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Abstract

DNA polymerases play key roles in DNA synthesis by catalysing the polymerisation of 

deoxynucleotides opposite a parental (template) DNA strand to generate a new or 

repaired complementary daughter strand. Faithful replication by DNA polymerases is 

essential in maintaining genome integrity during cell division, DNA repair and DNA 

recombination. DNA polymerase beta (Pol (3) plays a pivotal role in the base excision 

repair (BER) pathway by performing repair synthesis to fill single nucleotide gaps 

which arise during DNA repair. However, overexpression of Pol (3 is found in many 

human cancers and has been shown to promote a mutator phenotype. The aim of this 

study was therefore to investigate the effect of Pol (3 overexpression on BER. In vitro 

repair assays using whole cell extracts and DNA substrates containing site-specific BER 

lesions were conducted to compare two cell lines, one of which was derived from a 

cancer patient overexpressing Pol p. I found that overexpression of Pol p results in a 5 

to 10-fold increased frequency of one nucleotide frameshift mutations and based on 

biochemical studies a mechanism is proposed to explain this phenomenon. I therefore 

conclude that an excess of Pol P can have potentially mutagenic consequences.
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Introduction

1.1 THE HUMAN GENOME

A genome describes an organism's complete set of deoxyribonucleic acid 

(DNA) which contains the information required to construct and maintain life. DNA is 

made of four structurally similar nucleotide units each comprising; a pentose sugar, a 

phosphate group and a base (adenine (A), guanine (G), cytosine (C) or thymine (T)) 

which are linked together by phosphodiester bonds to form long polynucleotide chains. 

DNA is double-stranded and helical in structure, formed by two anti-parallel 

polynucleotide chains held together via hydrogen bonds between bases on opposing 

strands (Watson and Crick 1953). The bases are always paired purine with a 

pyrimidine, thus A:T via two hydrogen bonds and G:C via three hydrogen bonds. Each 

human cell, with the exception of mature red blood cells, contains a complete genome 

of approximately 3 billion base pairs which are arranged into 23 pairs of distinct 

chromosomes. About 2% of the genome is specifically ordered into genes which 

encodes for proteins, whilst the remainder is non-coding. The human genome is 

estimated to contain 20,000 to 25,000 genes.

1.2 DNA DAMAGE

DNA is an inherently unstable molecule and is susceptible to degradation by a 

range of endogenous and exogenous factors (Lindahl 1993). For example, the aqueous 

environment of the cell can spontaneously hydrolyse the labile N-glycosidic bond of 

purines at a rate of approximately 10,000 per human genome per day (Lindahl and 

Andersson 1972), resulting in abasic (AP) sites. AP sites are highly cytotoxic and 

potentially lethal as they are non-coding and if left unrepaired, may generate single- 

strand breaks subsequently resulting in mutations or cell death (Loeb and Preston 1986; 

Guillet and Boiteux 2002). Hydrolytic deamination of cytosine, 5-methylcytosine,
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adenine and guanine to uracil [Fig. 1.1], thymine, hypoxanthine and xanthine 

respectively may also introduce errors into the genome by altering coding properties, for 

example uracil can mispair with adenine leading to a C:G  > T:A transition. Cellular 

metabolites such as reactive oxygen species (ROS) and lipid peroxidation products also 

pose a threat to genome integrity. The most commonly formed ROS are hydrogen 

peroxide (I-bC^), singlet oxygen (^2), and hydroxyl radicals (-OH), which cause pro- 

mutagenic DNA lesions such as 8-oxoguanine (8-oxoG) and thymine glycol (Tg) [Fig. 

1.1]. 8-oxoG greatly increases the frequency of spontaneous G:C to T:A transversion 

mutations as it can base pair with A as well as C residues. Besides the generation of 8- 

oxoG lesions in DNA in situ, they are also generated in the deoxynucleotide pool, from 

which they could be incorporated into the nascent DNA strand during replication 

(Cheng et al. 1992). Current estimates of steady-state 8-oxoG levels are between 100 to 

1000 residues in normal cells per day (Ames et al. 1993; Collins 1999; Klungland et al. 

1999). Byproducts of lipid peroxidation can act as alkylating agents and generate 

exocyclic etheno modifications of DNA bases, such as etheno-A and etheno-C (Lindahl 

and Wood 1999). But the most widely studied source of endogenous DNA alkylation is 

S-adenosylmethionine (SAM). SAM is an efficient methyl group donor and is a co- 

factor in most transmethylation reactions. However, the high transfer potential of SAM 

also means that it spontaneously methylates DNA generating 7-methylguanine (7-meG) 

and 3-methyladenine (3-meA) at a low but significant rate (Rydberg and Lindahl 1982). 

Other major environmental sources of DNA damage include ultraviolet (UV) 

light, ionising radiation and chemical mutagens, such as cigarette smoke. UV light 

induces bulky DNA adducts such as cyclobutane pyrimidine dimers and 6-4 

photoproducts (Friedberg 1995) which distort the DNA helix. Ionising radiation (IR) 

can generate ROS, particularly hydroxyl radicals that attack DNA, but more importantly



Introduction

can directly damage DNA creating single- or double-strand breaks. Direct DNA 

damage can produce a variety of DNA ends, and of particular importance are 3'-end 

blocking groups such as 3'-phosphate or 3'-phosphoglycolate, which must be 'cleaned 

up' before repair can occur. Random energy deposition by IR can often produce 

clustered DNA damages where two or more lesions of the same or different nature are 

produced within one or two helical turns of the DNA. Simultaneous repair of lesions 

located on opposite DNA strands may generate double-strand breaks and enhance 

genome instability (Dianov et al. 2001). Double-strand breaks can lead to loss of 

information because the correct DNA ends must be matched up and repaired through 

recombinational processes. It has been estimated using radical scavengers that 60% of 

cellular DNA damage produced by IR is caused by indirect effects (Ward 1988). To 

date, a range of chemical mutagens have been developed to target faster growing cancer 

cells, for example the bi-functional cross-linking agent cisplatin which creates 

intrastrand crosslinks in DNA (Friedberg 1995).
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NH2

Deami nation

Oxidation

NH NH2 NH2

Guanine 8-oxoguanine

Oxidation

Thymine Thymine glycol

Figure 1.1 Common BER lesions. Uracil can mispair with adenine leading to a C:G
 > T:A transition. 8-oxoguanine (8-oxoG) can mispair with adenine resulting in a G:C
 » T:A transversion. Thymine glycol (Tg) can also arise from oxidative deamination of 
5-methyl cytosine and is then present as a Tg:G mispair.
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1.3 DNA REP AIR

Faithful maintenance of the genome is crucial and DNA damage will ultimately 

have mutagenic consequences if left unrepaired. Not surprisingly, a variety of DNA 

repair mechanisms have evolved to handle different types of damage, which all vary in 

the enzymes and pathways utilised. In mammals, the majority of DNA repair is covered 

by two basic mechanisms: excision and recombination. 

1.3.1 Excision repair pathways

'Cut and patch'-type excision pathways are used when only one DNA strand is 

affected, allowing the intact strand to be used as a template for gap-filling repair 

synthesis. Several common steps are involved in excision repair: recognition of the 

DNA damage, DNA incision, damage removal, nucleotide replacement and ligation of 

nicked DNA. The type of repair pathway employed is usually dictated by the type of 

damage. Small, non-bulky lesions are removed by base excision repair (BER) [Fig. 

1.2], whereas nucleotide excision repair (NER) removes larger, bulky DNA adducts and 

DNA crosslinks that distort the DNA helix and subsequently block DNA synthesis. 

Less distortive lesions such as methylated bases can also be removed by NER. The 

mismatch repair (MMR) pathway is responsible for correcting errors generated during 

DNA replication such as base substitution mismatches and insertion-deletion 

mismatches. Direct single-strand breaks often require end-processing before repair is 

completed by gap filling and ligation, however indirect single-strand breaks also occur 

as intermediates during the excision step of BER, hence many of the BER enzymes are 

also involved in the single-strand break repair (SSBR) pathway. 

1.3.2 Recombinational repair pathways

Recombinational pathways such as non-homologous end joining (NHEJ) or the 

homologous recombination (HR) pathway are primarily responsible for the repair of
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double-strand breaks (DSB) and the efficiency and fidelity of each repair pathway 

differs. NHEJ is a fast repair pathway however it can delete DNA during the direct 

joining of broken DNA ends and mutations can frequently occur, whereas HR uses the 

homologous sister chromatid to ensure mostly error-free repair but HR is a slow repair 

pathway. Mammals primarily use NHEJ to repair DSB even though it is more error- 

prone. Through evolution mammalian genomes have accumulated a large proportion of 

non-coding 'junk' DNA, thus can afford to use a lower fidelity repair mechanism to 

keep the overall genome intact because the chances of encountering coding DNA is 

relatively low. Conversely, yeast have smaller genomes of which a higher proportion is 

comprised of essential coding DNA, therefore the high fidelity HR repair pathway is 

favoured to repair DSB in order to maintain the genome.

Double-strand breaks are recognised by a large number of nuclear proteins 

which initially bind to protect the lesion, and then signal the presence of the damage to 

the cell to initiate repair. In mammalian cells some of these proteins include the 

telomeric protein TRF2, the DNA-dependent protein kinase (DNA-PK), and its DNA 

binding Ku subunits, the three component exonuclease Mrel l/RAD50/Nbsl (MRN), 

ATM and ATR protein kinases, the DNA ligase IV-XRCC4 heterodimer, and the 

homologous recombination factor RAD52 (Baumann and West 1998; Critchlow and 

Jackson 1998; Bradshaw et al. 2005).

Although in higher mammalians NHEJ is the major pathway for DSB repair, HR 

is also used particularly in the late S and G2 phase of the cell cycle when a sister 

chromatid is present. The choice of which repair pathway is used is largely determined 

by the cell cycle stage but may also apparently be influenced by the relative amounts of 

Ku and RAD52 (Van Dyck et al. 1999).

7
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1.3.2.1 Non-homologous end joining

NHEJ is the primary pathway for the repair of DSB in mammals and although it 

is a fast mechanism, NHEJ may result in the loss or change of genetic information. 

During the early stages of DSB recognition, the MRN complex localises to the site and 

cleans the DSB ends via its exonuclease and endonuclease activity (D'Amours and 

Jackson 2002). NHEJ is initiated by the binding of the Ku70-Ku80 heterodimers to the 

free DNA end, which then recruits the DNA-PK catalytic subunit (DNA-PKcs) to form 

the DNA-PK complex. DNA-PK catalyses the joining of the two DNA ends, which are 

trimmed by the nuclease Artemis before subsequent ligation by the DNA ligase IV- 

XRCC4 heterodimer (Helleday 2003).

1.3.2.2 Homologous recombination

HR utililses homologous DNA sequences so is accurate, however it is a slow 

DSB repair pathway. The initial step in HR is 5' to 3' resectioning of the 5' DNA end 

to produce a 3'-OH single-stranded DNA overhang. Various activities are required to 

perform this resectioning, and the exonuclease activity of the MRN complex is also 

thought to be involved (D'Amours and Jackson 2002). Prior to strand invasion, RPA 

molecules that protect the single-stranded ends are displaced by RAD51 (homologue of 

RecA in E. coli). RAD51 plays a key role in searching for homologous sequences, 

strand pairing and strand exchange usually with the sister chromatid during late S or G2 

phase of the cell cycle. DNA synthesis is initiated at the 3' end by DNA Pol 8 and a 

Holliday junction is formed at the site of invasion, which may branch migrate in either 

direction. Resolution of the Holliday junctions in mammalian cells generally yield 

'non-crossover' gene conversion products, however, 'crossover' resolution of Holliday 

junctions are also possible. This is a simplified explanation of HR and it should be

8
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noted that other proteins are also involved, see review by (Helleday 2003) for more

details.

1.3.3 Direct damage reversal mechanisms

Direct damage reversal is the simplest method of repairing base damages. In 

contrast to the multi-step repair pathways mentioned above which involve multiple 

enzymes, direct reversal mechanisms are single-step reactions involving a single 

enzyme that can restore the damaged base back to its native state. However, direct 

damage reversal mechanisms are limited to the correction of DNA damaged by UV 

radiation and alkylating agents. 

