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Summary

The DNA damage response is important for maintaining genomic integrity following
introduction of double-strand breaks (DSB) since illegitimate or incorrect repair of a
DSB could promote malignant transformation. Mismatch-repair (MMR) deficient
tumour cell lines are acutely sensitive to thymidine treatment and fail to activate
homologous recombination (HR) repair following a DSB (Mohindra et al., 2002).
Therefore, it was hypothesised that loss of HR repair may occur as a downstream
event in tumours already deficient in MMR. The primary aim was to determine
whether there were somatic mutations in candidate HR genes that were associated

with colorectal cancer development and to examine the phenotypic consequences of

such mutations.

Analysis of the candidate HR genes, XRCC2, XRCC3 and Mus81 in a random
collection of primary colorectal cancers and in a specific MMR-deficient tumour

population revealed no tumour-specific mutations.

Analysis of the MRE11, NBSI and Rad50 genes revealed a frameshift mutation in an
intronic Ty tract of MRE11 that gave rise to alternative splicing of the gene. This
mutation was present in >85% of MSI" colorectal tumours suggesting that alteration of

MRE]11 occurs at a high frequency in tumours already deficient in MMR.

The phenotypic consequences of MRE11 dysfunction were investigated by expressing
splice variants of MRE11 in MMR-proficient human cells. Cells expressing an MRE11

variant with a compromised nuclease domain, failed to activate wild-type MRE11
following DNA damage, were dramatically more sensitive to thymidine and failed to

activate HR repair following thymidine treatment.

The novel results obtained here suggest that a functional MRE11 is essential for the
HR repair-mediated rescue of DNA replication forks impaired by thymidine.
Furthermore, it was speculated that a functional MRE11 may be essential to resolve the
recombinogenic substrate specifically produced by thymidine. Given that this DNA
damage response pathway appears to be disrupted in >85% of MSI" colorectal tumours,

these finding have important implications for treatment strategies directed against this

subset of tumours.

IV



aad

APC
APS

ATP
ATPase
A-T
A-TLD
ATM
ATR
BASC
BCDX2
bp
BRCALI
BRCT
BSA
CHO
CRC
CPT
Da
dATP
dCTP
dGTP
dTTP
dNTP
ddNTP
DMEM
DMSO
DNA
cDNA
dsDNA
ssDNA
DSB

Abbreviations

Amino Acid

Adenomatous Polyposis Coli
Ammonium Persulphate

Adenosine Triphosphate

Adenosine Triphosphotase
Ataxia-Telangiectasia
Ataxia-Telangiectasia Like Disorder

Ataxia-Telangiectasia Mutated
ATM and Rad3 Related

BRCAI1-Associated Genome Surveillance Complex

Rad51B- Rad51C- Rad51D-XRCC2 Complex

Base Pair

Breast Cancer Associated 1
BRCA1 Carboxy-Terminal Domain
Bovine Serum Albumin

Chinese Hamster Ovary
Colorectal Cancer

Camptothecin

Daltons

Deoxyadenosine Triphosphate
Deoxycytidine Triphosphate
Deoxyguanosine Triphosphate
Deoxythymidine Triphosphate
Dcoxynucleotide Triphosphate
Dideoxynucleotide Triphosphate
Dulbecco’s Modified Eagle Medium
Dimethyl Sulphoxide
Deoxyribonucleic acid
Complementary DNA
Double-Strand DNA
Single-Strand DNA
Double-Strand Break



E. coli Escherichia coli

EDTA Ethylene Diamine Tetra-acetic Acid
FAP Familial Adenomatous Polyposis
FHA Forkhead Associated Domain

Gi Gap Phase 1

G, Gap Phase 2

GFP Green Fluorescent Protein

HJ Holliday Junction

HNPCC Hereditary Non-Polyposis Colorectal Cancer
HR Homologous Recombination

HU Hydroxyurea

IR Ionising Radiation

IRD Infrared Dye

kb Kilobase

kDa Kilo-Dalton

LLOH Loss of Heterozygosity

M-phase Mitosts Phase

MMC Mitomycin C

MMR Mismatch Repair

MREL11 Meiotic Recombination 11 Homologue A (S.cerevisiae)
MSI Microsatellite Instability

MSI-H High Microsatellite Instability
MSI-L Low Microsatellite Instability

MSS Microsatellite Stable

NBS Nijmegen Breakage Syndrome

neo Neomycin Phosphotransferase
NHEJ Non-Homologous End-Joining

nt Nucleotide

PAGE Polyacrylamide Gel Electrophoresis
PBS Phosphate Buffered Saline

PCNA Proliferating Cell Nuclear Antigen
PCR Polymerase Chain Reaction

PFGE Pulsed Field Gel Electrophoresis
PIKK Phosphatidyl-inositol-3-kinase-like Protein Kinase

VI



PMSF
RDS
RNA
RNase
mRNA
RTase
RT-PCR
S-phase
S. cerevisiae
SMC

S. pombe
SSCP
TdR

TEMED

TGFpRII
SDS

v/v
w/v
uv
XRCC2
XRCC3

Phenyl Methyl Sulphonyl Fluoride
Radio-resistant DNA Synthesis
Ribonucleic Acid

Ribonuclease

Messenger RNA

Reverse transcriptase

Reverse-transcription PCR
DNA Synthesis Phase

Saccharomyces cerevisiae

Structural Maintenance of Chromosomes

Saccharomyces pombe

Single-strand Conformation Polymorphism
Thymidine

N,N,N’,N’ Tetramethylethylenediamine
Transforming Growth Factor § Receptor Il
Sodium Dodecyl Sulphate
Volume:Volume Ratio

Weight:Volume Ratio

Ultraviolet

X-ray Cross-Complementing 2

X-ray Cross-Complementing 3

VII



Amino Acid Abbreviations:

3 letter code

Ala
Arg
Asp
Asn
Cys
Gln
Glu
Gly
His

Iso

Leu
Lys
Met

I letter code

< gHNTHZACTIQEHONZUR >

Amino Acid

Alanine
Arginine
Aspartic Acid
Asparagine
Cysteine
Glutamine
Glutamic Acid
Glycine
Histidine
[soleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline

Serine
Threonine
Tryptophan
Tyrosine
Valine

VIII



CONTENTS

Declaration

Acknowledgments

Summary

Abbreviations

Chapter One: Introduction

Chapter Two: Materials and Methods
Chapter Three: Analysis of Candidate Genes
Chapter Four: Analysis of the MRE11 Complex
Chapter Five: Discussion

References

Appendices: Maps of Cloning Vectors

PCR Primers and PCR Conditions

SSCP Conditions
Recombination Reporter Constructs

MREI11 Protein Alignments
Cancer Sample Details

Suppliers Addresses

Publications

Page
11
[11

IV

37

87

130
185
194
211
212
215
216
217
220
223

227



CHAPTER 1

Introduction

1.1 Colorectal Cancer

1.2 Mismatch Repair

1.3 The DNA Damage Response
1.3.1 DNA Damage-Dependent Checkpoints
1.3.2 Homologous Recombination Repair

1.4 Rad51 Paralogs
1.4.1 Rad51 Paralog Interactions
1.4.2 XRCC2 and XRCC3
1.4.3 XRCC2, XRCC3 and Cancer

1.5 Mus81

1.6 The MRE11 Complex
1.6.1 Catalytic Activities of the MRE11 Complex
1.6.2 Links between DNA Repair and Cell-Cycle Checkpoint Functions
1.6.3 Potential Functions of the MRE11 Complex
1.6.4 The MRE11 Complex and Cancer

1.7 Aims for this Study




Introduction

1.1 Colorectal Cancer

The colon i1s divided into the cecum and the ascending, transverse, descending and
sigmoid colon. The colon and rectum are host to more primary neoplasms than any
other organ of the body (Cotran et al., 1999). Colorectal cancers (CRC) are usually
adenocarcinoma and the lifetime risk to the general population is 6% (McCormick et
al., 2002). One of the risk factors for CRC is increasing age with the peak incidence of
CRC being 60-79 years of age and less than 20% of all cases occurring before age 50
(Cotran et al.,, 1999, McCormick et al., 2002). Other risk factors include family
history, a high fat, low fibre diet, physical inactivity and long standing inflammatory
bowel disease (Price, 2002).

Up to 15% of all CRCs are inherited in an autosomal dominant manner (Kinzler and
Vogelstein, 1996). The two best defined familial forms are familial adenomatous
polyposis (FAP) and hereditary non-polyposis colorectal cancer (HNPCC). Patients
with FAP develop multiple benign colonic adenomas at an early age and malignant
progression of these polyps usually occurs by age 40-50 (Lynch and de la Chapelle,
2003). FAP is caused by truncating germ-line mutations of the adenomatous polyposts
coli (APC) gene, located on chromosome 5q21 and penetrance of FAP approaches
100% (Lynch and de la Chapelle, 2003). HNPCC is associated with an 80% lifetime
risk of CRC that develops at an average age of 45 years (Aaltonen et al., 1998). The
majority of cancers in HNPCC develop on the right-side of the colon, are poorly
differentiated, mucinous and primarily show a diploid karyotype (Cotran et al., 1999,
Chung, 2000, Burt, 2000). HNPCC accounts for only 1-3% of all colorectal cancers
and is also commonly associated with endometrial, gastric and ovarian cancers (Burt,
2000, Chung and Rustgi, 2003).

CRC can remain asymptomatic for years and diagnosis then only occurs at late stage

where prognosis is grave. When the disease is diagnosed at an early stage the J-year
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survival rate is estimated to be >90% whereas CRC diagnosed at late stages when
metastases are present has a 5-year survival rate of only 7-9% (Burt, 2000,
McCormick et al., 2002). For this reason it is important to identify new tumour

markers for the molecular staging and therapy of colorectal cancer.

The accumulation of multiple mutations is necessary for colorectal cancer
development and it was proposed that each mutation drives the malignant process
(Vogelstein and Kinzler, 1993). However, the mutation rate in normal human cells,
even after exposure to carcinogens, may not be sufficient to account for these multiple
alterations. It was therefore proposed that an early step in tumour progression is one
that induces a “mutator” phenotype (Loeb, 1991). Mechanisms that maintain genomic
integrity, such as high fidelity DNA replication and various processes that recognise
and repair DNA damage or eliminate damaged cells, are highly conserved in normal
cells (Coleman and Tsongalis, 1999). A mutator phenotype could be caused by loss of
one or more of these mechanisms that preserve genomic integrity. Evidence to support
this hypothesis arose from studies of HNPCC where the underlying molecular defect

was defined as a mismatch-repair (MMR) deficiency (Kinzler and Vogelstein, 1996).

1.2 Mismatch Repair (MMR)

Studies of the bacterial and yeast mismatch repair genes provided clues as to how the
analogous human MMR system functions (Miller, 1998, Kolodner, 1995, Fishel and
Kolodner, 1995). The human MMR proteins involved in mitotic processes include
hMLHI1, hMSH2, hMSH3, hMSH6, hPMS1 and hPMS2. These MMR proteins
function to repair post-replicative DNA damage and to inhibit recombination between

divergent sequences (Toft and Arends, 1998).
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hMSH2, in a heterodimeric complex with either hMSH6 or hMSH3, recognises and
binds directly to mismatched DNA (Acharya et al.,, 1996). The hMSH2-hMSH6
complex binds base-pair mismatches and small insertion/deletion loops created by
primer-template slippage whereas hMSH2-hMSH3 binds only these insertion/deletion
loops in the DNA (Raschle et al., 1999). The redundancy between hMSH3 and
hMSH6 is reflected in yeast studies where msh3 and msh6 must both be mutated to
demonstrate the same repair defect as an msh2 single mutant (Acharya et al., 1996). A
second heterodimeric complex of hMLH1 and hPMS2 is then thought to be recruited
to the mismatch to coordinate the interplay between the mismatch recognition
complex and other proteins necessary for excision of the mismatched DNA (Kolodner,
1995, Chung and Rustgi, 2003). hMLHI1 can also form a complex with hMLH3 and
hPMS1 but the function of these heterodimers is currently unknown (Raschle et al.,
1999).

In addition to its functions in DNA repair and recombination the MMR system may
also have role in the DNA damage response as these proteins form part of the
BRCAl-associated genome surveillance complex (BASC) that recognises DNA
damage (Wang et al., 2000).

Loss of post-replicative MMR was found to increase mutation rates 200- to 600-fold
above normal levels and therefore induce a mutator phenotype (Bhattacharyya et al,,
1994). This mutator phenotype becomes most apparent in repetitive elements
throughout the genome known as microsatellites. These iterative loci are normally
relatively stable but DNA polymerase is prone to slip on these elements during
replication. The resulting small loops in the template or nascent strand are usually
repaired by the MMR system (Fishel and Kolodner, 1995). In MMR-deficient cells the
loops persist and alleles of different sizes are produced in subsequent rounds of

replication. This phenomenon is known as microsatellite instability (MSI) and is
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defined as a change in length in a microsatellite due to the insertion or deletion of
repeating units, within tumour DNA compared to normal DNA (Boland et al., 1998).

The classification of tumours according to MSI status is important as it may enhance
prognostic information since CRC prognosis is correlated with MSI (Chung and
Rustgi, 2003) and 1t might also define distinct subsets of tumours that respond better

to specific types of therapy.

The increased genetic instability caused by loss of MMR can promote tumour
development and mutations in the two main MMR genes, hMLHI and hMSH2, are
present in almost 90% of HNPCC cases (Burt, 2000, Lynch and de 1a Chapelle, 2003).
MMR deficiency has also been shown to be associated with sporadic colorectal,
endometrial and gastric cancer (Liu et al., 1995, Fornasarig et al., 2000, Umar et al.,
1994, Fleisher et al., 1999). However, sporadic and hereditary MMR-deficient CRCs
develop through different molecular pathways as the majority of sporadic MSI'
tumours do not have mutations in the MMR genes (Katabuchi et al., 1995, Umar et al.,
1994). Epigenetic changes primarily cause MMR-deficiency in sporadic tumours as
over 80% of sporadic MSI" CRC have AMLH] promoter hypermethylation which acts
to silence the gene by decreasing transcription and ultimately reducing hMLHI
protein expression (Leung et al., 1999, Kane et al., 1997, Chung, 2000, Veigl et al.,
1998).

Loss of MMR alone 1s not sufficient for malignant transformation and 1s likely to be
an early event in tumour development that is essential for the sequential mutations that
drive the neoplastic processes (Lengauer et al., 1998). Genes that function to protect
genomic integrity, such as the MMR genes, were collectively labelled as ‘caretaker

genes’ and it was proposed that mutation of such caretakers does not directly promote

tumour initiation (Kinzler and Vogelstein, 1997). Instead, inactivation of the MMR
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caretakers promotes microsatellite instability which means all mononucleotide runs,
including those in coding regions, become hotspots for mutation (Jiricny, 1996,
Baross-Francis et al., 1998, Bhattacharyya et al., 1994).

Growth controlling genes with repetitive coding elements are known to be mutated 1n

MSI" CRC. TGFBRII has an Ajp mononucleotide run that is mutated in up to 83% of

HNPCC cases and up to 90% of sporadic MSI" CRC (Chung, 2000). TGFp inhibits

growth of multiple epithelial cell types and loss of this negative regulation is thought

to contribute to tumour development (Markowitz et al., 1995). One of the mechanisms

by which human CRC cells lose responsiveness to TGFf is by inactivation of the

TGFBRII receptor.

