Tables 5.5.A and B). Thus the frequency of 

Caspase-5 frameshift mutations is approximately 30% (6/20) (Table 5.5.0).

Only nine chemotherapy related AML samples were analysed for mutations 

in Fas, Flt3, Rb  and Chk1. Mre11  was reanalyzed as a control (Table 5.5.A). As 

Fas, Rb and Chk1 were not mutated in the nine t-AML cases and the MMR deficient 

cell lines the analysis was not extended further. The transplant related AML samples 

were not analysed due to lack of time. It seems unlikely, however, that Fas, Rb and 

Chk1 are targets MSF t-AML (Table 5 .5 .0 ). Flt3  was not mutated in the AML

172



samples assayed, but due to time constraints the analysis was not extended to all 

samples. This gene was identified as a potential target in M S r cell lines, however. It 

would seem appropriate to investigate more M S r AMLs for changes in Flt3.

Table 5.5 Target gene analysis of AML samples.

A. Target gene analysis of chemotherapy related AML samples.

AML sample MSI Casp-5 Fas Fits Rb Cheki M rell
1 - (A)10 N/D N/D N/D N/D N/D
2 + (A)9/(A)10 N/D N/D N/D N/D N/D
3 + (A)10 N/D N/D N/D N/D N/D
4 + N/D N/D N/D N/D N/D N/D
5 + (A)10 N/D N/D N/D N/D N/D
6 + (A)10 N/D N/D N/D N/D N/D
7 + (A)10 N/D N/D N/D N/D N/D
8 - (A)9/(A)10 N/D N/D N/D N/D N/D
9 + (A)10 N/D N/D N/D N/D N/D
10 - (A)10 N/D N/D N/D N/D N/D
11 - (A)10 N/D N/D N/D N/D N/D
12 + (A)10 N/D N/D N/D N/D N/D
13 + (A)10 N/D N/D N/D N/D N/D
14 - (A)10 N/D N/D N/D N/D N/D
15 + N/D N/D N/D N/D N/D N/D
16 + N/D N/D N/D N/D N/D N/D
17 + (A)10 (T)9 (T)10 (T)9 (A)9 (T)11
18 + (A)10 (T)9 (T)10 (T)9 (A)9 N/D
19 - n/d (T)9 (T)10 (T)9 (A)9 (T)11
20 + (A)10 (T)9 (T)10 (T)9 (A)9 (T)11
21 + (A)10 (T)9 (T)10 (T)9 (A)9 N/D
22 - N/D (T)9 N/D N/D (A)9 N/D
23 + (A)9/(A)10 (T)9 (T)10 (T)9 (A)9 (T)11
24 - (A)10 (T)9 (T)10 (T)9 (A)9 (T)11
25 - (A)10 (T)9 N/D (T)9 N/D (T)11

N/D, not determined.

B. Target gene analysis of transplant related AML samples.

AML sample Tissue Casp-5
Ala BM (A)10
Alb Heart (A)10
A2a BM1 (A)9/(A)10
A2b BM2 (A)9/(A)10
A2c Lung (A)10
A3a BM (A)9/(A)10
A3b Heart (A)10
A4a BM (A)10
A4b Heart (A)10
A5a BM (A)10
A5b Heart/Lung (A)10
A6a BM N/D
A6b Lung N/D
A7 BM (A)10

BM, bone marrow.
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c. Summary of frameshift target gene analysis of t-AML samples.

gene function type of repeat location
mutation

frequency
Casp-5 apoptosis/inflammation (A)10 exon 2 6/20 (30%)

Fas apoptosis (T)9 intron 4/5 0/5
Flt3 haematopoiesis (T)10 _ _ intron 10/11 0/5
Rb tumour suppressor (T)9 intron 6/7 0/5

FancE (C)7 exon 4 n/d
FancG genome integrity (TG)5 intron 3/4 n/d
Chkl (A)9 exon 7 0/5

Italics indicate preliminary data that were not confirmed in a second set of analyses 
due to time constraints.

5.2.5 FancD2 repeat analysis of MMR proficient cell lines and human samples

We originally identified the repeat as a potential mutational target in the 

http://www.ensembl.org database, where the length of the FancD2 poly(T) repeat is 

(T)10 (Timmers et al., 2001) (Fig. 5.3). My direct sequencing of normal control DNA, 

however, resulted in puzzling and apparently scrambled sequencing data. After 

analysing a larger number of samples, I realised that the unreadable data obtained 

from some of the samples was not, as originally assumed, due to an experimental 

artefact. FancD2 sequencing of MMR proficient tumour cell lines and blood donor 

samples described earlier identified a (T)8 variant of the intron 4/5 poly(T) (Fig.

5.6.A and 8; Tables 5.4 and 5.6.A). This analysis was confirmed by genotyping (Fig.

5.6.A and 8 ) .  When I measured the repeat length in the DNA from 11 

lymphoblastoid cell lines from normal individuals (Table 5 .6 .8 ) and 19 MMR  

proficient colon carcinoma samples (Table 5.6.C) the same two alleles, (T)8 and 

(T)10, were observed. This analysis was confirmed by direct DNA sequencing and 

the results are summarised in Table 5.6.D. Of a total of 46 samples analysed about 

60% (28/46) were (T)10/(T)10, and about 37% (17/46) were (T)10/(T)8. Only one 

(lymphoblastoid cell line from a normal individual GM00621) did not have a (T)10 

allele. From these preliminary data, I estimate the allele frequencies of both 

genotypes to be 79% for (T)10 and 21% for (T)8. The (T)8 repeat length is likely to 

be a polymorphism.
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A. BD1

BD2
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(T)8/(T)10

(T)10

(T)10

(T)8/(T)10

(T)8/(T)10

(T)10

(T)10/(T)11

(T)9/(T)10

(T)10/(T)11

(T)8

(T)8

(T) 10/(7)11

Fig. 5.6 Examples of FancD2 mutations in blood donors and cell lines.
(A ) MMR proficient (8.) and deficient (C.) cell lines. The results are summarised in 
Tables 5.4 and 5.6.A. All samples were analysed both by genotyping and genomic 
sequencing.
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Table 5.6 FancD2 analysis of MMR"̂  cell lines and human samples.

A. FancD2 analysis of blood donor 
samples.

8. FancD2 analysis of lymphoblastoid 
cell lines from normal individuals.

Cell line FancD2 Cell line FancD2
BD1 T(8)/T(10) GM08925 7(10)
BD2 1(10) GM03714 T(8)/T(10)
BD3 1(10) GM03469 7(10)
BD4 T(8)7T(10) GM01953 7(10)
BD5 T(10) GM00621 7(8)
BD6 1(10) GM00558 7(10)
BD7 T(10) GM1056a 7(10)
BD8 T(8)/T(10) GM01310b 7(10)
BD9 T(8)/T(10) GM00130b 7(8)/7(10)

BD10 T(8KT(10) GM00637 7(10)
Rpmi 1788 T(10)

C. FancD2 analysis of colon cancer samples.

Sample MMR FancD2
496 + 7(8)/7(10)
667 + 7(10)
621 + 7(10)
966 + 7(8)/7(10)
1625 + 7(10)
603 + 7(10)
972 + 7(10)
684 + 7(8)/7(10)
571 + 7(10)
681 + 7(10)
1615 + 7(8)fr(10)
307 + 7(10)
1511 + 7(10)
1344 + 7(10)
762 + 7(10)
838 + 7(8)/7(10)
927 + 7(8)/7(10)
937 + 7(10)
952 + 7(8)/7(10)
1496 - 7(10)
1352 - 7(8)/7(10)
1492 - 7(9)/7(10)
1628 - 7(9)
930 - 7(10)

D. Summary of FancD2 analysis of MMR'’ cell lines and human samples.

Normal 
lymphoblastoid 

cell lines

Blood
donors

MMR* tumour 
cell lines

MMR* colon 
carcinomas Total

no. of samples 11 10 6 19 46
710/710 8 5 3 12 28
710/78 2 5 3 7 17
78/78 1 0 0 0 1
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5.2.6 FancD2 analysis of MMR deficient human tumour cell lines and colon cancer 

samples

To Investigate if this repeat is mutated in a MMR deficient background, the 

panel of MMR' human tumour cell lines (Table 5.4) and five MMR' human colorectal 

carcinoma samples (Table 5.6.C) were analysed. The FancD2 repeat length varied 

between (T)8 and (T)11 among MMR deficient samples (Examples in Fig 5 .6 .C). 

Four of the cell lines are homozygous for (T)10, whereas two did not have a 

detectable (T)10 allele. Four cell lines were heterozygous (T)8/(T)10. In addition to 

the (T)10 and (T)8 alleles seen in MMR proficient cells and tissues there were also 

examples of (T)9 and (T)11, for example (T)9/(T)10 (Jurkat) and (T)10/(T)11  

(HCT116). Two of the MMR defective colon carcinoma samples had at least one 

(T)9 allele, whereas (T)11 was not observed (Table 5 .6 .C). The (T)11 and (T)9 

alleles were only observed among MSF samples, but in most cases one (T)10 allele 

was retained. In addition, there seems to be an overrepresentation of (T)8 only (two 

cases) among the MSF cell lines, indicating that this genotype arose either due to 

mutation or LOH.

5.2.7 FancD2 repeat analysis oft-AML samples

Tables 5.7.7\ and B show that FancD2  is mutated in MMR defective t-AML. 

Among the chemotherapy-related AML cases, FancD2 mutations resulting in nine 

Ts occurred twice (Table 5.7A ). One appeared to be mixed and retained both (T)8 

and (T)10 wt genotypes. The second case was either homozygous for (T)9 or had 

lost the second allele. For the transplant-related AML cases samples of normal 

tissue DNA were available. The analysis indicates that in case A2 the FancD2 (T)10 

allele was either mutated or lost in the AML. In A3 the presence of (T)8 and (T)10 

alleles suggests a mutational event.
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Table 5.7 FancD2 analysis of AML samples.

A. FancD2 target repeat length of chemotherapy related AML samples.

New sample no. MSI FancD2
1 - (1)10
2 + (1)9
3 + (T)10
4 + N/D
5 + (T)10
6 + (1)10
7 + (T)10
8 - (T)8/T(9)/(T)10
9 + (T)10
10 - (T)10
11 - (T)8/(T)10
12 + (T)10
13 + (1)8
14 - (T)10
15 + N/D
16 + N/D
17 + (T)8/(T)10
18 + (T)10
19 - (T)10
20 + (T)10
21 + (T)8/(T)10
22 - (T)10
23 + (T)8/(T)10
24 - (T)10
25 - (T)10

B. FancD2 target repeat length of chemotherapy related AML samples.

AML sample Tissue FancD2
Ala BM (T)8/(T)10
Alb Heart (T)8/(T)10
A2a BM1 (T)8
A2b BM2 (T)8/(T)10
A2c Lung (T)8/(T)10
A3a BM (T)8/(T)10
A3b Heart (T)10
A4a BM (T)8/(T)10
A4b Heart (T)8/(T)10
A5a BM (T)8/(T)10
A5b Heart/Lung (T)8/(T)10
A6a BM N/D
A6b Lung N/D
A7 BM (T)8/(T)10

BM, bone marrow.
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5.2.8 FancD2 expression

To see if an altered repeat length affects RNA splicing, RT-PCR was 

performed. In this assay a FancD2 fragment spanning exon 5 to 9 was amplified 

{FancD2 gene diagram Fig. 5.3; RT-PCR assay Fig. 5.7A ). The p-actin fragment, 

(Chapter 3), was again used a control. The size of the major RT-PCR amplification 

product was not affected by alterations in the length of the poly(T) repeat. An 

additional, faint band appeared (~ 250bp in length) from amplification of LoVo, 

HCT116, AN3CA and REH DNA. Sensitive staining with SYBR Green I (data not 

shown) indicated that this band was produced from all cell lines, independent of the 

poly(T) tract lengths. The short product from all fifteen cell lines was excised, 

purified and sequenced. The sequences obtained were identical and were used to 

perform a ‘human genome BLAST 2' search, in which the 250bp band was aligned 

with part of the FancD2 cDNA (Fig. 5 .7 .8). This alignment indicated that the 

reduction in fragment size was due to skipping of exon 8, and not exon 6, which is 

the closest to the repeat sequence. This identifies an exon 8 deleted mRNA as a 

minor splice variant of FancD2.

5.2.9 Mitomycin C sensitivity assay

FA cells are hypersensitive to DNA cross-linking agents like MMC. This 

property is used a diagnostic test for the FA phenotype (Grompe and D'Andrea,

2001). To see if different FancD2 genotypes affect MMC sensitivity Karen 

Gascoigne assayed the effect of the drug on growth of three representative cell 

lines, Raji TK' ((T)10/(T)8), Molt4 ((T)8/(T)8) and REH ((T)10/(T)11). She treated 

these cells with varying concentrations of the drug, ranging from 10 to lOOOnM, and 

monitored growth by cell counts at 24 hour intervals. The growth curves (Fig. 5.8) do 

not indicate significant differences in sensitivity among the three cell lines. The 

growth rates of both Raji TK' and Molt4 are reduced at 300nM and fully inhibited at 

lOOOnM, whereas the growth rate of REH cells seems to be reduced at lOOnM. This 

apparent slight sensitivity is most likely due to a generally slower growth rate of REH 

cells. The length of the poly(T) repeat in FancD2 does not appear to affect the MMC 

sensitivity of these cells. In particular, Molt4 which has only the (T)8 allele, was not 

notably sensitized to MMC. This is consistent with the lack of an exon 6 splicing 

defect and with (T)8 being a polymorphism.
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Fig. 5.7 FancD2 RT-PCR.
7\. A fragment of the FancD2 RNA transcript spanning exon 5 to 9 and a p-actin 
fragment were amplified by mulitplex RT-PCR. (Fig. 5.3 and experimental 
details in Chapter 2) The p-actin fragment served as a control as described 
previously (Chapter 3). The PCR products were separated on a 2% agarose gel 
and visualised with ethidium bromide. The arrow indicates the band that was 
amplified from DNA from all cell lines assayed, even though the band is not 
visible in this image of the gel. B. This band was excised from the gel, purified 
and sequenced. A homology search was performed with these sequences 
using the human genome BLAST 2. The sequence aligment is shown. The 
sequence of the RT-PCR product is highlighted is blue.

180



B.

RT-PCR p r o d u c t -------------- GATGAGGAAGCCAG
FancD2 c t g c a g g a t g a g g a a g c c a g

 Exon 6____________________
TATGGGTGCATCTTATTCTAAGAGTCTCATCAAACTGCTT 54  
TATGGGTGCATCTTATTCTAAGAGTCTCATCAAACTGCTT 4 8 0

Exon 7
RT-PCR product CTGGGGATTGACATACTGCAG CCTGCCATTATCAAAACCTTATTTGAGAAGTTGCCAGAA 1 1 4  

FancD2 CTGGGGATTGACATACTGCAGCCTGCCATTATCAAAACCTTATTTGAGAAGTTGCCAGAA 54 0

RT-PCR product t a t t t t t t t g a a à a  

FancD2 T A T T T T T T T G A A A A

Exon 8
 1 2 8

CAAGAACAGTGATGAAATCAACATACCTCGACTCATTGTCAGTCAA 6 0 0

RT-PCR product
stop

GACCTCACCACCAAGATCATGCAGGTG 1 5 5  
FancD2 CTAAAATGGCTTGACAGAGTTGTGGATGGCAAdGACCTCACCACCAAGATCATGCAGCTG 6 6 0

Exon 9

RT-PCR product STCAGTATTGCTCCAGAGAACCTGCAGCATGACATCATCACCAGCCTACCTGAGATCCA- 2 1 4  
FancD2 ATCAGTATTGCTCCAGAGAACCTGCAGCATGACATCATCACCAGCCTACCTGAGATCCTA 7 2 0

00



A. Raji(T)8/(T)10 B.
l.E+09

1.E+08

.X

X

z

'#-----

1.E+06 ,jr'

1.E+05
0 102 4 6 8

Molt4 (T)8
l.E+09

l.E+08

..-X

=  l.E+07

. - r '

l.E+06

l.E+05
0 2 6 8 104

Days Days

C. REH (T)10/(T)11
l.E+09

l.E+08

l.E+06

l.E+05
0 2 4 6 8 10

Fig. 5.8 Mitomycin C sensitivity assay.
Raji TK- [A), Moit4 (B.) and REH (C.) were 
treated with the following concentrations of 
Mitomycin C:

— - 0 nM 
— ■— 1 0 nM 
— - A - - - 30 nM 
— X—  100 nM 
— * —  300 nM 
— #— 1000 nM

Cell growth was monitored by cell counts at 
24 hour intervals. This experiment was 
carried out by Karen Gascoigne under my 
supervision.

Days
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5.2.10 Functionality of FancD2

In normal cells, the FancD2 protein is activated by monoubiquitination in 

response to DNA damage (Garcia-Higuera et al., 2001). The FancD2 protein is 

present in two isoforms, designated FancD2-S and FancD2-L. FancD2-S, normally 

the predominate form is not modified, but MMC or IR treatment activates its 

monoubiquitination. This activation can be observed on Western blots as an 

apparent increase in size (Fig. 5.9.A). Peter Macpherson assayed the FancD2 

response of four cell lines, Raji ((T)10/(T)8), GM00621 ((T)8), Molt4 ((T)8) and 

AN3CA ((T)8). The FancD2-S to L shift after treatment with gamma irradiation was 

observed in all four cell lines (Fig. 5.9.8). Thus the repeat (T)8 genotype does not 

appear to affect FancD2 monoubiquitination, at least as seen by this simple 

approach. In particular, S to L conversion was efficient in GM00621, the only (T)8 

example among normals. Again these date are consistent with a polymorphism that 

does not overtly affect FancD2 function.

5.3 Summary and Discussion
The aim of the experiments described in this chapter was to examine genes 

which might be targets for insertion/deletion mutations in M S r t-AML. Ultimately, the 

identification of mutational targets is a prerequisite for understanding how M S r t- 

AML develops.

5.3.1 M re ll

My data confirms that M r e l l  is a target in MMR defective tumour cell lines. 

M r e l l  was first described as a target by Giannini et al. who identified frequent 

M r e l l  frameshift-like mutations in human colorectal cancer cell lines and primary 

tumours (Giannini et al., 2002). Their SW48 ((T)10), HCT116 ((T)9/(T)10) and LoVo 

((T)9) have the same mutations that I identified in the Clare Hall stocks of these cell 

lines. This suggests that the mutations originally occurred in the tumour. The 

convergence of data also serves to validate my method of analysis. Mutations in 

M r e l l  were identified in three of the chemotherapy-related AML cases. It would 

have been very interesting to analyse the transplant AML samples for M r e l l  

mutations, but this was not possible due to time constraints.

The functional implications of a -1 deletion in the intronic (T)11 tract of 

MRE11 remain unclear. M re ll is a key participant in recombinational DNA repair
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Fig. 5.9 FancD2 Western Blot.
A. Diagram of FancD2 activation by monoubiquitination. FancD2-L (long), high 
molecular weight form of FancD2. FancD2-S (short), low molecular weight 
isoform of FancD2. 8. Whole molecular weight extracts were prepared from the 
indicated cell lines with or without exposure to gamma irradiation (15 Gy) and 
immunoblotted with an anti-FancD2 antibody. IR treatment and immunoblotting 
was carried out by Peter Macpherson.
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and cell cycle checkpoints (discussed in Chapter 1). This suggests that HR and 

checkpoint functions are compromised in M S r tumours. The Mre11-Nbs1-Rad50 

protein complex is important in imposing the intra-S phase checkpoint and in the 

early steps of recombinational repair (Thompson and Schild, 2002). Inactivation of 

the complex facilitates the development of cancer. Individuals with inherited 

deficiencies in Nbs1 or Mre11 (AT-LD) are prone to lymphoid malignancies (Shiloh, 

1997). NBS1 has been reported to be mutated in 15% of childhood ALL (Varon et 

al., 2001), and hMre11 mutations have been noted in lymphoma and breast 

carcinoma (Fukuda et al., 2001). Although null mutations in RadSO are lethal in 

mice, hypomorphic mutations are associated with chromosome instability and have 

a particularly severe effect on development of haematopoietic cells (Bender et al.,

2002). These preliminary observations reinforce the idea that a reduced ability or 

efficiency of recombinational repair of DNA breaks and/or cell cycle check point 

signalling may be important in the development of AML. In addition to MSF, it 

appears that a significant proportion of t-AMLs has compromised HR and 

checkpoint functions.