1.3.3.1 Reversal of UV radiation damaged bases

The most commonly formed lesions resulting from UV radiation at wavelengths 

(-260 nm) near the absorption maximum of DNA are cyclobutane pyrimidine dimers 

(CPD) and (6-4) pyrimidine-pyrimidone photoproducts ((6-4)PP). Interestingly, UV 

radiation is also required by DNA photolyase enzymes that can reverse these base 

damages by a process known as 'enzymatic photoreactivation'. CPD and (6-4)PP 

lesions are reversed by pyrimidine dimer-DNA photolyase and (6-4)PP-DNA 

photolyase respectively. Both types of DNA photolyases are structurally similar and the 

monomerisation of photodimers is mediated via two non-covalently bound 

chromophores that absorb light at a specific wavelength (>300 nm). One of these 

chromophores is a compound called flavin adenine dinucleotide (FAD), and the second 

non-essential chromophore can be a compound called 5,10-methenyltetrahydrofolyl 

polyglutamate (MTHF) or 8-hydroxy-5-deazaflavin (8-HDF). Thus, DNA photolyases 

can be further sub-divided into folate-type photolyases or deazaflavin-type photolyases 

respectively. Pyrimidine dimer-DNA photolyases are widely distributed across species 

however they are not found in placental mammals, and although a human (6-4)PP-DNA
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photolyase orthologue has been found, it is non-functional against CPD or (6-4)PP

reversal. DNA photolyases are important for the repair of UV lesions in plants and

bacteria.

1.3.3.2 Reversal of alkylation damaged bases

Alkylation of guanine can yield O6-methylguanine which can pair with both C 

and T, causing transition mutations. In humans, a specific repair protein encoded by the 

O6-methylguanine-DNA methyltransferase (MGMT) gene removes the methyl group 

from G and transfers it to one of its own cysteine residues. However, the new 

methylated MGMT protein product is chemically very stable and is degraded by the 

ubiquitin pathway rather than being demethylated and re-used [reviewed by (Mishina et 

al. 2006)], and thus results in a suicidal mechanism of direct damage reversal. Recently 

though, two human DNA dioxygenase proteins called ABH2 and ABH3 were identified 

which can correct 1-methyladenine (1-meA) and 3-methylcytosine (3-meC) in DNA in 

a non-suicidal manner (Duncan et al. 2002; Aas et al. 2003). ABH2 and ABH3 are 

human homologues of bacterial AlkB protein which requires Fe2+ as a co-factor and 2- 

oxoglutarate (2OG; a-ketoglutarate) as a co-substrate (Aravind and Koonin 2001). The 

reaction proceeds by oxidative demethylation, whereby the methyl group bound to the 

nitrogenous base is hydroxylated by an oxy-ferryl intermediate. The reactive product 

decomposes and is then released as formaldehyde and the unmodified base is 

regenerated. Oxygen is consumed in this reaction, and the co-substrate 2OG is 

converted to succinate and CC>2 (Sedgwick 2004). ABH2 and ABH3 can act on 1-meA 

and 3-meA in double-stranded DNA, single-stranded DNA and RNA thus implicating a 

possible role for these DNA dioxygenases in RNA as well as DNA repair (Aas et al. 

2003). The two direct alkylation damage reversal mechanisms described can only 

correct methylated bases which represent a subset of DNA base damage, moreover the
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MGMT direct reversal mechanism is wasteful, and thus this may explain the evolution 

of DNA repair pathways which can repair a multitude of different DNA damage. This 

study will mainly focus on BER.
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5'-C-T-G-A-X-A-T-C-T-C- 3' 

3'-G-A-C-T-C-T-A-G-A-G- 5'

Glycosylase & 
AP endonuclease 1

Short-patch 
pathway

5' -C-T-G-A \-T-C-T-C- 3' 
3' -G-A-C-T-C-T-A-G-A-G- 5'

5'-C-T-G-A-G \-T-C-T-C- 3' 

3 ' -G-A-C-T-C-T-A-G-A-G- 5'

Polp i

5'-C-T-G-A-G A-T-C-T-C- 3' 
3'-G-A-C-T-C-T-A-G-A-G- 5'

DNA ligase III i 
/XRCC1

Long-patch 
pathway

Polp

5'-C-T-G-A-GA-T-C-T-C- 3' 

3'-G-A-C-T-C-T-A-G-A-G- 5'

Pol 8/s i PCNA

\5'-C-T-G-A-G-ft-T C-T-C- 3' 
3'-G-A-C-T-C-T-A-G-A-G- 5'

FEN1/PCNA PCNA

S'-C-T-G-A-G-A-T-C-T-C- 3' 

3 -G-A-C-T-C-T-A-G-A-G- 5'
5'-C-T-G-A-G-A-T C-T-C- 3' 
3'-G-A-C-T-C-T-A-G-A-G- 5'

DNA ligase I PCNA

5'-C-T-G-A-G-ft-T-C-T-C- 3' 
3'-G-A-C-T-C-T-A-G-A-G- 5'

Figure 1.2 Current model of mammalian BER pathways. The damaged base 
(shown as X) is recognised and removed by a DNA glycosylase followed by APE1 
incision, which generates a strand break 5' to the AP site. Pol |3 then adds one 
nucleotide to the 3' end of the nick and from this point Pol P plays a central role in 
determining the subpathway choice. Removal of the 5'-sugar phosphate by dRP lyase 
activity of Pol p directs BER to the short-patch repair pathway (removal and 
replacement of 1 nt). Alternatively, Pol 5/s adds a few more nucleotides to the 3' end 
and generates a flap containing the 5'-sugar phosphate. This switches repair to the 
long-patch BER subpathway where the flap is removed by FEN1. In the short-patch 
pathway, DNA ligase III-XRCC1 completes DNA repair by sealing the strand break. In 
the long-patch pathway, PCNA serves as a processivity factor for Pol 8. PCNA also 
interacts with FEN1 and DNA ligase I and may stimulate both flap incision and ligation.
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1.4 BASE EXCISION REPAIR (BER)

BER is the major repair pathway involved in the removal of oxidative base 

lesions or repair at sites of base loss. These small base damages do not necessarily 

block DNA synthesis or replication, but can however slow down replication or 

introduce mutations. The BER pathway has been highly conserved throughout 

evolution from bacteria to higher organisms, testimony to its importance for 

maintaining genome integrity (Lindahl and Wood 1999). Indeed, mouse knockout 

models of key BER enzymes proved to be embryonic lethal, further highlighting the 

importance of BER (Gu et al. 1994; Xanthoudakis et al. 1996; Tebbs et al. 1999; 

Puebla-Osorio et al. 2006).

Base excision repair (BER) is a highly co-ordinated multiprotein pathway [Fig 

1.2] that is initiated by damage-specific DNA glycosylases which recognises and 

removes the damaged base by cleavage of the N-glycosidic bond leaving an AP site 

[Fig. 1.3]. Next AP endonuclease 1 (APE1) incises the DNA phosphodiester backbone 

5' to the AP site, leaving a 3'-hydroxyl (OH) group and a 5'-deoxyribose phosphate 

(dRP) group flanking the nucleotide (nt) gap (Demple and Harrison 1994; Barzilay and 

Hickson 1995). Further repair can proceed via two sub-pathways that utilise different 

subsets of enzymes: (i) short-patch BER which involves replacement of 1-nt or (ii) 

long-patch BER which involves replacement of 2 to 6-nt (Klungland and Lindahl 1997). 

The majority of BER is accomplished through short-patch BER pathway, and both sub- 

pathways are initiated by DNA polymerase p (Pol p), the major BER DNA polymerase, 

which adds the first nucleotide into the repair gap (Podlutsky et al. 2001). 

1.4.1 Short-patch BER

During short-patch BER Pol P adds 1 -nt into the repair gap and simultaneously 

removes the 5'-dRP moiety by its intrinsic dRP lyase activity via a p-elimination
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reaction (Matsumoto and Kim 1995) [Fig. 1.2]. Finally, the nick containing 3'- 

hydroxyl and 5'-phosphate ends are sealed by DNA ligase IIIa-XRCCl heterodimer 

(Dianov et al. 2003). 

1.4.2 Long-patch BER

Modification of AP sites either by oxidation (Nakamura et al. 2000) or reduction 

(Podlutsky et al. 2001) prevents (3-elimination by Pol (3, and repair must occur through 

the long-patch or 'PCNA-dependent BER' mechanism (Podlutsky et al. 2001). At this 

point, Pol (3 is replaced by Pol 6/8 which extends the repair patch and displaces several 

nucleotides to create a 5'-flap junction (Fortini et al. 1998). Flap endonuclease 1 

(FEN1) cleaves the flap at the single-strand/double-strand DNA junction and the DNA 

ends are then sealed by DNA ligase I. All these reactions have been found to be 

stimulated by proliferating cell nuclear antigen (PCNA) (Klungland and Lindahl 1997).
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Figure 1.3 Formation of an abasic site. Structure of a nucleotide chain showing 
hydrolysis of the N-glycosidic bond linking the base to the sugar-phosphate backbone. 
In this example 8-oxoG is depicted and hydrolysis can occur spontaneously or through 
the action of OGG1 DNA glycosylase.
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1.5 BER ENZYMES AND THEIR CO-ORDINATION

As previously mentioned, BER is a highly co-ordinated pathway involving 

multiple proteins. Paradoxically certain repair intermediates can be more cytotoxic to 

cells than the original base damage itself (Simonelli et al. 2005). Whereas base damage 

can be bypassed and repaired later by NER or SSBR, AP site intermediates are non- 

coding and APE1 incision generates single-strand breaks. The prolonged existence of 

repair intermediates is highly mutagenic and hence proteins within the BER pathway 

are co-ordinated in such a way to minimise these occurrences. This control is achieved 

through a 'passing the baton' mechanism (Wilson and Kunkel 2000), whereby the 

product-enzyme complex after each BER step is recognised and passed to the next 

enzyme in the pathway until repair has been achieved. Additionally, it is important that 

the levels of BER proteins are co-ordinated to prevent a bottle-neck effect where the 

pathway becomes stalled at one step. 

1.5.1 Initiation of BER by DNA glycosylases

The majority of DNA base lesions are recognised and removed by DNA 

glycosylases. Presently, there are ten known DNA glycosylases with overlapping 

functions that can initiate BER [Table 1.1] (Wood et al. 2005). DNA glycosylases are 

relatively small monomeric proteins and the first DNA glycosylase to be discovered 

was uracil-DNA glycosylase (UDG) from E. coll (Lindahl 1974). UDG removes uracil 

lesions from DNA and is highly conserved between different species, such as bacteria, 

yeast, mouse, humans and several herpes viruses [reviewed by (Krokan et al. 1997). 

Extensive structural and functional studies of UDG revealed that uracil is specifically 

recognised and removed from DNA using a 'nucleotide-flipping mechanism' 

(Slupphaug et al. 1996); and further studies have established that this is a general 

strategy used by DNA glycosylases and other enzymes to gain better access to
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nucleotides in DNA [reviewed by (Scharer and Jiricny 2001)]. DNA fits along a 

positively charged groove in the DNA glycosylase enzyme which can then scan along 

the DNA until the specific lesion is recognised by minor groove reading motifs. 

Nucleotide flipping is initiated through minor groove contacts and one or several amino 

acids are inserted into the DNA helix to occupy the place vacated by the flipped out 

nucleotide. Specific contacts between the enzyme and the sugar phosphate backbone 

adjacent to the lesion promotes DNA compression and enables the target nucleotide to 

be rotated by nearly 180° from its normal position into the active site cleft of the DNA 

glycosylase where the aberrant base is removed.

There are two mechanistic classes of DNA glycosylases: mono-functional 

(glycosylase activity only) such as UDG, and bi-functional (glycosylase/p-lyase 

activities) such as human 7,8-dihydro-8-oxoguanine-DNA glycosylase (hOGGl). 