Other coding mononucleotide runs that are frequently mutated in MSI” CRC are the
Gs tract of the apoptosis regulator BAX, the Gg run of the IGF2R growth factor and
the Ag and Cg runs of MSH3 and MSHS, respectively. Further mutation of the MMR
genes may act as a positive feedback loop to enhance the MSI phenotype and thereby
promote the acquisition of more traits that increase the likelihood of tumour
progression (Chung, 2000). Mutations in repetitive elements of the DNA repair genes
ATR, Chkl and Cdc25C have also been detected in MSI" but not MSS endometrial
cancers (Vassileva et al., 2002). However, whilst this analysis suggests that certain
genes might be more susceptible to alterations in MSTI' rather than MSS cells, the
majority of these mutations are heterozygous and it is not clear whether they
contribute to tumour development. Further investigation 1s needed to establish

whether mutations 1n genes involved in key cellular pathways, such as cell-cycle

checkpoints and DNA repair, contribute to tumour progression 1n MMR-deficient

cells.
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1.3 The DNA Damage Response

The DNA damage response includes triggering checkpoints that slow or arrest cell-
cycle progression to allow time for repair, changing chromatin structure at the site of
damage and the recruitment and activation of various proteins involved in DNA repair
(Rouse and Jackson, 2002). All of these processes are essential for maintaining
genomic stability and cellular viability following DNA damage. In humans, defects in
many of the DNA damage responses are generally associated with cancer
predisposition (Hoetymakers, 2001, Jackson, 2002).

Of the many types of DNA damage that can occur in the cell probably the most
dangerous are DNA double-strand breaks (DSB) that occur spontaneously or are
induced by DNA damaging agents (Khanna and Jackson, 2001).

As few as four DSBs appear to be sufficient to activate the checkpoint signalling
cascade and repair mechanisms (Bakkenist and Kastan, 2003), showing that DNA
damage responses are extremely sensitive and must efficiently amplify the initial
stimulus (D'Amours and Jackson, 2002).

A member of the phosphatidyl-inositol-3-kinase-like protein kinase (PIKK) family,
ATM (Ataxia-Telangiectasia Mutated) is a component of the cell signalling pathway
that responds primarily to DSBs (Rouse and Jackson, 2002). Once a DSB has been
sensed the signal is transduced through ATM to downstream effectors to induce cell-
cycle arrest, DNA repair and in some cases, apoptosis (Petrini and Stracker, 2003).
Perturbations of the DNA damage response following a DSB may lead to improperly

or illegitimately repaired DSBs that might promote malignant transformation (Pastink

and Lohman, 1999).
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1.3.1 DNA Damage-Dependent Checkpoints

The cell-cycle consists of successive rounds of DNA replication and segregation of
replicated chromosomes into two separate daughter cells. Mitosis (M-phase) involves
nuclear division and the first gap phase G;, where the cell prepares for DNA synthesis,
subsequently takes place (Vermeulen et al., 2003). DNA replication occurs during the
ensuing S-phase and this 1s followed by the second gap phase G, where the cell again
prepares for mitosis (Vermeulen et al., 2003).

Checkpoints ensure an orderly sequence of events during the cell-cycle and DNA
damage-dependent checkpoints, as discussed here, delay or arrest the cell-cycle after
DNA insults to allow time for repair. Therefore, cell-cycle checkpoint control is
critical for preventing genomic instability after DNA damage (Seo et al., 2003).
Recent findings relating to a group of cancer predisposition syndromes suggest that
several recombination repair proteins also have a role in DNA-damage dependent cell-
cycle regulation (Petrini, 2000a). This implies that DNA repair processes and the

checkpoint response are tightly coordinated.

DNA damage sustained in G; triggers the G,-checkpoint to delay entry to S-phase and
therefore prevent replication of a damaged DNA template. Cells in G; have only one
copy of the genome available and the options for repair of specific types of DNA
damage are limited (McGowan, 2002). DNA damage present during S-phase elicits an
intra-S-phase checkpoint response to provide maximal inhibition of DNA synthesis
and slow the progression through the S-phase. A third checkpoint, the G2-M
checkpoint, allows time for repair of damaged chromatids prior to segregation in

mitosis (Figure 1.3.1.1).
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Figure 1.3.1.1 Schematic diagram of the phases of the cell-cycle and cell-cycle

checkpoints.
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Activation of cell-cycle checkpoints, by sensors that detect damaged or unreplicated

DNA, initiates a signal transduction pathway that results in the phosphorylation of

several proteins and transcription of a number of genes (Myung and Kolodner, 2002).

All checkpoints require the PIKK family members ATM and ATR (ATM and Rad3
related). ATM responds primarily to DSBs and ATR has a role in recognition of
stalled DNA replication forks (Osborn et al., 2002).

Different models have been proposed to describe how ATM functions in DNA
damage-dependent checkpoints. One such model predicts that DSBs cause a change in
some aspect of the chromatin structure in the nucleus and this change is sensed by
ATM leading to ATM autophosphorylation on serine 1981 (Bakkenist and Kastan,
2003). This phosphorylation event causes ATM dimer dissociation releasing an
activated form of ATM that can induce downstream signalling cascades leading to
checkpoint activation (Bakkenist and Kastan, 2003). An alternative hypothesis is that
ATM is a master controller of specific cell-cycle checkpoint pathways and may be
associated with other proteins in a large complex to allow rapid access to downstream
targets once ATM has been activated at the site of a DSB (Shiloh, 2001). Whatever
activation mechanism occurs following DNA damage ATM is a guardian of genomic
stability (Shiloh, 2003) and once activated ATM phosphorylates several downstream
target proteins such as NBS1, Chk2 and p53 that have different effects on DNA repair,
cell-cycle progression and apoptosis. ATR phosphorylates an overlapping set of
targets to ATM, but responds to a distinct spectrum of lesions (Jackson, 2002).
Following induction of a DSB in S-phase ATM activates two parallel branches of the
S-phase checkpoint response in mammalian cells to inhibit DNA replication (Falck et
al., 2002). On one arm the protein kinase Chk2 is recruited to sites of DSBs for its
ATM-dependent phosphorylation on Thr-68. Phospho-Chk?2 then disperses throughout

the nucleus to reach its physiological targets (Lukas et al., 2003), in this case Cdc25A

11
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phosphotase. Chk2-mediated phosphorylation of Cdc25A on Serl23 targets it for
polyubiquitination-mediated proteolysis thereby preventing the activation of both the
S-phase promoting cyclin E/Cdk2 and the loading of Cdc45, an essential replication
factor, onto replication origins (Falck et al., 2002).

The second branch of the pathway involves ATM-mediated phosphorylation of NBS1
on Ser343 to activate the MRE11/NBS1/Rad50 complex (Figure 1.3.1.2). How this
complex mediates S-phase arrest is not clear as its downstream targets are unknown.
However, the importance of this complex is apparent as mutations in MRE11 or NBS1

can cause loss of the S-phase checkpoint and cancer predisposition (Stewart et al.,

1999, Varon et al., 1998).

12
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Figure 1.3.1.2 Overview of the two parallel branches of the S-phase checkpoint

response initiated by ATM after a DSB [adapted from (Falck et al., 2002)].

S phase Arrest
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1.3.2 Homologous Recombination Repair

In response to a DSB the cell may also activate repair mechanisms. The two main
pathways for DSB repair in mammalian cells are homologous recombination (HR)
and non-homologous end-joining (NHEJ). DSB repair by HR requires homologous
duplex DNA 1n the genome and occurs with high fidelity (Thompson and Schild,
2001). NHEJ requires Iittle, if any, sequence homology and is potentially mutagenic
(Moreau et al., 1999).

Increasing evidence suggests that HR is the predominant pathway in mitotic cells for
repairing DSBs that form during replication, during processing of spontaneous
damage and from exposure to DNA damaging agents (Symington, 2002, Sonoda et al.,
2001). Central to the HR pathway are genes of the Rad52 epistasis group that includes
Rad51, Rad52, Rad54, Rad51B, Rad51C, Rad51D, XRCC2, XRCC3 and the
MRE11/NBS1/Rad50 complex (Sonoda et al., 2001, Jeggo, 1998).

HR requires the presence of homologous sequences such as the homologous
chromosome or sister chromatid and is preferentially used to repair DSB in the late S-
and Gj-phases of the cell-cycle when the undamaged sister chromatid is readily
available (Thompson and Schild, 2001). Use of the sister chromatid is preferable in
repair as it contains identical sequences meaning there will be no loss of genetic
information whereas use of the homologous chromosome may lead to loss of
heterozygosity (LOH) that can contribute to malignancy (Johnson and Jasin, 2001).

Specific factors may function in somatic cells to impede interchromosomal
recombination and prevent LOH (Pastink and Lohman, 1999).

Following induction of a DSB a 5'-3’ exonuclease is recruited to resect the DSB ends
and expose 3’ single-strand DNA (ssDNA) tails (Thompson and Schild, 2001). The
identity of the nuclease responsible for the 5'-3' resection of DSBs in HR is unknown.

The MRE11/NBS1/Rad50 complex was originally proposed to be a candidate for this

14
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processing because yeast mutants lacking components of the complex show a delay in
or loss of 5'-3' resection of mitotic DSBs (Ivanov et al., 1994, Tsubouchi and Ogawa,
1998, Lee et al.,, 2002). However, it is now considered unlikely that the MREI11
complex assumes this role because MRE11 possesses only 3’-5' exonuclease activity

and therefore the polarity of the nuclease activity is incompatible with resection (Paull

and Gellert, 1998). A more likely role for the MREI11 complex is in recruiting or

facilitating a 5'-3' exonuclease in vivo (Paull and Gellert, 1999, Bressan et al., 1999)

to create 3’ ssDNA tails. The ssDNA tails are then bound by RPA and Rad51 forming
a nucleoprotein filament. Rad51 interacts with Rad52, Rad54 and the Rad51 paralogs
(Rad51B, Rad51C, Rad51D, XRCC2 and XRCC3) that assist strand transfer activity
and the search for homologous sequences within the genome (Khanna and Jackson,
2001). Once homologous sequences are found the nucleoprotein filament invades the
undamaged DNA duplex displacing one strand as a D-loop (Jackson, 2002). The 3'
terminus of the damaged DNA molecule is extended by DNA polymerase using
sequences of the homologous chromosome/sister chromatid as a template. Ligation
and migration of the DNA ends creates a secondary cross-over structure known as a
Holliday junction. Resolution of the Holliday junction, possibly by Mus81, results in
cross-over if both strands are cleaved in opposite senses or results in gene conversion
with no cross-over when cleavage occurs in the same sense (Chen et al., 2001).

Cells that are compromised for HR repair functions would have to rely on the more
error prone NHEJ 1n S- and Gj-phases of the cell-cycle leading to an increase in
genomic instability and promotion of tumorigenesis (Thompson and Schild, 2001).
Reflecting this fundamental role in maintaining chromosome stability the HR repair
genes have been proposed to be candidate tumour Suppressor genes or Oncogenes

(Thompson and Schild, 1999, Johnson and Jasin, 2001).
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Figure 1.3.2.1 Overview of the main stages of the HR repair pathway and the genes

predicted to have a role in various stages of HR.
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1.4 Rad51 Paralogs

Both mitotic and meiotic cells express the Rad51 paralogs XRCC2, XRCC3, Rad51B,

Rad51C and Rad51D. The five human paralogs have 20-30% identity with Rad51 and

show <30% identity with each other and with the yeast paralogs Rad55 and Rad57
(Takata et al.,, 2001). Multiple protein alignments of the Rad51 family members
suggest that Rad51D and XRCC3 are closest to yeast Rad57 and yeast Rads5,
respectively (Masson et al., 2001a).

Many proteins that play key roles in the DNA damage response become physically
localised to the sites of DNA damage in nuclear foci (Rouse and Jackson, 2002).
Rad51 foci are found 1n S and G; phases of proliferating cells and ionising radiation
(IR) exposure increases the number of foci (Masson et al., 2001b). Rad51 foci
formation 1s impaired in cells with mutant Rad51 paralogs suggesting that the paralogs
have a role in recruitment or stabilisation of Rad51 to nucleoprotein filaments

(O'Regan et al., 2001, Bishop et al., 1998, Takata et al., 2001).

1.4.1 Rad51 Paralog Interactions

Analysis of the interactions of the Rad51 paralogs revealed that none of the paralogs
interacts with itself but each paralog has a unique set of interactions with other
paralogs suggesting they are not functionally redundant (Schild et al., 2000).

Rad51B and RadS1D interact with each other indirectly via their interactions with
Rad51C (Schild et al., 2000, Liu et al., 2002). XRCC2 and Rad51D interact to form
nucleoprotein filaments in the presence of ssDNA (Kurumizaka et al., 2002) and
Rad51C also binds XRCC3 in a stable complex (Masson et al., 2001a).

It was imtially suggested that the paralogs participate in a single multi-protein
complex through their simultaneous interactions (Schild et al., 2000). However, it now

seems likely that at least two distinct complexes exist in the cell, the first including
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XRCC3-Rad51C and the second having Rad51B-Rad51C-RadS1D-XRCC2 (BCDX2)
ina l:1:1:1 stoichiometry (Masson et al., 2001b). Rad51C binds Rad51D and XRCC3
separately not simultaneously and so Rad51C may be partitioned between the two
complexes in the cell (Liu et al., 2002). Interaction between the paralogs is likely to be
dynamic and 1t 1s possible that other stable complexes are formed in a transient
manner.

The paralog associations do not require the presence of DNA and protein interactions
are not affected by DNA damage, suggesting that complex formation is not induced
by the presence of DNA DSBs (Wiese et al., 2002). No interaction between the
complexes and Rad51 was observed suggesting that Rad51 association perhaps does
require the presence of a DSB (Miller et al., 2002). Alternatively the interaction
between the paralogs and Rad51 could be weak or transient (Wiese et al., 2002).

Both the BCDX2 and XRCC3-Rad51C complexes preferentially bind ssDNA in an
ATP-independent manner to promote DNA aggregation (Masson et al., 2001a). This
aggregation may facilitatt DNA-DNA contacts during the search for homologous
sequences on the sister chromatid or homologous chromosome. The specificity of the
ssDNA binding activity of each of the complexes is potentially important for initiation
of recombination repair as DSBs are resected to expose ssDNA tails (Masson et al,,
2001b).

Therefore the Rad51 paralogs seemingly do not have overlapping roles but may act in

a functional umt to promote the assembly of the Rad5l nucleoprotein filament

(Thompson and Schild, 2001, Takata et al., 2001, Johnson and Jasin, 2001).
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1.4.2 XRCC2 and XRCC3

Chinese hamster ovary (CHO) cell lines irs! and irsISF cells show an extreme (60- to
100-fold) sensitivity to DNA cross-linking agents such as mitomycin-C (MMC), a
mild (~2-fold) sensitivity to IR and high levels of chromosome aberrations relative to
wild type cells (Masson et al., 2001b). XRCC2 and XRCC3 were initially identified
by their ability to complement the DNA-damage sensitivity and chromosomal
instability of irsl and irslSF, respectively (Tebbs et al., 1995, Tambini et al., 1997).
Xrcc2 null mutations are embryonic lethal in mice (Deans et al., 2000) suggesting that
XRCC2 is an essential gene. The relatively mild growth defect in irs/ cells may
reflect species differences but more likely suggests that Xrcc2 is not completely
inactive in CHO cells.

XRCC3 was localised to chromosome 14q32.3 and found to encode a 2.5kb transcript
(Tebbs et al., 1995). XRCC2 was mapped to chromosome 7q36.1 and found to encode
a 1.8kb transcript that is expressed relatively abundantly in the brain and testis and at
low levels in most other tissues (Cartwright et al., 1998). The XRCC2 and XRCC3
proteins have conserved ATP-binding domains known as Walker boxes A and B. The
role of these ATP-binding domains is unclear however, since substitution of highly
conserved residues within Walker box A in XRCC2 has little effect on XRCC2
functions (O'Regan et al., 2001). Rad51D, a binding partner of XRCC2, is a DNA-
stimulated ATPase (Braybrooke et al., 2000) and it may be that only one member of a
complex is required to retain the ATP-binding requirement.