5.3.2 Caspase 5

C asp-5  was first identified as a target for frameshift mutations in MSF  

endometrial and gastrointestinal tumours (Schwartz et al., 1999). In agreement with 

this I identified heterozygous one base deletions in six and homozygous one base 

deletions in two MSF tumour cell lines. We also identified Casp-5 mutations in about 

30% of our M S r t-AML cases. Recently three groups analysed leukaemia cell lines 

or clinical samples for C asp-5  mutations. Takeuchi et al. reported frameshift 

mutations in three of 12 MSF lymphoma and leukaemia cell lines (Olipitz et al., 

2002; Scott et al., 2003; Takeuchi et al., 2003). They observed one base deletions 

in CCRF-CEM, Jurkat (both T-lineage ALL cell lines) and REH (B-lineage ALL cell 

line). These findings are consistent with my data. I also found our CCRF-CEM ((A)9) 

and Jurkat ((A)9) to be mutated, but I did not detect any mutations in REH. These 

authors did not detect C asp-5  mutations in the T-lineage ALL cell line Molt4, 

whereas I found a heterozygous -1  frameshift in the same line. These discrepancies 

may reflect long-term propagation in culture with a MMR' phenotype. They suggest 

that the mutations may have arisen during growth in the laboratory rather than in the 

tumours from which the lines were established.
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Olipitz et al. did not identify any Casp-5  mutations in 5 therapy-related 

leukaemia patients (Olipitz et al., 2002). Scott et al. identified -1  or +1 frameshift 

mutations in four of 16 human t-ALL cases (Scott et al., 2003). We identified Casp-5 

mutations in 6 of 20, MSI+ t-AML cases, two of which were transplant-related. Our 

results are consistent with those obtained by Scott et al. and taken together, the 

data suggest that Casp-5 mutations occur in about 25% of t-AMLs.

It is not known if the Casp-5  mutations found in tumours have a functional 

role in tumourigenesis. Their effects are difficult to predict due to the lack of 

knowledge of the precise function of the Casp-5 protein. Furthermore, the caspase 

family of proteins contains more than ten members, and little is known about their 

exact function and the degree of redundancy among them. Proteases of the 

caspase family are though to play a role in both apoptosis, and immune and 

inflammatory responses (Creagh et al., 2003). Inhibition of either or both might play 

a role in tumour progression.

5.3.3 Flt3

Flt3 mutations were identified in the MMR defective cell lines. Jurkat, SW48, 

LoVo, DLD-1 and AN3CA were heterozygous for a one base deletion in the intronic 

(T)10 tract in Flt3. Only five of the 20 MSF t-AML samples were analysed. None 

were mutated. As the frequency of these mutations among cell lines is lower than 

the frequencies obtained from Mre11  and Casp-5, mutations among MSI* t-AML 

samples could have been missed by examining only five cases. It would be 

interesting to carry out a more extensive analysis of this gene in t-AML samples in 

future.

Even though mutations in Flt3 were identified in MSI* tumour cell lines, it is 

not clear if this mutation would affect Flt3 function. The (T)10 repeat analysed is 

located close to a splice site in intron 10/11 of the gene and frameshift mutations 

would only have an effect if they affect splicing of e x o n ll. Moreover, the Flt3 

mutations found in human tumours (either ITDs or point mutations) are activating 

mutations (Stirewalt and Radich, 2003). Skipping of exon 11 due to a splice defect 

would lead to a premature stop codon in exon 13. This would result in a truncated 

protein and likely loss of function. Inactivation of one copy might contribute to 

tumour development by increasing the risk that the remaining copy might succumb 

to activating mutations.

186



5.3.4 Other genes

The other genes assayed for frameshift mutations in repeat sequences were 

Fas, Rb and Chk1. These genes were not mutated in any of the M S r cell lines or 

leukaemia samples tested, and hence do not appear to be targets. It is possible that 

mutations in these genes would be highly detrimental for the cell and would 

therefore be selected against.

5.3.5 New assignment of case 8

One chemotherapy-related AML case (case 8) was designated microsatellite 

stable (Chapter 3). As no non-tumour material was available from this patient, this 

assignment was based on the analysis of Bat26 alone. Even though Bat26 is 

thought to identify more than 90% of all M S r cases, it can lead to false negatives. 

Casp-5 and FancD2 analysis of this case shows that both genes are mutated, which 

indicates that case 8 was misassigned. This increases the frequency of M S r cases 

in this series to 17/25 (68%), a marginal change.

5.3.6 Fanconi anaemia pathway

Two genes part of the FA pathway, FancG  and FancE  were analysed for 

frameshift mutations in MSF cells. Neither the exonic (0 )7  tract in FancE, not the 

intronic (TG)5 repeat in FancG  were found to be mutated in the panel of MMR 

deficient cell lines tested.

My analysis of the intronic poly(T) repeat of FancD2 - designated (T)10 in 

the EMBL database - revealed what appears to be a previously unidentified 

polymorphic variant, (T)8. Analysis of DNA from a number of MMR proficient tumour 

cell lines, lymphoblastoid cell lines from normal individuals, MSI' colon cancers and 

blood donors (46 samples in total) suggested that the allele frequency of (T)10 is 

about 80% and the frequency of the (T)8 allele is about 20%. W e found only a single 

example of apparent homozygosity for (T)8 among non-MSF cells.

Analysis of DNA from MSF tumours or cell lines identified (T)9 or (T)11 

alleles, and an apparent overrepresentation of (T)8 which is probably also due to 

mutation. As the (T)9 and (T)11 alleles appear only in a MMR defective background 

they are most likely due base addition/deletion mutations. The overrepresentation of 

(T)8 could be either due to mutations or LOH. Analysis of MSF t-AML samples
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identified two cases which were mutated. Of these cases one was heterozygous 

and another apparently homozygous for (T)9. Analysis of AML/MDS and control 

tissue samples of the transplant-related leukaemia cases showed that in one case 

the (T)8 genotype originated from the original (T)8/(T)10 genotype (case A2), either 

by mutation or LOH. In a second case (case A3) the (T)8/(T)10 genotype arose due 

to mutation of (T)10 in the normal control sample. It hence seems that even though 

the (1)8 allele does occur in normal healthy individuals it can also arise from (T)10 

due to frameshift mutations.

I did not find evidence that the length of the intronic poly(T) tract affects 

splicing of the FancD2 mRNA, FancD2 protein function, or activity of the FA 

pathway. RT-PCR of a FancD2 fragment spanning exon 5 to 9 showed that the 

length of this repeat does not detectably affect splicing of exon 6. Skipping of exon 6 

would result in a premature stop codon in exon 8. These aberrantly spliced 

transcripts would most likely be degraded by nonsense-mediated decay (NMD) 

(Hentze and Kulozik, 1999). RT-PCR of FancD2 revealed a second, shorter 

(~250bp) band due to skipping of exon 8 which appears to represent a minor splice 

variant. Skipping of this exon also results in a premature stop codon, in this case in 

exon 9. As this aberrant transcript was identified by the RT-PCR assay, it serves as 

a positive control for the apparent absence of a transcript lacking exon 6 (would also 

result in a ~250bp fragment). Furthermore, no evidence for a truncated FancD2 

protein was found by Western blotting.

Western blots of the FancD2 protein showed that it is monoubiquitinated 

after DNA damage independently of the length of the poly(T) tract. In cell lines of the 

(T)8 and (T)8/(T)10 genotype IR treatment activated the conversion of FancD2-S to 

FancD2-L with apparently similar efficiency. This suggests that the product of the 

(T)8 isoform is likely to be functional.

Sensitivity to MMC, one of the factors used for FA diagnosis (D'Andrea and 

Grompe, 2003), was also apparently independent of the FancD2  genotype. The 

growth curves after MMC treatment for Raji TK" ((T)10/(T)8), Molt4 ((T)8/(T)8) and 

REH ((T)10/(T)11) were similar. The slight difference in sensitivity of REH is most 

likely due to their generally slower growth rate and I conclude that the (T)8 FancD2 

allele is functionally adequate.
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In summary, even though we identified FancD2 as a target for frameshift-like 

mutations, these mutations did not seem to have an effect on the functioning of the 

FA pathway.

Circumstantial evidence implicates a defective FA pathway in the 

development of t-AML. FA patients are particularly susceptible to AML. Cytogenetic 

abnormalities found in FA AML patients are often strikingly similar to those found in 

t-AML rather than de novo cases (mainly 5q-, monosomy 7, 7q-) (Alter, 2003; 

D'Andrea and Grompe, 2003). The FA pathway furthermore links BRCA1 and 

BRCA2 to leukaemia. The role of the five FA proteins FANCA, C, E, F and G is to 

facilitate the interaction of FANCD2 with BRCA1 (Garcia-Higuera et al., 2001). In 

addition, BRCA2 has recently been identified as the FA gene FANCD1  (Hewlett et 

al., 2002). A link between AML and breast cancer susceptibility is consistent with the 

observed overrepresentation of early onset breast cancer in our chemotherapy- 

related AML cases (Chapter 3). Lack of BRCA2/FancD2 expression was identified in 

3 of 15 AML cell lines (Shimamura et al., 2003), but this awaits confirmation in 

clinical samples. All these pieces of circumstantial evidence suggest that the 

possible involvement of the FA pathway in t-AML is worth pursuing.

5.4 Conclusion

The data presented in this chapter identify Flt3 and FancD2  as targets for 

frameshift mutations in MMR defective cell lines. C asp -5  and F a n c D 2  were 

identified as targets for addition/deletion mutations in MSF t-AML cases. Although 

this adds to the list of potential targets for selective inactivation in MSI* AML, the 

detailed description of events during leukaemogenesis awaits a more thorough 

analysis of genetic changes in this disease.
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Chapter 6 : Discussion and Conclusion

The work described here shows that MSI Is common (>60% ) among 

chemotherapy-related AML/MDS cases. Instability was associated with methylating 

agent treatment, but also occurred after treatment with other drugs. Due to the small 

number of patients in each treatment group, statistically significant correlations 

between specific treatments and development of MSI t-AML could not be identified. 

In some cases loss of MMR was due to hMLH1 promoter méthylation. This occurred 

less frequently than was expected from the frequency of hMLH1 promoter 

méthylation among M S r HNPGC-type cancers and I conclude that it is a relatively 

rare event in M S r AML. A possible connection between t-APL and hMLH1 promoter 

méthylation was identified, although again there were only a few cases. We also 

noted an overrepresentation of early onset breast cancer cases among our group of 

t-AML patients. This might indicate a connection between one of the breast cancer 

susceptibility genes and AML development, and identifies an interesting area for 

future investigation.

I also showed that treatment with 6-TG can, like MNU, select for MMR 

defective, drug resistant cells. Analysis of the data of Gerhard Opiez at the 

‘Collaborative Transplant Study’ indicates a greater than five-fold risk of AML 

following heart/lung transplantation and immunosuppression. Clinical material from 

seven transplant-related AML/MDS cases was obtained and analysed for MSI. All 

seven of these cases were unstable. It seems probable that selection occurs in 

patients’ bone marrow and that azathioprine is acting as a leukaemogenic agent.

Casp-5  and FancD2  were identified as targets for frameshift mutations in 

M S r t-AML. As Flt3 was a mutational target in MMR defective human tumour cell 

lines, this gene could also be a target in M S r t-AML. There was no time to analyse 

this observation further, but it suggests a topic for further investigation. We also 

identified a novel form of the FancD2 gene. This has an alteration in an intronic 

ploy(T) tract. The length of this repeat did not appear to affect FancD2 function or 

the general function of the FA pathway and appears to be a polymorphism. This 

analysis requires further validation, however.

This study throws some light on the steps involved in the development of 

chemotherapy- and organ transplantation-related AML/MDS. The data show that 

loss of MMR is involved in more than half of t-AML cases. Similar frequencies for
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MSI in chemotherapy-related t-AML have been reported by others (discussed in 

Chapter 3). The findings support the original hypothesis that development of MSI" t- 

AML could be the clinical counterpart to the laboratory-based selection for loss of 

MMR by drug treatment. This is outlined in Fig. 6.1. A pluripotent haemopoietic stem 

cell gives rise to myeloid precursors. An occasional cell might contain a MMR defect 

following a rare random event. Under normal conditions this MMR' cell would 

probably disappear owing to a selective disadvantage. If the patient's bone marrow 

is exposed to either a methylating agent or a thiopurine, the MMR defective cell now 

has a significant growth advantage. Its clonal expansion will give rise to a population 

of genetically unstable precursors capable of accumulating mutations at an 

increased rate. These mutations promote leukaemogenesis and lead to the 

development of MSI" t-AML.

This model is supported by the following study. When mice with 

reconstituted bone marrow containing a mixture of wild-type and msh2^' cells were 

treated with the methylating agent temozolomide the proportion of MMR deficient 

marrow cells was significantly increased (Reese et al., 2003). The same 

experiments also showed that, without any selective pressure, the mshZ^' cells 

disappeared from the bone marrow consistent with their reduced fitness in the 

absence of selective pressure.

How does MSI" t-AML arise in patients that were not treated with methylating 

agents or thiopurines? A possible explanation lies in the observation that MMR  

defective cells are often hypermutable by DNA damage that may not differentially 

affect their survival. MMR defective hamster cells are, for example, considerably 

more susceptible to mutation by persistent UV-induced DNA damage (Nara et al., 

2001). msh2'^'mouse cells are hypermutable by the ethylating agent ENU even 

though MMR defects are associated with only a slight increased resistance to the 

drug (Claij et al., 2003). During drug treatment this susceptibility to DNA damage- 

induced mutations would be superimposed on the already high spontaneous 

mutation rate of MMR defective cells and accelerate leukaemogenesis. This is 

supported by the observation that msh2^' mice are more susceptible to ENU 

induced tumours than their MMR" counterparts (Claij et al., 2003).
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Fig. 6.1 Model illustrating the development of MSI+ t-AML. 
Details are described in Chapter 6.
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We are slowly starting to refine our ideas about how t-AML arises after 

chemotherapy and organ transplants. Unfortunately, our knowledge is not yet at the 

point where it can help clinicians prevent this, mostly incurable, disease. Today 

cancer treatment is based to a large degree on the oncologist’s intuition, and “not 

giving your patient AML is simply the hallmark of being a good doctor”.
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hMLHI promoter méthylation data for Fig. 3.7.
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Microsatellite Data for Fig. 4.9.
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Microsatellite Data for Fig. 4.9.
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Microsatellite Data for Fig. 4.9.
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Microsatellite Data for Figure 4.11
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I
case A7

Appendix to Fig. 4.10.
Bat25 microsatellite instability in transplant-related AML/MDS. Examples of 
MSI in three blood doners (BD2, 3 & 10) and one AML bone marrow 
samples (Patients A7) are shown.

213



Appendix II: Tables

214



Appendix Table 4.7 Summary of AML cases after thiopurine treatment published in the literature, (or put in appendix)
A. Thiopurine treatment for autoimmune dieases.

N)
Ü1

Duration Karyotype
no of Prim ary D isease / Total dose A za A za Latency involving - 7 ,  -5,

Author cases Transplant Sex /M P other treatm ent (months) (months) A M L FAB -5q and -7 q
Maldonado et al, 

1968^
Pyoderm an 2 .5  m g/kg/day

1 Gangrenosum M M P amphotericin B 9 45 A L N O S N/S
Cobau et al, 1973^ 1 RA  /  Vas  

chronic active
M -  50 g A za C TX, M TX, Pred 24 144 A M L N O S N/S

N/S
Silvergleid et al, 1975^ 1 hepatitis 

renal d isease
M 147 g A za Pred 47 53 A M L N O S

N/S
Roberts and Bell, (oedem a and

1976'' 1 proteinuria) M -  387  g A za Pred,C TX - 8 4 86 A M M L
Seidenfeld et al, 1976® 2 RA F 113 g A za gold, steroids, salicylates, CTX, 

salicylates, steroids, phenylbutazone.
34 168 A L N O S N/S

N/S
RA M 324  g A za chloroquine 60 240 A L N O S

Gilmore et al, 1977® 1 RA F 99  g Aza steroids, A C TH  
aspirin, colin /  sodium salicylate.

22 360 A M L N O S N/S
N/S

Alexson and Brandt, indomethacin, hydroxychloroquin.
1977^ 1 R A /S L E M 52 g Aza penicillamine, digoxin, diuretics, Pred 10 31 A M M L

Subacute N /S

Vism ans et al, 1980®
myelomonocytic

1 SLE F 2 72  g A za Pred 72 112 leukaem ia
Pikier et al, 1986® 1 SLE, C K T F ~ 180 g A za Pred, A TG , Solu Medrol, radiotherapy 45 49 A M L M 5 -

Pred, C TX, warfarin, diphenylhydantoin.
V asquez et al, 1992^° 1 SLE F 27  g Aza carbam azepine 10 38 A M L M 4 Eo -

Krishnan et al, 1994” 1 polymyositis M ~ 520  g A za  
A za  (dose

Pred, thyroxine replacem ent 96 96 A M L MO +

Dom bret and N/S), 6 -M P
Marolleau, 1995^^ 2 Crohn’s Disease M (dose N /S ) steroids ns 216 AM L M l -

Crohn's Disease F A za  (dose N /S ) steroids, sulfasalazine 3 22 A M L M 5 -

H eizer et al, 1998^®
steroids, tetracycline, sulfasalazine, pred.

1 Crohn's Disease M ~ 687  g M P ferrous /  zinc sulfate 142 4 44 AM L NO S +

Kwong et al, 1 998” 3 RA F 260  g A za anti-inflam matory agents 101 180 A M L M 2 +
SLE F 37  g Aza C TX, allopurinol 15 54 A M L M2 +

SLE F 89g A za steroids 90 108 A M L M 3 +



Arnold et al, 1999^^ 1 Derm atomyositls F 109 g A za Pred, enalapril, bendroluazide 24 27 A M L M2 +

Asten et al, 1999^®
6/ N/S

1289 RA F A za (dose N /S ) 31 32 A M L N O S
RA F A za (dose N /S ) 25 40 A M L N O S N/S

SLE F A za (dose N /S ) 8 5.4 A M L NO S  
Myelomonocytic

N/S
N/S

P M R F A za (dose N /S ) 13 83 leukaem ia
VA S F A za  (dose N /S ) CIb 28 95 A M L NO S N/S
RA F A za (dose N /S ) 76 109 N/S

Mauritzson et al. +
2002^^ 7 Arth F 140 g A za M TX , CIb 70 70 A M L M 5

Gn F 185 g A za C TX 111 111 A M L M 6 +

Gn M 2.4  g Aza C TX 12 24 refractory anaem ia +

Arth F 21 g Aza 20 20 refractory anaem ia +

C TD M 9.5  g A za 26 26 RARS -

Arth M 170 g A za CIb 116 144 RAEB +

W egener M 120 g A za  
100 mg/day for

CIb, C TX 124 131 RAEB +

Heesen et al, 2003^®
several months several

1 M S F A za Interfe ro n-b eta ,, M TX months 192 A M L M 4 Eo -

B. Thiopurine treatment after organ transplants.
Duration Karyotype

Author
No. of 
cases

Prim ary D isease /  
Transplant Sex

Total dose Aza  
/M P other treatm ent

A za
(months)

Latency
(months) A M L FAB

involving - 7 ,  -5, 
-5q and -7 q

Silvergleid et al, 1975® 1 LRKT M 114 g A za Solu Medrol, AcD, Pred 46 54 A M L N O S N/S
Sw eeney et al, 1976^® 1 LRKT M 650  g Aza Radiotherapy, Pred 95 95 A M L M 6 N/S

60 .3  g A za N/S
Blanc et al, 1977^° 1 KT M 6.55  g M P Pred, PredI 30 36 A M M L

3 mg/kg/day N/S
for 3 years +

Ellerton et ai, 1979^^ 1 G n /K T M 18 g Aza Pred, CTX, radiotherapy 39 77 A M L M 6
Leithner et al, 1981®® 1 C K T M 262  g A za A TG , Pred 84 104 A M L N O S N/S

Hoy et al, 1982®® 1 LRKT M 390  g A za A TG , Pred 89 89 AM L M 6 N/S
tsj
O)



Pikier et al, 1986® 1 SLE, C K T F ~ 180 g A za Pred, A TG , Solu Medrol, radiotherapy 45 4 9 A M L M 5 -

Butler et al 1990^^^ 1 C K T F 81 g A za CsA, PredI, A TG 42 60 A M L N O S
Subar et al. 1996^® 2 C K T F A za  (dose N /S ) Pred 156 156 A M L M 3 -

LRKT F A za (dose N /S ) 192 204 A M L NO S
Gorschlueter et al.