Mono-functional DNA glycosylases create AP sites through cleavage of the Cl'-N- 

glycosidic bond using an activated water molecule as an active site nucleophile 

(McCullough et al. 1999). Additionally, bi-functional glycosylases have an associated 

AP lyase activity which can further process the AP site by incising the DNA backbone 

3' to the AP site. An amino group on the enzyme forms a transient Schiff base 

intermediate, and subsequently catalyses a p-elimination reaction which cleaves the 

DNA phosphodiester bond generating 3' a, (3-unsaturated aldehyde and 5' phosphate 

products (McCullough et al. 1999).

17



Introduction

Glycosylase Substrates Mechanism

UDG 

SMUG1 

TDG 

MBD4 

AAG (MPG)

MYH

U

U, 5-OHU

U:G, T:G or ethenoC:G

U:G or T:G in CpG sites

3-meA, 7-meG, ethenoA, ethenoG,

hypoxanthine 

A:8-oxoG

Mono-functional

Mono-functional

Mono-functional

Mono-functional

Mono-functional

Mono-functional

OGG1 

NTH1

8-oxoG:C, Fapy A, Fapy G 

Ring-saturated, oxidised or fragmented 

pyrimidines (e.g. DHU, Fapy, Tg)

NEIL1 (NEH1) DHU, FapyA, FapyG, Tg, 5-OHU/C 

NEIL2 (NEH2) C oxidation products (5-OHU, DHU)

Bi-functional 

Bi-functional

Bi-functional 

Bi-functional

Table 1.1 Mammalian DNA glycosylases.

5-OHU: 5-hydroxymethyl U; DHU: dihydroxyuracil; Fapy: formamidopyrimidine. 
Adapted from (Dianov 2004) and (Wood et al. 2005). 
(http://www.cgal.icnet.uk/DNA_Repair_Genes.html^DNA_glyco)
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1.5.2 Damage removal by APE1 and Pol P dRP lyase activity

After base damage recognition and removal by DNA glycosylases, APE1 can 

bind with high affinity to AP sites on double-stranded DNA and induce pronounced 

kinking of the helical axis, thus displacing DNA glycosylases (Mol et al. 2000). The 

blocking unsaturated aldehyde residues produced during p-elimination reactions can 

also be excised by APE1 (Demple and Harrison 1994), thus verifying that DNA 

glycosylase products can be processed by APE1 during BER. The combined actions of 

DNA glycosylase and APE1 constitute the incision step in BER.

In humans, APE1 is the major AP endonuclease and is responsible for more than 

95% of cellular AP site incision activity in a Mg2+-dependent manner (Chen et al. 

1991). Another AP endonuclease, APE2, also exists in mammals which contains a 

mitochondrial targeting sequence and localises in the nucleus and mitochondria, thus 

suggesting a possible role in mitochondrial BER (Tsuchimoto et al. 2001). APE1 

processes approximately 9,000 AP sites per day in the human genome (Kunkel 1999) 

through cleavage of the DNA backbone 5' to the AP site leaving 3'-OH and 5'-dRP 

ends (Demple and Amabile-Cuevas 1991; Barzilay and Hickson 1995), and retains high 

affinity for this nicked product (Mol et al. 2000). Besides its AP endonuclease activity, 

APE1 possesses a weak 3'-phosphodiesterase activity capable of removing 3'-blocking 

groups occurring at single-strand breaks such as 3'-phosphate and 3'-phosphoglycolate 

(Chen et al. 1991; Demple and Harrison 1994; Parsons et al. 2004); and also 3' to 5' 

exonuclease activity on mismatched nucleotides at the 3'-termini of DNA (Chou and 

Cheng 2002). This latter activity implies that APE1 may have a proofreading role in 

BER by removing mismatched nucleotides arising from BER polymerases such as Pol (3 

(Chou and Cheng 2002). Moreover, APE1 null mice were shown to be embryonic 

lethal, and heterozygotes were abnormally sensitive to oxidative stress (Meira et al.
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2001), further emphasising the importance of APE 1 in genome stability. Interestingly, 

APE1 physically interacts with various other BER enzymes such as Pol p, FEN1 and 

PCNA and thus may play a key role in the co-ordination of BER (Bennett et al. 1997; 

Dianovaetal. 2001).

Following incision, APE1 passes its product to Pol (3 which has a higher affinity 

for the 5'-dRP containing nick. APE1 helps Pol p load onto incised AP sites, and also 

accelerates Pol p removal of the dRP group via its intrinsic dRP lyase activity (Bennett 

et al. 1997). As described previously [Fig. 1.2], Pol p plays a central role in BER and 

its ability to remove the 5'-dRP group determines whether BER is routed through the 

short-patch or long-patch 'PCNA-dependent sub-pathway. Indeed, APE1 may also 

facilitate long-patch BER by stimulating the removal of the 5'-flap through protein- 

protein interactions with FEN1 and PCNA (Dianova et al. 2001). 

1.5.3 Short-patch BER co-ordination

Pol P is a 39 kDa monomeric protein comprising of two catalytic domains 

connected by a protease-sensitive hinge region: the N-terminal dRP lyase and DNA 

binding domain, and the C-terminal DNA polymerase domain (Wilson 1998). Pol P is 

the major BER DNA polymerase, and in order for short-patch BER to proceed the 5'- 

dRP residue must be removed [Fig. 1.2]. Bennett and colleagues showed that APE1 and 

Pol P have a dynamic protein interaction, where APE1 binding to AP sites helps to load 

Pol P onto the AP-DNA (Bennett et al. 1997). Following APE1 incision, Pol p exhibits 

a higher affinity for the substrate and simultaneously inserts the new nucleotide to the 3' 

end and removes the 5'-dRP group, resulting in a nick (Matsumoto and Kim 1995; 

Bennett et al. 1997; Prasad et al. 1998; Lindahl and Wood 1999). Ligation of the nick 

completes the final step of short-patch BER, and indeed, Pol p has been shown to 

interact with both DNA ligase IIIa-XRCCl heterodimer (through XRCC1) (Caldecott et
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al. 1996; Kubota et al. 1996) and DNA ligase I (Prasad et al. 1996; Dimitriadis et al. 

1998). Moreover, in vitro studies demonstrated that DNA ligase I can substitute DNA 

ligase IIIa-XRCCl complex during ligation of nicks in short-patch BER (Sleeth et al. 

2004).

The interaction between XRCC1 and Pol (3 was shown to be essential for 

efficient short-patch BER (Marintchev et al. 2003; Dianova et al. 2004), and 

interestingly, XRCC1 acts as a scaffold protein with a multitude of protein-protein 

interactions but with no identified enzyme activity of its own (Kubota et al. 1996; 

Caldecott 2001). XRCC1 is often found in complex with DNA ligase Ilia and is 

thought to stabilise DNA ligase Ilia (Caldecott et al. 1994). Other XRCC1 interactions 

include PARP-1, Condensin I, polynucleotide kinase (PNK) and more recently it was 

implicated to have interactions with multiple DNA glycosylases, thus suggesting 

another way in which XRCC1 is recruited to sites of BER (Campalans et al. 2005). 

1.5.4 Long-patch co-ordination

Modification of the dRP moiety by oxidation or reduction makes it refractory to 

(3-elimination by the dRP lyase activity of Pol p and thus repair is routed through the 

long-patch BER sub-pathway (Podlutsky et al. 2001). During the 'PCNA-dependent' 

long-patch BER pathway [Fig. 1.2], the dRP is displaced at the head of an 

oligonucleotide flap that is subsequently removed by FEN1 (Klungland and Lindahl 

1997; Kirn et al. 1998) and the resulting nick is sealed by DNA ligase I.

As previously mentioned, Pol (3 is the major BER polymerase involved in short- 

patch BER (Sobol et al. 1996), and it has been established that Pol p also initiates long- 

patch BER by adding the first nucleotide into the repair gap (Podlutsky et al. 2001). 

Following this, a polymerase switch occurs and further strand-displacement DNA 

synthesis is conducted by Pol 8/s which incorporate 2-10 more nucleotides (Klungland

21



Introduction

and Lindahl 1997; Dianov et al. 2003). Pol 8/e have similar roles in DNA replication 

and repair; however, their biochemical properties differ. Pol 8 requires two other 

factors; PCNA and replication factor C (RF-C) for efficient DNA synthesis (Jonsson 

and Hubscher 1997). In contrast, Pol s is highly processive in the absence of PCNA 

(Burgers 1991). Structurally, Pol 5 is comprised of four subunits (125, 66, 50 and 12 

kDa) (Podust et al. 2002) and Pol s is a heterodimer with a 215 kDa catalytic subunit 

and 55 kDa subunit with unknown function (Kesti and Syvaoja 1991). Both Pol 8 and s 

contain 3' to 5' exonuclease proofreading activity and are able to remove 

misincorporated nucleotides (Weiser et al. 1991). The major function of Pol 8 and Pol £ 

is in DNA replication, but they also play a role in NER [reviewed by (Hubscher et al. 

2002)].

Pol (3 insertion of the first nucleotide in both short- and long-patch BER suggests 

that Pol (3 must also be able to co-ordinate long-patch BER enzymes. Indeed, Pol |3 has 

been shown to interact with PCNA and DNA ligase I (Prasad et al. 1996; Dimitriadis et 

al. 1998). Long-patch BER is PCNA dependent and PCNA has been shown to interact 

with and stimulate FEN1 (Li et al. 1995) and DNA ligase I (Montecucco et al. 1998; 

Tom et al. 2000). Therefore, Pol p can co-ordinate long-patch BER through its 

interaction with PCNA and the subsequent interaction of PCNA with other long-patch 

BER enzymes. 

1.5.5 APEl-independent BER co-ordination

Recently, an APEl-independent DNA BER pathway was proposed (Wiederhold 

et al. 2004). Endonuclease VIII (Nei)-like (NEIL) DNA glycosylases generate DNA 

strand breaks with 3'-phosphate termini which are removed by PNK not APE1. 

Furthermore, NEIL1 stably interacts with Pol |3 and DNA ligase Ilia suggesting the 

formation of a BER complex including PNK, that removes the dirty ends that certain
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glycosylases produce (Wiederhold et al. 2004). The physiological relevance of this 

recently suggested pathway is shown by the sensitivity to IR and MMS of PNK 

deficient A549 cells (Rasouli-Nia et al. 2004). 

1.5.6 Importance of controlled BER enzyme expression

As previously mentioned, BER is a highly co-ordinated pathway mediated 

through protein-DNA and protein-protein interactions, and it has been reported that 

there is a fine balance between the concentrations of the enzymes involved in the BER 

pathway (Posnick and Samson 1999). Imbalances in DNA repair activities may have 

damaging effects, for example this may contribute to carcinogenesis during chronic 

inflammation (Hofseth et al. 2003).

Some of the DNA glycosylases which recognise DNA lesions and initiate BER 

have overlapping functions, thus there are backup mechanisms if the function of one 

DNA glycosylase is lost [Table 1.1]. Indeed, studies using DNA glycosylase knockout 

mouse models: AAG-/-, NEIL1-/-, NTH I-/-, OGG1-/- and NTH1,OGG1-/- double 

knockouts have shown little effect on the phenotype of the resulting knockout mice (see 

review (Parsons and Elder 2003)); and surprisingly only the OGG1-/- shows significant 

accumulation of oxidised bases in certain tissues of older animals compared to wild- 

type mice (Klungland et al. 1999; Minowa et al. 2000). So, whereas DNA glycosylases 

show functional redundancy, BER enzymes downstream of the glycosylase step play 

key roles in co-ordinating BER and are essential in embryonic development. Indeed, 

absence of APE 1 (Xanthoudakis et al. 1996), Pol p (Gu et al. 1994), XRCCl (Tebbs et 

al. 1999) and DNA ligase III (Puebla-Osorio et al. 2006) is embryonic lethal and these 

animals would not occur naturally, however, cells with imbalanced levels of BER 

enzymes can develop, for example in ulcerative colitis (Hofseth et al. 2003), and also

23



Introduction

studies have shown that APE1 underexpression leads to apoptosis particularly in the 

brain (Meira et al. 2001).