Correct control of replication fork progression following DNA damage is crucial for
cell viability and genomic stability. irsISF cells fail to slow replication fork
progression after DNA damage, a response that is restored by complementation with
XRCC3 (Henry-Mowatt et al., 2003). Similar results were obtained with mutant xrcc2

DT40 cells suggesting that XRCC2 and XRCC3 are required for the modulation of
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replication fork progression on damaged vertebrate chromosomes via their role in HR

(Henry-Mowatt et al., 2003).

The irs/ and irs/SF cells show a 100- and 25-fold decrease in frequency of DSB
repair by HR respectively, that can be corrected by complementation with the wild
type gene (Johnson et al., 1999, Pierce et al., 1999). XRCC2 deficiency results in an
HR defect but does not aftect NHEJ and XRCC3 deficiency leads to a specific defect
In gene conversion 1 HR (Johnson et al., 1999, Pierce et al., 1999). The correlation
between HR defects, decreased cell viability and chromosomal instability in XRCC2-
and XRCC3-deficient cells implies that these genes are credible downstream targets in
cancer development and has led to others in the field proposing that they are tumour
suppressor genes (Thompson and Schild, 1999, Johnson and Jasin, 2001).

CHO cells lacking Xrcc2 or Xree3 show chromosome segregation defects (Griffin et
al., 2000) increasing the likelihood that these genes are guardians of the genome.
Therefore, loss of efficient XRCC2 or XRCC3 gene function may promote malignant

development by increasing genetic instability in the cell.

Figure 1.4.2.1 Schematic representation of the XRCC2 or XRCC3 protein structure.
XRCC2 1s 280aa in length whereas XRCC3 is 346aa. The only known functional

domains of these proteins are the Walker box A (putatively at residues 48-55 in
XRCC2 and 127-134 in XRCC3) and Walker box B motifs (residues 145-150 in

XRCC2 and 218-223 in XRCC3) [Cartwright et al., 1998, Rafii et al., 2003].

Walker box A Walker box B
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1.4.3 XRCC2, XRCC3 and Cancer

A polymorphism of XRCC2, that causes an R188H amino acid substitution, has a
subtle effect on the cells ability to repair MMC-induced DNA damage and shows a
small but consistent association with breast cancer risk (Rafii et al., 2002, Kuschel et
al., 2002). However, the role of amino acid 188 in functioning of XRCC2 is not
known as 1t does not appear to be necessary for XRCC2-Rad51D interaction (Rafii et
al., 2002) and integnity of XRCC2 Walker box A is not essential for protein function
(O'Regan et al., 2001) but amino acid 188 is a conserved residue between mouse and
human (Cartwright et al., 1998).

A MMR-deficient uterine cancer cell line was also found to carry a heterozygous
frameshift mutation of XRCC2 that is expected to disrupt the Walker box B
(Mohindra et al.,, 2002). A screen of primary uterine sarcomas associated this
polymorphism with hyperplastic tissue suggesting that it may play a role in a rare
subset of uterine cancers (Mohindra et al., 2003).

A C/T polymorphism of XRCC3 is present in the healthy, cancer-free population
(Shen et al., 2002). This polymorphism leads to a non-conservative amino acid
substitution, T241M, the functional consequences of which are not known. The
T241M variant was reported to be associated with an increased risk of malignant
melanoma, bladder cancer and breast cancer (Winsey et al., 2000, Matullo et al., 2001,
Kuschel et al., 2002). However, cells expressing the T241M variant show no defect in
HR repair and are no more sensitive to MMC than wild type cells (Araujo et al.,
2002). In addition, further studies to confirm the relationship between this
polymorphic variant and bladder cancer or malignant melanoma failed to observe the
originally reported association (Stern et al., 2002, Duan et al., 2002).

A rare heterozygote variant of XRCC3 that potentially gives rise to a non-synonymous

D213N substitution in the conserved Walker box B was found to abrogate the function
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of XRCC3 (Rafu et al., 2003). However, this heterozygote variant was not associated
with breast cancer and was only observed in three non-cancer controls (Rafii et al.,

2003) further suggesting that this gene is not a tumour suppressor.
Therefore, it remains to be determined whether there are mutations or polymorphisms

of XRCC2 and XRCC3 that have subtle effects on DNA repair capacity and thereby

increase the risk of colorectal cancer.

1.5 MusS81

A Holliday junction (HJ) 1s a symmetrical branched DNA structure that needs to be

resolved to re-establish duplex DNA. Holliday junctions can occur during
recombination when newly synthesised DNA becomes associated with the displaced
strand. These are typically resolved by an enzyme that cuts either pair of similarly
oriented strands (Chen et al., 2001).

Holliday junctions can also be created at stalled replication forks when the Y-
branched stalled fork regresses by annealing two newly synthesised strands together to
form an X-shaped HJ (Haber and Heyer, 2001, Osborn et al., 2002). This can be
resolved by introducing nicks into non-complementary strands of the HJ to leave one

intact duplex along with unprotected DNA ends that can invade the template to re-
initiate replication (Osborn et al., 2002).

Mus81 is a putative component of the endonuclease that resolves Holliday junctions to
linear duplex products (Chen et al., 2001, Boddy et al., 2000). Mus81 was initially
identified 1n S. pombe through its ability to interact with the forkhead associated
(FHA) domain of checkpoint kinase c¢ds1 (human homologue is Chk2) (Boddy et al,,
2000). The human Mus81 protein was subsequently isolated through its interaction
with the FHA domain of hChk2 (Chen et al., 2001). Human Mus81 is located on

chromosome 11q13 and codes for a 551 amino acid protein.

22



Introduction

—— —

Mus81 1s a member of the XPF family of endonucleases with a highly conserved
VERKX:D motif that is proposed to form the catalytic site (Boddy et al., 2000). Other
conserved motifs include a C-terminal helix-hairpin-helix signature that 1s found in
other XPF proteins and proteins involved in DNA metabolism. A second helix-
hairpin-helix motif 1s present 1n the N-terminus that 1s predicted to allow non-specific
DNA binding via the phosphate backbone (Boddy et al., 2000). Mus81 possesses one
of the defining features of a HJ resolvase in that it i1s able to introduce nicks into
strands of like polarity across a 4-way helical branch point (Boddy et al., 2001).

Cells exposed to agents that damage DNA or block DNA replication have increased
levels of hMus81 and hMus81 has an associated endonuclease activity against
synthetic HJs (Chen et al., 2001). These observations led to the suggestion that Mus81
has a role in resolution of HJs that arise when DNA replication is blocked by damage
or nucleotide depletion (Chen et al., 2001, Haber and Heyer, 2001).

Improper resolution of the HJ may lead to chromosome segregation defects and
increased genomic instability, therefore it 1s possible that mutations in Mus81 promote

malignant transformation.

Figure 1.5.1 Diagrammatic representation of the putative domains of Mus81 as

predicted by protein alignments (Chen et al., 2001).

Putative Helix-hairpin-helix
motifs .

XPF Conserved
VERK Domain
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1.6 The MRE11 Complex

The MREI11 complex consists of MRE11, NBS1 and Rad50 and the MRE11-Rad50
proteins appear to form the core of the complex since these are well conserved from
archaca to humans (Anderson et al.,, 2001). The Xrs2 protein of Saccharomyces
cerevisiae shares little homology with the human NBS1 protein except in the N-
terminus and there is no corresponding prokaryotic protein (Anderson et al., 2001). It
appears as though the MRE11-Rad50 core proteins are ancient proteins that have
acquired recent binding partners in evolutionary history (Petrini, 2000b).

The MRE11 complex 1s hypothesised to have several roles in the cell including DNA
damage recognition (Petrin1 and Stracker, 2003), prevention of DSB formation during
DNA replication (Costanzo et al., 2001), cell-cycle checkpoint activation (Grenon et
al., 2001), participation in some aspects of NHEJ (Paull and Gellert, 2000) and
telomere maintenance (Zhu et al., 2000). A number of these suggested roles for the
complex come from studies of the conserved yeast MRE11 complex, as discussed later
in this chapter. The biochemical or biological basis for many of these proposed
functions of the MRE11 complex is unknown and remains an area of controversy.
Moreover, investigations into the precise function of the MRE11 complex have been
hampered by the fact that null mutations of these genes are lethal to vertebrate cells

(Yamaguchi-Iwai et al., 1999, Luo et al., 1999, Zhu et al., 2001).

a) NBS1

NBS1 was mapped to chromosome 8q21 and encodes a 95kDa, 754 amino acid
protein. Two transcripts of NBS1, 2.6kb and 4.4kb, that differ in the amount of 3’
untranslated sequence they contain are expressed in most tissues with the highest

expression seen In the spleen, ovary and testis (Varon et al., 1998).
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The NBS1 protein (also known as p95 and nibrin) contains a 150 amino acid FHA
domain in 1ts N-terminus that may be associated with phospho-specific protein-protein
interactions (Zhao et al., 2002). Adjacent to the FHA domain is a 70-80 amino acid

BRCA1 carboxy-terminal (BRCT) motif (D'Amours and Jackson, 2002). BRCT
domains are generally required to mediate protein-protein interactions and are often

found in DNA damage responsive cell-cycle checkpoint proteins (Zhao et al., 2002,

Varon et al., 1998).

b) Rad50

Rad50 resides on chromosome 5q31 and codes for a 1312 amino acid protein that
forms a stable complex with MRE11 (Dolganov et al., 1996). At least two transcripts
of Rad50, 4.6kb and 5.9kb, are produced by alternative splicing of the gene (Kim et
al., 1999).

Rad50 belongs to the structural maintenance of chromosomes (SMC) family of
proteins whose features include a Walker box A at the N-terminus and a Walker box
B at the C-terminus (Dolganov et al., 1996). These ATP-binding domains are
separated by a coiled-coil motif that is interrupted by a putative globular domain
(Dolganov et al., 1996). Examination of the S. cerevisiae Rad50 suggested that the
protein forms an anti-parallel homodimer through a flexible hinge region to bring the
catalytic domains together and create a functional ATP-binding domain (Anderson et
al.,, 2001). This homodimer appears to bind ScMrell at or close to the catalytic
domains so that the ScMrell nuclease activity is closely associated with ScRad50
ATPase activity (Anderson et al., 2001).

Human Rad50 recognises dsDNA and may have a role in tethering or bridging DNA

ends to assist repair (Connelly and Leach, 2002, de Jager et al., 2001b).
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¢) MREII

MREI11 lies on chromosome 1121 and codes for a 708 amino acid protein (Petrini et

al., 1995). Two MRE11 mRNA species, one of 2.4kb and a second of 6.6kb, exist in
all tissues with the expression pattern of the smaller transcript directly correlating with
the level of tissue proliferation and being most abundant in the testis (Petrini et al.,
1995, Carney et al., 1998). MRE11 shares a promoter with the foetal globin-inducing
factor gene and the two genes are transcribed divergently (Pitts et al., 2001). This type
of promoter organisation 1is seen in other genes involved in the DNA damage response
such as ATM and BRCAL.

It has been proposed that S. cerevisiae Mrell forms a homodimer and that regions in
both the N- and C-terminus of the protein are required for this self-interaction
(Chamankhah and Xiao, 1999). It has further been suggested that NBS1 binding
requires hMRE11 dimerisation (D’ Amours and Jackson, 2002).

The N-terminal nuclease domain of h(MRE11 consists of four phosphoesterase motifs,
the first three of which are common to many phosphoesterases and the fourth has
homology to nuclease motifs found in E. coli SbcD and bacteriophage T4 gp47
(D'Amours and Jackson, 2002). The C-terminus of MRE11 is more divergent and has
charged clusters of amino acids required for DNA binding (D'Amours and Jackson,
2002). Rad50 binding to MRE11 requires several sites in the N-terminus of MREI11
and may stabilise the MRE11 protein and/or facilitate NBS1 binding (Desai-Mehta et

al., 2001). MRE11-NBS1 binding requires the last 101 amino acids of NBSI and

amino acids 1-319 of MRE11 (Desai-Mehta et al., 2001).
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Figure 1.6.1 Diagrammatic representation of the human NBS1, Rad50 and MREI11

protein structures.
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Figure 1.6.2 Model depicting the putative architecture of the MRE11 complex as
proposed by D" Amours and Jackson, 2002 and supported by analysis of the yeast
complex (Anderson et al., 2001). Rad50 1s predicted to dimerise and adopt a flexible
conformation. The MRE11 dimer binds close to the Rad50 ATPase domains and

MREI11 interacts with NBS1 independently of Rad50 (Paull and Gellert, 1999).
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1.6.1 Catalytic Activities of the MRE11 Complex
MREI11 has single-strand annealing activities that may facilitate joining of non-

homologous ends or might be important for the rescue of collapsed replication forks
(Paull and Gellert, 1998, de Jager et al., 2001a). MREI11 by itself also has 3'-5’

dsDNA exonuclease activities and endonuclease activities that are enhanced 3-4 fold

in the presence of Rad50 (Paull and Gellert, 1998). Binding of NBS1 can alter the
specificity of the nuclease activities by stabilising MRE11-Rad50 protein-DNA
complexes and allowing partial unwinding of DNA duplexes (Paull and Gellert,
1999). The DNA-damage dependent phosphorylation of NBS1 and MRE11 may also

modify the nuclease activity of the complex (D'Amours and Jackson, 2002).

Together the MRE11 complex possesses Mn**-dependent 3'-5' exonuclease activity
on 3' recessed ends or blunt dsDNA ends (Paull and Gellert, 1998, Trujillo et al.,

1998) and endonuclease activity on 3’ ssDNA branches and hairpin structures (Paull

and Gellert, 1999). It 1s likely that MRE11 is the only nuclease in the MREII

complex and NBS1 and Rad50 modify and regulate its activities.

1.6.2 Links between DNA Repair and Cell-Cycle Checkpoint Functions

Mutations in the ATM gene lead to ataxia telangiectasia (A-T), an inherited disorder
characterised by cerebellar ataxia, oculocutaneous telangiectasia and an increased
incidence of cancer, especially lymphoid tumours (Kraakman-van der Zwet et al.,
1999). Cells from A-T patients show increased sensitivity to IR, genomic instability
and a failure to suppress replication fork firing after DNA damage, a phenomenon
known as radio-resistant DNA synthesis (RDS) (Kraakman-van der Zwet et al., 1999).
Nijmegen breakage syndrome (NBS), caused by mutations in NBS1, is characterised
by microcephaly, developmental defects, immune deficiency and a high incidence of

lymphoma. NBS cells display increased IR sensitivity, increased chromosomal
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aberrations, decreased survival and RDS indicating a loss of S-phase checkpoint
activation (Franchitto and Pichierri, 2002, Varon et al., 1998). The founder mutation
657del5 is seen in 90-95% of NBS patients and this mutation leads to premature
truncation of NBS1 downstream of the FHA and BRCT domains (Desai-Mehta et al.,
2001, Varon et al., 1998). The striking cellular and clinical similarities between A-T
and NBS indicated that ATM and NBS1 function in the same checkpoint pathway.
This idea was further supported by evidence that ATM phosphorylates NBS1 after IR
and this event is required for S-phase checkpoint activation (Petrini, 20002, Wu et al.,
2000).

MREI11 and Rad30 accumulate in nuclear foci after IR-induced damage in a dose-
dependent manner (Maser et al., 1997). These irradiation-induced foci (IRIF) are
thought to represent sites of ongoing repair and therefore these proteins were predicted
to have some role in DNA DSB repair (Carney et al., 1998). In NBS cells the MRE11-
Rad50 interaction remains intact but these proteins are not restricted to the nucleus
and do not form IRIF, suggesting that NSB1 is required for the nuclear localisation of
MRE11-Rad50 (Desai-Mehta et al., 2001). This fact, together with the discovery that
NBS1 was a member of the MRE11 complex, highlighted a link between proteins
involved in DSB repair and those implicated in the checkpoint response.