1997^® 1 C K T M > 50 g Aza C TX, Pred 50 50 A M L M 4 Eo -

Thalham m er-Scherrer
et al, 1999^^ 3 SLT M A za (dose N /S ) A TG , CsA, Pred 10 10 A M L M 5a N/S

KT M A za  (dose N /S ) A TG , CsA, Pred > 6 2 78 A M L M 4 -

Ondrus et al, 1999^®
CK T M A za  (dose N /S ) A TG , CsA, Pred N/S 75 A M L M l -

1/620 CK T A za (dose N /S ) Pred, CsA M D S N/S

Huebner et al, 2000^®
75 - 150

5/631 O C T M m g/day Aza Pred, CsA 48 48 A M L M 7 +

O C T M A za (dose N /S ) Pred, CsA 92 92 A M L M l
O C T M 132 g A za Pred, CsA 58 69 M D S  RAEB +

O C T F 96  g A za  
5 0 -75  mg/day

Pred, CsA 67 67 A M L M 6  
M D S  RAEB (1996)

O C T M A za Pred, CsA 65 7 7 / 8 0 /A M L  M 2 (1997) +

Mauritzson et al,
2002^^ KT M 2 00  g A za CIb, C TX 182 182 RAEB +

Barbanel et al, 1975®°
3-5  m g/kg/day N/S

1/316 KT A za + possibly others A L N O S

Krikorian et al, 1978®^
1 0 0 -2 0 0 N/S

1/124 O C T m g/day Aza Pred, ActD, A TG , C T X n/s 46 A M L N O S

N)
N

F, female; M; maie; N /S, not specified; CsA, Cyclosporin A; MP, 6-mercaptopurine; M TX, methotraxate; C TX, Cyclophosphamide; A CTH, ; Pred, prednisone; 

PredI, prednisolone; Aza, azathioprine; A TG , antithymocyte globulin; ActD, actinomycin D; CIb, chlorambucil; Gn, glomeruoonephritis; VAS, vasculitis; CTD, 

connective tissue disease; SLE, Systemic Lupus Erythematosus ;RA, rheumatoid arthritis; Arth, arthrosis/arthritis; VAS, vasculitis; LT, liver transplant; CKT, 

Cadaver kidney transplant; LRKT, living related kidney transplant; KT, kidney transplant; HLT, heart/lung transplant; SLT, single lung transplant; OCT, cardiac 

transplant; PT, pancreas transplant; SCT, stem cell transplantation; RARS, refractory anemia with ringed sideroblasts; RAEB, refractory anem ia with excess 

o f  b l a s t s ;  A M L  N O S ,  a c u t e  m y e l o i d  l e u k a e m i a  n o t  o t h e r w i s e  s p e c i f i e d .
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Abstract

The contribution of defective DNA mismatch repair (MMR) to acquired resistance to c/5-diamminedich]oroplatinum(II) 
(cisplatin) has been investigated in two model systems: E coli dam mutants and the A2780 ovarian carcinoma cell line. Inac
tivation of MMR—as indicated by the acquisition of an elevated spontaneous mutator phenotype—was observed frequently 
among survivors of cisplatin-treated dam mutants. These survivors exhibited a stable resistance to further cisplatin treatment. In 
contrast, none of twelve independent clones of A2780 that had survived cisplatin exposure and acquired stable drug resistance 
were repair defective. None exhibited the hallmark méthylation tolerant phenotype associated with a MMR defect, mRNAs 
encoding five MMR proteins were easily detectable in all twelve variants, and the levels of four key MMR proteins were similar 
to those in the repair proficient parental cells. Further analysis indicated two different mechanisms of acquired resistance in 
A2780. The first was a protective effect that reduced the level of DNA platination. The second was observed as a reduced sen
sitivity to cell cycle aiiest after cisplatin treatment and a consequent reduced apoptosis. The data suggest that although loss of 
MMR is a significant mechanism of acquired drug resistance in dam bacteria, alterations related to DNA protection or cell cycle 
progression after drug damage appear to be more probable than abrogation of MMR as resistance modulators in human cells. 
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: C isp la tin ; E. c o li ’, M M R

1. Introduction

c/.y-DiamminedichIoropIatinum(II) (cisplatin) is 
widely used in the treatment of cancer and the emer
gence of drug-resistant disease is a significant clin
ical problem. The use of in vitro models of human 
cancer has helped define numerous factors that in
fluence cisplatin toxicity. These include variations 
in drug uptake, different capacities for drug detox
ification and alterations in genes controlling cell 
proliferation [I]. DNA repair— nucleotide excision

* Corresponding author.

' Present address; RiboTargets L td ., Granta Park, Cam bridge 

C B l 6 G B , U K .

repair (NER) and DNA mismatch repair (MMR)— is 
also regarded as a significant modulator of cisplatin 
toxicity. It has been suggested that the good clinical 
response of testicular carcinomas to cisplatin reflects 
their intrinsically low capacity for removal of poten
tially cytotoxic cisplatin-DNA adducts by NER [2]. 
The contribution of the M MR pathway is less easy 
to understand. Nevertheless, numerous independent 
studies have indicated a correlation between M MR  
deficiency and cisplatin resistance [3-6]. Although 
there are speculative models for this involvement, the 
exact contribution of M MR inactivation to acquired 
drug resistance remains undefined.

Mismatch repair corrects replication errors. Its in
activation is associated with a significant increase in

1568-7864/02/$ -  see fron t m atter ©  2002 E lsev ie r Science B .V . A ll  righ ts reserved. 
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spontaneous mutation rates owing to the persistence 
of uncorrected errors (for recent review, see [7]). In 
M MR deficient tumours, this is seen as the microsatel
lite instability (MSI+) phenotype. Germ-line defects 
in genes encoding key MMR factors— in particular, 
hM LHI and HMSH2— confer a predisposition to early 
colorectal, endometrial and other cancer in the HN
PCC syndrome. In addition, all MMR-defective cells 
are highly resistant to methylating agents— including 
clinical drugs like dacarbazine and temozolomide. The 
connection between M M R deficiency and methylating 
agent resistance was originally made in E. coli dam 
mutants [8]. These strains are deficient in biological 
méthylation of DNA adenine and are hypersensitive 
to the lethal effects of non-biological DNA méthyla
tion damage by methylnitrosourea (MNU) and methyl- 
nitrosoguanidine (MNNG)— direct acting analogs of 
the clinical methylating drugs. Introduction of a sec
ond mutation in a M M R gene— either mutS"  ̂ (the 
functional homologue of the hMSH2/hMSH6 dimer) 
or mutL"  ̂(homologous to hMLHl/hPMS2)— reverses 
the drug sensitivity and dammutS or dammutL strains 
exhibit wild-type resistance to MNNG. E. coli dam 
mutants are also significantly more cisplatin sensitive 
than their dam+ counterparts. Introducing a second 
M MR mutation again reverses drug sensitivity [9]. The 
cisplatin resistance of E. coli dammutS or dammutL 
strains and the parallels with methylating agent resis
tance has provided a pragmatic foundation for the in
vestigations of the connection between drug resistance 
and M MR defects in human tumours.

Model human cell lines resemble E. coli dam mu
tants in regard to methylating agent resistance. The 
level of a DNA repair factor, the DNA 0^-methyl- 
guanine-DNA methyltransferase (MGMT), together 
with mismatch repair capacity provide an excel
lent predictor of sensitivity. The extreme sensitivity 
of M GMT negative cells to methylating drugs is 
completely reversed by introduction of an hMLHI, 
hMSH2, or another M MR defect [10]. The difference 
in resistance is sufficient to confer a remarkable se
lective survival advantage. This has been exploited to 
select MMR-defective variants of numerous human 
cell lines [11-13]. For cisplatin, the relationship be
tween resistance and M MR is more uncertain. The 
effects of defective M MR can sometimes be ob
scured by other factors so that although there is often 
an association between M MR deficiency and drug

resistance, there are notable exceptions (for example, 
in [14,15]). In particular, although circumstantial ev
idence links MMR defects to cisplatin resistance, the 
connection between M M R inactivation and exposure 
to the drug— a situation analogous to the development 
of a drug-resistant tumour— is indirect. We therefore 
examined the ability of cisplatin to provide a selec
tive pressure for the inactivation of M MR in a human 
tumour model.

We chose A2780 ovarian carcinoma cells for this 
investigation because they are acknowledged to be cis
platin sensitive and provide a reasonable model for 
a drug-naive tumour. A2780 is also one of several 
cell lines that have provided evidence for a connec
tion between MMR deficiency and drug resistance 
[5,16]. Their behaviour was compared to that of E. 
coli dam mutants that provided the initial example 
of the connection. We report here that inactivation of 
MMR is a frequent occurrence in E. coli dam mu
tants treated with cisplatin. In contrast, among 12 
independent cisplatin-resistant A2780 variants, none 
were detectably deficient in MMR. Our findings sug
gest that— at least, in these well-studied model human 
cells— inactivation of M M R is not a frequent route 
of escape from cisplatin toxicity. The emergence of 
resistant cells was more frequently associated with 
drug detoxification or changes affecting the level of 
DNA damage. Altered cell cycle progression after 
DNA damage was also revealed as a common prop
erty among resistant A2780 variants.

2. Materials and methods

2.1. E. coli

The E. coli strains used in this study were kind 
gifts from Dr s. J. Essigmann and M. Marinus. Their 
genotypes are listed as follows.

Strain Genotype

GM112 F~ thr-1 ara-14 leuB6 à(gpt-proA)62 
lacYI tsx-33 supE44 galK2 hisG4 metBl 
rfbD l mgl-51 rpsL260 kdgK51 m tl-I 
thi-1 thyA12 deoB16 

GM113 G U m  dam-3
GM150 GM112 dam-3 mutL45I
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Strain Genotype

AB1157 F~ thr-1 ara-14 leuB6 A.{gpt-proA)62 
lacYl tsx-33 glnV44(AS) galK2{0c) 
hisG4{0c) rfbD l mgl-51 rpoS396{Am) 
rpsL31{StrR) JcdgKSl xylAS mtl-1 

.argE3{0c) thi-1 
I GM3819 ABU 51 dam-16::Kan 
. GM5556 AB1157 dam-16::Kan mutS::TnlO 
ÆS1582 AB1157 m«rL25
!

2.2. E. coli survival

I Cisplatin was dissolved in water at 37 °C for 4-6 h. 
j  The drug concentration was determined by A301 (e =  
I 131). Log phase bacteria were pelleted, resuspended in 
M9 salts at a concentration of 1 x 10̂  to 2 x 10̂  ml“ ', 
and treated for 2h at 37 °C. Treated cells were washed 
twice by resuspension in M9 salts and plated on L-agar. 
Surviving colonies were scored after overnight incu
bation at 37 °C.

Cisplatin-resistant variants were generated by treat
ing approximately 5 x 10̂  A2780-SCA cells with 
cisplatin (3.33 mM stock in 1% NaCl, David Bull 
Laboratories, Vic., Australia) in media containing 
10% PCS for 1 h at 37 °C. After treatment, cells were 
allowed to recover in cisplatin-free medium for 2-3 
weeks before the next treatment. Single cell clones 
were isolated from the resistant population by limiting 
dilution.

2.6. Cell survival

Cell survival was determined by clonal assay. 10̂  
to 2 X 10̂  cells from an exponentially growing culture 
were seeded in six well plates, allowed to attach for 4 h 
and then treated in duplicate with 0-20 p,M cisplatin 
(David Bull Laboratories) for 1 h in medium contain
ing 10% PCS at 37 °C. Cells were supplemented with 
drug-free medium and colonies of greater than 50 cells 
were scored under a microscope after 7 days growth 
at 37 T .

2.3. Selection o f cisplatin-resistant E. coli

Log phase cells were treated with 100 jxM aquated 
cisplatin as above. After each treatment, cells were 
washed twice with M9 salts. Pollowing overnight 
growth in L-broth, survivors were either diluted in 
L-broth and grown to log phase for a subsequent 
round of cisplatin treatment or plated on L-agar. Sin
gle colonies were picked and expanded for phenotype 
analysis. Resistant clones were generated from a total 
of four cisplatin treatments.

2.4. Cell lines

The A2780 cell line was kindly provided by Prof. 
R. Brown, University of Glasgow. The méthylation 
tolerant variants A2780-MNU1A and A2780-clone 1 
have been described previously [17,18]. All cells were 
grown and treated in DMEM supplemented with 10% 
fetal calf serum in humidified incubators containing 
10% CO2.

2.5. Selection o f cisplatin-resistant A2780 clones

A single cell clone, A2780-SCA, was isolated 
from A2780 by limiting dilution in 96-well plates.

2.7. Western blotting

2.7.1. p53andp21 induction
Por the determination of p53 and p21 levels, about 

10̂  cells were treated with 30|xM cisplatin for 1 h 
at 37 °C. The medium was replaced and the cells 
harvested 24 h later, lysed in 1% NP40, 10 mM NaP, 
1 mM NaV3 0 4 , mini EDTA-free protease inhibitor 
tablet (Roche) at 0°C for 1 h. Extracts were clar
ified by centrifugation at 15000 x g for 30 min. 
50|xg cell extract was loaded onto a 10% (p53) or 
12% (p21) SDS-PAGE gel. Separated proteins were 
transferred to a PVDP membrane (Immobilon-P, 
Millipore) using a Transblot semi-dry transfer cell 
(BioRad). Membranes were blocked with 5% non-fat 
milk and p53 detected with PL393 rabbit polyclonal 
(1 |JLg/ml, Santa Cruz) or p21 with EAIO mouse mon
oclonal (0.1|jLg/ml, Oncogene Research) antibodies. 
Antigen-antibody complexes were detected with 
HRP-conjugated anti-mouse or anti-rabbit antibod
ies (Biorad) and ECL substrate on Hyperfilm ECL 
(Amersham Pharmacia Biotech).

2.7.2. MMR proteins
50 |jLg cell extract was separated on 8 % SDS-poly- 

acrylamide gels, and proteins transferred to PVDP.
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Antibodies to hMSH2 (G219-1129, Pharmingen, 
1 fJLg/ml), hMSH6 (Q-20, Santa Cruz, 2 [xg/ml), 
hMLHI (G168-15, Pharmingen, 0.5 jjig/ml) or hPMS2 
(A 16-4, Pharmingen, 1 |ig/ml) and ECL were used to 
detect MMR proteins.

2.8. p53 Amplification and sequencing

The primer sequences used to amplify the exons 
of p53 have been described previously [17,19]. PCR 
reactions contained lOOng genomic DNA (prepared 
using QIAGEN DNeasy tissue kit), 2.5 mM MgCl2, 
200 |iM  each dNTP, 0.5 |jlM primers and 2.5 U Hot- 
Star Taq (QIAGEN) in manufacturer’s buffer to a 
final volume of 50 |il. Exons 2-4 were amplified 
by: 15 min at 95 °C, 35 cycles of Im in at 95 °C, 
1 min at 55 °C and 1 min at 72 °C followed by a fi
nal extension of 10 min at 72 °C. Exons 5-8 were 
amplified using the same conditions except the an
nealing temperature was increased to 65 °C. Exons 
6 and 7 required the addition of Q-solution (QIA
GEN) to the reaction. PCR products were purified 
on QIAquick PCR purification spin columns (QI
AGEN) and sequenced on an ABI Prism 377 Se
quencer.

The presence of the exon 4 Arg polymorphism was 
detected by digesting 200 ng of purified PCR product 
with 5U BstUI. Products were separated on a 1.8% 
agarose gel. PCR products containing the pro codon 
remain full length (298 bp) following BstUI diges
tion; those containing the Arg sequence are digested 
to products of 100 and 198 bp.

2.9. DNA platination

DNA platination levels were determined by atomic 
absorption spectroscopy as previously described 
[20]. Approximately 4 x 10̂  cells were treated with 
0-100 |iM  cisplatin for 2h at 37 °C. Cells were 
washed, harvested and the DNA extracted, ethanol 
precipitated and extensively washed. DNA was dried 
and hydrolysed in 0.2% nitric acid overnight at 
37 °C.

2.10. In vitro mismatch repair assay

Mismatch repair assays were carried out as previ
ously described [21].

2.11. RT-PCR

RNA was prepared from about 5 x 10̂  cells us
ing the RNeasy minikit (QIAGEN) with a DNase 
step. 1 fxg of RNA in 20 |jl1 was converted to cDNA 
using ImProm-II Reverse Transcriptase (Promega) in 
the presence of 20 U of RNasin Ribonuclease Inhibitor 
(Ambion). The 2 jjlI RT product was amplified in a 
multiplex PCR reaction containing 0.04 jjlM  (3-actin, 
0.5 |jlM  hMSH2, 0.25 p.M hPMS2, 0.1 fJiM hMSH6, 
0.5 fiM  hMLHI and 0.125 jjlM  hPMSl primers as de
scribed in [22]. Reactions (5 0 |ul1) contained 2.5 mM 
MgCL, 200 jJuM each dNTP and 2.5 U HotStar Taq. 
Amplification was performed for 15 min at 95 °C, 30 
cycles of 95 °C for 30 s, 58 °C for 30 s and 72 °C for 
45 s followed by a final extension of 72 °C for 10 min. 
PCR products were separated on a 2% agarose gel 
and detected by ethidium bromide staining.

2.12. BAT26 microsatellite analysis

Single cell clones generated by limiting dilution 
were expanded to around 10̂  cells. DNA was ex
tracted and BAT26 amplified (95 °C for 15 min fol
lowed by 35 cycles of 95 °C for 1 min, 55 °C for 1 min 
and 72 °C for 1 min with a final extension of 72 °C for 
10 min) with fluorescently labelled primers [23]. Prod
ucts were sized using an ABI Prism 377 Sequencer.

2.13. Méthylation tolerance screen

A total of 200 cells were plated in duplicate in 
6-well plates, allowed to attach for 2 h. Following a 2 h 
pre-treatment with 25 jiM  0^-benzylguanine (Sigma), 
200 (jlM  recrystallised MNU (kindly provided by Prof. 
Peter Swann, University College London) was added. 
Cultures were grown for a further 7 days and colonies 
scored under a microscope.

2.14. Cell cycle analysis

2.14.1. Propidium iodide staining 
Exponentially growing cell cultures were treated 

with 3 0 |jlM  cisplatin for Ih . After incubation in 
drug-free medium, aliquots of cells were harvested 
and approximately 10̂  cells fixed in 70% ethanol 
for 1 h at 4 °C. Prior to analysis by flow cytometry, 
ethanol was removed by washing with PB SA and.
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after treatment with RNaseA, cells were incubated 
with propidium iodide (50 fjtg/ml) for 15 min at room 
temperature.

2.14.2. BrdU labelling 
Exponentially growing cells were pulse labelled 

with 10p,M BrdU for 10 min immediately prior to a 
1 h treatment with 30 |jlM  cisplatin. Cells were fixed 
and washed as above before being treated with 2 M  
HCl for 30 min at room temperature. Following ex
tensive washing to remove acid, cells were incubated 
with anti-BrdU antibody (Becton Dickson) for 20 min 
at room temperature in the dark. Antibody-antigen 
complexes were detected with FITC-conjugated rab
bit anti-mouse P(ab')2 fragments (Dako) for 15 min at 
room temperature in the dark. DNA was then stained 
with propidium iodide (50 p-g/ml) for 30 min before 
analysis by flow cytometry.

I 2.14.3. Sub-Gl DNA content
The sub-Gl apoptotic cell population was measured 

by propidium iodide staining as described above ex
cept fixed cells were washed with phosphate-citrate 
buffer (0.192M Na2HP0 4 , 4m M  citric acid pH 7.8) 
instead of PBSA.

3. Results

3.1. Cisplatin-resistant E. coli dam strains

We investigated whether exposure of dam mu
tants to cisplatin provided a strong selective pressure 
for inactivation of M MR and whether dam mutants 
with a mutator phenotype were the major class of 
cisplatin-resistant dam isolates.

3.1.1. Sensitivity o f dam and dam MMR~ 
strains to cisplatin

Both GM113 (dam-3) and GM3819 (dam-16:.-Kan) 
were around 4-fold more sensitive to cisplatin than 
their respective dam~  ̂ parents (Fig. la and b). Intro
duction of either a mutS or mutL mutation reduced 
their sensitivity without fully restoring WT cisplatin 
resistance. For example, GM150 (dam-3 mutL), 
GM169 (dam-3 mutS), and GM5556 (dam-16::Kan 
mutS::TnlO) were all about two-fold more sensi
tive than GM112 (dam~^) and AB1157(Am"^). As

expected, inactivation of M M R did not alter cisplatin 
resistance in a dam'^ background and the responses 
of dam~  ̂ FS1582 (mutL) and A B I 157 to cisplatin 
treatment were indistinguishable. These observations 
confirm that the E. coli mismatch repair pathway plays 
an important role in cisplatin sensitivity that is only 
apparent in a Dam-deficient background [9]. They 
also indicate that inactivation of M M R in dam strains 
restores cisplatin resistance to a level that approaches, 
but does not reach, that of wild-type, dam'^ cells.

3.1.2. Selection fo r  cisplatin resistant dam strains
We examined the development of cisplatin resis

tance in GM3819 (dam-16::Kan) following repeated 
exposure to toxic concentrations of the drug. Exponen
tially growing cultures were treated up to four times 
with 100 p.M cisplatin, a dose that reduced survival to 
approximately 10“ .̂ After each treatment cycle, the 
phenotype of 50 surviving clones from several inde
pendent cultures was investigated by examining resis
tance to 2-AP, the presence of a mutator phenotype, 
and the sensitivity of DNA to digestion with Dpnl.