It may be presumed that significant underexpression of a BER enzyme would 

result in attenuation of repair efficiency as the dynamics of the pathway would alter and 

the underexpressed enzyme would then become rate-limiting. If the repair capacity of 

BER lesions is reduced repair intermediates may accumulate in the genome resulting in 

genome stability or apoptosis. In the other extreme, overexpression of a BER enzyme 

may also have adverse effects on the cell. Overexpression is more commonly observed 

in tumour samples than underexpression, and overexpression of certain BER enzymes 

such as DNA glycosylases, APE1 and Pol (3 have been associated with genome 

instability [reviewed by (Frosina 2000)].
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1.6 DNA POLYMERASE BETA (POL p)

Currently, over 19 different eukaryotic DNA polymerases, subdivided into 7 

families (A, B, C, D, X, Y and RT) have been identified [Table 1.2, Table 1.3] 

[reviewed by (Hubscher et al. 2002)], including Pol p a member of the X-family which 

is the main BER DNA polymerase. Pol p is a relatively small monomeric protein (39 

kDa) comprising of two catalytic domains connected by a protease-sensitive hinge 

region: the N-terminal 8 kDa dRP lyase and DNA binding domain, and the C-terminal 

31 kDa DNA polymerase domain [reviewed by (Wilson 1998)]. The protein also 

consists of several subdomains necessary for catalysis; the fingers, the thumb and the 

palm ((Matsumoto and Kim 1995; Pelletier et al. 1996). In contrast to replicative DNA 

polymerases (Pol a, 5 and e), Pol p lacks any intrinsic 3' to 5' exonuclease activity and 

is incapable of proofreading.

The main role of Pol p is in gap-filling synthesis during DNA repair in 

mammalian cells (Singhal et al. 1995); primarily in short-patch BER (Sobol et al. 1996), 

but also in long-patch BER by adding the first nucleotide into the repair gap before a 

polymerase switch to Pol 8/8. Pol P is also the rate-limiting enzyme in BER by 

providing vital dRP lyase function which releases the 5'-dRP moiety by p-elimination 

(Srivastava et al. 1998; Allinson et al. 2001). Pol p is constitutively expressed at low 

levels throughout the cell cycle (Zmudzka et al. 1988), and is inducible by some 

genotoxic treatments such as DNA alkylating agents (MNNG), oxidising agents (IrbC^) 

and ionising radiation (Fornace et al. 1989; Canitrot et al. 1998; Frechet et al. 2001). 

Apart from its role in BER, Pol p is essential in neural development and Pol p null-mice 

are embryonic lethal (Gu et al. 1994). However, a regulatable transgenic mouse model 

has been developed by Sobol et al. which can overexpress Pol p and a cataract 

phenotype has been observed (Sobol et al. 2003).
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DNA Pol Human Functional tasks Family

Classical DNA polymerases and Pol lambda

Pol a Four subunits: 
165 kDa catalytic, 67-86 
kDa 3' to 5' exonuclease, 
58 kDa primase and 48 kDa 
primase subunits.

DNA replication pol: initiates DNA
synthesis.
Participates in lagging strand
synthesis.

B

Polp 39 kDa: 31 kDa catalytic 
and 8 kDa dRPase domain

BER pol: short- and long-patch. 
Role in neurogenesis. 
Implicated in NER, meiosis, 
recombination and translesion 
synthesis.

X

Pol 5 Four subunits: 
125 kDa catalytic, 66 kDa, 
50 kDa regulatory and 12 
kDa small subunits.

Main pol at the leading and lagging
strand.
Long-patch BER, NER, MMR,
recombination and double-strand
break repair.

B

Pols Two subunits:
258 kDa catalytic, 59.5 kDa
regulatory subunits.

Leading and lagging strand pol. 
Long-patch BER, NER, MMR and 
recombination.

B

Poly 140 kDa: a heterotrimer of 
catalytic subunit plus 
homodimer of accessory 
subunits.

Mitochondrial replication pol: DNA 
replication and BER in mitochondrial 
DNA.

A

PoU 39 kDa: 31 kDa catalytic 
and 8 kDa dRPase domain

Potentially functions in BER or 
meiotic recombination. 
Homologous to Pol (3.

X

Table 1.2 Classical Mammalian DNA polymerases.

Adapted from (Dianov 2004), (Hubscher et al. 2002) and UniProt Knowledgebase 
(Swiss-Prot and TrEMBL) - Protein knowledgebase (http://www.expasy.org/sprot/)
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DNA Pol Human Functional tasks Family

Novel DNA polymerases and Telomerase

Pole 198kDa Interstrand crosslink repair A

Polo

353 kDa

60kDa

Lesion bypass extension

Role in sister chromatid cohesion?

B 

B

Pol|i 55 kDa

TdT Terminal deoxynucleotidyl- 
transferase, 59 kDa

Role in lymphoid formation. 
Somatic hypermutation pol? 
Homologous to TdT.

Template-independent DNA pol, 
catalyses random dNTP addition. 
Role in nt addition during maturation 
of B- andT- cells.

X

Polri 
(XPV) 
(RAD30 A)

78 kDa:
Structural and functional
homologue of yeast Pol T]

Poll, 
(RAD30 B)

PolK 
(DINB1)

Revl

80 kDa

99 kDa

138 kDa

Error-free bypass of thymine dimers, 
accurate mismatch pol. 
Xeroderma pigmentosum pol. 
Somatic hypermutation pol. 
Target Pol i to replication foci.

Meiosis pol.
Lesion bypass. Most error prone pol.

Deletion and base substitution pol. 
Lesion bypass. Low fidelity.

Role in abasic site lesion bypass. 
Has deoxycytidyl transferase activity, 
can add C to 3'end of DNA primer in 
template-dependent reaction.

Y,
(UmuC 
/DinB 
super- 
family)

Telomerase 127 kDa Telomere maintenance, homologous 
to reverse transcriptase

RT

Table 1.3 Novel Mammalian DNA polymerases

Adapted from (Dianov 2004), (Hubscher et al. 2002) and UniProt Knowledgebase 
(Swiss-Prot and TrEMBL) - Protein knowledgebase (http://www.expasy.org/sprot/)
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1.6.1 Pol 0: fidelity and mutation rate

For many years, Pol (3 was considered to be a low fidelity DNA polymerase 

(Kunkel 1992) because both the efficiency and fidelity of Pol (3 synthesis was found to 

be reduced (average mutation frequency, 10"4) compared to replicative DNA 

polymerases (average mutation frequency, 10~6 to 10~8) (Kunkel and Bebenek 2000). 

Pol p has evolved as a distributive polymerase designed to fill 1-nt gaps containing 3'- 

hydroxyl and 5'-phosphate ends, and indeed several studies have shown that 5'- 

phosphorylated 1-nt gapped DNA is the preferred substrate for Pol (3 (Prasad et al. 1994; 

Chagovetz et al. 1997; Osheroff et al. 1999). Nucleotide misincorporation by Pol p is 

10 to 100-fold lower on 5'-phosphorylated 1-nt gapped DNA compared with recessed, 

6-nt gapped, 5'-phosphorylated 6-nt gapped and unphosphorylated 1-nt gapped 

substrates (Beard and Wilson 1998).

As Pol p has no proofreading activity, its incorporation accuracy results 

exclusively from the nucleotide selectivity of the enzyme. Unlike most replicative 

polymerases, which select the correct dNTP through an 'induced fit' mechanism, Pol P 

fidelity is determined through specific interactions between the enzyme and the 

template base at the active site. In the induced-fit mechanism, binding of the correct 

incoming nucleotide and two metal ions within the active site creates a substrate- 

induced conformational change from an open state to a closed state, which then 

activates the polymerase for catalysis and hence DNA extension (Beard and Wilson 

1998). However, nucleotide discrimination by Pol p appears to be determined by steric 

exclusion against the incorrect substrate, the precise positioning of the DNA duplex 

terminus, templating and incoming nucleotides and the catalytic residues within the 

active site of Pol p (Sweasy 2003). Imprecise positioning of active site residues on 

DNA can result in misincorporation of nucleotides into DNA. Amino acid residues
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both distant and near to the Pol p active site influence its geometry, suggesting that the 

movements and positioning of sub-domains of Pol P have a significant impact upon its 

fidelity and consequently its catalytic efficiency (Sweasy 2003).

Presently, it is not clear which DNA polymerase, Pol 8 or Pol £ is contributing 

more to long-patch BER, since both enzymes can catalyse strand-displacement 

synthesis which is required for this pathway (Turchi et al. 1992; Podust and Hubscher 

1993; Stucki et al. 1998). However, both Pol 8 and Pol e show very high fidelity DNA 

synthesis in the in vitro systems (Kunkel and Bebenek 2000). 

1.6.2 Biological consequences of Pol P imbalance

As mentioned previously Pol (3 is essential during embryonic development, and 

Pol p null mice die immediately after birth (Gu et al. 1994). Interestingly, Pol p null 

embryos display a tissue-specific reduction of 1-nt frameshift mutations as well as 

increased apoptosis compared to wild type embryos (Sweasy et al. 2005). Various 

studies have shown that underexpression of Pol p increases the rate of chromosomal 

aberrations by reducing BER activity (Matsuzaki et al. 1996; Dalai et al. 2005), and 

ultimately the accumulation of DNA damages results in mutagenesis or apoptosis. 

Indeed, Albertella and colleagues observed reduced levels of Pol p mRNA and protein 

in approximately one fifth of all tumours sampled, particularly in breast and colon 

cancers using expression arrays (Albertella et al. 2005). Furthermore, Pol p 

underexpression seems to correlate with underexpression of other DNA polymerases as 

well (Albertella et al. 2005).

Early observations indicated that Pol P is overexpressed in some cancer cells 

(Canitrot et al. 1999; Srivastava et al. 1999; Bergoglio et al. 2001; Tan et al. 2005). 

Indeed, overexpression of Pol p by 2 to 4-fold in mammalian cells can increase 

mutation rate (Canitrot et al. 1998) and promote tumourigenesis as a consequence.
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Recently Albertella and colleagues used expression arrays to systematically study the 

expression patterns of BER DNA polymerases (Pol p, X, 8, e) in cancer cells (Albertella 

et al. 2005). They found that Pol (3 was overexpressed at the mRNA and protein level in 

approximately one third of all tumours sampled and Pol P was most frequently 

overexpressed in uterus, ovary, prostate and stomach cancer samples. Pol A, was also 

overexpressed in a range of tumours, but to a lesser extent than Pol p. The long-patch 

BER DNA polymerases (Pol 6 and e) were not commonly overexpressed (Albertella et 

al. 2005).

1.7 RESEARCH OBJECTIVES

This research project is a collaboration between the Radiation and Genome 

Stability Unit (RAGSU) (Medical Research Council, Harwell) and Professor lan 

Hickson (Weatherall Institute of Molecular Medicine, Oxford). Prof. Hickson kindly 

provided lymphoblastoid cells from cancer patients that demonstrated sensitivity to 

radiotherapy treatment. Patients had a variety of different cancers and lymphoblast cells 

from patients and wild-type controls were transformed with Epstein-Barr virus to 

created immortalised lymphoblastoid cell lines. Preliminary data by Dr. Irina Dianova 

(RAGSU, Medical Research Council, Harwell) demonstrated that the 'Ha' cell line 

overexpressed the BER enzyme Pol P, and this cell line was selected for further 

investigation. Thus, the aims of my project were to investigate the Pol P expressing cell 

line, Ha, and to determine whether Pol p overexpression affects the repair capacity or 

fidelity of lesions associated with BER.
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2.1 MATERIALS

2.1.1 General reagents

All laboratory chemicals were from Sigma Aldrich (Poole, UK), except where 

otherwise stated. Protease inhibitors; aprotinin, chymostatin, leupeptin, pepstatin were 

from Roche Diagnostics Ltd (Lewes, UK). Synthetic oligonucleotides purified by high- 

performance liquid chromatography were obtained from MWG-Biotech (Ebersberg, 

Germany). [y-32P]ATP and [a-32P]UTP (3,000 Ci/mmol) were purchased from Perkin- 

Elmer Life and Analytical Sciences (Boston, MA, USA).