Mutations in MRE11 cause A-TLD (A-T like disorder) whose phenotype 1s almost
indistinguishable from A-T (Stewart et al., 1999). A-TLD cells share similar features

with A-T and NBS cells, such as chromosomal instability, IR sensitivity and RDS

(Stewart et al.,, 1999), thereby strengthening the connection between DSB repair by
the MRE11 complex and cell-cycle checkpoint responses controlled by ATM.
The fact that A-TLD, NBS and A-T cells display RDS, together with the observation

of impaired IRIF formation in these cells suggests that the MRE11 complex, together
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with ATM, plays a significant role in both S-phase checkpoint activation and DNA

damage recognition (Stewart et al., 1999, Carney et al., 1998).

1.6.3 Potential Functions of the MRE11 Complex

A role for the MREI11 complex in NHEJ is tentative. Some reports suggest that yeast
rad50, mrell and xrs2 mutants are deficient in both HR and NHEJ (Wilson, 2002)
whereas others report that these mutants solely display decreased efficiency of some
aspects of NHEJ (Moore and Haber, 1996). However, it is hypothesised that the single-
strand annealing activities of human MRE11 could be important in certain elements of

NHEJ (Paull and Gellert, 2000, Paull and Gellert, 1999).

Another putative function of the hMRE11 complex is in the maintenance of telomeres
as a small fraction of the hMRE11 complex was found to be located at telomeres and
associated with TRF?2, a telomere repeat binding factor (Zhu et al., 2000). Experiments
using a temperature sensitive mutant form of ScMrell that carried a Prol62Ser
mutation showed defects in telomere maintenance even at permissive temperatures
suggesting that the 162 residue is important for telomere function of the ScMrell
complex (Chamankhah et al., 2000). This residue may be important for secondary or
tertiary structure of ScMrell and was suggested to be important for interaction with
other proteins (Chamankhah et al.,, 2000). Residues in the C-terminal region of
ScMrell also appear to be critical for telomere preservation (Chamankhah and Xiao,

1999). The nuclease activity of the MRE11 complex may not be required for its role at

telomeres, however, as nuclease-deficient mrell yeast mutants have a normal telomere

length (Moreau et al., 1999).
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The MRE11 complex may also have roles in meiotic recombination events. Deletion
of Mrell in yeast leads to severe defects in processing and formation of DSB during
meiosis (Usui et al.,, 1998). The ScMrell DNA binding site B was shown to be
required for formation of meiotic DSBs (Moreau et al., 1999) whereas both the

nuclease activity and the DNA binding site A were found to be essential for meiotic

DSB processing (Usui et al., 1998).

Although it is now thought unlikely that the hMRE11 complex is involved in DSB
end-resection during mitotic recombination a role for the complex in HR has not been
ruled out. A deficiency in S. cerevisiae Mrell leads to a decrease in IR-induced sister
chromatid recombination suggesting a primary role for the Mrell-Rad50-Xrs2
complex in DNA damage-induced HR (Bressan et al., 1999). Using chicken DT40
NBS1 knockout cells 1t was also shown that NBS1 was essential for HR in vertebrates
(Tauchi et al., 2002) supporting the hypothesis that this complex functions in
recombination repair. The exact nature of this role is still of some controversy
however, especially since cells from A-TLD and NBS patients do not show gross DSB
repair defects (Stewart et al., 1999, Varon et al., 1998). A likely role for the MRE11
complex is as a key organiser of DSB repair that determines the type of processing to

be used depending on the nature of ends at the break (Paull and Gellert, 1999).

A role for the hMRE11 complex in replication is supported by the observation that the
complex co-localises with PCNA throughout the S-phase and it has been proposed
that the hMRE11 complex is loaded onto chromatin in a replication-dependent manner
(Mirzoeva and Petrini, 2003). The N-terminal FHA and BRCT domains of NBSI
associate with the E2F1 transcription factor under normal unstressed conditions and

this interaction may direct the MRE11 complex to origins of replication (Maser et al.,
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2001). The failure of NBS and A-TLD cells to repress firing of DNA replication
origins in response to IR also suggests the MRE11 complex is a negative regulator of
DNA replication following DNA damage (Maser et al., 2001). Putative replication
functions of the MRE11 complex are further supported by the fact that mammalian
cells that lack a functional MRE1l1 show increased chromosomal breaks and
accumulation of DSBs during DNA replication (Yamaguchi-Iwai, 1999, Costanzo,
2001). By analogy with the homologous E.coli SbcCD functions, the MRE11 complex
may act at the replication fork by associating with or resolving unusual DNA

structures that are formed during replication (Xiao and Weaver, 1997, Petrini, 2000b).

Checkpoint functions for the Mrell complex were proposed as it was found that yeast
lacking functional Xrs2 or Mrell were defective in S-phase checkpoint activation
(D'Amours and Jackson, 2001, Grenon et al., 2001, Myung and Kolodner, 2002).
Cells from A-TLD and NBS patients also fail to activate the S-phase checkpoint
following IR-induced damage (Stewart et al., 1999, Varon et al., 1998, Carney et al,,
1998) further supporting a role for this complex in control of cell-cycle checkpoints.

Upon induction of a DSB, recruitment of the hMRE11 complex to sites of DNA
damage occurs independently of ATM, suggesting that with respect to DNA damage
recognition the complex is upstream of ATM (Mirzoeva and Petrini, 2003). However,
activation of the S-phase checkpoint responses requires chromatin binding, NBSI
phosphorylation and possibly other interactions such as the E2F1 association
(Mirzoeva and Petrini, 2001, Maser et al., 2001). The FHA and BRCT domains of
NBSI1 direct chromatin association and E2F binding in the nucleus and the ATM-

dependent phosphorylation of NBS1 might only occur when the MRE11 complex is

chromatin-bound (Zhao et al., 2002).
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Recently it was suggested that changes in chromatin structure arising from DNA
damage may well be the initiating event in the DNA damage response (Petrini and
Stracker, 2003, Bakkenist and Kastan, 2003). One hypothesis proposed that these
chromatin changes are recognised by a sensor that was chromatin-bound prior to the
induction of the DSB and the sensor itself may then become a target for the
transducing kinase (Petrini and Stracker, 2003). It 1s entirely possible that the MRE11
complex is a sensor of DNA damage as it is chromatin bound in an S-phase-specific
manner and associates with DNA damage soon after its induction suggesting that the
MREI11 complex functions at the earliest time points after DNA damage (Petrini,
2000b, Petrini and Stracker, 2003). It was further suggested that the DNA damage-

dependent phosphorylation of NBS1 and MRE11 may then alter the activity of the
complex from a sensor of DNA damage to a mediator of the checkpoint response
(Petrini and Stracker, 2003). However, since MRE11 chromatin binding is cell-cycle
specific the DNA damage response may vary according to cell-cycle phase and

therefore the MRE11 complex may not be the sole sensor of DNA damage.

The MREI11 complex is undoubtedly important in maintaining genomic integrity.
Inactivation of the S. cerevisiae Mrell, Rad50 or Xrs2 proteins increases the rate of
gross chromosomal rearrangements by 500- to 600-fold in yeast cells (Chen and
Kolodner, 1999). The human MRE11 complex is chromatin bound in a cell-cycle
regulated, ATM-independent manner consistent with its role in surveillance of
chromosome integrity (Zhao et al., 2002). In addition, an essential role for the MRE11

complex in maintaining chromosomal DNA during the normal cell-cycle is supported

by the fact that null alleles of MRE11, Rad50 and NBS1 cause embryonic lethality in
vertebrates (Yamaguchi-Iwai et al., 1999, Luo et al.,, 1999, Zhu et al,, 2001). In

contrast, chicken DT40 NBS1 knockouts display HR defects but not a lethal phenotype

34



Introduction

(Tauchi et al., 2002) and NBS does not confer an extremely acute phenotype, probably
due to the fact that truncated forms of NBS1 are expressed in these cells. Creation of a
mouse model that reflected many of the characteristics of NBS suggested that NBS1
function retained by the truncated NBS1 protein (70kDa protein in human NBS) is

sufficient to prevent embryonic lethality (Kang et al., 2002).

1.6.4 The MRE11 Complex and Cancer

The discovery that mutations of MRE11 and NBS1 cause syndromes that are
associated with an increased cancer predisposition links alterations of the MRE11
complex genes with tumour development. Further mutations and polymorphisms of
these genes are in fact seen in the cancer population.

A subset of breast and lymphoid primary tumours were found to have mutations of
MREI1 at conserved positions (Fukuda et al,, 2001) while polymorphisms and
mutations of NBS1 are known to be present in some breast, ovarian and colon cancer
cell lines (Tessitore et al., 2003) suggesting that alterations of MRE11 and NBS1 exist
in at least a subset of cancers.

A mutation in a poly(T) tract in intron 4 of MRE11, leading to alternative splicing and

generation of truncated MRE11 products, was found to be present in >90% of MSI"
colorectal tumours (Giannini et al., 2002). This mutation was also seen in 12% of
cases of MSI" therapy-related acute leukaemia (Casorelli et al., 2003). Heterozygous
frameshift mutations of an Agtract in Rad50 were observed in 33% of MSI” CRCs and
28% of MSI" gastric cancers (Kim et al., 2001). This implies that MRE11 and Rad50

are major targets for inactivation in MMR-deficient cells.
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1.7 Aims for this Study

Guarding the genome against unwanted genetic alterations is paramount in preventing
malignant transformation. To protect genomic integrity a number of mechanisms have
evolved to recognise and repair DNA damage. The supposition that loss of any of
these pathways is sufficient to increase genetic instability and promote tumorigenesis
is corroborated by evidence from HNPCC. These cancers develop through a multi-
step process that is likely to involve a cascade of primary and secondary mutator
genes that accelerate genomic instability (Kim et al., 2001). The primary mutator
genes in this cascade are known to be the MMR genes that are inactivated in the
majority of hereditary and sporadic MSI" colorectal tumours. It is now important to
determine which genes are downstream mutational targets in these tumours. Likely
candidates include genes involved in DNA repair and cell-cycle checkpoints, as
mutations that compromise the functions of these genes would further increase genetic
instability and might elevate the risk of malignant transformation.

This study aims to clarify whether the XRCC2, XRCC3, Mus81 and MREI1 complex
genes are mutated in colorectal cancer or whether polymorphisms of these genes act
as low-penetrance risk factors for cancer. This research will also investigate the

phenotypic consequences of common mutations occurring in MSI" colorectal cancer

cells.
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2.1 Materials
2.1.1 General Laboratory Equipment

a) Laboratory equipment and instruments

Item Supplier

Micro Centaur centrifuge Sanyo Scientific
Eppendorf 5414D centrifuge Eppendorf
Swing-out Bench Top Centra MP4 rotor International Equipment

Company
Heated Hybridisation Shaker Stuart Scientific
Water-jacketed Incubator 3250 for Tissue culture Thermo Forma Scientific
Class 11 A/B3 Biological Safety Cabinet Thermo Forma Scientific
Water Bath Sanyo Gallenkamp
Boekel BBA Heating block Grant Instruments
Primus 96 Plus PCR Thermal Cycler MWG Biotech AG
Eppendorf Mastercylcer Gradient Eppendorf
AB104-S Balance Mettler-Toledo
Scott II Ohaus Balance for >mg weights Scaleman
Vortex Genie 2 Scientific Industries
12x15¢cm Agarose HS Gel Electrophoresis System [nvitrogen
20x21cm Agarose Gel Electrophoresis Tank Anachem
Polyacrylamide Gel Protean 11 xi cell Bio-Rad
Kodak Analysis System 120 and 1D software Scientific Imaging Systems
CHEF DR III Pulse-field Gel electrophoresis Bio-Rad
System
UV Transilluminator UVP Incorporated
Light Box Bennet Scientific
P2, P10, P20, P200 and P1000 Pipettes Gilson Medical Electronics
1-10pl and 1-50ul Multi-channel Pipettes Philip Harris Scientific
Electronic Pipette Aid Hirshmann Laborgerate
12000-14000 Dalton Dialysis Membranes MediCell
pH Meter Denver Instrument Company
Standard Power-Pack Biometra Savant
LLI-COR Long Read Sequencer MWG Biotech AG
Spectrophotometer Eppendorf
Ice Machine Scotsman Ice Systems Ltd
Semi-Dry Transfer Cell Bio-Rad
Western Gel Mini Protean 11 Cell Bio-Rad
Unitemp Microbiological Incubator Harvard Apparatus
IBL. 437 Cs-137 Irradiator CIS Biointernational
Denley Anthos 2001 Plate Reader Eppendort
Sequencher Software Gene Code
TE 200 Fluorescence Microscope Nikon
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b) Glassware, plastics and disposables

Item Supplier
Pvrex Glassware SLS or VWR
Pasteur Pipettes Volac
250ml, 500ml, 11 glass bottles SLS
Sterile Filter Gilson Pipette Tips Continental Laboratory Products
Refill Tips for Gilson P10, P200 and P1000 Continental Laboratory Products
Pipettes
Plastic 15ml and SO0ml polypropylene centrifuge Comning
tubes
35mm, 60mm, 100mm Tissue Culture Dishes Sarstedt or Greiner
6-well Culture Plates Greiner
Bacterial Culture Dishes Bibby Sterilin
1.2ml Cryovial Nalgene
Sml Bijoux Sarstedt
150x25mm Tissue Culture Plates Corning
0.5ml, 1.5ml and 2ml microcentrifuge Tubes Sarstedt
S50ml Plastipak Syringes Becton Dickinson
8.5mm Cuvette 220-1600nm Eppendort
Universal Tubes Bibby Sterilin
Sml and 10ml Stripettes Bibby Sterilin
25ml and S0ml Stripettes Continental Laboratory Products
0.2ml 96-well PCR Plates ABgene
0.2ml Strips of 8 Tubes for PCR SLS
6 x 26 x 1.0-1.2mm Microscope Slides VWR
0.4cm Electrode Gap Gene Pulsar Cuvettes Bio-Rad
96-well Lidded Plates Corning
Cell Scraper Sarstedt

c¢) Miscellaneous Disposable Laboratory Equipment

Item
Swann Morton Disposable Sterile Scalpels SLS
Aluchef Aluminium Foil VWR
Bodyguards Low Protein Latex Examination VWR
Gloves
Autoclave Tape VWR
Kimberley Clark Paper Tissue SLS
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d) Sterilisation

Plastic ware and glassware were washed in RBS detergents and rinsed several times in

tap water followed by a final rinse in deionised water. Plastic and glassware was dried

at 80°C in a hot air oven. Any items requiring sterilisation were autoclaved in a

Rodwell MP24 autoclave, supplied by SLS, at 15p.s.i pressure, 120°C for 15 minutes.

Filter sterilisation of solutions for tissue culture was carried out using sterile syringe

filters.

e) Purified Water
Tap water was passed through a still to produce glass-distilled water. The water was

sterilised by autoclaving for 15 minutes at 15 p.s.i. Ultra-pure deionised water was

obtained from an installed Purite Prestige Labwater 250 purification system. A Purite

Neptune Labwater system provided >18MQ water for use in molecular biology

experiments.

2.1.2 Chemicals, Biochemicals and Molecular Biology Reagents

a) Chemicals

Chemicals were always at least AnalR-grade or equivalent and were stored according
to the supplier’s instructions.

Unless otherwise stated all chemicals, acids, ethanol and methanol were supplied by
VWR. Agarose was supplied by Cambrex Bioscience and pulse-field grade agarose
was supplied by Bio-Rad. Thymidine, mitomycin C, hydroxyurea, camptothecin,
puromycin and ampicillin were supplied by Sigma-Aldrich. Sigma-Aldrich also

provided PMSF, leupeptin, pepstain, BSA and N-laurosarcosyl.
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Coomasie brilhant blue, SDS and 30% acrylamide/bis acrylamide solution (37.5:1)
were supplied by Bio-Rad. Microcystin phosphotase inhibitor was a kind gift from
Professor Carl Smythe (Centre for Developmental Genetics). Hoechst 33342 stain was

purchased from Sigma-Aldrich.

b) Biochemicals

item Supplier

LiofectAMINE Invitrogen
T4 DNA Ligase NEB
Proteinase K Sigma-Aldrich
Hygromycin B CalBiochem
Restriction Enzymes Promega or NEB

c¢) RT-PCR/PCR Master Mix

2X PCR master mix, purchased from ABgene, was used for the majority of PCR
reactions. This master mix contained 75SmM Tris-HC] pH 8.8, 20mM (NH4);SOs,
1.5mM MgCly, 0.2mM of each dNTP, 0.01% Tween 20 and 1.25U 7ag DNA
polymerase.