After a single round of cisplatin treatment, about 
6% of GM3819 survivors were 2-AP'' consistent with 
either a dam'^ or dammutS/L genotype. All of these 
resistant variants exhibited a strong mutator pheno
type indicative of a mismatch repair defect. Further, 
since the dam gene in this strain is inactivated by a 
transposon insertion, reversion to dam'^ is unlikely. In 
agreement with this, DNA from all cisplatin-resistant 
GM3819 colonies remained sensitive to Dpnl diges
tion. After a second round of selection, the mutator 
population accounted for 66% of the total and after 
a further two treatments, all cells examined had this 
phenotype. Following the fourth round of selection, 
the cisplatin resistance of three independent isolates 
was examined quantitatively. Two clones were more 
cisplatin-resistant than dam mutS or dam mutL strains. 
The sensitivity of the remaining clone was interme
diate between that of dam and W T strains and was 
compatible with inactivation of M M R in a dam back
ground (Fig. la). The observations that all surviving 
cisplatin-resistant colonies exhibited a strong mutator 
phenotype, were resistant to 2-aminopurine and their 
DNA was insensitive to Dpnl digestion (for example, 
see Fig. Ic and d), suggest that inactive M M R is the 
predominant route by which E. coli dam mutants es
cape killing by cisplatin. In addition, the recovery of
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Fig. 1. C isplatin cyto tox ic ity  in dam  and dam m iitU S  mutant E. co ll, and in clones selected fo r resistance to cisplatin. Exponentially grow ing 

E. co ll were exposed to aquated cisplatin fo r 2h  in m inim al salts at 37 C, washed tw ice and plated on i.-agar containing appropriate 

antibiotics: (a) AB1157 (w t, O), GM 3819 (dam. □ )  and GM 5556 (dam mutS. A) and cisplatin-resistant clones: clone 1 ( # ) ,  clone 2 

(O ) and clone 3 (À ) .  (b) GM 112 (w t. 0), GM 113 (dam, □ )  and G M 150 [dam m iit i.  A) and cisplatin-resistant clones: clone 4 ( • )  

and clone 5 (A). Values represent the mean o f at least three independent experiments, (c) 2-Am inopurine sensitivity o f cisplatin-resistant 

E. co ll clones. Cisplatin-resistant clones 1, 2 and 3 derived from  GM3819 and clones 4 and 5 from  GM 113 were streaked on i.-agar 

containing 200|xg/m l 2-aminopurine. Growth after overnight incubation at 37 C was then ascertained. Strains w ith  a dam ' or damimitSIL  

but not dam genotype are insensitive to 2-aminopurine. (d) Sensitivity o f genomic D N A  from  cisplatin-resistant E. co li to Dpiû  digestion. 

Approxim ate ly 1 p.g o f genomic D N A  from  the cisplatin-resistant clones was digested w ith  5 units o f Dpn] at 37 C fo r 2h. Undigested 

( - )  and digested (-h) products were analysed on a 0.3% native agarose gel and visualised under U V  light by ethidium  bromide staining. 

O nly D N A  from  strains w ith  functional Dam are sensitive to Dpn\ digestion. Dpnl-sensitive D N A  fragments migrate out o f the gel under 

the conditions o f electrophoresis used.
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MMR-defective dam clones with W T or greater cis
platin resistance suggests that they may have acquired 
additional mutations that further reduce their cisplatin 
sensitivity.

Essentially similar results were obtained following 
cisplatin treatment of GM113 {dam) in which the dam 
gene is inactivated by a point mutation. In this case, 
resistant clones fell into two major classes. The ma
jority exhibited the intermediate cisplatin sensitivity 
associated with dammutS or dammutL (clone 4). Most 
of the remainder had the properties consistent with 
reversion to dam~  ̂ (DNA sensitive to Dpnl and full 

I cisplatin resistance— Fig. Ib-d, clone 5). 
i These observations indicate that inactive MMR is 

frequent among cisplatin-resistant E. coli dam mu
tants. Some cisplatin-resistant MMR-defective E. coli 
dam survivors may harbour additional mutations that 
increase their cisplatin resistance to the wild-type 

I level. The mutator effect that accompanies inactiva- 
I tion of M M R may facilitate the acquisition of these 

extra mutations.

3.2. Cisplatin resistant human cells

3.2.1. Selection
The A2780 human ovarian carcinoma cell line is 

widely used as a model for drug resistance. Cultures of 
A2780 are known to harbour a small sub-population 
of cells that are defective in mismatch repair because 
of a methylated HMLHI promoter [18]. These cells 
also contain a dominant negative p53 mutation that 
affects their cisplatin resistance [17,18]. A single cell 
clone of this original population A2780-SC1, was pre
viously shown to have normal M M R and a wild-type 
p53 response [17]. The present study was initiated 
with a freshly-isolated sub-clone of A2780-SC1 des
ignated A2780-SCA which also retained both func
tional M M R and p53 responses (see in the following 
sections).

Cisplatin-resistant variants of A2780-SCA were iso
lated by two slightly different procedures. Resistant 
clones designated CPI A to CP6A were isolated after 
a single exposure to 30 jxM and two subsequent treat
ments of surviving cells at 50 p.M cisplatin. For clones 
CP7A to CP 12A, after an initial dose of 10|jlM cis
platin, survivors were treated with 20, 30 p,M and two 
rounds of 50 |iM . All clones isolated were of indepen
dent origin.

All 12 clones (C P IA -12A) displayed a stable re
sistance to further cisplatin exposure. The extent of 
resistance varied from around 1.5-2.5-fold. Examples 
are shown in Fig. 2.

3.2.2. MMR status

3.2.2.1. Méthylation tolerance. A high level re
sistance to MNU is a hallmark of defective MMR. 
All the cisplatin-resistant variants were screened for 
M NU resistance. Each clone was plated in duplicate 
wells of a 6-well plate at 200 cells per well. After 2-h 
incubation with 0^-benzylguanine to deplete MGMT, 
cells were treated with 200 p,M MNU, a dose that 
kills >95% of M MR proficient A2780 cells but does 
not detectably reduce survival of MMR-defective 
A2780 variants [24]. Surviving colonies were scored 
after 7 days growth in the continuous presence of 
0^-benzylguanine. As expected, no colonies were ob
served in wells containing parental A2780-SCA cells. 
None of the cisplatin-resistant clones CP1A-12A 
was as resistant as a MMR-defective variant and 
no survivors (<1%  of untreated values) were ob
served in wells containing CPI A or CP4A-12A. 
A low level of survival was observed for CP2A 
(6%) and CP3A (17%). In neither case was the re
sistance equivalent to the hMLHl-defective A2780 
derivative A2780-MNU1A (100% survival). Thus, 
none of the cisplatin-resistant clones is méthylation 
tolerant.

3.2.2.2. MMR gene expression. Expression of the 
hM LH l, hPMS2, hMSH2 and hMSH6, M MR genes 
was examined by RT-PCR. Reverse transcribed 
mRNA was amplified by multiplex PGR using 
primers designed to generate M MR cDNA fragments 
of easily distinguishable length. A (3-actin fragment 
served as an internal control. Fig. 3a shows that all 
five M MR cDNA fragments were amplified from 
the two control cell lines Raji and A2780-SCA, and 
from all 12 cisplatin-resistant A2780 lines. Three 
MMR-defective colorectal carcinoma cell lines served 
as negative controls. The hM LHl product was absent 
from SW48— consistent with the known silencing 
of the hMLHl promoter in these cells [25]. Simi
larly, no hMSH2 product was recovered from LoVo 
cells that contain an hMSH2 deletion [26]. hMSH6 
is mutated in DLD-1 [27]. The ]evel of hMSH6
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Fig. 2. C isplatin cy to tox ic ity  in A2780 variants. Parental cells A278()-SCA or cisplatin-resistant clonal variants were treated w ith  cisplatin 

fo r 6 0m in  at the concentrations indicated, the drug removed and cells grown fo r a further 7 days in drug-free media. Colonies o f greater 

than 50 cells were scored under a microscope, (a) values were calculated from  straight line semi-log sur\iva l plots, (b) C isplatin 

cyto tox ic ity  in A2780-SCA; ( □ )  and clonal variants CP3A (O) and CP5A (A). Values represent the mean o f at least two independent 

experitnents ±  the standard error.

cDNA amplification product from these cells was 
consistently reduced, suggesting that the mutated 
mRNA might be unstable. We conclude that MMR 
gene, and in particular hMLHl, silencing does not 
underlie the cisplatin resistance of the CP1A-12A 
clones.

3.2.2.3. MMR protein levels. The levels of hMLHl, 
hPMS2, hMSH2 and hMSH6, proteins in the 12 
resistant variants were investigated by western blot
ting. The amounts of hMSH2, hMLHl, and hPMS2 
were reproducibly indistinguishable from those of 
A2780-SCA. Some variability in levels of hMSH6 
was encountered. Differences were not reproducible, 
however, and we conclude that all four MMR proteins

are present at levels similar to those of the parental 
A2780-SCA cells (Fig. 3b).

3.2.2.4. Mismatch repair. The MMR capacity of 
four representative clones was examined in a standard 
MMR assay. Two, CP3A and CP5A, were from the 
first treatment schedule, and two, CP7A and CP8A, 
from the second. Extracts of all four clones coiTected 
a single C:T mispair in a nicked circular heterodu
plex substrate with an efficiency similar to that of the 
parental A2780-SCA cells (Fig. 3c). As expected, ex
tracts of two cell lines that are hMLH I -defective, the 
HCTl 16 colorectal carcinoma and the MNU-resistant 
A2780-MNU1 [17] were unable to carry out re
pair. This direct biochemical assay confirms that
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Fig. 3. M ismatch repair status o f A2780 variants, (a) M u ltip lex  RT-PCR co-am plification o f [3-actin, hM SH2. hPMS2, I1M S H 6 , h M L H l 

and hPM Sl gene products from  A2780 clonal variants. Control lines Raji T K -  (w t), SW48 { l iM L H I - } ,  LoVo (hM S H 2~) and D L D l 

{I1M SH 6 - )  are shown in the left panel. The PCR products were electrophoresed through a 2% agarose gel, stained w ith  ethidium  bromide 

and visualised w ith  U V  light, (b) M M R  protein expression by Western blot. Cell extracts were separated on an 8 % agarose gel, transferred 

to PVD F membrane and probed w ith  anti-hM SH2, an ti-liM S H 6 , a n ti-h M L H l or anti-hPMS2 antibodies. Antibody-antigen complexes were 

detected using ECU on H yperfilm  ECU. (c) In v itro  mismatch repair activity. Extracts from  A2780-SCA, CP3A, CP.3A, CP7A or CP8 A 

were assayed fo r the a b ility  to correct a T/C  mismatch and restore an M lu \ restriction endonuclease site in a standard nicked circular 

duplex substrate. Fo llow ing the incubation o f the D N A  substrate w ith  extract, D N A  was digested w ith  M lii\  and the products analysed on 

a 0.8% agarose gel in the presence o f ethidium  bromide. The arrowed band corresponds to D N A  molecules in which the mismatch has 

been corrected.
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these four representative clones are MMR profi
cient.

3.2.2.5. Microsatellite instability. The BAT26 mo
nonucleotide microsatellite is monoraorphic in the 
general population [28]. Changes at this locus provide 
a sensitive indicator of an underlying MST^ pheno
type. Analysis of BAT26 in 20 subclones of CP5A 
provided no indication of alteration in length (data not 
shown). These data are consistent with the absence of 
an MSI"^ phenotype and with normal levels of MMR  
in CP5A.

In summary, there was no evidence of a MMR defect 
in any of the twelve cisplatin-resistant A2780-SCA 
clones. None had a méthylation tolerant phenotype. 
All resistant clones had normal levels of MMR mRNA. 
Key M MR proteins were present at wild-type levels 
in each. In an in vitro assay extracts of four represen
tative clones showed an unimpaired ability to correct 
a single base mismatch. Examination of one of these 
four provided no evidence of an MSl"^ phenotype. We 
conclude that the changes underlying the cisplatin re
sistance of the CP1A-12A variants are unrelated to 
MMR.

3.2.3. Other potential resistance factors
Other possible factors that might underlie the cis

platin resistance of the A2780 variants were exa
mined.

3.2.3.1. p53 status. p53 is a significant— albeit 
unpredictable— modifier of cisplatin resistance in 
A2780 cells. We examined the p53 response of the 12 
cisplatin-resistant clones. Western blotting indicated 
that none of the clones had high constitutive levels 
of p53 protein and most responded to cisplatin treat
ment with increased p53 levels (Fig. 4a). Twenty-four 
hours after treatment with 30 fxM cisplatin, there was 
a clear (> 10-fold) induction of p53 in the parental 
A2780-SCA cells. In CP3A and CP7A (also possibly 
CPIOA), this response was apparently defective and 
the increase in p53 levels was reproducibly lower 
(< 3-fold) than in the parental cells (Fig. 4a). Consis
tent with this, p21 induction was also attenuated in 
CP3A and CP7A. p53 response of these clones was 
examined in more detail. In contrast to the behaviour 
after cisplatin exposure, p53 stabilisation and p21 
induction after treatment with other DNA damaging

agents was normal. Fig. 4b shows that the response 
of CP7A to 5 Gy ionising radiation or 20J/m- UVC 
was not attenuated compared to parental A2780-SCA 
cells. Similar results were obtained with CP3A (data 
not shown). In a separate series of experiments, a 
more quantitative analysis of the p53 response after 
cisplatin exposure indicated that the p53 responses of 
CP3A and CP7A were suboptimal. Both clones re
tained the ability to respond to cisplatin but 2^-fold  
higher cisplatin concentrations were required to elicit 
this p53 response (examples are shown in Fig. 4c).

The p53 genes of CP3A, CP5A, CP7A, and CP8A 
were sequenced directly. No mutations were found in 
p53 exons 2-8 in any of the four variants (data not 
shown). The common sequence polymorphism (pro) 
at codon 72 in exon 4 was found in the parental cells 
and in all four variants. Homozygosity for Pro at codon 
72 was confirmed by resistance to BstUl digestion 
(data not shown). Thus, the altered p53 response of 
the resistant A2780 variants does not reflect a mutated 
p53 gene.

3.2.3.2. DNA platination. The levels of DNA 
platinum were determined by atomic absorption 
spectroscopy. The extent of DNA platination was 
significantly lower in CP7A and CP3A than in 
A2780-SCA over a range of cisplatin concentra
tions. DNA platinum levels in CP7A were around 
half of those in the parental cells (0.8units/p.M drug 
versus 1.6units/p,M drug). For CP3A, platination 
was reduced to around two thirds (1.2 units per p,g 
drug). DNA platinum levels of CP5A and CP8A 
were slightly higher than those of the parental cells 
(Fig. 4d). Increased levels of GSH did not account 
for the reduced levels of DNA platinum in CP7A and 
CP3A. Steady-state GSH levels were closely similar 
in the parental cells and in CP3A, CP7A and CP8A. 
The extent of GSH induction by cisplatin treatment 
varied somewhat among the resistant clones but there 
was again no correlation between susceptibility to 
DNA platination and GSH (data not shown).

We conclude that the increased survival and the 
selective attenuation of the cisplatin-induced p53 re
sponse in CP3 A and CP7A most likely reflects a lower 
level of cisplatin-DNA damage. The precise nature of 
the protective process in these variants remains unclear 
but it seems unlikely to be due to altered steady-state 
or induced levels of GSH.
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Fig. 4. p53 and p2l induction and D N A platination in A2780 variants, (a) Exponentially grow ing cell cultures were treated w ithout ( - )  

or w ith  ( + )  3 0 plM  cisplatin fo r I h at 37 C. A fte r a further 24 h growth in drug-free media, cells were harvested and proteins extracted. 

Extracts were separated on 10% (p53) or 12% (p21) SDS-PAGE, transfeiTed to PVD F membranes and detected w ith  anti-p53 or anti-p21 

antibodies as before, (b) p53 was induced in A2780-SCA, CP3A or CP7A cells w ith  cisplatin as before or w ith  5 Gy IR or 20 j / n r  U VC  

and harvested 7 h after treatment. Extracts were prepared and probed fo r p53 expression as described above, (c) Dose-dependent cisplatin 

induction o f p53. A2780-SCA, CF3A or CP7A cells were treated w ith  0, 10, 20 or 40 p.M cisplatin fo r 60 m in, harvested after 24 h and 

probed fo r p53 expression as before, (d) D N A  platination levels after cisplatin treatment. About 10^ cells were treated w ith  cisplatin fo r 2 h. 

D N A  prepared and the D N A  platination levels determined using atomic absorption spectroscopy. Each detem iination is based on a series 

o f treatments w ith  d ifferent cisplatin concentration (25. 20 100 p.M). Data are presented as the slope derived from  these measurements.
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Fig. 5. C ell cycle response and apoptosis in resistant A2780 variants, (a) D N A  content o f exponentially growing cell cultures o f SCA 

or CP5A cells after 30p.M  cisplatin fo r 1 h was determined by propidium  iodide staining (le ft panels) at various time points as shown. 

A lternatively, cells were pulsed w ith  l()p .M  BrdU fo r 10m in immediately prio r to cisplatin treatment and the fate o f S-phase cells fo llow ed 

using anti-B rdU  antibodies (righ t panels), (b) Apoptosis induction in SCA (0) or CP5A ( □ )  after treatment w ith 3()|xM cisplatin fo r 1 h. 

The fraction o f cells w ith  a sub-G l D N A content was detennined by modified propidium  iodide staining at the times indicated.
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3.2.3.3. Cell cycle. Cisplatin is known to induce 
cell-cycle arrest in human cells. We examined the 
effect of cisplatin treatment on cell cycle progression 
in the four representative cisplatin-resistant clones 
CP3A, CP5A, CP7A, and CP8A. The DNA content of 
cisplatin-treated cells was determined by propidium 
iodide staining and FACS analysis. In addition, FACS 
was also used to examine the fate of BrdU-labelled 
cells that were in S-phase at the time of cisplatin 
treatment.

The predominant effect of treatment of A2780-SCA 
cells with 30 |xM cisplatin was accumulation in late 
S-phase. The S -f G2/M fraction increased from 38 
to 76% at 18-24h and reached a maximum of around 
90% by 42-48 h post-treatment (Fig. 5a and data not 
shown). Analysis of BrdU-labelled cells that had been 
in S-phase at the time of cisplatin treatment confirmed 
the S-phase arrest. The block to progression appeared 
to be long-term and the distribution of cells remained 
essentially unchanged for up to 96 h post-treatment 
(data not shown).

The response of A2780-CP5A cells to 30 [jlM  cis
platin was quite different. At 24 h, there was a modest 
increase in the proportion of cells in S-phase (from
29 to 36%) accompanied by a more dramatic accumu
lation in G2/M. This is clearly demonstrated by the 
analysis of the fate of the BrdU-labelled S-phase cells. 
By 48 h, the G2/M block was partially relieved and a 
significant fraction of cells had re-entered the cycle. 
This distribution more closely resembled that of un
treated cells (Fig. 5a, right panel). A fraction of the 
cells remained arrested, however, and the distribution 
had not returned to normal even at 96 h post treatment 
(data not shown).

The behaviour of CP8A cells after treatment with
30 |xM cisplatin was similar to that of CP5A. The re
sponse of CP3 A— that sustain less cisplatin damage—  
was intermediate between the parental A2780-SCA 
and CP5A cells. In particular, the reduced S-phase 
progression and substantial accumulation in late S 
resembled the parental cells. These events occurred 
somewhat later (at 48 h) than in A2780-SCA, how
ever. Unlike the parental cells, the block did not persist 
and cells progressed into G2/M where, like CP5A, 
they arrested (data not shown). It seems likely that 
these somewhat attenuated responses reflect the lower 
level of cisplatin induced DNA damage in CP3A 
cells.

3.2.3.4. Apoptosis. Sub-Gl DNA content is re
garded as a measure of apoptotic cell death. At 24 
and 48 h after cisplatin treatment, the fraction of cells 
with a sub G1 DNA content was not significantly 
different among A2780-SCA, CP5A and CP8A. As 
expected from their relative cisplatin sensitivity, anal
ysis at 72h revealed a significantly greater fraction of 
sub-Gl A2780-SCA cells than CP5A or CP8A cells 
(an example is shown in Fig. 5b). Thus, alterations 
in cell cycle progression and reduced induction of 
apoptosis are two characteristic features of cisplatin 
resistance in CP5A and CP8A cells.

4. Discussion

Our data confirm the key role played by M M R in 
cisplatin toxicity in dam strains and the absence of 
a detectable contribution of M MR in a dam'^ back
ground. They also indicate for the first time, that loss of 
M MR provides a substantial selective survival advan
tage for cisplatin-treated E. coli dam mutants. Clones 
with inactive MMR are widely represented among 
dam survivors of cisplatin exposure. The observation 
that further cisplatin treatment results in selection of 
clones with resistance greater than that of dammutS 
or dammutL strains suggests the acquisition of addi
tional secondary mutations. The frequency of these 
secondary mutations may be increased by the loss of 
MMR.