2.1.2 Bacteriological reagents and bacterial strains

Bacto-agar, bacto-tryptone, bacto-yeast extract, peptone and LB-bouillon were 

from MERCK Biosciences (Nottingham, UK). Tetracycline was from Duchefa 

Biochemie BV (Haarlem, The Netherlands) and carbenicillin, disodium salt from 

Melford Laboratories Ltd (Ipswich, UK). X-gal and IPTG were from VWR 

International Ltd (Poole, UK). The XL-1 Blue bacterial strain was from Stratagene (La 

Jolla, CA, USA) and the JM109 strain was from Promega (Southampton, UK).

2.1.3 Proteins

Histidine-tagged Pol {3 and APE1 were purified on Ni-NTA agarose (Qiagen, 

Crawley, UK) as recommended by the manufacturer. Recombinant human uracil-DNA 

glycosylase (UDG) with 84 amino acids deleted from the amino terminus was purified 

as described previously (Slupphaug et al. 1995).

2.1.4 Cells

Immortalised Epstein-Barr virus (EBV) transformed human lymphoblastoid 

cells derived from normal (Jb) and head-neck cancer patient (Ha) were obtained from 

the Cancer Research UK Cell Services (Clare Hall Laboratories, Potters Bar, UK). The 

normal Jb cell line will be referred to as wild-type (Wt) from here onwards. The Ha cell
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line was derived from a 53 year old man with stage 1, high grade, B-cell lymphoma 

located at the back of the throat. During the first phase of radiotherapy (15 fractions, 2 

Gy each) he exhibited a severe oral reaction necessitating the introduction of 

nasogastric feeding. 6 months later, spinal cord damage was evident which was 

succeeded by apical pulmonary fibrosis. The Wt cell line was isolated from a normal, 

healthy, male volunteer with no history of cancer. Both cell lines were grown in 

suspension culture and maintained in RMPI 1640 medium (Invitrogen, Paisley, UK) 

supplemented with 10% (v/v) foetal bovine serum, 1 % (v/v) L-glutamine and 1 % (v/v) 

penicillin/streptomycin antibiotic mix at 37°C in the presence of 5% CC>2 in air.

2.2 WHOLE CELL EXTRACT PREPARATION

Whole cell extracts (WCE) for both cell lines were prepared by the method of 

Tanaka (Tanaka et al. 1992) as modified by Vodenicharov (Vodenicharov et al. 2000). 

Briefly, suspension cells were pelleted, resuspended in 10 ml of phosphate-buffered 

saline (PBS) [Section 2.18.1] and re-pelleted at 1,200 rpm, for 15 min at 4°C using 

Eppendorf Refrigerated Multipurpose Centrifuge 5804 R (Eppendorf AG, Hamburg, 

Germany). The packed cell volume (PCV) was measured and the cells were 

resuspended thoroughly in one PCV of Buffer I [Section 2.18.1] before two PCVs of 

Buffer II [Section 2.18.1] was added, then the cell suspension was rocked at 4°C for 2 h 

and centrifuged at 40,000 rpm, for 20 minutes at 4°C using Beckman Coulter TL-100 

Ultracentrifuge TLA 45 (Beckman Coulter, Inc. Fullerton, CA, USA). Supernatants 

were carefully collected avoiding the cell pellet. The protein concentration of the WCE 

was determined by the Bradford protein assay (Bio-Rad Laboratories, Hercules, CA, 

USA) (Bradford 1976). Extracts were aliquoted and stored at -80°C.
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2.3 GENOMIC DNA EXTRACTION

Genomic DNA was extracted from 3 x 107 lymphoblastoid cells (Wt and Ha) 

using 500 (il of DNA Lysis Buffer [Section 2.18.1] and contaminating RNA was 

removed using 10 [ig of DNase-free RNase A. Proteins and other cellular debris were 

removed by phenol-chloroform extraction method, as follows (Kirby 1956). An equal 

volume of phenol:chloroform:isoamyl alcohol (25:24:1) was mixed thoroughly with the 

DNA sample and centrifuged at 13,000 rpm for 1 min at room temperature (Eppendorf 

Microcentrifuge 5415 D). The upper aqueous layer was then mixed with an equal 

volume of chloroform and centrifuged as before to remove traces of phenol. Genomic 

DNA was precipitated using one-tenth volume of 3M sodium acetate, pH 5.2, and three 

volumes of chilled absolute ethanol by incubation at -20°C for 1 h. The precipitated 

DNA was transferred into a fresh tube and washed several times with 70% (v/v) ethanol 

before being vacuum dried and resuspended in sterile TE [Section 2.18.1]. DNA 

concentration was measured using a spectrophotometer at OD260- One optical unit of 

double-stranded DNA solution, in a 1 cm quartz cuvette, was estimated as 50 ug of 

DNA per ml. DNA was aliquoted and stored at -20°C.

2.4 RNA EXTRACTION 

2.4.1 Total RNA

Total RNA was extracted from 1 x 107 cells (Wt and Ha) using TRIzol® reagent 

(Invitrogen) by the guanidinium thiocyanate method (Chomczynski and Sacchi 1987), 

following the manufacturers instructions. Cells were pelleted and lysed using 1 ml of 

TRIzol® reagent by repetitive pipetting, then incubated at room temperature for 5 min. 

0.2 ml of chloroform was added to aid phase separation and mixed vigorously by hand 

for 15 sec and further incubated at room temperature for 2-3 min, before centrifugation
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at 10,000 rpm for 15 min at 4°C (Eppendorf Microcentrifuge 5415 D). The upper 

aqueous phase containing the RNA was transferred to a fresh tube and precipitated by 

adding 0.5 ml of isopropanol. Samples were incubated for 10 min at room temperature, 

then centrifuged at 10,000 rpm for 10 min at 4°C (Eppendorf Microcentrifuge 5415 D). 

The RNA pellet was then washed by vortexing in 1 ml of 75% (v/v) RNase-free 

ethanol, followed by centrifugation at 8,000 rpm for 5 min at 4°C (Eppendorf 

Microcentrifuge 5415 D). Finally, the RNA was allowed to air-dry for 10 min, before 

dissolving in RNase-free water. Concentration of total RNA was measured using a 

spectrophotometer at OD260- One optical unit of RNA solution, in a 1 cm quartz 

cuvette, was estimated as 40 ug of RNA per ml. RNA was aliquoted and stored at - 

20°C. 

2.4.2 Messenger RNA

Messenger RNA (mRNA) was extracted from total RNA using GenElute  

mRNA Miniprep Kit (Sigma) following the manufacturers instructions. A known 

amount of total RNA was adjusted with RNase-free water to 250 ul, then an equal 

volume of 2X Binding Solution (Kit) was added before incubating with 15 ul of oligo 

(dTho-polystyrene beads for 3 min at 70°C, followed by cooling for 10 min at room 

temperature. The oligo (dT)-beads : mRNA complexes were pelleted then applied to a 

GenElute  spin-filter column and washed with a low salt Wash Solution (Kit) to 

remove contaminants. Messenger RNA was eluted at 70°C in a suitable volume (50- 

100 ul) of RNase-free water and used immediately or aliquoted and stored at -80°C. 

mRNA only constitutes 1-5% of total RNA, so the final mRNA concentration was 

estimated based on several parameters: (i) known input amount of total RNA, (ii) 

assume same mRNA isolation efficiency with each preparation, (iii) assume 1 % yield of
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mRNA from total RNA, (iv) elute with known volume to get desired concentration of

mRNA, and calculated as follows:

Amount of mRNA extracted = Input amount of total RNA X 0.01

Elution volume = Amount of mRNA extracted

Desired mRNA concentration

2.5 REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION 

(RT-PCR)

First-strand cDNA was synthesised using the Superscript  II first-strand 

synthesis system for RT-PCR kit (Invitrogen) using oligo (dT) 12-18 primers following 

the manufacturer's protocol. Briefly, 1 jig of total RNA was reverse transcribed in each 

20 ul reaction to generate 1 ug of cDNA templates, at a concentration of 50 ng/ul. 

Initially, 500 ng of oligo (dT) primers and 0.5 mM each dNTPs were annealed to 1 ug 

of total RNA in the presence of RNase-free water at 65°C for 5 min and then chilled on 

ice for at least 1 min. Next, 10X RT Buffer (Kit) [Section 2.18.1], 5 mM MgCl2 , 10 

mM DTT and 40 units of RNase OUT  recombinant ribonuclease inhibitor was added 

to the reaction and incubated at 42°C for 2 min, before 50 units of Superscript  II 

reverse-transcriptase was added to complete the final 20 ul reaction. The reaction was 

further incubated at 42°C for 50 min, before termination by heating at 70°C for 15 min 

and chilling on ice. 2 units of E. coll RNase H were added later to each tube to remove 

RNA templates and samples incubated at 37°C for 20 min. Each sample was set up in 

duplicate in the presence or absence of reverse transcriptase to check for genomic 

contamination. The first-strand cDNA was stored at -20°C until use. An aliquot of the 

RT reaction equivalent to 50 ng RNA (1 ul) was amplified by PCR as described in 

[Section 2.6], using gene-specific primers.
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2.6 POLYMERASE CHAIN REACTION (PCR) 

2.6.1, Primers

Primer sequences, annealing temperatures and number of cycles used are listed 

in [Table 2.1]. Human DNA Pol (3 promoter (J04201) and mRNA (NM_002690) 

primers were designed using Primer CGI software and were obtained from MWG- 

Biotech AG (Ebersberg, Germany). 

2.6.2 PCR conditions

Each 50 ul PCR reaction mixture comprised of IX PCR Reaction Buffer 

(Abgene) [Section 2.18.1] with 1.5 mM MgCl2 , 0.2 mM dNTPs, 2.5 units of 

Thermoprime Plus Taq DNA Polymerase (ABgene, Epsom, UK) and 0.2 uM of each 

forward and reverse primer [see Table 2.1]. 100 ng of genomic DNA or 1 ul cDNA 

template was used for each PCR. 2% (v/v) DMSO was added to the reactions using 

genomic DNA to reduce secondary structure formation in the template. Deionised 

water was added to give a final reaction volume of 50 ul. Cycling conditions included 

an initial 2 min denaturation step at 95°C, followed by 95°C for 30 sec / %°C for 30 sec 

annealing / 72°C for 90 sec for n cycles and a final extension step at 72°C for 10 min 

[see Table 2.1]. PCR products were electrophoresed on a 1% (w/v) agarose gel in IX 

TAE buffer [Section 2.18.1] in the presence of 5 ug/ml ethidium bromide and 

subsequently visualised under UV light. 1 kb ladder (0.25 - 10 kb) (Promega) was used 

as a size marker.
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2.7 DNA SEQUENCING

ABI PRISM® BigDye® Terminators v3.1 Cycle Sequencing Kit (Applied 

Biosystems, Warrington, UK) was used for automated sequencing according to the 

manufacturer's instructions and is based on the Sanger method of dideoxy chain 

termination (Sanger et al. 1977). In each 10 ul reaction, PCR templates or single- 

stranded DNA [see Table 2.2, for amounts], 4 ul of BigDye® terminator ready reaction 

mix that contains dRhodamine dye terminators, 2 uM primer and deionised water were 

mixed together and cycled at 96°C for 10 sec / 50°C for 5 sec / 60°C for 4 min for 25 

cycles then held at 4°C. Reactions were prepared for sequencing by incubating for 20 

min at room temperature with 90 ul of 67% (v/v) isopropanol, and then centrifuged at 

13,000 rpm for 20 min at room temperature (Eppendorf Microcentrifuge 5415 D) to 

pellet DNA and remove excess fluorescent dye terminators. The DNA pellet was 

washed with 75% (v/v) isopropanol and centrifuged again for 5 min, then allowed to 

air-dry. The ABI PRISM® 3100 Capillary Genetic Analyzer (Applied Biosystems) was 

used to sequence the DNA by members of the Genotyping, Mutation detection and 

Sequencing (GEMS) core facility at MRC Harwell. Sequences were analysed for 

similarity to known sequences using the BLAST tool 

(http://www.ncbi.nlm.nih.gov/BLAST). 