The AccuPrime 7ag DNA polymerase system, used for high fidelity amplifications,
was purchased from Invitrogen. AccuPrime Tag DNA polymerase was provided 1n a
storage buffer of 20mM Tns-HCI (pH 8.0), 0.1mM EDTA. 1mM DTT, stabilizers and
50% (v/v) glycerol. 10X AccuPrime PCR Buffer I and II contained 200mM Tris-HCl
(pH 8.4), 500mM KCl, 15mM MgCl,, 2mM dGTP, 2mM dATP, 2mM dTTP, 2mM
dCTP, thermostable AccuPrime protein and 10% glycerol.

Native Pfu DNA polymerase, purchased from Stratagene, was supplied in 50mM Tris-
HCI (pH 8.2), ImM DTT, 0.1mM EDTA, 0.1% Tween 20, 0.1% [gepal CA-630 and
50% (v/v) glycerol.

One-step RT-PCR experiments were carried out using a Reverse-iT One Step RT-PCR

kit purchased from ABgene. This kit included a 2X RT-PCR master mix and
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50units/ul Reverse-iT RTase blend containing RNase inhibitor. The 2X RT-PCR mix

contained optimised reaction buffer, 1.25U Thermoprime Plus DNA polymerase,

0.2mM each dNTP and 1.5mM MgCl,. All master mixes and polymerases were stored

at -20°C.

d) Molecular Biology Kits

QIAGEN supplied molecular biology kits for DNA extraction from human tissues
(QIAamp DNA Mini Kit), RNA extraction from animal cells or tissues (RNeasy Mini
Kit), RNA homogenisation (QIAshredder), extraction of DNA from bacterial cell
cultures (QIAprep Miniprep Kit) and clean-up of PCR products (QIAquick Gel
Extraction Kit or QIAquick PCR Purification Kit).

cDNA synthesis was carried out using the SuperScript II RNase H™ Reverse
Transcriptase kit purchased from Invitrogen. This contained 200U/ul Superscript 11,

5X first strand buffer and 0.1IM DTT. SuperScript II was supplied in 20mM Tris-HCl
(pH 7.5), 100mM NaCl, 0.ImM EDTA, ImM DTT, 0.01% (v/v) NP-40, 50% (v/v)
glycerol storage buffer. The 5X first strand buffer was supplied in 250mM Tris-HCl,
375mM KCl, 15mM MgCl,. Oligo-(dT)12.15 primer was supplied by Invitrogen.

In the main, sequencing reactions were carried out using a SequiTherm Excel 1 DNA
Sequencing Kit-LC for 25-41cm gels. This kit, supplied by Epicentre Technologies,
was designed specifically for use with a LI-COR automated DNA sequencer. Some
sequencing reactions, especially those for sequencing mononucleotide runs, were
carried out using the Thermo Sequenase Primer Cycle Sequencing Kit from

Amersham Pharmacia Biotech. All reagents for the above kits were stored according

to the manufacturer’s instructions.
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e) DNA molecular weight markers
A 100bp DNA ladder (0.5pg/pl), supplied by Invitrogen, was used to estimate size of

PCR products on agarose gels. Hyperladder I supplied by Bioline was used for size

estimation and quantification of PCR products on agarose gel.

/) Oligonucleotide primers

Unmodified oligonucleotide primers for PCR amplification were ordered from MWG

Biotech AG or EurogenTech. Modified infrared dye (IRD) labelled oligonucleotides

for sequencing were supplied by MWG Biotech AG.

2.1.3 Preparation of Standard Solutions

Solutions were prepared and stored at room temperature unless otherwise stated.

a) TBE buffer (10X, pH 8.0)
10X TBE was made up using 108g Tris-base, 55g boric acid, 40m! 0.5M EDTA and

ddH,0. The pH was adjusted to 8.0 such that the final volume was 1 litre.

b) TAE buffer (10X, pH 8.0)

10X TAE was made up using 48.4g Tris-base, 11ml acetic acid, 20ml 0.5M EDTA

and ddH,0. The pH was adjusted to 8.0 and the final volume was 1 litre.

¢) TE buffer (10X, pH 7.4)
10X TE buffer was made up of 10mM Tris-Cl (pH 7.4) and ImM EDTA (pH 8.0) and

the final pH was adjusted to 7.4.

43



Materials and Methods

d) EDTA (0.5M, pH 8.0)

0.5M EDTA (ethylene diamine tetra-acetic acid) was made by dissolving 186.1g of
disodium ethylene diamine tetra-acetate into 1 litre of water. The pH was adjusted to

8.0 with NaOH.

e) Phosphate Buffered Saline (PBS)

1X PBS was made with 10g/l NaCl, 0.25¢g/1 KCl, 0.25g/1 KH,PO,, 1.43g/1 Na,HPO,

and distilled water. This solution was autoclaved for sterility.

f) Ethidium Bromide (Smg/ml)

One tablet of ethidium bromide, purchased from Sigma-Aldrich, was dissolved in

20ml of distilled water to prepare a Smg/ml stock solution. Ethidium bromide was
used at a working concentration of 0.5pg/ml. Ethidium bromide stocks were kept

protected from light.

g) Bromophenol Blue Loading Buffer
0.5g of bromophenol blue was dissolved in 50ml ddH,0. 50ml of glycerol was then
added and this was mixed well. 20X Gibco blue (TBS), purchased from Invitrogen,

was then added drop-wise until the colour stayed blue.

h) Formamide Loading Bujfer

Loading buffer for single strand conformation polymorphism (SSCP) gels was made

up of 0.1% xylene cyanol, 0.1% bromophenol blue, 2mM EDTA, 0.1M NaOH and

95% formamide. This was stored at -20°C.
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i) SSCP Fixer

Fixer for SSCP gels was made up of 10% absolute ethanol, 0.5% acetic acid and

ddH,O0.

j) SSCP Developer

Developer for SSCP gels was made up of 1.5% NaOH, 0.15% formaldehyde and

ddH,O0.

k) Sodium Carbonate

0.75% Na,COj3; and ddH,0 were mixed to produce sodium carbonate solution used in

SSCP gel developing.

]) Silver Nitrate (0.1%)

1g of silver nitrate was dissolved in 1 litre of water to make 0.1% silver nitrate

solution that was kept protected from light.

m) DNA Lysis Buffer
DNA lysis buffer was made from 100mM Tris.HCI (pH 8.5), SmM EDTA, 0.2% SD5,

200mM NaCl and 100pg/ml Proteinase K.
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2.1.4 Tissue Culture Materials
a) Tissue Culture Medium

All tissue culture medium was stored at 4°C and sterility checked before use.
Dulbeccos Modified Eagles Medium (DMEM) containing 4.5g/1 glucose with L-
glutamine was purchased from BioWhittaker or Invitrogen. 1X non-essential amino
acids, supplied by BioWhittaker, were added to the medium before it was used for

tissue culture. OptiMEM serum free medium was purchased from Invitrogen.

b) Foetal Calf Serum
Virus, endotoxin and mycoplasma screened foetal calf serum (FCS) was bought from

Perbio. This was sterile filtered before use.

¢) Antibiotics

Initial experiments were carried out with penicillin and streptomycin in tissue culture
medium to inhibit the growth of bacterial species that may be harmful to cell yield.
Penicillin was purchased from Britannia Pharmaceuticals and streptomycin supplied

by Sigma-Aldrich. Penicillin was used at a final concentration of 100U/ml and

streptomycin at 100pg/ml 1n culture medium. Stock solutions of antibiotics were

stored at -20°C.

Fungizone, purchased Invitrogen, was used in tissue culture plates when needed to

prevent the growth of fungus. This was used at a final concentration of 2pug/ml in

growth medium. Fungizone was stored at 4°C.
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d) Trypsin
Trypsin was purchased as a sterile 2.5% stock solution from Invitrogen. Trypsin was

used at a concentration of 0.025% and stored at 4°C for up to a week.

e) Versene/EDTA

Versene/EDTA was purchased from VWR. 0.2g EDTA was dissolved in 1 litre of

PBS (for use at 0.02%), distributed into 10ml aliquots and stored at 4°C until use.

f) Mycoplasma Testing

Mrs. Janet White (Institute for Cancer Studies) tested all cell lines for the presence of
mycoplasma. A PCR-based mycoplasma ELSIA kit purchased from Roche was used

for testing. All cells tested for this study were found to be free of contamination.

2.1.5 Western Blotting Materials

2.1.5.1 Preparation of Standard Western Blotting Solutions

a) 1.5M Tris (pH 8.8)

1.5M Tris was made by dissolving 187¢g of Tris-base into 1 litre of ddH,O and the

final pH was adjusted to 8.8 using HCl.

b) IM Tris (pH 6.8)

Dissolving 121g of Tris-base into 1 litre of ddH20 made 1M Tris. The final pH was

adjusted to 6.8 using HCL
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c) Lower Stacking Buffer

Lower buffer for 7.5% western gels was made by dissolving 187g of Tris-base (1.5M)

and 4g SDS into 1 litre of water. The final pH was adjusted to 8.8 using HCI.

d) Upper Stacking Buffer
Upper buffer for 7.5% western gels was made by dissolving 60.5g of Tris-base (0.5M)

and 4g SDS into 1 litre of water. The final pH was adjusted to 6.8 using HCI.

e) Protein Lysis Buffer

1X lysis buffer was made up of 20mM Tris/Acetate pH 7.5, 0.27M sucrose, 1mM
EDTA, ImM EGTA, ImM sodium orthovanadate, 10mM sodium beta-
glycerophosphate, 50mM NaF, 5mM sodium pyrophosphate and 1% (w/v) Triton X-

100. Just before use the following components were added: 0.1% (v/v) beta-

Mercaptoethanol, 1uM Microcystin, 0.2mM PMSF and 1X protease cocktail.

/) 100X Protease Cocktail

100X protease cocktail was made up of Spg/ul leupeptin, 10pg/pl pepstain, Smg/ml

BSA and ddH,O. This was stored at -20°C.
g) Phenylmethylsulphonyl Fluoride (PMSF)

A 10mg/ml solution was prepared by dissolving 100mg PMSF in 10m! isopropanol.

Aliquots of PMSF were stored at -20°C.
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h) Protein Loading Buffer

Protein loading buffer was made up using 2% SDS, 62.5mM Tris, 50% glycerol and

0.25mg/ml bromophenol blue. Aliquots of buffer were stored at room temperature and

just prior to use 5% PB-mercaptoethanol was added.

i) 10X TGS Running Buffer
10X TGS was made up of 30g Tris-base, 144g glycine, 10g SDS and the volume

adjusted to 1 litre with ddH;0. This buffer was stored at room temperature.

j) 10X TBS and TBS-T

One litre of 10X TBS was prepared with 24.2g Tris-base, 80g NaCl and ddH,0. The
pH was adjusted to 7.6 with HCI. This buffer was then diluted to a 1X concentration

and 0.1% Tween-20 added before using as a wash buffer.

k) Transfer Buffer

Transfer buffer was made of 3.03g Tris-base, 14.4g glycine, 200ml methanol and the

volume adjusted to 1 litre with ddH,0. This was stored at 4 °C.

I) Coomasie Blue Protein Stain and Destain
0.25% Coomasie brilliant blue was combined with 50% methanol, 10% acetic acid

and ddH,0 for the protein stain. Destain was made from 10% methanol, 10% acetic

acid and ddH,0.

m) Isobutanol Saturated Water

50ml isobutanol was combined with 200ml distilled water and stored at room

temperature.
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2.1.5.2 Western Blotting Equipment

a) Coomasie Plus 200 Protein Assay Reagent

Coomasie Plus reagent for use in protein quantification assays was purchased from

Perbio.

b) Protein Marker

Pre-stained precision plus protein marker was purchased from Bio-Rad. This marker

was supplied in 30% (v/v) glycerol, 2% SDS, 62.5mM Tris, pH 6.8, 50mM DTT,

SmM EDTA, 0.02% NaN3 and 0.01% bromophenol blue. Marker was stored at -20°C.

¢) Nitrocellulose Membrane

Hybond ECL nitrocellulose membranes were purchased from Amersham Pharmacia

Biotech. This 1s a 100% pure, unsupported nitrocellulose membrane.

d) Filter Paper

Extra think 7.5 x10cm filter paper for use in transfer was purchased from Bio-Rad.

e) ECL Detection Kit

ECL Western blotting detection reagents were purchased from Amersham Pharmacia
Biotech. This system is a light emitting non-radioactive method for detection of

immobilised specific antigens, conjugated with horseradish peroxidase-labelled

antibodies.
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f) Film, Developer and Fixer
13 x 18cm medical X-ray Fujifilm was supplied by GRI. Universal paper developer
and fixer stocks, supplied by Ilford, were diluted 1 1n 10 and 1 1n 3, respectively, prior

1O use€.

g) Antibodies

Primary Antibody Supplied By Dilution Mol. Antibody

Factor for Weight Raised

Primary (kDa) Against

hMREI11 Oncogene 1:800 86 Rabbit

hMREI11 Bethyl Labs Inc. 1:1000 86 Rabbit

NBSI1 Oncogene 1:800 95 Rabbit

Phospho-NBSI Cell Signalling 1:1000 95 Rabbit
(Ser343) Technology

Phospho-Chk2 Cell Signalling 1:8300 62 Rabbit
(Thré6s8) Technology

Phospho-Chkl1 Cell Signalling 1:1000 58 Rabbit
(Ser345) Technology

Actin Sigma-Aldrich 1:2500 37 Rabbit

2.1.6 Microbiological Materials
a) LB Broth
LB broth was made up by suspending 25¢ LB broth in one litre of deionised water.

This suspension was autoclaved as described. The LB broth has a pH of 7.0+0.2 at

25°C. Before use 1n cultures 100pg/ml of ampicillin was added to LB broth.

b) Agar Plates
For solid culture media that could be inoculated on the surface 12-15g of agar and 25g

of LB broth were suspended in one litre of deionised water. The suspension was

autoclaved as described.
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c) Frozen Storage Buffer
[nitially a solution of 10mM potassium acetate (pH 7.5) and 10% glycerol was made.

To this solution was added 100mM KClI, 45mM MnCl,.4H->0, 10mM CaCl,.2H,0 and

3mM HACoCl;. The pH was adjusted to 6.4 using HCI. This buffer was stored at 4°C.

d) SOB and SOC Medium
SOB medium was made up from 2% Bacto tryptone, 0.5% Bacto yeast extract,

10OmM NaCl, 2.5mM KCI, 10mM MgCl, and 10mM MgSO4. SOC medium is

identical to SOB but contains 20mM glucose.

e) E.coli Strains

DH5a F ¢ 80 lacZAM15 A(lacZY A-argF) U169 deoR [nvitrogen
recAl endAl hsdR17 (r’, my') phoA supE44

A" thi-1 gyrA96 relAl
TOP10 F* merA A(mrr-hsdRMS-merBC) ¢ 80 [nvitrogen

lacZAM1S AlacX74 recAl deoR araD139
A(ara-leu)7697 galU galK rpsL (Str) endAl

nupG
EZ Competent  [F’:Tnl0(Tc’) proA B lacFZAM15] recAl QIAGEN
Cells endAl hsdR17 (I‘klp_-, mk12+) lac gan44 thi-1

oyrA96 relAl

f) Vectors
The expression vector pcDNA3.1/V5-His TOPO TA was supplied by Invitrogen. This
vector was supplied as 10ng/ul plasmid DNA in 50% glycerol, 50mM Tris-HCI (pH

7.4 at 25°C), ImM EDTA, ZmM DTT, 0.1% Triton X-100, 100pg/ml BSA and 30uM

phenol red.