Inactivation of M M R is now widely regarded as 
one of the major routes by which human tumours can 
acquire significant cisplatin resistance. The twelve 
independent A2780 variants we isolated displayed 
degrees of cisplatin resistance (2-3-fold) similar to 
those generally associated with MMR inactivation. 
The extreme levels of resistance such as the 60- or 
39-fold exhibited by the cisplatin-selected A2008/A 
or A2780CP70 lines [16,29] are atypical and are most 
likely not simply related to MMR. We found no evi
dence of M MR defects at either the mRNA or protein 
level in any of the twelve, however. None was tolerant 
to DNA méthylation damage— an invariant hallmark 
of defective MMR. In agreement with these general 
findings, extracts prepared from four representative 
cisplatin-resistant clones were fully MMR proficient 
in vitro. p53 status is a known modifier of drug sen
sitivity. Analysis of the DNA damage response and
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direct sequencing of the p53 exons in which most of 
the inactivating mutations lie, revealed that the cis
platin resistance of our clones was not a consequence 
of an abrogated p53 response to DNA damage. Thus, 
two acknowledged contributors to cisplatin sensitiv
ity, M MR and p53, apparently functioned normally 
in all our resistant variants.

The finding that all 12 cisplatin-resistant variants 
were proficient in M M R was, perhaps, unexpected in 
view of the widely-held notion that MMR contributes 
significantly to cisplatin sensitivity. Most of the evi
dence that links defective M MR and cisplatin resis
tance is indirect, however. Previous cisplatin-resistant 
variants of A2780 [5,16] contain multiple alterations, 
many of which contribute to overall drug resistance. 
Altered intracellular drug accumulation or DNA modi
fication, and dominant p53 mutations are among those 
known to coexist with defective MMR. In these cases, 
it is clearly inappropriate to ascribe the cisplatin re
sistance to MMR inactivation. When the relative con
tributions of MMR and other factors to the cisplatin 
resistance of méthylation tolerant A2780 cells was as
sessed, MMR inactivation was found to exert only a 
minor influence [18]. The findings reported here, based 
on a different approach designed to examine acquired 
cisplatin resistance, confirm this and indicate further 
that the emergence of MMR-defective variants is an 
infrequent consequence of cisplatin treatment.

A connection between cisplatin resistance and 
M MR inactivation has been inferred from clinical 
studies on tumours as well as from in vitro models. It 
is noteworthy in this regard that cisplatin resistance is 
frequently associated with hM LH l promoter méthyla
tion. There are numerous examples of this MMR gene 
silencing among cisplatin-resistant A2780 variants 
[30]. In addition, many of the clinical immunohisto- 
chemical data are consistent with reduced, or absent, 
expression of this gene in cisplatin-resistant tumours. 
HMLHl promoter méthylation is fairly common and 
it underlies the MMR defects of many non-familial 
MSI"^ colorectal, endometrial and gastric tumours 
[31-33]. We suggest that HMLHl promoter méthyla
tion in cisplatin-resistant cell lines or tumours may 
simply be a marker for altered epigenetic gene reg
ulation. There is increasing evidence that promoter 
cytosine méthylation affects many genes in tumours 
with this phenotype. One, or several, of these silenc
ing events may contribute to cisplatin resistance. This

provides a possible explanation for the paradoxical 
simultaneous reduced expression of the presumably 
epistatic HMLHl and HMSH2 genes in cisplatin- 
treated tumours [34] and the absence of correlation 
between HMLHl reactivation and cisplatin sensitivity 
in A2780 derivatives [30]. The absence of associa
tion between M MR status and cisplatin resistance of 
the 12 A2780-SCA variants may simply indicate that 
A2780-SCA does not have the necessary deregulated 
epigenetic control. It is implicit in this argument 
that inactivation of MMR may not, in itself, confer 
a sufficient survival advantage on cells treated with 
cisplatin. Any small contribution from inactive repair 
must be combined with additional changes to provide 
the cell with significant resistance.

The relation between p53 and cisplatin resistance 
is complex. In general, p53 mutations are associated 
with cisplatin resistance and replacement of W T p53 
has been suggested as a means of clinical chemosensi- 
tisation. A dominant negative p53 increases cisplatin 
resistance in A2780 cells and in combination with a 
silent HMLHl promoter is responsible for the high 
level cisplatin resistance in many variants of A2780. 
The absence of p53 alterations in our cisplatin- 
resistant clones may simply indicate that, without a 
mutator phenotype, the probability of the necessary 
type of p53 mutation is low. A non-exclusive expla
nation is that most spontaneous p53 mutations do 
not confer sufficient resistance in a M M R proficient 
background for selection under our experimental 
conditions. It may be significant in this respect that 
M MR defects and p53 mutations coexist in several 
established cisplatin-resistant cell lines.

We identified two contributors to cisplatin resistance 
in the A2780 clones. The first was a protective function 
that significantly reduced the level of DNA platination. 
Although the precise mechanism of this effect remains 
undefined, the extent of protection is most likely suf
ficient to account for the increased resistance of those 
clones. Protective effects of this nature are widespread 
among cisplatin variants. They confer cross-resistance 
to numerous drugs and they are known to contribute to 
the cisplatin resistance of the much studied A2780CP 
series of Ozols et al [16,35].

We found examples in which drug resistance was 
associated with changes in the way replicating cells 
responded to cisplatin treatment. Although we did not 
examine all 12 variants by FACS, the finding that
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changes in S-phase progression were apparent in two 
(CP5A and CP8A) of four clones suggests that this 
is likely to be a common phenotype. After treatment 
with cisplatin, the predominant effect in the parental 
A2780 cells was a significant block to progression 
through S-phase. In CP5A and CP8A, the effects of 
an equivalent level of DNA cisplatin damage were 
less pronounced. The behaviour of CP5A and CP8A 
was more consistent with a reversible G2 arrest asso
ciated with a reduction in cisplatin-induced apoptosis. 
Possible explanations for the altered S-phase response 
include abrogation of inter-S-phase checkpoints and 
an enhanced ability to process cisplatin DNA lesions 
by recombinational or lesion bypass mechanisms. It 
has been suggested that A2780 variants— and other 
tumour cell lines with M MR deficiencies— perform 
more ‘replicative bypass of cisplatin DNA adducts’ 
[4] and that ability is a direct consequence of the 
M M R defect. Increased’ cisplatin lesion bypass has 
also been inferred in resistant cells that are M M R pro
ficient, however [36]. At present, we are unable to dis
tinguish whether the impaired S-phase progression of 
CP5A and CP8A reflects increased elongation (lesion 
bypass), decreased responsiveness to signals prevent
ing replicon firing (S-phase checkpoint), or a combi
nation of both. It is possible that, because they are 
tumour-derived, the parental A2780 cells may already 
have a dysfunctional S-phase checkpoint. Whatever 
the underlying mechanism, it is clear that the S-phase 
effects in CP5A and CP8A are not dependent on de
fective MMR.

In regard to lesion bypass, it may be significant 
that cisplatin is a potent inducer of the E. coli SOS 
response. Two key components of this response, are 
encoded by the umuDC operon. The UmuD2UmuC 
protein complex is considered to function as a DNA  
replication checkpoint [37]. The related UmuD^ 
UmuC trimer, in which the UmuD protein is trun
cated, is DNA polymerase V. Both DNA polymerase 
V and the related DNA polymerase IV, encoded by 
the SOS regulated dinB'^ gene, perform translesion 
synthesis on damaged DNA. The human DNA poly
merases eta and kappa can carry out bypass of cis
platin lesions [38,39]. Factors related to replication of 
cisplatin-damaged DNA are attractive alternatives to 
mismatch repair deficiency in acquired cisplatin resis
tance. Although the properties of the cisplatin-resistant 
A2780 clones do not exclude a role for defective MMR

in cisplatin resistance in some circumstances, they 
suggest that effects related to S-phase checkpoints 
and/or DNA lesion bypass might be more common. 
These may be fruitful areas for future investigation of 
acquired cisplatin resistance in human tumour cells.
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Abstract

DNA from therapy-related acute leukemia/myelodysplastic syndrome cases (tAL/MDS) from the G IM E M A  [Gruppo Ital- 
iano Malattie Ematologiche Maligne dell’Adulto] A rch ive  was examined for the microsatellite instability (MSI+) phenotype 
that is diagnostic for defective DNA mismatch repair. More than 60% (16/25) of tAL/MDS cases were MSP in contrast to 
<4% (0/28) of de novo  cases. H M L H I gene silencing was rare and evidence of promoter méthylation was found in less than 
one-third of the MSP cases. Among the G IM E M A  patients who had been treated for breast cancer there was an apparent trend 
towards early onset primary breast disease. This suggests that there might be common predisposing factors for breast cancer 
and tAL/MDS. There were also three examples of mutations in the M R E I I  gene among the 25 tAL/MDS cases suggesting 
that defective recombinational DNA repair may promote the development of secondary mahgnancy. M SP tAL/MDS was 
significantly associated with previous chemotherapy and the frequency of M SP among radiotherapy patients was consid
erably lower. In view of the estabhshed relationship between drug resistance and mismatch repair defects, we suggest that 
selection for therapeutic drug resistance may contribute to the incidence of MSP tAL/MDS.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

As a consequence of improved therapeutic regimes, 
more cancer patients are surviving for longer. The 
frequency of therapy-related cancer— an unrelated 
secondary malignancy following therapy for a first 
tumor— has increased in parallel. Acute myeloid 
leukemia (AML) and myelodysplastic syndrome 
(MDS) are the most prevalent forms of secondary can
cer and therapy-related AML (tAML) now accounts 
for 10% of all AML cases [1]. tAML and tMDS are 
distinguished from de novo disease by characteristic 
cytogenetic alterations [2]. tAML is generally more 
refractory to treatment than de novo AML and tAML 
patients have a significantly poorer prognosis [3-5]. 
Therapy-related acute lymphocytic leukemia (tALL) 
is less common [6].

Recent years have seen an improved understanding 
of how therapeutic drugs kill tumor cells and of the 
cellular changes that can accompany acquired drug 
resistance. The cytotoxicity of some chemotherapeu
tic agents has been linked to DNA mismatch repair 
(MMR) and inactivation of MMR is associated with 
drug resistance. MMR is an important pathway for 
correcting DNA replication errors. Two important het- 
erodimeric protein complexes are required for most 
MMR: hMutSa (hMSH2 and hMSH6) and hMutLa 
(hMLHl and hPMS2). M MR is defective in some 
cancers. In the Hereditary Non-Polyposis Colorec
tal Cancer (HNPCC) syndrome, a high frequency of 
early onset colorectal, endometrial and other tumors 
[7] is associated with a germ line mutation in either 
the hMSH2 or the hM LHl MMR gene. Mutations in 
hMSH6 and hPMS2, are less frequent [8,9]. In HN
PCC tumors, the remaining functional MMR allele is 
inactivated by a somatic event and the tumor cells are 
repair deficient. In addition to this familial tumor pre
disposition, a considerable fraction of non-HNPCC 
tumors are also MMR defective. In these sporadic 
cases, the repair deficiency is frequently a conse
quence of epigenetic inactivation of the hM LHl gene 
involving cytosine méthylation within the promoter 
region [10]. A susceptibility to epigenetic silencing 
has also been noted for the hMSH6 gene [11]. A MMR  
defect confers a spontaneous mutator phenotype and 
repair-deficient cells exhibit a dramatic increase in the 
rate of frameshift-like mutations in repetitive DNA 
sequences. This is observed experimentally as mi

crosatellite instability (MSI”̂ ) and the MSI^ pheno
type is considered to be diagnostic for defective MMR.

Resistance to DNA damaging drugs, particularly to 
methylating agents and to thiopurines, is an acknowl
edged property of cells with defective MMR. In the 
case the methylating agents with which this resistance 
phenomenon has been most widely studied, resistance 
does not reflect increased removal of DNA lesions 
and for this reason it is known as tolerance to DNA 
méthylation damage [12]. In the laboratory, treatment 
with methylating agents is a straightforward way of 
selecting for MMR defective cells [13,14]. In addition 
to its effect on susceptibility to methylating drugs, 
impaired M MR has been associated with an increased 
resistance to a number of other therapeutic agents, 
including 6-thioguanine [15], cisplatin [16,17], dox
orubicin, [18], and 5-fluorouracil (5-FU) [19,20],

The MSI^ phenotype is rare in de novo AML  
[21,22]— with the possible exception of AML in el
derly individuals [23,24]. Estimates of the frequency 
of MSI^ in tAML/MDS vary widely. There is in
creasing evidence that it is more widespread than 
among de novo cases, however [25,26]. Here, we 
examine the hypothesis that MSI^ AL/MDS is the 
clinical counterpart of selection for MMR-deficient 
drug tolerant cells in the laboratory. We confirm a 
high frequency of MSI"^ in tAL/MDS but not in de 
novo AL. The MSI"*" phenotype of tAL/MDS cases 
was significantly associated with chemotherapy rather 
than radiation treatment. Silencing of the hM LHl 
gene by promoter méthylation is infrequent in MSI"^ 
tAL/MDS, although it may be particularly associated 
with therapy-related acute promyelocytic leukemia 
(tAPL). The findings are consistent with the hypothe
sis that tAL/MDS may sometimes reflect the selection 
of clones with tolerance to drug-induced chemical 
DNA damage.

2. Patients and methods

2.1. Patients

The study involved 25 Italian tAL/MDS patients 
who were admitted, treated, and followed-up at the 
Division of Hematology of the Catholic University 
of Rome from March 1992 to September 2001. Pa
tient details were recorded in the GIMEMA [Gruppo
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Italiano Malattie Ematologiche Maligne dell’Adulto] 
Archive. Written informed consent was obtained from 
each subject. There were 19 tAML— including 5 
tAPL-4 tALL, and 2 tMDS cases (details summarized 
in Table 1).

The median ages at diagnosis of the primary and 
secondary malignancy were 52 years (range 22-73 
years) and 58 years (range 31-75 years), respectively. 
Breast carcinoma was the first malignancy in 11 cases. 
This accounted for the prevalence of females (17) over 
males (8).

Cytogenetic analysis of bone marrow cells was per
formed at the time of diagnosis. Deletion of the long 
arm or loss of an entire chromosome 7 was detected 
in four tAML/MDS cases (T3, T7, T8, T21) and cases 
T7 and T21 also had a deletion of 5q or loss of the 
whole chromosome 5.

Twenty-eight cases of de novo AL (10 AML, 8 APL 
and 10 ALL) were also analyzed. Their median age 
at diagnosis was 43.5 years (range 16-75 years) with 
a similar distribution between females and males (13 
and 15, respectively). All APLs in both therapy and 
control groups had the characteristic t(15;17) translo
cation and diagnosis was confirmed by RT-PCR for 
the PML-RARa gene fusion.

2.2. Cell separation and DNA isolation

Bone marrow cells collected at diagnosis were 
separated on Ficoll gradients. DNA was extracted 
from cryopreserved mononuclear cells using TRI- 
zol (GIBCO BRL, Gaithersburg, MD). In two cases, 
paraffin blocks of skin were available from which nor
mal DNA was isolated (DNA extraction kit— Takara 
shuzo Co., Japan). In 13 cases, normal DNA was ex
tracted from the roots of 3 or 4 freshly plucked hairs 
[27].

2.3. Microsatellite analysis

To measure microsatellite instability, five mono- or 
dinucleotide microsatellites (BAT25, BAT26, D2S123, 
D17S250, D5S346) were examined [28]. PCR reac
tions were carried out in 25 p-1 1 x buffer (20 mM 
Tris-HCl, pH 8.4, 50 mM KCl), 1.5 mM MgCl], 
0.1 mM each dNTP, 1U AmpliTaq DNA polymerase 
(PE Applied Biosystems), 15 ng genomic DNA and 
0.5 p,M primers. Amplifications were performed on

a Perkin-Elmer Thermal Cycler after an initial dé
naturation at 95 °C for 5 min. Thirty cycles of 1 min 
at 90 °C, 30 s at 55 °C, 30 s at 70 °C were followed 
by a final extension of 72 °C for 10 min. Products 
were separated on 6% denaturing polyacrylamide gels 
and transferred to Hybond N+ membrane (Amer- 
sham Italia, Milan, Italy). Membranes were probed 
overnight at 42 °C with a radiolabeled PCR primer in 
130 mM sodium phosphate, pH 7.0, 250 mM NaCl, 
10% polyethyleneglycol (Mr 4000; Sigma, Milan, 
Italy), and 7% sodium dodecylsulfate. Hybridization 
products were detected by autoradiography.

2.4. HMLHI promoter méthylation assay

The promoter méthylation assay was adapted from 
Kane et al. [10]. The PCNA promoter sequence from 
-98 2  to -1-45 used as a control contains the ATG start 
codon and five HpaU/Mspl restriction sites. Genomic 
DNA (lOpg to 2 ng) 10 p.1 buffer (NEB) was digested 
with no enzyme, 50 U H pa ll (NEB), or lOOU MspI 
(NEB). Incubation was for 8 h at 37 °C followed by 
nuclease inactivation for 10 min at 65 °C.

Digested DNA was analyzed by multiplex PCR 
in 50 p.1 1X Qiagen PCR buffer containing 2.5 mM 
MgCl2, 0.2 mM each dNTP, 2.5 U HotStarTaq DNA 
Polymerase (Qiagen) and lOpmol each primer. For 
hM LHl, the forward primer was:

5'-CCACATACCGCTCGTAGTATTCGTGC-3' 

the reverse primer:

5'-CCTCAGTGCCT CGTGCTCACGTTC-3'.

For PCNA, the forward primer was: 

5-CCTAGAAAGACAACGACCACTCTGC-3' 

the reverse primer:

5'-GGCAGGAGACTCACTTGAACCTGG-3'.

Amplification was performed on a Peltier Thermal 
Cycler PTC-200 after initial dénaturation at 95 °C for 
15 min. Each cycle was: 1 min at 95°, 1 min at 68°, 
1 min at 72 °C. Thirty to 35 cycles were followed by 
a final extension at 72 °C for 7 min. After 35 cycles, 
unamplified samples were cycled further with nested 
primers. For the HMLHI promoter, 1 |xl of the mul
tiplex PCR product was analyzed in 50 p-1 buffer



Table I
Characteristics o f  tAL/MDS patients

Case Sex/age Primary tumor Therapy Latency
(month)

FAB subtype Karyotype

T4 F/39 Breast CTX, Epirubicin, 5-FU, Tamoxifen, 
cisPt, VP16, APBSCT

47 AM L-M 2 46, X X

T5 F/62 Breast, colon 5-FU 260/48 AM L-M2 46, XX
T6 F/31 Breast CTX, Epirubicin, 5-FU, RT 24 AM L-M2 No metaphases
T8 F/56 Breast CTX, Epirubicin, MTX, 

Mitoxanthrone, Mitomycin-C, RT
31 M DS-RAEB-t 46, XX, del(3q), —7, -t-mar G, 2q-|-

T i l F/55 Breast CTX, RT 276 AML-MO 46, XX
T12 F/71 Breast Tamoxifen 82 A L L-L2 No metaphases
T18 F/49 Breast CTX, Methotrexate, 5-FU, Tamoxifen 32 AM L-M 4eo 46, XX, t(9;l6) (q21;q22)
T19 F/56 Breast RT 12 ALL-Ll No metaphases
T21 F/70 Breast CTX, 5-FU, Mitoxanthrone, 

Tamoxifen, RT
61 AM L-M 2 44, XX, —1, —5, —c, t(l;5) 

(p36;q35), del(7q), del(9p), d e r ( ll)
T23 F/65 Breast/colon RT (breast) 300/98 APL t(15;17) (q22;q22); t(2;12) (p?;q?)
T24 F/75 Breast RT 20 APL t(l5;17)

T3 M/57 Hodgkin lymphoma MOPP, ABVD 60 AM L-M2 46, XY, del 7(q21ter)/46, XY del 7(q31ter), 3q—
T7 M/58 Hodgkin lymphoma MOPP, ABV D, MiCMA, RT 226 M DS-RAEB 5q—, —7, -1-13, isochromosome 18q
T9 M/65 Non-Hodgkin lymphoma COPP, RT 83 A LL-Ll t(9;22)
T13 F/31 Hodgkin lymphoma MOPP, ABVD 108 AM L-M 4 46, XX
T20 M/68 Non-Hodgkin lymphoma Fludarabine, Chlorambucil 56 AML-nc Aneuploidy (4 3 ^ 8 )  -bring, 

duplication Iq, isochromosomes
T22 M/55 Colon 5-FU -t- RT 84 ALL-L2 Hyperdiploidy (61-69); t(4;l 1)
T25 M /60 Colon RT 60 AML-MO No metaphases
T1 F/48 Thyroid RT (^311) 12 AM L-M2 46, XX
TIO F/42 Thyroid RT (13'I) 24 APL t(15;17)
T2 F/47 Ovary CisPt, Epirubicin, Paclitaxel 51 APL t(15;17)
T14 M/73 Prostate/paget RT 17 AM L-M4 47, XY, -F8
T15 M/74 Skin CTX 89 AML-nc 45, XY, -|-4, -|-16, -bring, —9, —10, —17, —21
T16 F/63 Uterus RT 40 APL t(15;17)
T17 F/68 Multiple myeloma VCR, Doxorubicin, CTX, Melphalan 42 AML-nc N o metaphases

RT, radiotherapy; cisPt, cisplatin; MOPP, mechloroethamine, vincristine, procarbazine, prednisone; COPP, CTX, VCR, procarbazine, prednisone; ABV D, adriamycin, bleomycin, 
vinblastine, dacarbazine; CTX, cyclophosphamide; 5-FU, 5-fluorouracil; APBSCT, autologous peripheral blood stem cell transplantation; M iCMA, mitoxanthrone, carboplatin, 
methylprednisolone, cytosine arabinoside; VCR, vincristine; M DS, myelodysplastic syndrome; RAEB-t, Refractory anemia with excess blasts in transformation; nc, not classified; 
eo, eosinophilia.