2.7.1 Single-stranded DNA preparation

Single-stranded Ml3 DNA was extracted from an exponentially growing LB 

culture of infected JM109 E. coli cells using a QIAprep® Spin Ml3 Kit (Qiagen) 

according to the manufacturer's protocol. This was based on an initial high-speed 

centrifugation step to remove bacterial cells, followed by precipitation of M13 phage 

particles using a precipitation buffer (Buffer MP, Kit). Intact phage particles were 

applied to a QIAprep® spin column, where they were retained on a specially adapted
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silica-gel membrane. Addition of a high salt containing Ml 3 lysis and binding buffer 

(Buffer MLB, Kit) lyses the phage particles and adsorbs the single-stranded DNA to the 

membrane. Contaminants and impurities were removed by a high salt wash and 

residual salt was removed by washing with an ethanol-containing buffer (Buffer PE, 

Kit). Single-stranded Ml 3 DNA was finally eluted in 50 ul of elution buffer containing 

10 mM Tris-Cl, pH 8.5 (Buffer EB, Kit), and concentration was measured using a 

spectrophotometer at OD260- One optical unit of single-stranded DNA solution, in a 1 

cm quartz cuvette, was estimated as 33 ug of single-stranded DNA per ml. Single- 

stranded DNA was aliquoted and stored at -20°C.
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Template
PCR Product

200 - 500 bp
500-l,000bp

1,000- 2,000 bp
Single-stranded DNA
Double-stranded DNA

Quantity (ng)

3-10
5-20

10-40
25-50

150-300

Table 2.2 Amount of template used for DNA sequencing.

Protein
APE1

(3-actin

Polp

PARP-1 
(C-2-10)
PCNA

XRCC1

CREB

pCREB 
toSer!33

Size (kDa)
34

29

39

113

29

69

43

43

Dilution
1 : 50,000

1 : 50,000

1 : 10,000

1 : 10,000

1 : 5,000

1 : 10,000

1 :200

1 :500

Source
Rabbit, polyclonal 
In-house
Mouse,

Rabbit, polyclonal 
In-house
Mouse, monoclonal 
Axxora (UK) Ltd, Nottingham, UK
Mouse, monoclonal 
Santa Cruz
Rabbit, polyclonal 
Abeam
Rabbit, polyclonal 
Abeam
Rabbit, polyclonal 
Abeam

Details
0.38 
mg/ml

1 mg/ml

1 mg/ml

1 mg/ml

Table 2.3 Antibodies and dilutions used for Western blotting.
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2.8 WESTERN BLOT ANALYSIS

Western blots were performed by a standard procedure as recommended by the 

vendor (Invitrogen). Briefly, samples were diluted 1:1 in 2X SDS-PAGE Sample 

Loading Buffer [Section 2.18.1], and heated for 5 min at 90°C. Samples were then spun 

briefly in an Eppendorf Microcentrifuge 5415 D, 1,300 rpm, 10 sec before loading on a 

10% (w/v) Novex® Tris-Glycine Gel (SDS-PAGE) (Invitrogen). A protein size marker 

(10 - 250 kDa) was always loaded (Precision Plus Protein™ Standards, Bio-Rad). The 

gel was electrophoresed in SDS-PAGE Running Buffer [Section 2.18.1] for 2 h at a 

constant 125 Volts. 

2.8.1 Odyssey detection method

The proteins were transferred onto polyvinylidene fluoride (PVDF) Immobilon- 

FL membrane, 0.45 um pore size (Millipore, Billerica, MA, USA) for 1.5 h at a 

constant 25 Volts in SDS-PAGE Transfer Buffer [Section 2.18.1]. The membrane was 

rinsed thoroughly in PBS before blocking in 50% (v/v) Odyssey® Blocking Buffer (LI- 

COR® Biosciences) [Section 2.18.1] diluted in PBS (BlockenPBS), for 1 h at room 

temperature. All primary and secondary antibodies were diluted in Odyssey® 

BlockenPBS, containing 0.1% (v/v) Tween-20®. See [Table 2.3] for dilutions used and 

antibody details. Western blots were incubated with primary antibodies overnight at 

4°C and then washed three times for 5 min in PBS, containing 0.1% (v/v) Tween-20® 

(PBST). Blots were then probed with goat anti-mouse or goat anti-rabbit secondary 

antibodies conjugated to Alexa Fluor 680 (Molecular Probes™, Invitrogen) or IRdye 

800 (Rockland Immunochemicals, Gilbertsville, PA, USA) for 1 h at room temperature 

and then washed three times for 5 min in PBST. Blots were rinsed for a further 5 min in 

PBS to remove excess Tween-20®. Blotted proteins were detected and quantified using
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the Odyssey® infrared imaging system (LI-COR® Biosciences). All Western blots were 

repeated, and representative blots are shown where appropriate. 

2.8*2 ECL detection method

The proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane, 

0.2 um pore size (Invitrogen) for 2 h at a constant 25 Volts in SDS-PAGE Transfer 

Buffer [Section 2.18.1]. The membrane was then blocked for 1 h in 5% (w/v) dried 

milk solution in IX TBS Buffer [Section 2.18.1] containing 0.1% (v/v) Tween-20® 

(TBST). See [Table 2.3] for dilutions used and antibody details. Western blots were 

incubated with the primary antibody (in milk) overnight at 4°C, and then washed three 

times for 5 min in TBST. Blots were then incubated with the secondary anti-mouse or 

anti-rabbit antibody (in milk) for 1 h followed by three 20 min washes with TBST. 

Blots were visualised using the ECL plus system (Amersham). All Western blots were 

repeated, and representative blots are shown where appropriate.

2.9 NORTHERN BLOT ANALYSIS 

2.9.1 Northern Blotting

Northern blots were performed by a standard procedure as recommended by the 

vendor (Ambion, Inc., Austin, TX, USA). Briefly, mRNA samples were diluted 1:1 in 

NorthernMax®-Gly Sample Loading Dye (Ambion) [Section 2.18.1] and heated for 30 

min at 50°C. Samples were then spun briefly in an Eppendorf Microcentrifuge 5415 D, 

1,300 rpm, 10 seconds before loading on a 1% (w/v) agarose gel containing IX 

NorthernMax®-Gly Gel Prep/Running Buffer (Ambion) [Section 2.18.1]. A single- 

stranded RNA size marker (0.24 - 9.5 kb) was always loaded (Invitrogen). The gel was 

electrophoresed in IX NorthernMax®-Gly Gel Prep/Running Buffer [Section 2.18.1] 

for 2 h at a constant 60 Volts, then photographed alongside a ruler under UV light to
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locate size markers (Invitrogen). The mRNA samples were transferred to BrightStar - 

Plus positively charged nylon membrane (Ambion) for 2 h by downward capillary 

transfer in NorthernMax®-Gly Transfer Buffer (Ambion). The membrane was rinsed in 

transfer buffer before the mRNA was UV-crosslinked (120,000 mJ/cm2 , for 30 - 45 s) 

onto the membrane using Stratalinker® UV crosslinker 1800 (Stratagene, La Jolla, CA, 

USA). Membranes were stored at -20°C until required, or probed immediately.

2.9.2 RNA probes

Labelled riboprobes were synthesised using the Strip-EZ® RNA labelling kit 

(Ambion) following the manufacturer's instructions. Template DNA containing the 

mRNA-complementary (antisense) transcript sequence downstream of a T7 RNA 

polymerase promoter site was generated for in vitro transcription. Briefly, each 20 ul 

reaction containing 1 ug of DNA template, IX Transcription Buffer (kit) with DTT, 0.5 

mM each of ATP and GTP solution, 0.1 mM of modified CTP solution, 3.125 uM (50 

uCi) of [a-32P]UTP (10 mCi/ml) and 2 ul of T7 enzyme mix was mixed together by 

gentle pipetting, then incubated at room temperature for 1 h. The DNA template was 

then removed by addition of 1 ul of DNase I and incubation at 37°C for 15 min. The 

Strip-EZ RNA labelling kit was chosen as a modified CTP nucleotide (supplied in the 

kit) is incorporated into the probe. The probe is stable for hybridisation, washing and 

signal detection but the presence of the modified nucleotide facilitates probe removal 

from the membrane. Treating the membrane with Probe Degradation Buffer (kit) 

reduces the full-length probe to short oligonucleotides which are subsequently washed 

away.

2.9.3 Hybridisation

Northern blots were prehybridised in UltraHyb® Ultrasensitive Hybridisation 

Buffer (Ambion) at 68°C for 1 h prior to addition of the riboprobe. The probe was

44



Materials & Methods

hybridised overnight at 68°C followed by two 5 min washes at 68°C in NorthernMax® 

Low Stringency Wash Buffer (Ambion) [Section 2.18.1] and two 10 min washes at 

68°C in NorthernMax® High Stringency Wash Buffer (Ambion) [Section 2.18.1]. The 

blots were exposed to X-ray film for the appropriate amount of time. 

2.9.4 Removal of RNA probe from Northern blots

Following detection of hybridised probe, blots were incubated at 68°C for 10 

min in IX Probe Degradation Buffer (Ambion) (kit) / 0.1% (w/v) SDS, followed by a 

10 min wash at 68°C in a IX Blot Constitution Buffer (Ambion) (kit) / 0.1% (w/v) SDS 

and a final wash for 10 min at 68°C in 0.1% (w/v) SDS. Blots were stored at -20°C 

until required.

2.10 REAL-TIME QUANTITATIVE PCR

A two-step real-time quantitative PCR (qPCR) method based on SYBR® Green I 

detection chemistry was used to measure gene expression levels. First-strand cDNA 

templates were used [see Section 2.5] and all primers were designed with 

PrimerExpress 1.0 software (Applied Biosytems) using the default parameters (Primer 

Tm : min/max = 58/60°C; Primer GC%: min/max = 30/80%; Primer Length: min/max = 

9/40 bases, optimal = 20 bases; Amplicon Length: min/max = 50/150 bases, max Tm = 

85 °C). An additional requirement was a maximum GC content of 40% for the five last 

3'-endnucleotides 

2.10.1 Initial optimisation

To determine the optimal primer concentration giving the lowest threshold cycle 

(Q) and maximum amplification efficiency while minimising non-specific 

amplification, nine different combinations of reverse and forward primer concentrations 

(100, 300, or 900 nM) were titrated. A range of cDNA (50 ng/ul) volumes (0.25, 0.5, 1,
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and 2 ul) were also tested to ensure that amplification was within the linear range. For 

each combination, a no-template control (NTC) was included. The primer 

concentrations giving the lowest Ct , and a suitable cDNA volume within the linear 

range was selected for further use in real-time qPCR analysis.

2.10.2 PCR conditions

Each 50 ul qPCR reaction mixture contained IX qPCR MasterMix Plus for 

SYBR® Green I Reaction Buffer (containing dNTP/dUTP, HotGoldStar DNA 

polymerase, 5 mM MgCl2 , Uracil N-glycosylase (UNO), SYBR® Green I, stabilisers 

and ROX passive reference) (Eurogentec, Seraing, Belgium), forward and reverse 

primer (100-900 nM), 1 ul of cDNA template (50 ng/ul) and deionised water to give a 

final 50 ul reaction volume. Reactions were analysed using the ABI PRISM® 7000 

Sequence Detection System (Applied Biosystems). The cycling conditions comprised 

of an initial UNG step at 50°C for 2 min, then a polymerase activation / UNG 

inactivation step at 95°C for 10 min. This was followed by 40 cycles at 95°C for 15 sec 

for denaturation / 60°C for 1 min for annealing and polymerisation reactions were held 

at 50°C or a Dissociation Curve Profile was created for each sample. Amplicons were 

denaturated at 95°C for 15 sec, then re-annealed at 60°C for 20 sec. The temperature 

was gradually increased from 60°C to 95°C over a 20 min ramp time and dissociation 

curve profile and Tm of the amplicon was determined. Primer dimers and non-specific 

products could also be detected.