The pDrive cloning vector was supplied by QIAGEN, in a linear form ready for use 1n

direct ligation of PCR products. This vector was supplied as 50ng/ul plasmid DNA.
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ClonTech supplied the pIRESP"™ expression vector, a circular vector with ampicillin
and puromycin selective markers. Maps of all the vectors used can be found in

Appendix L.

2.1.7 Biological Materials

a) Human Colorectal Cancer Samples

Anonymous archival tissue samples from 106 patients with histologically confirmed
sporadic colorectal cancer were obtained from the tumour bank at the Department of
Pathology at Sheffield University Medical School. A further collection of 27 right-
sided colorectal tumours was made from the same resource. For each tumour sample
obtained the adjacent normal tissue was also provided. This was either normal colon
tissue or lymph node material. Data provided with samples included a case number
and information of either ‘tumour’ (T) or ‘normal’ (N), sex and age of the patient and
staging information (Appendix VI). The samples were available as formalin-fixed
paraffin-embedded blocks. Blood donor control DNA was acquired from a resource
obtained by Saeed Rafii (Institute for Cancer Studies). Ethical approval for the use of

these samples in this study was provided by the South Sheffield Research Ethics

Committee.
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bh) Human Cell lines

All cell lines used were of human origin and were adherent cells. Details are provided

below:
Cell Line Supplied By Tissue/Morphology MMR Defect
HCT-116 ATCC Colon, carcinoma hMLHI1"", hPMS2
(reduced expression)
SK-UT-I ATCC Uterine, lelomyosarcoma hMSH2™
SW480 ATCC Colon, adenocarcinoma None
DI.D-1 ATCC Colon, adenocarcinoma hMSH6™
HEC-1-A ATCC Endometnal, adenocarcinoma hPMS2”", hMLH1
(reduced expression)
2774 ATCC Ovarian, adenocarcinoma hMSH2""
SW48 ATCC Colon, adenocarcinoma hMSH6"", AMLH-

methylation silenced

expression
MRCSVA CRC Cell Lung, fibroblasts None
Repository
L.S1741 ATCC Colon, adenocarcinoma hMSH6™
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2.2 METHODS

2.2.1 Tissue Sample Preparation and microdissection

Microdissection was needed for tumour (and normal) tissue when less than 80% of the
sample originated from the tumour (or normal) population. Sections of Sum were

provided on uncoated slides. The paraffin wax was removed from the slides in two
washes of xylene. The sample was then re-hydrated using consecutive washes in
100% ethanol, 95% ethanol, 70% ethanol and distilled water. The required tissue was

identified using an H&E stained slide and then microdissected out using a scalpel. The
tissue was transferred to a 1.5ml microcentrifuge tube along with 25ul Tris-EDTA
buffer. Before DNA extraction, these microdissected samples were centrifuged at full
speed for 10 minutes to pellet the tissue and the Tris-EDTA buffer was removed.
Those samples that did not undergo microdissection had to be xylene treated to
remove the paraffin wax. Sections cut into microcentrifuge tubes were treated with
1200p1 xylene and vortexed vigorously. The sample was centrifuged for five minutes
on full speed at room temperature and the supernatant discarded. The pellet was
washed with 1200p1 100% ethanol and vortexed. The sample was again centrifuged at
room temperature at full speed for five minutes and supernatant discarded. The

ethanol wash was repeated once and the pellet was then air-dried at 37°C for 10-15

minutes.
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2.2.2 DNA Extraction
a) DNA Extraction from Human Tissue

DNA was extracted from tissue samples using a QIAamp DNA mini-kit. Following

xylene treatment or microdissection the tissues were lysed in 360ul tissue lysis buffer

and 400pg proteinase K and incubated at 56°C overnight in an orbital shaker.
Following this, 400ul lysis buffer was added; samples were vortexed for 15 seconds
and then incubated at 70°C for 10 minutes. The tubes were then briefly centrifuged

and 4001 ethanol was added. Samples were again vortexed for 15 seconds and briefly

centrifuged to remove drops from the lid of the tube. The samples were then applied to
QIAamp spin columns and the DNA was adsorbed onto the silica-gel membrane

during a centrifuge step of 8000rpm for one minute. After disposal of the filtrate the
column was then washed with 500ul wash buffer to improve the purity of the eluted
DNA and centrifuged at 8000rpm for one minute. The filtrate was again discarded, the
column washed with 500pl of a second wash buffer to remove residual contaminants
and then centrifuged at full speed for three minutes. The column was placed in a clean
1.5ml micro-centrifuge tube and 200ul elution buffer (10mM Tris-Cl, 0.5mM EDTA;

pH 9.0) was added to the column. The column was incubated at room temperature for
five minutes and then centrifuged at 8000rpm for one minute. This elution step was

repeated twice to increase yield of the DNA so that DNA was eluted in a final volume

of 600ul elution buffer.
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b) DNA Extraction from Human Cell Lines

DNA was extracted from adherent cell lines after removing the medium and washing
cells twice with PBS. To each 10cm tissue culture dish 800ul DNA lysis buffer was

added, the plate was rocked and left for 2 minutes. A cell scraper was used to scrape

off the cells, which were then collected with a pipette and placed in a 15ml centrifuge

tube. 200ug proteinase K was added to the tube, mixed and tubes were incubated in a

37°C water bath overnight. An equal volume of isopropanol was then added to the

tube and mixed by inverting. DNA was recovered by lifting the aggregated precipitate
from the solution using a pipette. This was placed in a 1.5ml microcentrifuge tube and

the DNA pellet was allowed to air-dry. The pellet was re-suspended in ddH,O.

2.2.3 Microsatellite Analysis

Matched normal and tumour DNA were analysed with the Bethesda Consensus panel
of microsatellites (Boland et al., 1998). These markers included three mononucleotide
(BAT25, BAT26, BAT40), six (CA), dinucleotide (MFD15, APC, D2S123, D18569,
D18S58 and D10S197) and one tetranucleotide (MYCL1) microsatellites.

Forward primers were labelled with infrared dye (IRD-700 or IRD-800). PCR
amplification was performed with 40ng purified genomic DNA, 2X PCR master mix
and 1-2pmoles of each primer. PCR reactions were carried out in a final volume of

10pl and subjected to 40 cycles of amplification in a Primus 96" thermocycler. PCR

products were analysed on a LI-COR 4200 automated sequencer. PCR profiles and

primer sequences for each microsatellite marker are summarised in Appendix II.
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2.2.4 PCR Amplification

Normally PCR amplifications were carried out in a total volume of 20ul containing at
least 40ng of extracted genomic DNA or 20ng ¢cDNA, 10ul 2X PCR master mix and
6-10pmol of each primer. PCR reactions were subject to the following cycling
programme: 1 cycle of 95°C, 3 minutes; 35-40 cycles of 94°C for 30 seconds, 25-40
seconds at the optimally determined annealing temperature for each primer pair (see

Appendix II), 72°C for 1 minute per 600bp and 1 cycle of 72°C, 5 minutes. Reactions

were maintained at 4°C after cycling and then stored at -20°C until use. Primer

sequences and annealing temperatures used in PCR are reported in Appendix II.
For PCR reactions where a more accurate Taq polymerase was required the
AccuPrime 7aq DNA polymerase system was used. This system improves PCR

specificity and improves the fidelity of Taq by 2-fold. PCR amplifications with this

system were carried out in a total volume of 25l containing at least 40ng of genomic

DNA or 20ng cDNA, 2.5ul 10X AccuPrime buffer I (for small genomic DNA
<200bp, plasmid or cDNA) or buffer II (for genomic DNA 200bp-4kb), Spmol each
primer and 0.5pl AccuPrime Tag DNA polymerase. PCR reactions were subject to the
following cycling programme: 1 cycle 94°C, 2 minutes; 30-35 cycles of 94°C for 30
seconds, 30 seconds at 55-60°C, 68°C for 1 minute per kb. Reactions were maintained

at 4°C after cycling and then stored at -20°C until use.

To create blunt-ended PCR products (i.e. with no A-overhang) 2.5U of Pfu was added
to PCR products amplified as above. The PCR reaction was then run for 10 more

cycles to fill in the DNA ends.
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2.2.5 Agarose Gel Electrophoresis

Electrophoresis is the movement of charged molecules through a matrix by an electric
field. The mobility of the molecule 1s dependent on the strength of the electric field,
the size and shape of the molecule and the net charge of the molecule.

Agarose electrophoresis gels, stained with ethidium bromide, were used to separate
and visualise DNA and RNA products. 0.8-2% agarose gels were used to analyse PCR
or RT-PCR products.

For a 1% agarose gel 1g of agarose was weighed out and 100ml of 1X TAE was

added. The solution was melted in a microwave in order to dissolve the agarose and
the solution was then left to cool to ~60°C. At this point 0.5ug/m! ethidium bromide

was added and the gel was poured into the gel tray. After the gel had solidified, 1X
TAE running buffer was poured into the gel box, 0.5ug/ml ethidium bromide was

added to the running buffer, and the comb was removed. Amplified products were
mixed with bromophenol blue loading dye and then loaded, alongside a DNA size
ladder, into the wells. Gels were run at 100V for 30-60 minutes, depending on

separation needed. The gels were visualised on an UV transilluminator.

2.2.6 Clean-up of PCR Products

A QIAquick PCR purification kit was used for direct purification of PCR products
from amplification reactions. A QIAquick gel extraction kit was used for extraction of
DNA fragments from standard agarose gels.

In PCR purification, to allow efficient binding of PCR products to the column 5
volumes of binding buffer were added to one volume of PCR reaction. The sample
was then applied to a silica-membrane spin column and centrifuged at full speed for
one minute to allow adsorption of DNA to the membrane. The flow-through,

containing contaminants such as unwanted primers, enzymes and unincorporated
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nucleotides, was discarded and salts were removed from the column by adding 750ul

wash buffer and centrifuging the column for one minute at full speed. The flow-
through was discarded and residual ethanol was removed in an additional one minute

centrifugation step. The column was then placed in a clean microcentrifuge tube and
DNA was eluted with 50ul elution buffer (10mM Tris-Cl, pH 8.5) in a one minute
centrifugation.

During gel extraction, the required DNA fragment was excised from the agarose gel

with a clean, sharp scalpel. The gel slice was weighed and 3 volumes of solubilisation
buffer were added to one volume of gel. The mixture was incubated at 50°C for 10

minutes to release the DNA from the agarose and one gel volume of isopropanol was

added to the tube. The sample was then applied to a spin column and centrifuged at

full speed for one minute to allow adsorption of the DNA to the membrane.

The column flow-through was discarded and a further 500pl solubilisation buffer was
added to the column. The column was centrifuged at full speed for one minute to
remove any traces of agarose. The column was washed with 750ul wash buffer in a

one minute centrifugation step to remove contaminating salts. The flow-through was
discarded and residual ethanol from the wash buffer was removed by placing the

column in a clean microcentrifuge tube and centrifuging at full speed for a further

minute. DNA was eluted from the column in 50pl elution buffer (10mM Tris-Cl, pH

8.5).
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2.2.7 Single strand conformation polymorphism (SSCP) gels

The principle of the SSCP method 1s based on the fact that the electrophoretic
mobility of nucleic acids 1in non-denaturing gels is sensitive to both size and shape.
Unlike double-stranded DNA, single-stranded DNA 1s flexible and will adopt a
conformation determined by intramolecular interactions and base stacking that is
uniquely dependent on composition (Orita et al., 1989). This conformation can be
affected when even a single base 1s changed. Conformational changes can be detected
as alterations 1n the electrophoretic mobility of the single-stranded DNA on a non-
denaturing polyacrylamide gel. SSCP is a simple and sensitive method but it does not

reveal the nature or position of sequence changes.

a) Casting and Running of SSCP Gels
10% and 12% SSCP gels were made up according to Table 2.2.7.1 below. The gels

were poured between vertical glass plates and left to set for ~1 hour. Prior to loading

of samples, gels were placed at 4°C to cool for 15 minutes.

Table 2.2.7.1. Composition of SSCP gels

Component 10% SSCP gel 12%SSCP gel
30% Acrylogel 20ml 24ml
1X TBE 6ml 6ml
ddH-,O 34ml 30ml
25% APS 160ul 160ul
TEMED 12ul 12ul

 EEEE EEEEEEE————————————
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1-2ul of amplified DNA was mixed with denaturing formamide loading dye to a final
volume of 10ul. The samples were denatured to single-stranded DNA for 5 minutes at
95°C and then placed on ice for one minute before being loaded onto a 10-12%

polyacrylamide gel. Samples were electrophoresed at 17°C in 1X TBE running buffer.

Appendix III shows the SSCP running profiles for each of the exons analysed.

b) Silver Staining of SSCP Gels

After electrophoresis SSCP gels were placed in a plastic container for staining. Fixer
solution was added and the gel shaken for 10 minutes. The fixer solution was then
discarded and the gel was washed with ddH,0O. Gels were then covered with 0.1%

silver nitrate and shaken for 20 minutes. Silver nitrate solution was then removed and
the gel was washed twice with ddH,0. SSCP gels were developed in 500ml fresh
developer shaking for 25-30 minutes. Once clear bands were apparent on the gel the
developer was discarded and 0.75% sodium carbonate solution was added to cover the
gel. The gel was shaken for a further 2-3 minutes then the sodium carbonate solution

was discarded. The gel was then sealed in a plastic bag and analysed on a light box.

2.2.8 Sequencing

Samples were usually subject to cycle sequencing using a SequiTherm EXCEL 11
DNA Sequencing Kit-LC for 25-41cm gels. All reagents were thawed on ice and

vortexed before use to ensure uniform distribution of components. The following
components were added to a microcentrifuge tube to make the premix: 7.2ul 3.5X
sequencing buffer, 2pmoles each IRD-labelled primer, 2-3 ul amplified DNA template,
5U DNA polymerase and delonised water to 17ul. Four lanes of a 96-well plate were

labelled A, C, G and T and 2pl of the termination mixes for A, C, G or T containing
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45uM each of dATP, dCTP, dTTP and 7-deaza-dGTP along with the specific ddNTP,

were placed in the appropriate well. On ice, 4ul of the premix was added to each of

the four wells of termination mix and mixed by pipetting. Each reaction was overlaid

with wax and the reactions then underwent the following cycling: 1 cycle of 95°C, 5
minutes; 30-40 cycles of 95°C for 30 seconds, annealing temperature (see Appendix

IT) for 15 seconds, 70°C for 1 minute. Once cycling was complete, 3pul of formamide

loading buffer (95% (v/v) formamide, 10mM EDTA, 0.1% basic fuchsin, 0.01%
bromophenol blue, pH 9.0) was added to each reaction ready for gel electrophoresis.

A second technique for sequencing of difficult templates, especially long templates
(>750bp) and templates with mononucleotide runs in them, was carried out using the

Amersham Thermo Sequenase Primer Cycle Sequencing kit. For each template to be
sequenced the following master mix was prepared: 2-3ul amplified template DNA,

2pmoles each IRD-labelled primer and distilled water to 13pl. The components of the

master mix were mixed by gentle vortexing. Four wells of a 96-well plate were
labelled A, C, G and T for each termination reagent. The A, C, G and T reagents

contained 40mM Tris-HCI pH 9.5, 6mM MgCl,, 0.04% Tween-20, 0.04% Triton X-

100, 0.08mM 2-mercaptoethanol, 1.67 units/ul DNA polymerase with 0.00028
units/ul Thermoplasma acidophilum inorganic pyrophosphatase, 0.4mM dATP,
0.4mM dCTP, 0.4mM 7-deaza-dGTP, 0.4mM dTTP and 1.33uM of the specific
dideoxynucleotide terminator. Into each A well 2l of the A reagent was added and
this was repeated for C, G and T. Into each of the four labelled wells 2l of the master
mix was added and mixed by pipetting. Each reaction was overlaid with wax and the
reactions underwent the following cycling: 1 cycle of 95°C, 2 minutes; 30-35 cycles

of 95°C 30 seconds, annealing temperature (see Appendix II) 30 seconds, 72°C for 1

minute. Once cycling was complete, 4ul of formamide loading buffer was added to
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each reaction ready for gel electrophoresis.