I
I
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containing 1.5 mM MgC^, 0.2 mM each dNTP, 2.5 U 
HotStarTaq DNA Polymerase (Qiagen) and lOpmol 
each primer. 

hM LHl:

5'-GGGTTGCTGGGTCTCTTCGTCCCTCC-3'

5'-CGCGTTCGCGGGTAGCTACGATGAGG-3'.

PCNA:

5'-GCGGGGAAGACTTTAGGGCCAATCG-3' 

5'-GAATGTTAAGAGGAT GATAGGGAGC-3'.

hM LHl amplifications were performed as described 
above with an annealing temperature of 58.5 °C after 
an initial dénaturation at 95 °C for 15 min. Twenty cy
cles of 1 min at 95 °C, 1 min at 58.5 °C, 1 min at 72 °C 
were performed followed by a final extension of 72 °C 
for 7 min. Conditions for PCNA were identical except 
that the MgCl2 concentration was 2.5 mM, the anneal
ing temperature was 59 °C and each cycle consisted 
of 1 min at 95 °C, 1 min at 59 °C, and 1 min at 72 °C 
followed by 7 min at 72 °C. Products were analyzed 
by agarose gel electrophoresis.

2.5. Target genes

Mononucleotide repeats inside BAX (19ql3.3- 
ql3.4), TGF^~RII (3p22), BRCA] (17q21), BLM  
(15q26.1), A IM  (Uq22-q23), RAD50 (5q31), M R E ll 
(llq21) were amplified using previously described 
primers [29-33]. The PCR mixture contained 25 ng 
DNA, 1.5 mM MgCh, 0.25 mM each dNTP, 1 x buffer 
(20 mM Tris-HCl, pH 8.4, 50 mM KCl), 1U Ampli
Taq DNA polymerase (PE, Applied Biosystems) and 
0.5 p,M primers. Amplifications were performed on a 
Perkin-Elmer Thermal Cycler after an initial dénat
uration at 95 °C for 5 min. Thirty cycles of 1 min at 
90°C, 30 s at specific 30 s at 70 °C were followed
by a final extension of 72 °C for 10 min. PCR products 
were purified with the QIAquick PCR purification kit 
(Qiagen, Hilden, Germany) and sequenced in both 
sense and antisense directions on an ABI Prism 310 
Genetic Analyzer (PE, Applied Biosystems).

Exons 5-10 of the p53 gene were amplified by 
30 cycles at 95 °C for 2 min, 55 °C for 2 min, and 
72 °C for 3 min using previously described primers 
[34]. PCR reactions (50 p,l) contained 25 ng DNA,

1.5 mM MgCl], 0.25 mM each dNTP, Ix  buffer 
(20mM Tris-HCl, pH 8.4, 50 mM KCl), 0.5 U Am
pliTaq DNA polymerase (PE, Applied Biosystems) 
and 25 pmol specific primers. PCR products were 
purified and sequenced as described above.

3. Results

3.1. Microsatellite instability and hM LHl 
promoter méthylation

Where the patient’s normal DNA was available, the 
standard panel of five microsatellites recommended by 
Boland et al. [35] was analyzed. Examples of MSI are 
shown in Fig. 1. Evidence of instability at 2 or more 
loci was found in 10 of 15 (67%) cases. These were 
designated MSI"^. Non-tumor DNA was not available 
for the remaining 10 patients. Tumor DNA was ana
lyzed at the BAT26 locus in these cases. This locus 
is considered to be essentially monomorphic among 
the general population and alterations at BAT26 have 
been shown to be predictive of MSI^ with >93% ac
curacy [36]. As expected, the frequency of MSI"^ was 
similar in this group and six cases (60%) were al
tered at BAT26. These were also designated MSI^. We 
conclude that the overall frequency of MSI"*" among 
our patients is around 16/25 (64%) (Table 2). The 
frequency of MSI"^ was similar in tAL/MDS (11/16, 
68%), tAPL (3/5, 60%), and tALL (2/4, 50%) con
sidered separately. In contrast to the therapy-related 
cases, none (0/28) of the de novo ALs were MSl"^. 
This low (<3.5%) frequency of MSl"^ in de novo AL 
is in good agreement with published estimates [21,22].

HMLHI promoter méthylation was examined by 
Hpall/Mspl digestion. The colorectal carcinoma cell 
line SW48 that has a methylated HMLHI promoter 
[10] and does not express hMLHl protein detectable 
by Western blotting was used as a positive control. 
The Raji Burkitt’s lymphoma cell line in which 
HMLHI gene expression and protein levels are nor
mal served as a negative control. The promoter of the 
PCNA gene that is ubiquitously expressed in dividing 
cells was included as an internal standard for en
zyme digestion. Examples of the analysis are shown 
in Fig. 2. Evidence of HMLHI promoter méthylation 
was seen in six tAMLs (T2, T4, T5, T14, T16, T23) 
(Table 3). Five of these were MS1+. The exception
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Fig. I. M icrosate iiile  instability. The BAT26, BAT25, D2SI23, D I7S250 and D5S346 niicrosateilites were am plified as described in Section 

2. Products were separated and located by hybrid ization. Representative examples o f D NA from  tA L /M D S  ( I )  or unaffected tissue (N ) 

are shown. Altered alleles and LO H  are designated ( *  ) and (O ), respectively, (a) BAT26 locus, tA L /M D S  patients. A  and B, D N A  

from peripheral blood lymphocytes from  c lin ica lly  normal individuals, (b) BAT25, D I7S250, D 2S I23 and D5S346. tA L /M D S  patients, (c) 

BAT26, de novo A L  patients (D I-D 8 ) .

was patient T14 from whom no normal D N A  was 
available and only BAT26 was analyzed. The appar
ent promoter méthylation in T14 may result from 
intra-tumor heterogeneity. Alternatively, T14 may in
deed be M S I+  and BAT26 is simply uninformative 
in this case, as it is occasionally in colorectal car
cinomas [36]. We cannot distinguish between these 
possibilities. Notwithstanding the status o f T14, we 
conclude that hM LH  I  promoter méthylation is infre
quent (6/25 or 24% ) in tA L /M D S  and accounts for at 
most one-third (between 31% and 35%, 5/16 or 6/17) 
of MSI"*" cases. This value is considerably lower than 
the frequency (>80% ) among sporadic M S I+  colorec

tal tumors 137]. We note, however, that although the 
M S l^  frequency among the tA PL cases (3/5, 60% ) 
was similar to the overall frequency o f 64%, evidence 
of a methylated hM LH  I  promoter was found in (3/3) 
M S I+  tAPLs (cases T2, T16, and T23, Table 3). None 
(0/8) of the de novo A PL cases was M S I^  and none 
contained a methylated h M L H l promoter.

3.2. Mutations in po tentia l target genes

No mutations were found in exons 5 -1 0  of the p53  

gene o f the tA L /M D S  cases. This region contains most 
of the known mutations in tumors (http://p53.curie.fr).

http://p53.curie.fr
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Table 2
Analysis of MST*" in tAL/MDS patients

Primary tumor Case BAT26 BAT25 D2S123 DI7S250 D5S346 Diagnosis

Breast 14 + U
T5 + + - - - u
T6 na + + - - u
T8 - s
T il - s
T12 + u
T18 + + - - - u
T19 - - - - - s
T21 + + - - LOH u
T23 + - + + No DNA u
T24 - - - - - s

Others T3 + + + - No DNA u
T7 + u
T9 + u
T13 + + + - No DNA u
T20 + + + - - u
T22 - - - - - s
T25 - s
T1 - - - - - s
TIO - - - - + s
T2 + + - + + u
T14 - s
T15 + u
T16 + u
T17 + + + + + u

LOH, loss of heterozygousity; U, unstable; S, stable; na, not amplifiable.

No frameshifts were found in genes containing nu
cleotide repeats including BAX (G§ repeat), TGF^-R ll 
(Aio), BRCA] (Ag), BLM  (Ag), ATM  (T?), or RAD50 
(Aq) genes.

There were three examples of a single nucleotide 
deletion in the T i l  tract of M R E ll. This suggests that 
M R E ll might be a particular target for inactivation in 
MSI^ tAML/MDS. The mutation was heterozygous 
in two cases (T3 and T7) and homozygous in T21 
(Fig. 3, Table 3).

3.3. tAL/MDS and primary breast cancer

The largest subgroup— 11 patients— had been 
treated for a primary breast cancer. MST^ in this group 
(7/11, 64%) and the frequency of hM LHl promoter 
méthylation among the MSI^ cases (3/7, 42%) were 
similar to the overall incidences (64% and 35%, re
spectively). There appeared to be a trend towards early

onset breast cancer among these cases. The GIMEMA 
Archive yielded information on 37 more primary breast 
cancer patients who had been excluded from the MSI 
study because no DNA was available. Inclusion of age 
of onset data for these additional patients supported the 
apparent bias towards early primary disease. Fig. 4a 
compares the age at diagnosis of breast cancer for the 
patients in the GIMEMA Archive (48 cases total) with 
similar data for all breast cancer patients from the 
Cancer Registries of six Italian provinces [38]. Only 
6% of registry cases were diagnosed between 20 years 
and 39 years. For tAL/MDS patients, the correspond
ing figure was 24%. Overall, more than half (54%) 
of the breast cancer cases in the GIMEMA group oc
curred at <50 years. The corresponding value for pa
tients in the registries was 23.5%. The possibility that 
there is simply a general bias toward younger patients 
in the GIMEMA group was investigated by compar
ing age of onset data for all non-breast cancer in the 
archive. (The age distribution for Hodgkin lymphoma
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Fig. 2. ItM L H I promoter méthylation. D N A  was extracted I'rom tA L /M D S  and from the control cell lines SW48 (methylated h M L H I 

promoter) and Raji (non-methylated). A liquots were digested w ith  either H pa ll (H ) or MspI (M ) or left undigested (U ). The h M L H I 

promoter fragment and a fragment o f  the PCNA promoter containing m ultip le  C'pG sites ( -9 8 2  to +48 ) were am pliiied as described in 

Section 2. Products were identilied fo llo w in g  agarose gel electrophoresis. An l iM I .H I  PCR product fo llow ing  digestion w ith H pa ll, hut not 

w ith  M spI, is diagnostic fo r promoter méthylation provided that both H pa ll and MspI digestion abolish the PCNA PCR product. Tumors 

contain ing a methylated h M I.H I promoter are marked ( *  ).

is known to be atypically skewed and data from these 
patients were therefore excluded from the analysis,) 
Fig. 4b compares the age distribution of all remain
ing primary cancers in the archive (107 eases total) 
with the 48 breast cancer cases. The two distributions 
differ significantly {P  =  0.03; Kolmogorov-Smirnov 
comparison). Although this analysis is not sufficiently 
rigorous to exclude all potential sources o f bias, the 
data suggest an association between early onset breast 
cancer and tA L /M D S  that might warrant further 
investigation.

3.4. M S I^  and treatment

Most patients in the group (10/25) had received 
chemotherapy for their primary tumor. In most cases 
this involved treatment with more than one type of 
drug. Eight had received radiotherapy (RT) and the 
remaining seven had been treated with combination 
drug/RT (Table 3).

There was a significant association between 
chemotherapy and M S l^ . A ll 10 cases in the

chemotherapy group were M SI ^. This compares to 
only two o f eight patients in the RT group ( P =

0.0015, Fisher's exact test). The association o f M S I^  
with combined therapy was not significantly d if
ferent from that o f M SI  ̂ with chemotherapy alone 
(P  >  0.05). These observations indicate that drug 
treatment carries a significantly a higher risk than RT  
for the development o f M S I * tA L /M D S .

4. Discussion

Cancer therapy is clearly implicated in the devel
opment o f secondary leukemia with defective M M R . 
Our findings based on a study o f 53 patients support a 
growing consensus that the M S I+  phenotype is com
mon in tA L /M D S  but rare in de novo A L. Almost 
two-thirds (64% ) o f our therapy-related cases were 
M S I^  but none o f 28 de novo cases. The latter value 
o f < 3 .5% , taken together with estimates from the pub
lished literature indicates that the frequency of M S I^  
in de novo A M L  is low.
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Table 3
MSI"*", h M L H I méthylation and M R E ll mutation in tAL/MDS patients

Primary tumor Case Therapy MSI+ H M L H I méthylation M R E ll  mutation

Breast T4 Chemotherapy + M na
15 Chemotherapy + M -
16 Combined + - -
T8 Combined - - na
111 Combined - - -
112 Chemotherapy + - -
T18 Chemotherapy + - -
TI9 Radiotherapy - - -
121 Combined + -
T23 Radiotherapy + M -
T24 Radiotherapy - - -

Others T3 Chemotherapy + - +
T7 Combined + - +
T9 Combined + - -
T13 Chemotherapy + - -
T20 Chemotherapy + - -
T22 Combined - - -
T25 Radiotherapy - - -
T1 Radiotherapy - - -
TIO Radiotherapy - - -
T2 Chemotherapy + M -
T14 Radiotherapy - M -
T15 Chemotherapy + - -
T16 Radiotherapy + M -
T17 Chemotherapy + - -

M, methylated; na, not amplifiable.
® Both alleles showed -1 deletion.

Epigenetic silencing of the hM LHI M M R  gene does 
not account for the high frequency of MSI'*' tAL. 
HMLHI promoter méthylation occurs in most (80%) 
MSI+ sporadic colorectal [10,37], endometrial [39], 
and gastric [40] tumors. This event is clearly uncom
mon in tAL. We found evidence of méthylation in 
less than one-third of our cases. This frequency rep
resents an upper limit as this sensitive method can 
detect even a very minor population of méthylation 
positive leukemic cells. We did observe HMLHI pro
moter méthylation in all (3/3) MST^ tAPLs, how
ever. Both MSI^ and promoter méthylation appear to 
be therapy-related— we found no examples of either 
among the eight de novo APLs. Although this obser
vation requires confirmation from a larger number of 
patients, the possibility that tAPL is associated with 
a high frequency of HMLHI promoter méthylation is 
consistent with the known derangement of epigenetic 
gene regulation in APL [41],

The distribution of ages at diagnosis for primary 
breast cancer cases in the GIMEMA Archive differed 
from that for breast cancer in the general population. 
Early ages were significantly over-represented among 
the tAL patients. Attention has previously been drawn 
to a similar bias among Israeli tAML cases [25]. 
Although the numbers involved are small and many 
sources of potential bias have not been rigorously 
excluded, the differences appear significant. The pos
sibility that this altered distribution reflects a common 
genetic susceptibility to both early onset breast cancer 
and tAL/MDS merits further consideration. The two 
best characterized breast cancer susceptibility genes 
BRCAI and BRCA2, both encode proteins that are 
implicated in recombinational repair of broken DNA 
[42]. There is increasing evidence to connect the re
combinational DNA repair pathway to leukemia. The 
genetic disorder Fanconi Anemia (FA) highlights this 
connection. The incidence of A M L among FA patients
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Fig. 3. M RE I I  mutations in tAL/MDS. The M R E ll poly(T)l I tract was sequenced as described in Section 2. Top: wild-type Ti I sequence; 
bottom: homozygous TIO allele identified in patient T21 (left); heterozygous Tl 1/TlO alleles representative of -1 deletion mutations 
identified in patients T3 and T7 (right).

is extremely high. Five of the FA complementation 
group proteins (FANCA, C, E, F and G) facilitate the 
interaction of a sixth (FANCD2) with BRCAI |43|. 
BRCA2 has recently been identified as a seventh FA 
gene, FANCDI |44|. Thus, both breast cancer suscepti
bility genes are inextricably linked to FA and to AML.

Our finding of three examples of a - I  deletion 
in the intronic Tn tract of M R E ll that is frequently 
mutated in MSI'*' colorectal tumors [33] may also be 
pertinent to recombinational DNA repair. In this case, 
a key function in recombinational DNA repair is at 
increased risk of inactivation because of MSI^. The 
MREl 1/NBS1/RAD50 protein complex is important 
in imposing the intra-S phase checkpoint and in the 
early steps of recombinational repair [45]. Inactivation 
of the complex facilitates the development of cancer. 
As with FA, individuals with inherited deficiencies

in NBSI (Nijmegen Breakage Syndrome) or MREl I 
(Ataxia-Telangiectasia-Like Disorder) are prone to 
lymphoid malignancies |46|. NBSI has been reported 
to be mutated in 15% of childhood ALL |47|, and 
hMREII mutations have been noted in lymphoma 
and breast carcinoma |48|. Although null mutations 
in Rad5() are lethal in mice, hypomorphic muta
tions are associated with chromosome instability and 
have a particularly severe effect on development of 
hematopoietic cells [49]. In two of three of our cases, 
the liMREI I mutation was accompanied by loss of 
the 5q chromosome arm. This is a common chromo
somal alteration in tAL. We note that the RAÜ5Ü gene 
is located on chromosome 5q. These preliminary ob
servations reinforce the idea that a reduced ability or 
efficiency of recombinational repair of DNA breaks 
may be important in the development of AML.
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Fig. 4, lAL/MDS and primary breast cancer, (a) Age at diagnosis 
of a primary breast tumor in tAL/MDS patients and in the general 
population. Open bars: breast cancer cases (6664 total) retrieved 
from the cancer registries of six Italian provinces (Torino, Genova, 
Parma, Firenze, Latina and Ragusa) (1983-1987) [38]. Closed 
bars: breast cancer patients in the G IM EM A Archive, 48 cases 
total, (b) Age of diagnosis of primary breast vs. non-breast tumors 
for patients in the G IM EM A Archive. Solid line: breast cancer (48 
cases). Broken line: non-breast cancer (107 cases).

Although there is mounting evidence of a high 
frequency of MSI^ in tAL, the reasons for this associ
ation are unclear. Attempts to understand why MMR  
is inactivated have focused on analysis of the chro
mosomal alterations that are characteristic of tAML. 
Selection for drug resistance via loss of apoptosis of
fers a possible alternative explanation. Significantly, 
all 10 patients in our study who received chemother
apy developed MSI'^ tAL. In contrast, radiation 
therapy was associated with a lower risk of MSI+. 
This difference is compatible with a selection for 
drug resistant, MSI^ variant cells. Methylating agents 
offer a particularly straightforward example of this 
phenomenon. The MMR defects and M S r  of cells

selected in the laboratory for a méthylation toler
ant phenotype is well established. Similarly, MMR 
defective tumor cells have an acknowledged selec
tive growth advantage in vivo following drug treat
ment. All four of the patients in our series (T3, 
TV, T9, and T13) who had received a methylat
ing agent (procarbazine or dacarbazine) developed 
MSL tAML. Myelotoxicity is dose limiting for many 
treatments, including methylating agents, and the 
0^-methylguanine-DNA methyltransferase (MGMT) 
DNA repair factor that specifically protects against 
the toxicity of methylating drugs is poorly expressed 
in bone marrow [50,51]. It is reasonable to infer that 
bone marrow cells might be particularly sensitive to 
these agents and this will produce a powerful se
lective pressure for the emergence of M SF bone 
marrow cells. The association between MSI^ and in
active MMR is not confined to methylating agents. In 
model cell lines, defective MMR is also reported to 
confer significant resistance to 5-FU [19,20], a drug 
which features in treatment of six of our patients, five 
of whom had MSl^ tAL/MDS. Overall, our data are 
generally compatible with a possible role for selection 
for drug resistance in the development of M S F  tAL.
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) Abstract

'# DNA mismatch repair (MMR) is an important replication error avoidance mechanism that prevents mutation. The association of defective 
jl MMR with familial and sporadic gastrointestinal and endometrial cancer has been acknowledged for some years. More recently, it has become 
! apparent that MMR defects are common in acute myeloid leukaemia/myelodysplastic syndrome (AML/MDS) that follows successful 
) chemotherapy for a primary malignancy. Therapy-related haematological malignancies are often associated with treatment with alkylating 
I agents. Their frequency is increasing and they now account for at least 10% of all AML cases. There is also evidence for an association between 
) MMR deficient AML/MDS and immunosuppressive treatment with thiopurine drugs. Here we review how MMR interacts with alkylating 

agent and thiopurine-induced DNA damage and suggest possible ways in which MMR defects may arise in therapy-related AML/MDS.

|l © 2003 Published by Éditions scientifiques et médicales Elsevier SAS.