2.10.3 Analysis

The standard curve method for absolute quantitation of gene expression levels 

was used. Firstly, the absolute quantities of the standards must first be known by some 

independent means. Refer to 'Absolute Quantitation using Standard Curve Guide' from 

Applied Biosystems (http://docs.appliedbiosystems.com/pebiodocs/04364014.pdf).
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2.11 PROTEIN DEGRADATION ASSAY USING CYCLOHEXIMIDE

Suspension cells were freshly seeded at 1 x 106 cells/ml density 16 h prior to the 

start of the experiment. 50 |ig/ml of cycloheximide in DMSO was added to the cells 

and then incubated for various time points. A DMSO only control was also used and 

for time = 0, no cycloheximide was added. For each time point 5 x 106 cells (5 ml) 

were harvested, WCEs made [Section 2.2] and samples were analysed by Western 

blotting [Section 2.8].

2.12 GEL PURIFICATION OF OLIGONUCLEOTIDES

Oligonucleotides used for repair assays were purified on a 20% (w/v) native 

polyacrylamide gel [Section 2.19]. 100 ug of oligonucleotide and 100 ul of Native- 

PAGE Sample Loading Buffer [Section 2.18.1] was heated at 95°C for 2-3 min, before 

being loaded onto a pre-warmed gel (containing one well) and electrophoresed in IX 

TBE [Section 2.18.1] at 15 W for about 1.5 h or until the lower dye front (bromophenol 

blue) reached the bottom. Strips of the gel from either side of the well were excised and 

stained in IX TBE [Section 2.18.1] containing ~1 jig/ml of ethidium bromide for 10-15 

min at 4°C and subsequently visualised under UV light. The major oligonucleotide 

band was located, notches in the strips were excised and the strips were re-aligned with 

the gel to determine the position of the oligonucleotide. The gel containing the 

oligonucleotide was cut out, crushed and incubated in deionised water overnight at 

37°C. The DNA-containing solution was recovered through a 0.2 uM Corning® Spin- 

X® microcentrifuge filter (Sigma) and concentrated by passing through Centricon®-10 

filters (Millipore) (Eppendorf Refrigerated Multipurpose Centrifuge 5804 R, 2,000 rpm, 

30 min, 20°C) and buffer exchanged with TE [Section 2.18.1]. The oligonucleotide 

concentration was measured using a specrrophotometer at OD260- One optical unit of
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oligonucleotide solution, in a 1 cm quartz cuvette, was estimated as 33 ug of DNA per 

ml. Oligonucleotides were aliquoted and stored at -20°C.

2.13 PREPARATION OF CLOSED-CIRCULAR PLASMID SUBSTRATES

Briefly, a synthetic oligonucleotide containing a single lesion was 5'-end 

radiolabelled with [y-32P]ATP, then annealed to complementary M13In (Dianov et al. 

1998) single-stranded circular DNA, followed by primer extension to re-circularise the 

plasmid. Closed-circular double-stranded substrate was collected on a CsCl gradient (p 

= 1.55 g/ml). This method was previously described by Dianov and colleagues (Dianov 

et al. 1998), who generated M13In, by cloning the synthetic DNA duplex corresponding 

to the sequence 5'-ATATACCGCGGCCGGCCGATCAAGCTTATT-3' into the Smal 

site of M13mpl8 DNA (Accession number, M77815). 

2.13.1 8-oxoguanine containing DNA substrate

The oligonucleotide 5'-ATATACCGCG[8-oxoG]CCGATCAAGCTTATT-3' 

was 5'-end radiolabelled using T4 polynucleotide kinase (PNK) (NEB, Hitchin, UK) 

and [y-32P]ATP (6000 Ci/mmol). Briefly, 30 pmol of oligonucleotide was incubated 

with 100 uCi (16.7 pmol) of [y-32P]ATP and 20 units of T4 PNK for 2 h at 37°C in IX 

T4 PNK Reaction Buffer (NEB) [Section 2.18.1]. Any unincorporated [y-32P]ATP was 

removed using a Micro Bio-Spin® P-6 chromatography column (Bio-Rad) pre- 

equilibrated with 10 mM Tris-HCl, pH 8.0. Substrate DNA was constructed by 

annealing 30 ug (12.5 pmol) of single-stranded M13In (Dianov et al. 1998) DNA with a 

2.4-fold molar excess of the phosphorylated oligonucleotide in the presence of IX 

Annealing Buffer [Section 2.18.1], by incubating at 90°C for 5 min, then slow cooling 

to room temperature. The extension reaction was performed for 4 h at 37°C in a 250 ul 

reaction mixture containing the annealed oligonucleotide-DNA, 500 uM dNTPs, 100
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uM ATP, 100 jag T4 gene 32 protein (Roche), 35 units T4 DNA ligase (Roche) and 40 

units T4 DNA polymerase (Roche) in IX T4 DNA Polymerase Buffer (Roche) [Section 

2.18.1]. The unincorporated primers were then removed by passing through a 

Centricon®-30 filter (Millipore) four times (Eppendorf Refrigerated Multipurpose 

Centrifuge 5804 R, 2,000 rpm, 30 min, 20°C). The substrate was then purified on a 

CsCl gradient (p= 1.55 g/ml, 55,000 rpm, 16 h, 20°C, Beckman Coulter Optima™ L- 

100 XP Ultracentrifuge VTI 65.1 (Fullerton, CA, USA)) before being fractionated. 2 ul 

of each fraction was analysed on a 1 % (w/v) agarose gel by electrophoresis, then was 

exposed to a Phosphorlmager screen (Bio-Rad) and analysed using Quantity One 

software (Bio-Rad). The closed-circular DNA containing fractions were then pooled 

and substrate DNA was butanol extracted to remove the ethidium bromide, then 

desalted and concentrated by passing through Centricon®-30 filter (Millipore) four 

times (as previously described), with buffer exchange into TE [Section 2.18.1]. Finally, 

the 8-oxoG containing DNA substrate was washed from filters using 400 ul of TE and 

stored at -20°C. 

2.13.2 Abasic site containing DNA substrate

The 8-oxoguanine containing substrate [Section 2.13.1] was converted to an 

abasic site containing substrate by incubating 2 nM (20 ul) 8-oxoguanine containing 

substrate with 25 nM OGG1 enzyme at 37°C for 20 min in IX BER Buffer [Section 

2.18.1]. Mono-nucleotides were removed by passing through a Micro Bio-Spin® P-6 

chromatography column (Bio-Rad) pre-equilibriated with 10 mM Tris-HCl, pH 8.0. 

Due to the instability of the abasic site containing DNA, the substrates were freshly 

prepared just before performing the BER reactions.
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2.14 PREPARATION OF OLIGONUCLEOTIDE SUBSTRATES

Oligonucleotide substrates containing a nick or 1 -nt gap lesion were constructed 

using 3 oligonucleotides; Topl(5'):Top2(3'):Bottom together in a 1:1:2 molar ratio [Fig 

4.2A]. Oligonucleotides were gel purified before used [see Section 2.12]. 30 pmol of 

Top 1 oligonucleotide [Fig. 4.2B] was 5'-end radiolabelled by incubating with 20 uCi 

(3.3 pmol) of [y-32P]ATP and 5 units of T4 PNK for 1 h at 37°C in IX T4 PNK 

Reaction Buffer (NEB) [Section 2.18.1]. Any unincorporated [y-32P]ATP was removed 

using a Micro Bio-Spin® P-6 chromatography column (Bio-Rad) pre-equilibrated with 

10 mM Tris-HCl, pH 8.0. Phosphorylated Topi (30 pmol) : Top2 (30 pmol) : Bottom 

oligonucleotides (60 pmol) [see Fig. 4.2B] were annealed in a 100 u.1 reaction 

containing 0.3 M NaCl and TE by incubating at 90°C for 5 min, then slow cooling to 

room temperature. The annealed substrates were electrophoresed at 5W, 4°C for 2 h on 

a 12% (w/v) native polyacrylamide gel [Section 2.19] in 0.5X TBE Buffer [Section 

2.18.1 ] to check integrity.

2.15 IN VITRO HER REACTIONS USING WCE 

2.15.1 Closed-circular DNA substrates

Each 50 jul BER reaction mixture contained 100 ng (20 frnol) of 32P-labelled 

DNA substrate [see Section 2.13], 20 uM of each of the indicated dNTPs or ddNTPs, 

IX BER buffer [Section 2.18.1], 0.5X RWDB buffer [Section 2.18.1], 2 mM ATP, 0.2 

mM NAD+ , 0.4 mg/ml bovine serum albumin (BSA), 25 mM phosphocreatine (di-Tris 

salt, Sigma), 2.5 fig creatine phosphokinase (type I, Sigma) and 400 ng of carrier 

plasmid DNA (pUC18). Reactions were initiated by the addition of WCEs [see Section 

2.2] at the indicated concentrations and incubated for the indicated times at 37°C. BER 

reactions were quenched by adding 2 ul of 0.5 mM EDTA, 2 (il of 10% (w/v) SDS and
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2 |al of Proteinase K (5 mg/ml) and then further incubated for 30 min at 37°C. Substrate 

DNA was purified from the reaction mixture by phenol-chloroform extraction and 

filtered through a Micro Bio-Spin® P-6 chromatography column (Bio-Rad) equilibriated 

with 10 mM Tris-HCl, pH 8.0. Samples were evaporated (Eppendorf Concentrator 

5301, 45°C, 1 h or to completion), then treated with Hindlll (20 units) or Haelll (10 

units) restriction endonuclease(s) (NEB) for 1 h at 37°C in buffers supplied by the 

manufacturer. An equal volume of Denaturing-PAGE Sample Loading Buffer [Section 

2.18.1] was added and incubated at 90°C for 2-5 min to denature the DNA. Products 

were separated by electrophoresis on a 10% (w/v) denaturing polyacrylamide gel 

[Section 2.19] containing 7M urea in IX TBE Buffer [Section 2.18.1] at 42W for the 

indicated time and then fixed in 10% (v/v) acetic acid for 10 min, before being vacuum- 

dried and exposed to storage phosphor screens. Images were scanned in a 

phosphorimager (Bio-rad) and bands were analysed using Quantity One software (Bio- 

Rad). 

2.15.2 Oligonucleotide substrates

Each 20 |Lil BER reaction mixture contained 300 finol of 32P-labelled DNA 

substrate [see Section 2.14], 20 uM of each of the indicated dNTPs (unless otherwise 

stated), IX BER Buffer [Section 2.18.1], 0.5X RWDB buffer [Section 2.18.1], 2 mM 

ATP, 250 uM NAD+ , 50 ng/ul BSA, 25 mM phosphocreatine (di-Tris salt, Sigma), 50 

ng/uJ creatine phosphokinase (type I, Sigma) and 20 ng/ul of carrier DNA (5'- 

AATAAGCTTGATCGGCCGGCCGCGGTATAT-3'). Reactions were initiated by the 

addition of WCEs [see Section 2.2] at the indicated concentrations and incubated for 20 

min at 37°C. BER reactions were stopped by adding an equal volume of denaturing- 

PAGE Sample Loading Buffer [Section 2.18.1], then incubated at 90°C for 2-5 min. 

Products were separated by electrophoresis in a 20% (w/v) denaturing polyacrylamide
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gel containing 7M urea in IX TBE at 42W for 2 h, then exposed to storage phosphor 

screens and analysed using a phosphorimager and Quantity One software (Bio-Rad).

2.16 RECONSTITUTED BER REACTIONS 

2.16.1 Oligonucleotide substrates

Each 10 p,l BER mixture was reconstituted with purified enzymes and comprised 

of 300 fmol of 32P-labelled oligonucleotide DNA substrate [see Section 2.14], 20 uM of 

each of the indicated dNTPs or ddNTPs (unless otherwise stated), IX BER Buffer 

[Section 2.18.1], IX RWDB Buffer [Section 2.18.1] and 0.1 ug/ul BSA. Reactions 

were initiated by the addition of recombinant human Pol p enzyme [see Section 2.1.3] at 

the indicated amounts and incubated for 20 min at 37°C. BER reactions were stopped 

by adding an equal volume of Denaturing-PAGE Sample Loading Buffer [Section 

2.18.1] then incubated at 90°C for 2-5 min. Products were separated by electrophoresis 

on a 20% (w/v) denaturing polyacrylamide gel [Section 2.19] containing 7M urea in IX 

TBE at 42W for 2 h, then exposed to storage phosphor screens and analysed using a 

phosphorimager and Quantity One software (Bio-Rad).