Prior to loading samples onto the gel each sample was heated to 95°C for 3 minutes.

Dr. Ian Brock (Institute for Cancer Studies) loaded 1ul of each sample into separate

lanes of the sequencing gel and reactions were run in a LI-COR automated long-read

sequencer. Sequence data was analysed using the Sequencher computer software.

2.2.9 RNA Extraction

RNA was extracted from cells using an RNeasy mini kit. Media was removed from
the plates of cells and cells were washed with 10ml PBS. The PBS was discarded and
samples were lysed in the presence of a highly denaturing guanidine isothiocyanate-
containing buffer which inactivated RNases and ensured isolation of intact RNA.
Using a cell scraper cells were gathered together and collected into a 1.5ml
microcentrifuge tube. The lysate was vortexed until no clumps of cells were visible.
The lysate was pipetted onto a QIAshredder column sitting in a 2ml collection tube,
which was centrifuged at full speed for 2 minutes to homogenise the lysate. The flow-
through was collected and one volume of 70% ethanol was added to this to provide
the appropriate binding conditions for RNA.

Up to 700p1 of the sample was then loaded onto the silica-gel membrane of a mini-
spin column sitting in a 2ml collection tube. The column was centrifuged for 15
seconds at 10000rpm to allow binding of the RNA and flow-through was discarded.
Successive aliquots of the sample were added to the column and centrifuged as above,

until all sample had been through the column. Contaminants were removed from the
column in three consecutive steps with wash buffers and centrifugation at 10000rpm
for 15 seconds. To eliminate any wash buffer carryover the column was placed in a

new collection tube and this was centrifuged at full speed for 2 minutes. The column

was then placed in a new 1.5ml collection tube and 50ul RNase-free water was
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pipetted directly onto the membrane. The column was centrifuged for one minute at

10000rpm to elute RNA. Samples were stored at -20°C.

2.2.10 RT-PCR

RNA is prone to degradation and so RNase-free plastics, RNase-free water and filter

tips were used and gloves were worn at all times during RT-PCR set-up.

RT-PCR amplifications were carried out in a total volume of 25ul containing 500ng of

extracted RNA, 0.5ul reverse transcriptase blend (includes RNase inhibitor), 12.5ul
2X RT-PCR master mix and 10pmol of each primer. RT-PCRs were carried out using

the following profile: 1 cycle of 47°C for 30 minutes for first strand synthesis; 1 cycle
of 94°C for 2 minutes for RTase inactivation and initial denaturation; 40 cycles of

94°C 20 seconds, 54-60°C 30 seconds, 72°C 1 minute. RT-PCRs finished with a final

extension of 72°C for 5 minutes.

2.2.11 ¢cDNA Synthesis from Total Cellular RNA

When c¢DNA copies of the total RNA were required Superscript RT was used to

reverse transcribe the RNA. RNA was prepared at 2ug in ddH,O to a total volume of

9.5ul in a reaction tube. In a second tube, a master mix was made up containing 1l
0.5pug/pl oligo-(dT)i2.1s primer, 0.5u1 RNA guard (31600 units/ml), 4ul 5X buffer
containing 250mM Tris-HCI, 375mM KCI and 15mM MgCl,, 2ul 0.1M DTT, 2ul
dNTP mix (10mM each) and 1pl Superscript-RT (200U/ul). The master mix was

vortexed and to this 10.5ul volume the 9.5u1 RNA was added and mixed. The tube

was incubated at room temperature for 10 minutes then at 44°C for 2 hours.
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2.2.12 Tissue Culture

Tissue culture was carried out in sterile conditions in a containment 2 laboratory

cabinet. All cell lines were sustained in a 37°C, 5% CO,; humidified incubator.

2.2.12.1 Passage

Cells were passaged when 80-100% confluent. This was determined by visualising
cells using a light microscope or indicated by a colour change of medium from red to
yellow. This colour change was caused by a decrease in pH in the growth medium.
Cells were washed once with PBS to remove proteins and divalent cations that may
inhibit the action of the trypsin. Cells were harvested using trypsin/versene. Plates of
cells were placed in an incubator for 5 minutes and then cells were dislodged by
gently tapping the side of the plate. Cells were re-suspended in a small amount of
medium by pipetting with a Sml or 10ml pipette. Cells were split and re-seeded by

adding the desired amount of re-suspended cells to fresh medium in a plate and

returning the plate to a 37°C incubator.

2.2.12.2 Cryopreservation

Excess cell stocks could be frozen for storage. Medium was removed from plates that
were 60-80% confluent and the cells were washed with PBS. Cells were harvested 1n

medium following trypsin/versene treatment and centrifuged at 1300rpm for 3
minutes. A mixture of 10% DMSO in medium was prepared and the cell pellet was re-

suspended in 2ml of this mixture. The cell suspension was aliquoted into 1.2ml

cryovials and these were placed at -80°C for storage.
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2.2.12.3 Thawing of Cells
Cryovials were removed from the -80°C freezer and placed in 37°C water to thaw the

cells rapidly. Rapid thawing minimises the toxic effect of DMSO on cells.

2.2.12.4. Preparation of Dialysed Serum
Small molecules and ions present in foetal calf serum might interfere with dose

response experiments and so they need to be removed. This can be done by placing
foetal calf serum in dialysis membranes and surrounding the membranes with 1X
PBS. The dialysis membranes are semi-permeable and allow molecules under 12-
14000 Daltons to pass out into the surrounding buffer. This surrounding PBS bufter
was changed five times to achieve a dilution factor of 10°. The resulting dialysed

foetal calf serum was filter sterilised before use.

2.2.13 Microbiological Methods

2.2.13.1 Preparation of Competent Cells

New stocks of competent E.coli could be prepared by streaking an agar plate with
DHSa and leaving to grow in a 37°C incubator overnight. Twenty 2-3mm diameter

colonies were picked from the agar plate and inoculated into a 2 litre flask containing

200ml SOB medium (1 colony per 10ml culture medium; culture volume to flask
volume ratio of 1:10). The inoculated medium was incubated in a 37°C shaking
incubator until the cell density was 6-9 x 10’ viable cells/ml (~3-4 hours). The culture
was aliquoted into 50ml centrifuge tubes and chilled on ice for 10-15 minutes. Cells
were then pelleted by centrifugation at 2000-3000rpm for 15 minutes at 4°C. The cell

pellet was thoroughly drained and cells were re-suspended in 66ml (1/3 of the culture

volume) of frozen storage buffer (FSB) by gently vortexing. Cells were incubated on

ice for 10-15 minutes and again pelleted by centrifugation at 2000-3000rpm for 15
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minutes at 4°C. The cell pellet was drained and cells re-suspended in 16ml (1/12.5 of

the culture volume) FSB. A 3.5% aliquot of DMSO was added to the centre of the cell
suspension and tubes were swirled for 5-10 seconds. Tubes were incubated on ice for

5 minutes. A second 3.5% aliquot of DMSO was added as above and tubes were
incubated on ice for 10-15 minutes. 210ul aliquots were placed in chilled 1.5ml

microcentrifuge tubes and cells were flash frozen by placing the tubes in dry ice for

several minutes. Competent cells were stored at -80°C.

2.2.13.2 Preparation of Agar Plates

Before pouring, solid agar stocks were melted in a microwave and 100pg/ml of
ampicillin was added after cooling. About 10ml of agar was then poured onto bacterial
culture dishes. The lids of the dishes were replaced while the agar set, then the lids

were removed and plates were placed in a containment hood with airflow to allow the

plates to dry.

2.2.13.3 Preparation of SOB and SOC Medium

During preparation of SOB or SOC, 2% Bacto-tryptone, 0.5% Bacto-yeast extract,

10mM NaCl and 2.5mM KCl were combined in 18MQ water. This was autoclaved for
15 minutes at 121°C. Just prior to use 10mM MgCl, 10mM MgSO4 and 20mM

glucose (for SOC only) were filter sterilised through a 0.22p membrane and combined

with the medium. The final pH of the SOC medium was 6.8-7.0
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2.2.13.4 PCR Cloning

The amount of PCR product used in the ligation reaction depends on the size of the

PCR product and molar ratio of PCR product DNA to vector DNA. The amount

required can be calculated using the following equation:

ng PCR product required = ng of vector used x PCR product size (bp) x molar ratio
Vector size (bp)

The QIAGEN and TOPO TA cloning kits take advantage of the 3’ A-overhang
generated at the end of each PCR product by non-proof-reading Tag polymerase. The
cloning vectors are supplied in linear form with a single 3’ T overhang so that they
specifically and efficiently hybridise with the PCR inserts. The TOPO vector also has
topoisomerase-I covalently bound to the vector to prevent recircularisation and to
provide the enzymatic activity for ligation.

The pIRES"’”“":"3 vector was supplied in circular form and therefore had to be cut within
the multiple cloning site with a suitable restriction enzyme, usually EcoR ¥, to create a
site for insertion of PCR product. PCR products were ligated to the digested
pIRESP“™ vector in a blunt-end ligation reaction containing PCR product, Sng vector,

1 unit of T4 DNA ligase and 1X T4 DNA ligase buffer (50mM Tris-HCl, 10mM

MgCl;, 10mM DTT, ImM ATP, 25pg/ml BSA pH 7.5). Ligation reactions were
carried out at room temperature overnight. DH5o chemically competent cells then

were transformed with 3-5ul of this ligation mixture.

PCR products to be cloned for sequencing were cloned using the QIAGEN PCR

cloning kit. For each cloning reaction the subsequent components were combined in

the following order in a 10yl reaction: 50ng pDrive cloning vector, 13-26ng PCR

product, Sul 2X ligation master mix containing all reagents and cofactors required for

ligation and ddH,O. The ligation reaction was briefly mixed and incubated for 1 hour
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at 4°C. 3-5ul of the ligation mixture was taken for transforming into EZ or DH5«

chemically competent cells.

The TOPO cloning kit was used to clone PCR products into the pcDNA3.1/V5-His-

TOPO expression vector. The following components were combined in each 5pul

cloning reaction: 1ul salt solution (200mM NaCl, 10mM MgCl,), Sng pcDNA3.1/V5-
His-TOPO and 5-10ng PCR product. The reaction mixture was mixed gently and

incubated for 5 minutes at room temperature. 3-5ul of the reaction mixture was taken

for transformation of TOP10 or DH5a chemically competent cells.

2.2.13.5 Transforming Chemically Competent Cells
Chemically competent cells were removed from their -80°C store and thawed on ice.
3-5ul of the ligation-reaction mixture was added to a 50ul vial of cells and mixed by

gently flicking the tube. The vials were incubated on ice for 15-30 minutes and cells
were then heat-shocked in a 37°C (TOPO or EZ) or 42°C (DH5a) water bath for 90
seconds. Tubes were returned to ice for 2 minutes and 950ul SOC medium was added.
Since SOC is such a rich medium this step of the protocol was carried out near a flame
to minimise contamination. Vials were then incubated in a shaking incubator at 37°C,
225rpm for 30-60 minutes to allow expression of the ampicillin resistance marker.

100-150p! transformation mixture was spread onto LB-agar plates containing
100pg/ml ampicillin. These agar plates were incubated overnight in a 37°C incubator

to allow colony formation.
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2.2.13.6 Preparation of Overnight Cultures
Clones were picked from agar plates following overnight incubation. To reduce the

risk of contamination this procedure was carried out near a flame. Aliquots of Sml LB
medium plus 100pug/ml ampicillin were placed in universal tubes. A pipette tip was
used to pick a clone from the agar plate and the tip was dropped in the LB medium.
The cap of the universal tube was replaced but left loose to ensure enough air was

present for bacterial culture growth. Universal tubes were incubated overnight in a

shaking incubator at 37°C, 225rpm.

2.2.13.7 Purification of Plasmid DNA

The QIAprep miniprep kit was used for purification of high-copy plasmid DNA from
overnight cultures of E. coli in LB medium. The overnight culture was centrifuged at
3000rpm for 10 minutes to pellet the bacterial cells and the LB medium was removed.
The pellet was re-suspended in 250ul a buffer containing RNase A and transferred to
a 1.5ml microcentrifuge tube. To lyse the bacterial cell wall and release the plasmid
DNA 250ul of an alkaline lysis buffer was added and samples were mixed by
inverting the tube 4-6 times. To neutralise the lysate and adjust to high-salt binding
conditions 350l neutralisation buffer was added and mixed by immediately inverting

the tube 4-6 times. The tubes were then centrifuged for 10 minutes at maximum speed
to pellet the unwanted components of the reaction. The supernatant was applied to a
QIAprep silica-membrane column by decanting and plasmid DNA was selectively
adsorbed to the membrane in high-salt conditions by centrifuging for 1 minute at
maximum speed. The flow-through, containing RNA, cellular proteins and

metabolites, was then discarded.

When endA” strains of E. coli were being used the column was washed with 500p1 of
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a wash buffer that removed any trace nuclease activity that may degrade the plasmid.

The flow-through was discarded and salts were removed from the column by washing
with 750ul of a second wash buffer and centrifuging for 1 minute at maximum speed.
The flow-through was again discarded and the columns were centrifuged for a further
minute at maximum speed to remove any residual wash buffer. The QIAprep column

was placed in a clean 1.5ml microcentrifuge tube and 50pl elution buffer (10mM Tris-

Cl, pH 8.5) was added to the centre of the column. After standing at room temperature

for 1 minute the column was centrifuged for 1 minute at full speed to elute the plasmid

DNA in low salt. The DNA was stored at 4°C until use.

2.2.14 Restriction Digestion

Restriction digests were carried out by combining the following in a 0.Oml

microcentrifuge tube: 1X restriction buffer specific for the enzyme, 1-2U restriction

enzyme, 0.1pg/pl Bovine Serum Albumin (BSA) and 0.5-1.5ug DNA. The tubes were

then placed at a temperature specific to the restriction enzyme (usually 37°C) for 1-2

hours. The restriction digestion products were analysed on an agarose electrophoresis

gel.

2.2.15 Stable Transfection of Adherent Cells

Cultured eukaryotic cells were transfected with plasmid DNA containing the gene of
interest for functional studies. Table 2.2.15.1 below shows new cell lines that were
produced and the constructs that were transfected in. Further details of mutant MREI11
constructs are provided in Chapter 4 and details of the SCneo recombination reporter

are shown in Appendix IV.
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2.2.15.1 Transfection with Lipofectamine

The day before transfection, 10° cells were seeded in 6 well dishes with 2ml of

complete growth medium (DMEM) with serum. The cells were incubated for 18-24
hours at 37°C in a CO; incubator to become 50-80% confluent. The transfection

efficiency is sensitive to culture confluence therefore the seeding protocol was exactly

the same from experiment to experiment.

For each well in the transfection 2ug DNA was diluted into 100ul of medium without
serum (Opti-MEM). For each well of the transfection Sug Lipofect AMINE reagent

was diluted into 100ul Opti-MEM medium. The diluted DNA and diluted

LipofectAMINE reagent were combined, mixed gently and incubated at room
temperature for 30-45 minutes to allow DNA-liposome complexes to form.

Cells were taken from the incubator, medium was removed, the cells were rinsed with

PBS and 450ul Opti-MEM medium was added. For each transfection 150ul Opti-

MEM was added to the tube containing the complexes. Tubes were mixed gently and

the diluted complex solution was placed on cells so that the transfection volume was
800ul. The cells were incubated for 18-24 hours at 37°C in a CO; incubator.
Following incubation, 800ul of DMEM growth medium with 20% serum was added

to cells without removing the transfection mixture. The cells were incubated at 37°C
in a CO; incubator for a further 18-24 hours.