I Keywords: MMR; DNA damage; Cancer

L Introduction

k The contribution of defective mismatch repair (MMR) to 
I  the development of human cancer has been acknowledged 
# for more than a decade (for recent review see [1 ]). Tumours 

with the microsatellite instability (MSI) that is characteristic 
of inactive M M R occur in both familial and sporadic settings. 
In the former, genetic inactivation of M M R by combined 
germline and somatic mutations is represented by the widely 

|5 studied HNPCC syndrome. In sporadic cancers, the MMR  
!1 defect is generally the result of epigenetic gene silencing (see 
\  for example [2,3]). More recently, attention has been focused 
j! on the interaction between MMR and DNA damage. Active 

MMR is implicated in the lethal effects of some DNA dam
age and abrogated M M R is clearly linked to a type of drug 
resistance or DNA damage tolerance [4,5]. Because an MMR

* Corresponding author. Tel.: +44-207-269-3870; 
fax: +44-207-269-3812.

E-mail address: peter.karran@cancer.org.uk (P. Karran).
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defect does not confer any obvious selective growth advan- 36 
tage whereas tolerance to DNA damage might, it has been 37 
suggested that selection for resistance to endogenous or envi- 38 
ronmentally produced DNA damage may contribute to the 39 
development of MMR defective tumours [4,6]. Chemo- 40 
therapy provides one of the most obvious exampies of delib- 41 
erately induced DNA damage and most anticancer therapeu- 42 
tic agents inflict it, either directly or indirectly. There is a 43 
growing awareness that M M R defects are widespread among 44 
secondary cancers that arise after successful chemotherapy. 45 
Acute myeloid leukaemia/myelodysplastic syndrome 46 
(AML/MDS) is one of the most common forms of secondary 47 
cancer and now comprises around 10% of AML cases [7]. We 48 
have suggested [8] that this AML/MDS may sometimes 49 
reflect the clonal expansion of cells with significant resis- 50 
tance to therapy-inflicted potentially lethal DNA damage. In 51 
this review, we examine the circumstantial and experimental 52 
evidence for this proposal. We also review recent findings 53 
relating cellular MMR capacity and responses to drug- 54 
induced DNA damage that may shed new light on the asso- 55 
ciation of MMR defects with therapy-related cancer. 56
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17 2. The role of M M R  in spontaneous mutation 
avoidance

9 MMR— along with DNA replication proof-
0 reading— ensures an acceptably low level of spontaneous
1 mutation. Both MMR and proof-reading correct the misin-
2 sertion errors committed by the replicative DNA poly-
3 merases and restore normal Watson-Crick base pairs. The
4 MMR pathway also prevents recombination between slightly
5 divergent DNA (homologous) sequences with a degree of
6 non-identity that exceeds a defined threshold. MMR is a
7 DNA excision repair pathway. In common with nucleotide 
 ̂ excision (NER) and base excision repair (HER), recognition 

9 and removal of the targeted sequence— in this case a mispair
0 or structural anomaly produced by DNA strand
1 misalignment— precedes its replacement by non-
2 semiconservative DNA synthesis. The MMR repair tract is
3 long— one or two orders of magnitude longer than those
4 associated with NER or HER, respectively. MMR is particu-
5 larly adept at correcting structural anomalies that occur dur- 
J ing the replication of repetitive mono- or dinucleotide re- 
7 gions of DNA. If  left uncorrected, these aberrant 
I structures— generally envisioned as single or tandem bases 
9 that become extrahelical because of misalignment of reitera- 
Î tive template and daughter DNA strands— cause heritable
1 increases or decreases in the length of the repetitive tract. In
2 expressed genes, this results in frameshifts and in truncated,
3 inactive proteins. In non-expressed microsatellite regions, it
4 causes MSI. Frameshifts in repetitive regions of expressed
5 genes and MSI are the defining features of M M R deficiency.

I 3. How M M R  processes DNA mismatches?

il Mismatch correction is initiated by the binding of one of 
I two mismatch recognition heterodimers, which have par- 
9 tially overlapping specificities. hMutSa comprising the 
i  hMSH2 and hMSH6 proteins, has a particular affinity for 
1 single base mispairs and structural anomalies involving
I mono- or dinucleotide repeats. hMSH2 forms a second het- 

i  erodimer with the hMSH3 protein. This hMutSp complex, 
*4 which accounts for around 10% of the cell’s hMSH2, has a 
 ̂ preference for rather more complex structures. A degree of 

^.functional redundancy between the hMutSa and hMutSP 
*! heterodimers ensures that correction of all common replica-
II tion errors is initiated efficiently but since most of the major 
t  replication errors are recognised by hMutSa, hMSH2 and

( hMSH6 are more important than hMSH3 in this process. 
Mismatch recognition precedes the recruitment of hMutLa, a 

C heterodimer of hMLHl and hPMS2. This rather enigmatic 
(3 factor appears to provide a molecular coupling between the 
It recognition factors and the downstream proteins involved in 
K the excision and replacement steps of repair. Although there 
K are similar factors, notably hMutLp, comprising hMLHl and 
H the related hMLH3, there appears to be less redundancy in 
I  this step of repair. For most MMR events, the important 
R proteins are hMSH2, hM LHl, hMSH6, and hPMS2.

4. M M R  processes some damaged DNA bases into 110
lethal lesions 111

hMutSa recognises, and MMR processes, some types of 112
DNA damage. DNA 0^-methylguanine (0^-meGua) is se- 113
lectively lethal in M M R proficient cells. Cells that do not 114
express 0^-meGua-DNA methyltransferase (MGMT) that 115
directly reverses DNA 0^-meGua by in situ déméthylation 116
are extremely sensitive to methylating agents like A-methyl- 117
A-nitrosourea (MNU) or A-methyl-A'-nitro-A- 118 
nitrosoguanidine (MNNG). Full resistance to— but not repair 119
of— DNA 0^-meGua is restored by inactivating one of the 120
genes encoding a component of hMutSa or hMutLa [4]. This 121
phenomenon is known as méthylation tolerance. MMR pro- 122
cesses DNA that contains 0^-meGua base pairs. In an in vitro 123
MMR system, 0^-meGua:T pairs in which 0^-meGua in the 124
nicked strand of a circular DNA heteroduplex (analogous to 125
the daughter strand) is paired to T in an uninterrupted strand 126
(analogous to the template), are efficiently corrected to A:T 127
pairs. G^-meGua:C pairs in the same configuration are re- 128
stored to G:C with a lower efficiency that is consistent with 129
their poorer recognition by hMutSa [91. Although strictly not 130
a biologically relevant experiment because the 0^-meGua is 131
not in the template DNA strand, it is nevertheless important 132
because it establishes the principle that 0^-meGua base pairs 133
provoke full processing by MMR— not just recognition. 134
When the methylated base is in the daughter DNA stand, 135
processing proceeds to a successful conclusion. When the 136
miscoding 0^-meGua is in the template strand and not, 137
therefore, designated for removal, it is easy to envisage how 138
complications might arise to prevent completion of process- 139
ing and generate unresolved intermediates. We have sug- 140
gested that the inability of 0^-meGua to form a structurally 141
acceptable base pair with incoming nucleotides during the 142
repair process underlies the cytotoxicity of the 0^- 143
meGua/MMR interaction. The interaction of MMR with 0^- 144
meGua is quite selective. MMR is not implicated in lethal 145
processing of other common DNA méthylation products, 146
such as 7-meGua or 3-meAde, that are produced along with 147
0^-meGua. Whatever the mechanism of DNA lesion recog- 148
nition by hMutSa, M M R clearly does not provide a general 149
DNA damage recognition system. 150

In addition to extreme tolerance of DNA méthylation 151
damage, MMR defective cells are resistant to the base ana- 152
logue 6-thioguanine (6-TG) [10,11]. The 6-TG resistance 153
conferred by an MMR defect is substantial (about 5-10- 154
fold). The toxicity of 6-TG requires its conversion into 6-TG 155
nucleotides and incorporation into nucleic acids, particularly 156
into DNA. Surprisingly, it is a methylated form of DNA 157
6-TG, 6-thiomethylguanine (S^-meGua), produced by rare in 158
situ chemical méthylation, that interacts with MMR [12]. 159
S^-meGua-containing pairs, like 0^-meGua-containing base 160
pairs, are recognised by hMutSa [13]. Furthermore, just as 161
G^-meGua:T is a better substrate for hMutSa recognition and 162
for correction, the S^-meGua:T pair is recognised more effi- 163
ciently by hMutSa than S^-meGua:C. Both S^-meGua:T and 164
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)5 0^-meGua:T base pairs can only be formed by replication of 
6 the methylated bases. This requirement for replication to
17 produce the ‘DNA damage’ that provokes DNA damage
18 responses— including M M R— is consistent with the delayed
19 biological effects of methylating agent [14] or 6-TG [15]
0 treatment. It seems likely that the interaction of MMR with
1 DNA méthylation damage simply reflects the recognition of 
'2 replication ‘errors’ . In order to interact with MMR, the initial
3 DNA lesions must be capable of replication and the products
4 must bear sufficient resemblance to a normal replication
5 error to trigger hMutSa recognition and subsequent process-
6 ing. Of the numerous DNA lesions produced by MNU and 
1 MNNG, only 0^-meGua, meets these criteria. Other methy-
8 lated bases are either not efficiently replicated (3-meAde) or
9 are not perceived as mismatches when they are (7-meGua,
0 O'^-meThy). Significantly, the ethyl counterpart of 0^-
1 meGua, 0^-ethylGua, which is not efficiently bypassed dur-
2 ing DNA replication, is not processed by M M R into a cyto- 
5 toxic lesion and repair defective cells are only slightly
4 tolerant to N-ethyl-N-nitrosourea (ENU) and not signifi-
5 cantly to chloroethylating agents [16].

5. Some M M R  processing of damaged DNA bases is 
il not associated with cell death

8 In addition to substrates containing 0^-meGua and Ŝ -
9 meGua, purified hMutSa is able to bind to synthetic DNA 
*0 duplexes containing various other single DNA lesions in- 
!t eluding 8-oxoguanine (8-oxoGua) [17], UV photoproducts 
’! [18], 1,2-dipurinyl cisplatin intrastrand crosslinks [9,19], 
9 C8-guanylaminofluorenes or acetylaminofluorenes [20], and 
'i benz(a)pyrene adducts [21 ]. Binding in vitro does not neces- 
 ̂ sarily indicate that these lesions are processed in vivo, how- 

I  ever, and the extent to which MMR is involved in converting 
 ̂ diverse DNA lesions into lethal damage has been the subject 
 ̂ of debate. As indicated in the preceding section, we believe 

fi that a significant degree of lethal processing only occurs with 
I  a limited range of damaged bases of which 0^-meGua and 
i the closely related S^-meGua, are the only unequivocally 
( documented representatives. Lethal processing of other DNA 
( lesions may differ mechanistically and is generally of minor 
# significance since the survival advantages conferred by inac- 
i  tive MMR are slight.
t On the other hand, there is increasing evidence that MMR  
f does process a variety of DNA lesions. This processing has a 
I significant biological impact but is not associated with nota-
I bly increased resistance in repair defective cells. For ex-
II ample, DNA 8-oxoGua is an extremely important lesion 
I produced by numerous carcinogens. It is one of several 
È oxidised bases that accumulate to a greater extent in msh2~'~  

6 mouse fibroblasts and h M L H l defective human tumour cells 
I exposed to ionising radiation or oxidants [22,23]. There is no 
f consistent evidence that persistent 8-oxoGua in MMR defec- 
( tive cells is associated with a significant degree of resistance 
t to killing [22,24,25]. DNA 8-oxoGua is, however, highly 
I mutagenic. Importantly, there is evidence [22] that MMR

defective cells are particularly mutable by treatments that 219 
produce DNA 8-oxoGua. 220

There are other examples of the connection between 221 
MMR defects and increased mutability by DNA damage 222 
with no, or only a minor, concomitant effect on survival. 223 
Thus, hMutSa binds to UV DNA photoproducts in the form 224 
of compound lesions [18] and MMR defective cells are 225 
considerably more susceptible to mutation by persistent UV- 226 
induced DNA damage [26]. Further, although their MMR 227 
defects are associated with only a slight increased resistance 228 
to killing, msh2~'~ mouse cells are hypermutable by ENU 229
[27]. hMutSa binds to DNA containing a 1,2 cisplatin intras- 230 
trand lesion, a major product of the therapeutic agent cispl- 231 
atin [9,19]. It is generally agreed that M M R defects are 232 
associated with a minor (twofold) increase in cisplatin re- 233 
sistance [28,29]. HCTl 16— an hMLHl-defective colorectal 234 
carcinoma cell line— is, however, considerably more mu- 235 
table by cisplatin than HCT116+ch3, in which the repair 236 
defect is corrected by chromosome transfer [30]. Much atten- 237 
tion has been focused on the therapeutic implications of the 238 
slightly higher cisplatin resistance of MMR defective cells. 239 
Perhaps it might be more appropriate to consider their in- 240 
creased mutability by this, and other, DNA damaging drugs. 241 
A final example of DNA damage that is more mutagenic in an 242 
MMR defective background is provided by the food-related 243 
colon carcinogen 2-amino-l-methyl-6-phenylimidazo[4,5- 244 
b]pyridine (PhIP). Despite an extremely small differential 245 
cytotoxicity, PhIP is a significantly better mutagen in MMR 246 
defective M T 1 cells than in the related repair proficient TK6 247 
cells [31]. This hypermutability is apparent in the intact 248 
animal and msH2~'~ mice are more susceptible than m sh2'^ '^ 249 
animals to PhlP-induced mutations in colonic cells [32]. 250

All these findings establish the important principle that 251 
although MMR may process a variety of DNA lesions, with 252 
the notable exceptions of 0^-meGua produced by treatment 253 
with methylating agents and S^-meGua introduced via 6-TG, 254 
this need not result in significant lethality. It can, however, 255 
have a major impact on mutation and MMR deficient cells 256 
are at increased risk of being mutated by DNA damaging 257 
treatments to which they are not significantly tolerant. We 258 
will call this enhanced susceptibility to DNA damage- 259 
induced mutation that is superimposed on the already high 260 
spontaneous mutation rate of MMR defective cells, a super- 261 
mutator phenotype. We suggest that it might be more appro- 262 
priate to direct attention to the drug-related supermutator 263 
phenotype of MMR defective cells rather than the minor 264 
effects on cell survival that characterise the majority of DNA 265 
damage/MMR interactions. 266

6. M M R  defects, DNA damage and cancer 267

It has been proposed that some form of DNA damage 268 
might be involved in the development of cancer in HNPCC 269 
individuals [4,6]. The suggestion was advanced to confront 270 
the tricky problem that loss of MMR appears incompatible 271 
with the clonal evolution of tumours in which successive 272
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mutational events each confer a growth advantage. In the 
H absence of selective pressure, inactivation of MMR might be 
'5 expected to be neutral or even to impart a loss of fitness [33]. 
'6 Until these putative sources of DNA damage have been 
1 identified, a role for DNA damage in the development of 
'8 repair deficient primary cancers remains speculative. There 
'9 is, however, mounting evidence to implicate DNA damage in 
0 the development of MMR defective secondary cancers.

1 7. Therapy-related AM L/M DS with microsatellite
2 instability

3 7.1. M e th y la t in g  agen ts  a n d  th io p u r in e s — se le c tio n

4 o f  d ru g -re s is ta n t c e lls

5 Secondary AML/MDS is much more likely to be MSU  
'5 than de novo AML and it is generally accepted that around
7 50% of therapy-related AML/MDS is M ST (Table 1 ). (To
8 put this figure into perspective, the incidence of MSI in
9 sporadic colorectal cancer— where it is considered to be
0 prevalent— is usually estimated to be around 15% [34,35]). 
ij The vast majority of patients with secondary cancer have
2 received some kind of chemo- and/or radiation therapy. Im-
3 portantly, <5% of de novo AML/MDS cases are MSI. This
1 firmly implicates DNA damaging therapeutic treatment in 
5 the development of most MMR defective AML/MDS. Repair
8 defects tend to be associated with chemotherapy rather than 
] radiation treatment [8]. There is no particular association 
I with AML subclass.
9 Therapy-related AML/MDS is also associated with thi
ll opurine therapy for non-malignant conditions. 6-TG, 
il 6-mercaptopurine (6-MP) and azathioprine (AZA, a 6-MP 
S prodrug) are immunosuppressants. They are prescribed for 
8 autoimmune conditions, including rheumatoid arthritis and 
8 colitis. Some of the reports linking AML/MDS and AZA  
8 treatment for autoimmune disorders are listed in Table 2. 
8 Extended treatment with AZA, usually combined with ste-

Table 1
Microsatellite instability in therapy-related and de novo AML/MDS

roids and cyclosporine A, has also been almost mandatory in 307 
immunosuppressive regimes for organ transplant patients. 308 
We have recently demonstrated a considerably increased risk 309 
of AML among cardiac and renal transplant patients. Signifi- 310 
cantly, the majority of transplant-related AML/MDS cases 311 
examined were MSU (Offman et al., submitted for publica- 312 
tion). Although there is considerable evidence that immuno- 313 
suppression per se plays an important part in the develop- 314 
ment of virally associated cancer in transplant patients (see 315 
for example [36]), this does not provide a ready explanation 316 
for the high frequency of MSU AML/MDS. Since 6-TG 317 
treatment selects MMR defective clones from cultures of 318 
human cells, we have suggested that transplant-related MSU 319 
AML/MDS may reflect the selection and clonal expansion of 320 
rare thiopurine resistant MSU myeloid precursor cells (Ca- 321 
sorelli et al., Eur. J. Cancer, in press and Fig. 1 ). 322

Recent experimental evidence provides some support for 323 
the suggestion that the clonal expansion of MMR defective 324 
myeloid cells is indeed favoured by drug treatment. When 325 
mice with reconstituted bone marrow containing a mixture of 326 
wild-type and m sh2"'~  cells were treated with 327 
temozolomide— a clinical methylating drug— the proportion 328 
of MMR deficient marrow cells was significantly increased 329
[37]. The same experiments also provided evidence for the 330 
reduced fitness of m sh2~'~ cells in the absence of this particu- 331 
lar selective pressure. It would certainly be interesting to 332 
examine the impact of thiopurines in the same experimental 333 
system. 334

Additional circumstantial evidence implicating selection 335 
of M S r myeloid precursor cells in the development of MSU 336 
AML/MDS is listed below; 337

i. Therapy-related AML/MDS is particularly associated 338 
with treatment of Hodgkin’s disease and non-Hodgkin’s 339 
lymphoma. Standard therapy for these conditions has 340 
often included methylating agents [38]. 341

ii. Myeloid cells have low levels of the MGMT that pro- 342 
vides the first-line protection against the cytotoxicity of 343

Author Number o f markers analysed t-AML/MDS

%MS1 Number o f cases

de novo AML/MDS 

%MS1 Number o f cases

Ben-Yehuda etal. [68] 8 94 16

Boyer et al. [69] 14 including Bat26 0 14 0 34

Horiikeetal. [70] 12 including Bat26 20 10

Das-Gupta et al. [71] 11 21 9 10 52'

Sheikhha et al. [72] 12 including Bat26 53 19 21 63

Olipitz et al. [67] 7 or 13 including Bat26 14 37

Casorelli et al. [74] 5 including Bat26 67 25 0 28

Worrillow et al. [75] Bat25,Bat26, Batl6 38 46

Sill et al. [76] 12 0 20

Ohyashiki et al. [77] 7 9 43

Indraccolo et al. [78] 10 10 29

Rimsza et al. [79] Bat25,Bat26, Bat40 0 90

Olipitz et al. [73] 6 including Bat26 0 20

Ribeiro et al. [80] 5 0 14

“ Mostly elderly de novo AML/MDS patients.
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Table 2
AM L/M DS in patients treated for autoimmune disorders

Author Number Primary Sex Total dose Aza/MP Other treatment Duration Latency A M L  FAB

o f cases disease/transplant Aza
(months)

(months)

Maldonado et al. 1 Pyoderman M 2.5 mg/kg per day Amphotericin B 9 45 ALNOS

[81] Gangrenosum MP for 9 months
Cobau et al. 1 RA/Vas M -50 g Aza CTX, MTX, Pred 24 144 AM L NOS

[82]
Silvergleid and Schrier 1 Chronic active M 147 g Aza Pred 47 53 AM L NOS

[83] hepatitis
Roberts and Bell 1 Renal disease M -387 g Aza Pred, CTX -84 86 AM M L

[84] (oedema and 
proteinuria)

Seidenfeld et al. 2 RA F 113 g Aza Gold, steroids, salicylates. 34 168 ALNOS

[85] CTX,
RA M 324 g Aza Salicylates, steroids. 60 240 ALNOS

phenylbutazone, chloroquine
I k NGilmore et al. 1 RA F 99 g Aza Steroids, ACTH 22 f AM L NOS

[86]
Alexon and Brandt 1 RA/SLE M 52 g Aza Aspirin, colin/sodium 10 ‘ : 31 AM M L

[87] salicylate, indomethacin, 
hydroxychloroquin, 

penicillamine, digoxin, 
diuretics, Pred

Vismans et al. 1 SLE F 272 g Aza Pred , 72 112 Subacute

[88] i myelomonocytic
leukaemia

Pikleretal. 1 SLE, CKT F -180 g Aza Pred, ATG, Solu Medrol, 45 49 AM LM 5
[89] radiotherapy+perhaps other 

cytotoxic drugs
Matteson et al. 1/530 RA M Aza (dose ns) AM L NOS
[90]
Vasquez et al. 1 SLE F 27 g Aza Pred, CTX, warfarin. 10 38 A M LM 4E 0

[91] diphenylhydantoin,
carbamazepine

Krishnan et al. 1 Polymyositis M -520 g Aza Pred, thyroxine replacement 96 96 AM L MO
[92]
Dombret and Maroleau 2 Crohn’s disease M Aza (dose ns), 6-MP Steroids Ns 216 AM L M l

[93] (dose ns)
Crohn’s disease F Aza (dose ns) Steroids, sulphasalazine 3 22 AM LM 5

Heizer and Peterson 1 Crohn’s disease M -687 g MP Steroids, tetracycline. 142 444 AM L NOS
[94] sulphasalazine, pred, 

ferrous/zinc sulphate
Kwong et al. 3 RA F 260 g Aza Anti-inflammatory agents 101 180 AM L M2
[95] SLE F 37 g Aza CTX, allopurinol 15 54 AM L M2

SLE F 89 g Aza Steroids 90 108 AM L M3
Arnold et al. 1 Dermatomyositis F 109 g Aza Pred, enalapril, bendroluazide 24 27 AM L M2
[96]
Asten et al. 6/1289 RA F Aza (dose ns) 31 32 AM L NOS
[97] RA F Aza (dose ns) 25 40 AM L NOS

SLE F Aza (dose ns) 8 5.4 AM L NOS
PMR F Aza (dose ns) 13 83 Myelomonocytic

leukaemia
VAS F Aza (dose ns) Clb 28 95 AM L NOS
RA F Aza (dose ns) 76 109

Mauritzson et al. 7 Arth F 140 g Aza MTX, Clb 70 70 AM LM 5
[45] Gn F 185 g Aza CTX 111 111 A M LM 6

Gn M 2.4 g Aza CTX 12 24 refractory anaemia
Arth F 21 g Aza 20 20 refractory anaemia
CTD M 9.5 g Aza 26 26 RARS
Arth M 170 g Aza Clb 116 144 RAEB
Wegener M 120 g Aza Clb, CTX 124 131 RAEB

Heesen et al. 1 MS F 100 mg/day for Interferon-beta, MTX Several 192 AM L M4Eo
[98] several months Aza months

F, female; M ; male; ns; not specified; MP, 6-mercaptopurine; Aza, azathioprine; M IX ,  methotrexate; CTX, cyclophosphamide; ACTH, adrenocorticotropic 
hormone; Fred, prednisone; ATG, anti thymocyte globulin; Clb, chlorambucil; On, glomeruonephritis; VAS, vasculitis; CTD, connective tissue disease; SLE, 
Systemic Lupus Erythematosus; RA, rheumatoid arthritis; Arth, arthrosis/arthritis; CKT, Cadaver kidney transplant; PMR, polymyalgia; MS, multiple sclerosis; 
RARS, refractory anaemia w ith ringed sideroblasts; RAEB, refractory anaemia with excess o f blasts; A L , acute leukaemia; A M M L, acute myelomonocytic 
leukaemia; A M L, acute myeloid leukaemia; A M L  NOS, acute myeloid leukaemia not otherwise specified.
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Fig. 1. Suggested involvement o f drug-induced DNA damage in development o f therapy-related AML. Occasional MMR defective myeloid stem cells arise in 

bone marrow. Under normal circumstances, these w ill disappear owing to reduced fitness. I f  the individual is treated with a methylating agent or a thiopurine, 
the intrinsic high-level resistance o f the repair deficient cell favours its clonal expansion (Tolerance Pathway). The expanded MMR defective population has a 
high spontaneous mutation rate as well as an enhanced susceptibility to drug-induced mutation (the supermutator phenotype). Accumulation o f successive 
growth advantageous mutations w ill eventually lead to the development o f MSU AM L. After treatment with other alkylating drugs or radiation, the selective 
growth advantage of the MMR defective myeloid stem cell may be insufficient to promote its clonal expansion. Nevertheless, its supermutator phenotype w ill 
increase the probability that AM L develops from the MMR defective precursor (Supermutator Pathway). Cells with diminished, but not zero, MMR activity may 

also arise occasionally or may reflect the individual’s genotype (Right panel). These MMR,g^ myeloid stem cells w ill have significant resistance to methylating 
agent or thiopurines. Both their selective growth advantage (tolerance) and their supermutator phenotype w ill promote the development o f AML/MDS. A M L 
w ill develop by the Tolerance Pathway. A  reduced level o f MMR activity w ill also confer susceptibility to mutation by other alkylating drugs. In this case, AM L 
development w ill follow the Supermutator Pathway. The important difference is that the AML/MDS that arises from these MMR,o^, cells— either by the 
Tolerance Pathway or by the Supermutator Pathway— w ill not exhibit MSI and the MMR defect w ill not be detected by current analyses.

methylating drugs. This makes the bone marrow par
ticularly sensitive to methylating agents and vulnerable 
to selection for inactive MMR (39).

iii. A rare polymorphism (-6 exon 13 T->C) in the DNA 
binding domain of hMSH2 that is expected to reduce 
its M M R efficiency is particularly associated with 
tAML/MDS after methylating agent chemotherapy
[40].

iv. The bone marrow is also more sensitive to thiopurines 
than other tissues and myelotoxicity is an established 
dose-limiting factor. This defines bone marrow cells as 
likely targets for thiopurine-induced selection [41,42].

V. A low level of thiopurine methyltransferase (TPMT) is 
associated with an increased risk of thiopurine-related 
AML/MDS. TPMT catalyses the catabolism of thiopu
rines. Patients with a low level accumulate higher levels 
of 6-TG nucleotides and, presumably, DNA 6-TG [43].

vi. Although thiopurines and methylating drugs are very 
different— the former react directly with DNA 
whereas the latter are scavenged by the purine salvage 
pathway for metabolic incorporation into DNA— they 
are united by a shared ability to form methylated DNA

bases that interact with MMR and promote MMR 366
inactivation. 367

vii. Therapy-related AML/MDS after alkylating agent 368
treatment is associated with particular karyotypic ab- 369
normalities involving loss of all or part of chromo- 370
somes 5 and 7 [44,45]. Similar chromosome 371
5/7 changes occur frequently among thiopurine- 372
related AML/MDS cases. 373

Thus, if the documented ability of methylating agents and 374
6-TG to select for M M R defective variants of cultured human 375
tumour cells applies in myeloid cells of patients, it can 376
provide a plausible explanation for the association of MSI 377
with methylating agent and thiopurine-related AML/MDS. 378
Obviously, the expanding MMR defective myeloid cell clone 379
is not a tumour. The development of AML/MDS in M S r 380
clones would be accelerated by its intrinsic mutator pheno- 381
type and its acknowledged hypermutability by methylating 382
agents and by thiopurines (the supermutator phenotype). The 3 83
contribution from drug-induced mutation might be particu- 384
larly significant: cancer patients undergo numerous cycles of 385
treatment and thiopurine immunosuppression for organ 386
transplant patients is lifelong. 387
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18 7.2. Other alkylating agents—MMR defects and enhanced
19 drug-induced mutation and carcinogenesis

Direct selection of drug-resistant M S r  myeloid cells pro
vides a coherent explanation for M S r  AM L/M DS after treat
ment with methylating agents or thiopurines. This is clearly 
not the full story because M S r  therapy-related AM L/M DS is 
not confined to patients treated with these drugs. It occurs 
following treatment with other alkylating agents to which a 
M M R  defect may not furnish a significant selective survival 
advantage. Therapy frequently involves simultaneous treat
ment with a combination of different agents. Although it is 
possible that a significant selective growth advantage might 
accrue from their additive effects, recent findings from ex
periments with M M R deficient KO mice suggest a more 
plausible alternative hypothesis. They indicate that, even in 
the absence of a selective growth advantage, the supermuta
tor phenotype of M M R  defective cells may have a significant 
impact on cancer.

M M R  KG mice are highly susceptible to tumour induction 
by methylating agents. M N U  treatment increases the already 
high incidence of lymphoma in msh2~'~ mice [46]. Similarly, 
treatment with dimethylhydrazine, an acknowledged colon 
carcinogen, produces more lymphoma and colorectal tu
mours in mshT'~ mice than in their M M R  proficient counter
parts [47]. There is increasing evidence that this increased 
susceptibility to drug-induced cancer is not confined to 
agents to which M M R  defects confer tolerance, however. For 
example, the supermutator phenotype of ENU treated 
msh2~'~ mouse cells is paralleled by a heightened suscepti
bility of msh2~'~ mice to tumour induction by the same drug
[27].

The apparently paradoxical interaction between M M R  
and NER defects in UVB-induced skin cancer in mice may 
provide a second example of the contribution of the DNA  
damage related supermutator phenotype to carcinogenesis. 
Although M M R  defects are not associated with significant 
cellular U V  resistance, mshT'~ mice nevertheless display a 
predisposition to U V  light induced skin tumours that is addi
tive with xpa~'~ otxpc~'~ [48,49]. An increased susceptibility 
of msh2~'~ skin cells to mutation by U V  provides a simple 
explanation for this enhanced cancer susceptibility. Finally, 
chronic inflammation-related colitis is associated with a 
higher incidence of colorectal cancer and high-grade dyspla
sia in msh2~'~ mice than in wild-type animals [50]. Although 
the involvement of DNA lesions in this chemically induced 
inflammation has not been formally demonstrated, it seems 
likely that oxidised DNA bases are an important factor. This 
may be another example of the impact of a DNA damage 
related supermutator phenotype on the early events in car
cinogenesis.

Thus, it seems feasible that the supermutator phenotype 
that accompanies DNA damage in a M M R  defective cell will 
contribute to the development of MSU therapy-related can
cer (Fig. 1). For most types of DNA damage, the contribution 
of enhanced survival to selection of the M SU myeloid clone

will be minimal. The hypermutability of drug-treated MSU 443 
myeloid cells significantly increases the probability that they, 444 
rather than their M M R  proficient counterparts, will sustain 445 
the advantageous mutations/genetic rearrangements that 446 
confer loss of growth control. The resulting AM L/M DS will 447 
be M S r. 448

8. The impact of reduced levels of M M R  on various 449
M M R  related functions 450

Recent findings indicate that changes in M M R  protein 451 
levels do not have a uniform influence on the different pro- 452 
cesses in which M M R  is involved. The differential impact of 453 
reduced M M R  capacity has particular implications for M M R  454 
defective cells exposed to DNA damaging drugs, and possi- 455 
bly for the development of treatment related malignancy. 456

There is no evidence of haploinsufficiency for mismatch 457 
correction in humans [51,52]: normal tissue from both 458 
hMSH2 and hM LH l heterozygous individuals is fully M M R  459 
competent and does not exhibit MSI. An early study did not 460 
find any evidence for increased sensitivity to drug-induced 461 
chromosome aberrations in lymphoid cell lines established 462 
from HNPCC family members bearing either an hMSH2 or 463 
hM LH l mutation [53]. More recently, it has been shown that 464 
hMSH2 protein levels are around 50% of normal in lympho- 465 
blastoid cell lines established from hMSH2 heterozygotes. 466 
This does not dramatically compromise their M M R  and there 467 
is a very modest reduction in mismatch correction activity 468 
and mismatch binding by cell extracts. These cells are, how- 469 
ever, significantly tolerant to the methylating agent temozo- 470 
lomide [54]. Thus, for lethal processing of DNA 0^-meGua, 471 
there is evidence of haploinsufficiency for hMSH2. (Curi- 472 
ously, this does not apply to hM LHl. hM LH l protein levels 473 
in heterozygous cells are not significantly lower than normal, 474 
M M R  is unaffected, and they are not méthylation tolerant). 475 
Experiments in which M SU cell lines have been engineered 476 
to express a low level of the missing M M R  activity provide 477 
additional evidence that reduced M M R  capacity is compat- 478 
ible with efficient DNA mismatch correction but not with 479 
DNA damage processing. Thus, 20% of the normal level of 480 
hMSH6 expressed in defective HOT 15 cells significantly 481 
ameliorated their mutator phenotype and MSI. This low level 482 
of expression also largely restored normal levels of in vitro 483 
mismatch binding and repair capability. Despite the restora- 484 
tion of reasonably effective M M R, the extreme méthylation 485 
tolerance of the HOT 15 cells was unaffected [55]. Methyla- 486 
tion tolerance is also associated with reduced levels of 487 
hMutLa. A low level of hM LH l expression in M M R- 488 
defective 293 human embryonic kidney cells was sufficient 489 
to correct their M SU and fully complemented the mismatch 490 
correction defect of cell extracts. The same low hM LH l 491 
levels did not restore M NNG sensitivity and the cells retained 492 
full méthylation tolerance [56]. The observation that M NNG 493 
treatment does not activate the G^/M checkpoint in the 494 
h M L H l c e l l s  suggests that MMR-dependent lethal pro- 495
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cessing of DNA 0^-meGua and Gj/M  checkpoint activation 
are connected.

A reduced level of the mouse msh2 protein also has a 
different impact on DNA damage processing and correction 
of replication errors. The effect of heterozygosity on drug 
resistance is less apparent in mouse cells. m sh2^'~  c & \h  do not 
have an overt méthylation tolerant phenotype [57] but they 
are, however, more resistant than m sh 2^ '^  cells to the induc
tion of sister chromatid exchanges by MNU treatment— a 
very sensitive indicator of MMR-mediated processing of 
DNA 0^-meGua [58]. A more profound reduction in msh2 
protein is associated with méthylation tolerance. msh2~'~ 

cells that express 10% of the W T level of msh2 
are fully MNNG tolerant indicating that the corresponding 
level of mMutSa is insufficient to initiate lethal processing of 
0^-meGua. The minimal msh2 expression in cells
nevertheless reverses their mutator phenotype, suppresses 
homologous recombination, and prevents MSI. Significantly, 
in addition to méthylation tolerance, cells retain the
supermutator phenotype of msh2~'~ cells and are particularly 
susceptible to mutation induction by MNNG treatment [59].

Although data are scarce, there is some evidence that 
heterozygous KO MMR mice may be more susceptible to 
drug-induced cancer. Heterozygous animals are not gener
ally regarded as more susceptible than wild-type mice to 
death from spontaneous cancer although m sh2^'~  mice de
velop more tumours than m sh2'^''^ animals. The excess tu
mours tend to be non-gastrointestinal and appear to retain the 
active copy of m sh2  [60]. Heterozygosity for m sh2  affects 
carcinogen susceptibility. DM H treatment produced more 
tumours and a somewhat different spectrum of tumour types 
in msh2'^'~ compared to animals [47]. On the other
hand, examination of mutation frequencies in colonic crypts 
of drug-treated mhs2'^'~ mice did not provide evidence of 
increased sensitivity to induced mutagenesis. MNU treat
ment induces more thymic lymphoma in 
mice and these animals are less sensitive than the

controls to the lethal effects of the drug [61]. MNU  
treatment also causes significantly more gastrointestinal tu
mours in p m s2^ '~  mice than in pm s2'^''^ animals. In this case 
there was no effect on overall survival, however, and mice of 
both genotypes died at the same rate [62]. There are two 
significant caveats, however. Mouse cells are often intrinsi
cally more méthylation tolerant than human cells and inacti
vation of MMR increases their méthylation resistance only 
marginally [63]. This is consistent with the less dramatic 
impact of heterozygosity for MMR functions on méthylation 
tolerance in mouse cells. In the absence of carcinogen treat
ment, MMR heterozygous mice are not notably prone to 
gastrointestinal cancer. In this regard, they are not a particu
larly good analogy for human heterozygotes in HNPCC. In 
contrast, MMR null mice more faithfully recapitulate the 
cancer predisposition of MMR null humans [64,65]. Thus, 
although homozygous MMR deficient mouse and human 
cells share many properties, it may be inappropriate to ex
trapolate from the heterozygous mouse to humans.

It is clear that more studies are needed to define the 552
properties of human cells with heterozygous or significantly 553
reduced MMR levels. If  the preliminary indications that a 554
low MMR capacity does not impair normal repair functions 555
but does incapacitate lethal processing of drug-induced DNA 556
damage are substantiated, these findings have significant 557
implications for therapy-related cancer. If  human and mouse 558
cells do maintain considerable reserve MMR capability, the 559
limits of MMR capacity are unlikely to be breached by the 560
‘normal’ substrates of MMR— replication errors or mis- 561
paired recombination intermediates. Exposure to cytotoxic 562
drugs is not a ‘normal’ situation. Cells with a reduced MMR 563
capacity resemble those in which repair is completely abro- 564
gated, they are resistant to and/or hypermutable by drug- 565
induced DNA damage. Thus, although fully competent at 566
repair of replication errors, individuals with reduced MMR 567
will be at increased risk of cancer following drug treatment 568
(Fig. 1). It is easy to envisage that MMR capacity might be 569
reduced by low penetrance mutations or by certain combina- 570
tions of MMR gene polymorphisms. Importantly, because 571
normal MMR functions would not be overtly impaired, the 572
cancer cells would not have a spontaneous mutator pheno- 573
type and the tumour would not be MSU. Thus, subtle MMR 574
defects— from reduced MMR protein expression— that 575
might not necessarily contribute sufficiently to primary ma- 576
lignancy to be classified as HNPCC, may nevertheless have a 577
significant impact on therapy-related cancer. These subtle 578
MMR deficiencies might be invisible to current analytical 579
approaches. 580

9. Concluding remarks 581

In this brief review, we have addressed the increasingly 582
apparent association of MMR defects and secondary cancer. 583
Because most therapeutic treatments produce DNA damage, 584
we have summarised recent studies of the interaction of 585
MMR with DNA damage. It is clear that normal and MMR 586
repair defective cells respond differently to DNA damage. 587
This has important implications for therapy-related cancer. 588
In extreme cases— represented by methylating drugs or 589
thiopurines— a combination of high level resistance and mu- 590
tability associated with a repair deficiency provides a plau- 591
sible explanation for the association of MSI with 592
tAML/MDS. For other drugs, the findings that MMR defec- 593
tive cells are hypermutable by DNA damaging agents to 594
which they are not significantly tolerant should shift the 595
emphasis away from the, often small, increases in DNA 596
damage sensitivity that accompany inactivation of MMR and 597
focus attention on the increased susceptibility of repair de- 598
fective cells to DNA damage-induced mutation. It remains to 599
be seen whether this supermutator phenotype may be suffi- 600
cient in itself to contribute significantly to the high frequency 601
of MSI among therapy-related AML/MDS cases. 602

The second factor that has implications for therapy-related 603
cancer is the differential impact of reduced— but not 604
zero— repair capacity on the response to ‘normal’ DNA mis- 605
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)6 matches and to DNA damage. A significantly reduced MMR
17 capability is probably not detrimental under normal circum-
18 stances but it may be following exposure to DNA damaging
19 drugs. Since the frequency of hMSH2 heterozygotes in the 
0 general population is quite high [35], and there is also evi- 
,1 dence that some hMSH2 polymorphisms may be associated
2 with less than full activity, it is obviously important to extend
3 the interesting preliminary studies on methylating agents and
4 to look at the responses of cells from heterozygous individu-
5 als or those with MMR gene polymorphisms to the toxic and
6 mutagenic effects of other therapeutic drugs. From a clinical
7 perspective, the high frequency of M S r  among tAML/MDS
8 cases is now well established. As a next step, retrospective
9 studies to examine the frequency of MMR gene (particularly 
!0 hMSH2) heterozygotes and the incidence of MMR gene 
!1 polymorphisms among individuals who developed
12 tAML/MDS would be worth considering. Already there are
13 some intriguing observations. Olipitz et al. [67] reported that
14 the primary tumour of three of four patients who developed
15 MSI tAML, was also MSI. If  these findings are confirmed on
16 a wider scale, they have important implications for chemo-
17 therapy in individuals heterozygous for a MMR gene. There
18 is also a recent report that a particular hMSH2 polymorphism
19 is significant overrepresented in tAML/MDS following me- 
0 thylating agent treatment [40].

II AML/MDS arises in myeloid precursor/stem cells. We 
2 have summarised the evidence that suggests that myeloid 
■3 cells are likely to be particularly vulnerable to methylating
4 agents and thiopurines. What is needed now is a thorough
5 examination of the DNA repair capabilities of myeloid pre- 
■6 cursor cells. Ideally, this would address the question of the
17 variation of DNA repair, and particularly MMR, capacity in 
8 individual members of the precursor population. For ex- 
'9 ample, is there evidence of a significant frequency of cells 
•0 with reduced or null MMR activity? Are the NER and BER 
•1 pathways fully active in removing the potentially mutagenic 
•2 DNA lesions that, if left unrepaired, would have particularly 
*3 severe effects in cells with compromised MMR? Do signifi-
4 cant changes in repair capacity accompany differentiation
5 into the various myeloid cell types? In order to follow up 
<6 these intriguing preliminary findings, careful quantitation of 
>1 DNA repair levels in the potential target myeloid cell popu-
18 lations is a clear priority.
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