For continued cell growth following this incubation the medium was replaced with

DMEM medium with 10% serum and cells were incubated at 37°C in a CO; incubator

for 48 hours.

To select for stable expression of the transfected DNA, cells were plated in medium

containing the selective agent expressed by the vector. Cells were then incubated at
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37°C in a CO; incubator until colonies formed. Single colonies were isolated and

grown out in selective agent on 10cm tissue culture dishes.

2.2.15.2 Electroporation

2-3x10° cells were plated on 10cm tissue culture plates and allowed to grow for 2-3
days. Cells were trypsinised, counted and 1.5x10° cells/ml were re-suspended in PBS.
To 0.75ml of the cell suspension 15ng SCneo plasmid was added and this mixture was
placed in a 0.4cm cuvette on ice for 10 minutes. Cell suspensions were electroporated
at 1kV/cm, 960puF then placed on ice for 10 minutes before being plated out on
several 10cm dishes in complete medium. To select for cells carrying the SCneo
plasmid hygromycin was added to the medium after 48 hours, to a final concentration
of 0.ImM. Hygromycin resistant (hyg") colonies were isolated and expanded from
each cell line.

To identify strains containing a single copy of SCneo, Southern blotting was carried

out on 10ug genomic DNA isolated from each clone. The 1.1kb Xhol-Hindlll

fragment radio-labelled with [a-32P]dCTP was used as a probe, and detection was

performed by autoradiography. Southern blotting work was carried out by Mr. A.

Mohindra (Institute for Cancer Studies).
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Table 2.2.15.1. Cell lines created by stable transfection of new constructs.

Cell Line Recipient Constructs Vectors Used Selective Agent

Created cell line Transfected In

SW480/ SW480 SCneo® SCneo Reporter  0.1mM Hygromycin
SN3
SM1° SW480/ SCneo + SCneo Reporter 0.1mM Hygromycin
SN3 MRE11 + pIRESP"” + 1pg/ml puromycin
314del345°
HCT116/ HCTI1I16 SCneo SCneo Reporter  0.1mM Hygromycin
HNS

‘Details of the SCneo construct are provided in Appendix IV.
*Two independent SM1 clones (SM1.3 and SM1.6) were created.

“For more information of mutant MRE11 constructs see Chapter 4.

2.2.16 Growth Assay
To estimate the growth rate of cell lines 10 plates of 5 x 10 cells were plated on 10cm
dishes. One plate of cells was trypsinised and counted every 1-2 days and cell

numbers were plotted against time.

2.2.17 Toxicity Assay

Cytotoxic responses to various agents were measured to determine differences
between transfected and parental cell lines. Unless otherwise stated, toxicity assays
were carried out in medium supplemented with dialysed serum (to remove exogenous
sources of deoxynucleosides). The cytotoxic agents were prepared by dissolving them
in dialysed medium. Plating efficiency of each cell line was calculated by dividing the

number of colonies at dose zero by the number of cells plated. Table 2.2.17.1 shows

the effect of each toxic agent on the cell.

735



Materials and Methods

Table 2.2.17.1. Mode of action of each cytotoxic agent used.

Thymidine Depletes dCTP slowing replication fork progression and
cells accumulate in S-phase

MMC Creates DNA interstrand cross links

Hydroxyurea [nhibits ribonucleotide reductase resulting in replication
fork stall and S-phase arrest

Camptothecin Creates replication-specific double strand breaks

lonising Radiation Creates global single and double strand breaks

2.2.17.1 Thymidine Toxicity Assay

Duplicate plates of 500 cells were plated in 10cm tissue culture dishes and treated
with varying concentrations of thymidine (0 - 4mM). Plates were incubated at 37°C,
5% CO; for 14 days to allow for colony formation. Cells were then stained with 0.4%
methylene blue/50% methanol and colonies containing >50 cells were scored. The
surviving fraction was determined by dividing the average number of colonies at each
dose by the average number of colonies on the control plates (dose OmM). This
number was then divided by the plating efficiency to correct for inter-experiment

differences.

2.2.17.2 Mitomycin C (MMC) Toxicity Assay

For doses of less than or equal to 30nM MMC, 200 cells were plated in duplicate In
cach well of 6-well dishes. For doses >30nM MMC, 200 and 2000 cells were plated in
cach well of 6-well dishes. Cells were treated with varying doses of MMC from O -
100nM and plates were incubated at 37°C, 5% CO, for 10-12 days to allow for colony

formation. Cells were stained, scored and the surviving fraction calculated as

described above.
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2.2.17.3 Hydroxyurea (HU) Toxicity Assay

Duplicate plates of 500 cells were plated in 10cm tissue culture dishes and treated
with varying concentrations of HU (0 - 500uM). Plates were incubated at 37°C, 5%

CO, for 14 days to allow for colony formation. Cells were stained, scored and the

surviving fraction calculated as described above.

2.2.17.4 Camptothecin (CPT) Toxicity Assay
For zero doses duplicate plates of 200 cells were plated on 6¢m tissue culture dishes.

For all other doses 200 and 2000 cells were plated on 6¢cm dishes. Cells were treated
with varying doses of CPT from 0 - 40nM and plates were incubated at 37°C, 5% CO,

for 12-14 days to allow for colony formation. Cells were stained, scored and the

surviving fraction calculated as described above.

2.2.17.5 lonising Radiation (IR) Toxicity Assay

Cells were grown up on 10cm tissue culture dishes before being trypsinised and re-
suspended at 5 x 10° cells/ml. Seven 2ml aliquots of these cells were placed 1n 15ml
tubes and put on ice. The seven aliquots represented seven doses: 0, 1, 2, 5, 6, 8 and
10 gray gamma radiation. Cells were irradiated on ice in suspension and then diluted
so that 500 cells were plated out on 10cm dishes in medium supplemented with 10%

(non-dialysed) foetal calf serum. Plates were incubated at 37°C, 5% CO; for 14 days

to allow for colony formation. Cells were stained, scored and the surviving fraction

calculated as described above.
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2.2.18 Recombination Assays

The I-Scel system was developed for estimating the frequency of homologous
recombination repair events in cells (Johnson et al., 1999). The system utilises the

SCneo recombination substrate (see Appendix IV) that contains two non-functional

copies of the neomycin-phosphotransferase (neo) gene. One copy (3' neo) 1s a 5

truncation of the neo gene so that it lacks the 5§’ region but retains the 3’ region. The

second copy (S2neo) 1s the full neo gene, having promoter and full open reading-
frame, disrupted by an 18bp I-Scel endonuclease site. Both copies of the neo gene are
on a construct that is stably integrated into the mammalian genome. The two neo
genes are in direct orientation and separated by a functional hygromycin gene to allow
for selection of cells containing the construct.

I-Scel is a yeast mitochondrial intron-encoded endonuclease with an 18bp recognition
sequence. pPCMV3nls-I-Scel is an expression vector that contains a triplicated nuclear
localisation signal fused to I-Scel (see Appendix IV). This expression vector is
transiently transfected into cells to induce a double-strand break. Double-strand break
repair can occur by non-homologous end-joining that utilises little or no homology
and so does not result in a functional neo gene. Or repair can occur by homologous
recombination, resulting in a functional neo” gene that can be scored by resistance of
cells to G418. The SCneo recombination substrate and the pCMV3nls-I-Scel
expression vector used for these experiments were kind gifts from Dr Maria Jasin,

Memorial Sloan Kettering Cancer Centre.
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2.2.18.1 Double Strand Break Induced Recombination Assay
Cell lines were plated in selective medium containing hygromycin for 3-5 days prior

to the recombination assays.

On day one, 3 x 10° cells for each cell line were plated in duplicate on 10cm tissue

culture dishes. These plates were incubated overnight at 37°C, 5% CO..
On day 2, for each cell line 2pg of pCMV3nls-I-Scel expression vector was diluted

into 200ul Opti-MEM and 20ug Lipofect AMINE reagent was diluted into 200l Opti-

MEM. The diluted DNA and diluted Lipofect AMINE reagent were combined and

mixed gently to form the test solution for each cell line. A control solution of 20ug

LipofectAMINE in a final volume of 400ul Opti-MEM was also made for each cell

line. The test and control solutions were incubated at room temperature for 30-45
minutes to allow DNA-liposome complexes to form. Following this, medium was
removed from the cell lines, cells rinsed with PBS and serum-free medium and

overlain with 1.6ml Opti-MEM. Control solution was added to one of the two plates

for each cell line, and test solution was added to the second plate. The cells were
incubated for 5 hours at 37°C in a CQO; incubator. Transfection mixture was then
removed and replaced with 10ml DMEM supplemented with 10% serum. Plates were
incubated overnight at 37°C, 5% CO,.

On day 3 of the recombination assay, cells were trypsinised and counted. For each
‘test’ 10 plates of 10° cells, 5 plates of 5 x 10* cells and 5 plates of 2 x 10% cells were
plated on 10cm dishes. For each ‘control’ 20 plates of 2 x 10> cells were plated on

10cm dishes. 500 cells from each ‘test’ and ‘control’ were also plated to measure

plating efficiency. Plates were incubated at 37°C, 5% CO; overnight to allow cells to

attach.
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Recombination frequencies were determined by selection in media containing 1mg/ml

G418 on day 4. Plates of 500 cells for plating efficiency were not placed under any
selection. Cells were incubated for 10-14 days before staining and scoring colonies (as

for toxicity assays). All recombination assays were repeated independently three to

four times.

2.2.18.2 Cytotoxic Agent Induced Recombination Assays

The SCneo system can also be used to score homologous recombination repair events
induced by exposure to cytotoxic agents.

3 x 6-well dishes per cell line were inoculated with 1000 cells and these cells were left
to grow out until all 18 wells were confluent. Cells were then trypsinised, plated on
10cm plates and left to grow for a further 3-4 days. Plating relatively small numbers
of cells and growing them out to a large number in this way, eliminates pre-existing
neo’ cells. All 18 plates were trypsinised, counted and re-seeded at 10° cells per 10cm
dish. Cells were left to attach for S hours prior to treatment. Three doses of toxic agent
were used on cells and 6 plates were treated with each dose for 24 hours. Following
the 24-hour treatment the agent was removed and cells were left to recover in
complete medium for 2 days. For each of the 18 cell lines 15 plates of 2 x 10° cells

were re-plated on 10cm dishes and 500 cells were also plated to estimate plating
efficiency. Cells were left to attach overnight at 37°C, 5% CO, before adding 1mg/ml
G418. Plates of 500 cells for plating efficiency were not placed under any selection.

Cells were incubated for 10-14 days before staining and scoring colonies (as for

toxicity assays). All recombination assays were repeated independently two to three

times. Recombination frequency was calculated by dividing the average number of

colonies on the test plates by the average number of colonies on the control plates

(dose OmM).
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2.2.19 Western Blotting

Protein samples were separated on the basis of size using sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). A discontinuous system was used to
allow fine resolution of the individual proteins. This type of discontinuous system
uses different buffers in the gel and electrode solutions and uses a stacking gel on top

of a resolving gel to compress the samples to a thin starting band allowing better

resolution.

2.2.19.1 Protein Extraction

Cells were plated at a density of 2 x 10° on 10cm tissue culture dishes and left to grow
for 24 hours. Some cells were treated with a cytotoxic agent prior to protein extraction
so that signalling events caused by the treatment could later be assessed. 10mM
thymidine and 2mM hydroxyurea treatments were added to cells and cells were left to
grow for a further 24 hours. For cells to be treated with IR, all medium was removed,
cells washed with PBS and the plate of cells exposed to 10 gray IR. Medium was then
replaced and cells were incubated for a further 2 hours. Protein from untreated control

cells and treated cells was extracted 48 hours after initial plating.
Medium was removed from cells, cells were washed four times with PBS to remove

serum proteins and the plates were placed on ice to prevent denaturation of proteins.
300u1 of protein lysis buffer was added to each plate and cells were removed using 2

cell scraper and pipetted into a 1.5ml microcentrifuge on ice.

Tubes were centrifuged at full speed for 5 minutes and the supernatant removed and

aliquoted. Aliquots of protein were stored at -85°C.
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2.2.19.2 Protein Quantification

PBS was used to make 1 in 50, 1 in 100 and 1 in 200 serial dilutions of protein

samples. Equal volumes of the protein dilution and Coomasie Plus 200 Protein Assay

Reagent were mixed together and 80ul of each dilution was loaded in triplicate to a

lidded 96-well plate. Known concentrations of BSA (25ug/ml, 20pg/ml, 15ug/ml,

10pg/ml, Spg/ml and 1pug/ml) were used as protein standards. Equal volumes of each

BSA standard and Coomasie Plus 200 Protein Assay Reagent were mixed together
and 80ul of each concentration loaded in triplicate to the 96-well plate. A plate reader

then read the absorbance of each solution at 595nm wavelength. By plotting the BSA
standard absorbance readings against its known concentration a linear graph could be
produced and concentration of the protein samples then estimated from the graph.

This method was a variation of the Bradford assay (Bradford, 1976).

2.2.19.3 Casting Discontinuous Polyacrylamide Gels

Western gels were prepared according to the tables below. A 7.5-12% resolving gel
was poured between vertical glass plates and overlaid with isobutanol saturated water.
The gel was left to set for 30-60 minutes at room temperature. The isobutanol-
saturated water was removed and the top of the gel was rinsed with distilled water
before the 5% stacking gel was poured on top around the gel comb. The stacking layer
was left for 20-30 minutes to set before samples were loaded into the wells. The 7.5%
resolving gels were used specifically for obtaining resolution of phosphorylation

induced mobility shifts.
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Table 2.2.19.3.1. Composition of 8-12% Western resolving gels and 5% stacking gels.

Component Stacking Gel Resolving Gel
5% 8% 10% 12%
Acrylamide/Bis 37.5:1 0.83ml 2.6ml 3.2ml 3.8ml
IM Tris pH 8.8 Nil 3.75ml 3.75ml 3.75ml
IM Tris pH 6.8 0.63ml Nil Nil Nil
Distilled H,O 3.45ml 3.45ml 2.85ml 2.25ml
10% SDS 50ul 100ul 100pl 100ul
10% APS S0ul 100l 100ul 100l
TEMED 10ul 10l 10pl 10ul

Table 2.2.19.3.2. Composition of 7.5% Western gels and the corresponding stacking

gel.
Component Stacking Gel Resolving Gel
Acrylamide/Bis 37.5:1 Iml Sml
LLower Buffer Nil Sml
Upper Buffer 2.5ml Nil
Distilled H,O 6.5ml 10ml
10% APS S0ul 100ul
TEMED 10ul 10ul
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2.2.19.4 SDS-PAGE and Western Blotting

50ug protein was added to 1X SDS sample buffer and boiled for 3 minutes at 100°C.
Heating a protein sample 1n the presence of a thiol reagent in this way fully dissociates
the protein to its subunits. SDS can then associate with the subunits giving them all
the same net negative charge so that separation is achieved strictly according to size.

Samples were loaded onto the gel alongside 15ul Precision Protein Standards Marker

used to estimate molecular weights of protein samples. The protein samples were run
at 20mA through the stacking gel and 40mA through the resolving gel until the
desired resolution had been obtained. The gel was removed from the glass plates and a
clean scalpel was used to remove the stacking gel layer and any dye front still left on
the gel. Gels were placed in Towbin transfer buffer for 10 minutes along with one
nitrocellulose membrane per gel. Protein bands were transferred from the gel to the
membrane in a semi-dry transfer cell at 10V for 30-45 minutes. The membrane was
then placed in 5% milk for 1 hour to block non-specific protein binding sites. The
primary antibody was diluted into 5% milk according to the manufacturer’s

instructions (see materials) and poured over the membrane. Membranes were left
shaking at 4°C overnight. Unreacted primary antibody was washed off the membrane

with four 10-minute washes in 1X TBS-T. The me<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>