2.17 77V VITRO MUTAGENESIS ASSAY

2.17.1 Preparation of 1-nt gap containing M13 DNA substrate

Single-stranded M13mpl8 DNA (Accession number: M77815) was isolated 

from E. coli JM109 and purified according to Kunkel et al. (Kunkel et al. 1987). The 

5'-GCCTGCAGGTCGACT[U]TAGAGGATCCCCGGGTA-3' (33mer) 

oligonucleotide was used to construct a substrate containing a single uracil in closed- 

circular double-stranded M13mpl8 DNA, as previously described (Dianov et al. 1998; 

Zhang and Dianov 2005). Briefly, single-stranded M13mpl8 DNA was annealed with a
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10-fold molar excess of the above uracil-containing oligonucleotide. The annealed 

oligonucleotide was extended using dNTPs, ATP, T4 gene 32 protein (Roche), T4 DNA 

ligase (Roche) and T4 DNA polymerase (Roche). Any unincorporated primer or 

incompletely synthesised DNA molecules were separated using isopycnic caesium 

chloride/ethidium bromide gradient (p= 1.55 g/ml) centrifugation. Fractions containing 

closed-circular DNA molecules were pooled together; butanol extracted to remove 

ethidium bromide, then desalted and concentrated using a Centricon®-10 filters 

(Millipore). Finally, the DNA substrate was washed from filters using 150 ul of TE and 

the concentration was estimated against DNA standards prior to aliquoting and storing 

at-80°C.

The 1-nt gap containing substrate was freshly prepared on the day of the 

experiment by incubating 200 ng of uracil-containing substrate with 30 ng human UDG 

at 37°C, for 20 min in IX BER Buffer [Section 2.18.1]. 100 ng of human APE1 and 50 

ng of human Pol (3 were added and the reaction was further incubated at 37°C for 20 

min. The 1-nt gap substrate was purified from the reaction mixture by phenol- 

chloroform extraction before passing through a Micro Bio-Spin® P-6 chromatography 

column (Bio-Rad) pre-equilibirated with 10 mM Tris-HCl, pH 8.0. The sample was 

divided equally into 2 tubes (one for each extract used) and evaporated using Eppendorf 

Vacufuge Concentrator 5301, at 45°C for 1 h or until completion before resuspending in 

the desired volume of water. 

2.17.2 BER reaction supplemented with Pol p

The BER reactions were carried out in a 50 ul reaction mixture containing 100 

ng of 1-nt gap DNA substrate, 20 uM each of the dNTPs, IX BER Buffer [Section 

2.18.1], 0.5X RWDB buffer [Section 2.18.1], 2 mM ATP, 200 uM NAD+, 0.4 mg/ml 

BSA, 25 mM phosphocreatine (di-Tris salt, Sigma) and 2.5 ug creatine phosphokinase
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(type I, Sigma). Reactions were initiated by the addition of 100 ug WCE, or WCE 

extract supplemented with 40 ng Pol p, then incubated at 37°C for 30 min and stopped 

by the addition of 2 ul of 0.5 M EDTA, 2 ul of 10% (w/v) SDS and 2ul of proteinase K 

(5 mg/ml). After incubation for a further 30 min at 37°C, the substrate DNA was 

purified from the reaction mixture by phenol-chloroform extraction and filtered through 

a Micro Bio-Spin® P-6 chromatography column (Bio-Rad) pre-equilibrated with 10 mM 

Tris-HCl, pH 8.0. Each sample was divided equally between two tubes. To select 

'mutant DNA', in vitro repaired DNA was treated overnight at 37°C with or without 

40-60 units of Xbal restriction endonuclease and used for bacterial cell transformation. 

The reaction products were analysed by agarose gel electrophoresis. 

2.17.3 Measuring mutation frequency

An equal amount (1 ng) of restriction endonuclease digested or undigested in 

vitro repaired DNA was introduced into E. coli XL-1 Blue by the calcium chloride 

method (Sambrook 1989). The transformed cells were diluted in SOB medium [Section 

2.18.1] and were plated on LB agar [Section 2.18.1] containing 0.2 mM of IPTG and 40 

ug/ml of X-gal, then incubated at 37°C for 16 h. After scoring the plaques as either 

colourless or blue, the mutation frequency was calculated as the ratio of the number of 

colourless plaques obtained from digested DNA, to the total number of plaques obtained 

from undigested DNA. Colourless plaques were picked, transferred into 1 ml of LB 

[Section 2.18.1] and were stored at 4°C overnight. The extracted phages were diluted in 

LB media and titrated against E. coli XL-1 Blue on LB agar plates containing IPTG and 

Xbal. An individual colourless plaque after secondary screening was used to isolate 

phage DNA for nucleotide sequence analysis.

54



Materials & Methods

2.17.4 Determination of mutation spectrum

Colourless plaques obtained from the secondary screening were used to isolate 

M13mpl8 derived single-stranded DNA according to the manufacturer's protocol 

(QIAprep Spin M13 Kit, Qiagen) [see Section 2.7.1]. The DNA sequence was 

determined on an ABI 3100 Genetic Analyser with sequencing primers M13mpl8-100 

or M13mp 18-200 using an ABI PRISM BigDye Terminator (v3.1) Cycle Sequencing 

Kit (Applied Biosystems).

2.18 SOLUTIONS AND MEDIA 

2.18.1 General Solutions

Annealing Buffer (10X):

500 mM Tris-HCl, pH 8.0, 200 mM KC1, 70 mM MgCl2 , ImM EOT A. 

BER Buffer (20X):

0.8 M HEPES-KOH, pH 7.8, 100 mM MgCl2 ,2 mM EDTA, 10 mM DTT. 

Buffer I (for WCEpreparation):

10 mM Tris-HCl, pH 7.8, 200 mM KC1, 1 ug/ml leupeptin, 1 ug/ml

chemostatin, 1 ng/ml pepstatin, 4 ug/ml phenyl methyl sulfonyl fluoride

(PMSF). 

Buffer II (for WCE preparation):

10 mM Tris-HCl, pH 7.8, 600 mM KC1, 2 mM EDTA, 40% (v/v) glycerol,

0.2% (v/v) Nonidet P-40. 

Denaturing-PAGE sample loading buffer:

95% (v/v) formamide, 20 mM EDTA, 0.02% (w/v) bromophenol blue,

0.02% (w/v) xylene cyanol. 

DNA Lysis Buffer:
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10 mM Tris-HCl, pH 8.0, 5 mM EDTA, 0.2% (w/v) SDS. 

Native-PAGE Sample Loading Buffer (5X):

30% (v/v) glycerol, 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol. 

NorthernMax® High Stringency Wash Solution (Ambion):

Equivalent to 0.1 X SSC or SSPE, but with additional reagents. 

NorthernMax® Low Stringency Wash Solution (Ambion):

Equivalent to 2X SSC or SSPE, but with additional reagents. 

NorthernMax®-Gly Gel Prep/Running Buffer (IX) (Ambion):

25 mM Tris-HCl, pH 8.3, 192 mM glycine, 0.1% (w/v) SDS. 

NorthernMax®-Gly Sample Loading Dye (Ambion):

Glyoxal-based sample load dye containing bromophenol blue and 10 ug/ml

ethidium bromide. 

Odyssey® Blocking Buffer (LI-COR® Biosciences):

PBS buffer containing 0.01% (w/v) sodium azide. 

PCR Reaction Buffer (10X)(Thermoprime Plus DNA pol, Abgene):

750 mM Tris-HCl, pH8.8, 200 mM (NH4)2SO4,0.1% (v/v) Tween 20®. 

Phosphate-buffered Saline (PBS):

0.1 M phosphate buffer, pH 7.4, 0.15 M NaCl. 

RTBuffer (IOX) (cDNA kit, Invitrogen):

200 mM Tris-HCl, pH 8.4, 500 mM KC1. 

RWDB Buffer (IX):

25 mM HEPES-KOH, pH 7.8, 100 mM KC1, 12 mM MgCl2 , 1 mM EDTA,

2 mM DTT, 17% (v/v) glycerol. 

SDS-PAGE Running Buffer (IX) (IX TGS, Bio-rad):

25 mM Tris-HCl, pH 8.3, 192 mM glycine, 0.1% (w/v) SDS.
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SDS-PAGE Sample Loading Buffer (2X):

50 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 2 mM EDTA, 10% (v/v) glycerol,

5% (w/v) (3-mercaptoethanol, 0.02% (w/v) bromophenol blue. 

SDS-PAGE Transfer Buffer (IX) (IX TG(Bio-Rad) plus methanol):

25 mM Tris-HCl, pH 8.3, 192 mM glycine, 20% (v/v) methanol (VWR

International Ltd, Poole, UK). 

T4 DNA Polymerase Buffer (IX) (Roche):

50 mM Tris-HCl, pH 8.8, 15 mM (NH4)SO4 , 7 mM MgCl2 , 100 uM EDTA,

10 mM 2-mercaptoethanol, 20 ug/ml bovine serum albumin (BSA). 

T4 PNK Reaction Buffer (IX) (NEB):

70 mM Tris-HCl, pH 7.6, 10 mM MgCl2,5 mM dithiothreitol (DTT). 

TAE Buffer (IX):

40 mM Tris-HCl, pH 8.0, 20 mM acetic acid, 1 mM EDTA. 

TBE Buffer (IX):

89 mM Tris-HCl, pH 8.0, 89 mM boric acid, 2 mM EDTA. 

TBS Buffer (IX):

20 mM Tris-HCl, pH 7.4, 0.5 M NaCl. 

Tris-EDTA buffer (TE):

10 mM Tris-HCl, pH 8.0, 1 mM EDTA. 

2.18.2 Media 

LB Agar (per Litre):

15 g of Bacto-agar per 1 L of LB medium. Autoclave. 

LB Medium (per Litre), pH 7.0:

10 g Bacto-tryptone, 5 g bacto-yeast extract, 10 g NaCl.

Autoclave.
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SOB Medium (per Litre), pH 7.0

20 g Bacto-tryptone, 5 g bacto-yeast extract, 0.5 g NaCl, 2.5 mM KCI. 

Autoclave, then add 10 mM

2.19 POLYACRYLAMIDE GEL RECIPES

10% (w/v) Denaturing polyacrylamide gel containing IX TBE:

1 M Urea, 10% (w/v) acrylamide:bis-acrylamide (19:1), IX TBE, pH 8.0,

0.07% (w/v) ammonium persulfate (APS), 0.035% (v/v) N,N,N',N'-

Tetramethylethylenediamine (TEMED). 

72% (w/v) Native polyacrylamide gel containing 0.5X TBE:

12% (w/v) Acrylamide:bis-acrylamide (19:1), 0.5X TBE, 0.07% (w/v) APS,

0.035% (v/v) TEMED. 

7 0% 120% (w/v) Native polyacrylamide gel containing IX TBE:

10 / 20% (w/v) Acrylamide:bis-acrylamide (19:1), IX TBE, 0.07% (w/v) APS,

0.035% (v/v) TEMED.
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Results

CHARACTERISATION OF POL

OVEREXPRESSING CELL LINE (Ha)
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3.1 INTRODUCTION

The patient lymphoblastoid cell line Ha [see Section 2.1.4], was initially 

selected for further analysis based on its two-fold increased sensitivity to ionising 

radiation (personal communication with Prof. I. Hickson) and was compared to a 

control, wild-type lymphoblastoid cell line Wt [see Section 2.1.4]. Preliminary 

investigations demonstrated that the Ha cells did respond differently to ionising 

radiation [Appendix A], and cells were indeed abnormal. A higher basal level of DNA 

damage was observed in Ha cells [Appendix B, Dr I. Dianova], and solid metaphase 

staining demonstrated aneuploidy in Ha cells, where Ha cells are tetraploid and Wt cells 

are diploid [Appendix C]. Initial biochemical characterisation of the two cell lines 

confirmed that the Wt cells were comparable to other known wild-type cells (AG09387) 

when repairing an 8-oxoguanine (8-oxoG) lesion [Appendix D, Dr S. Allinson], 

whereas the Ha cells were less efficient in repair [Appendix D, Dr S. Allinson]. 

Interestingly, preliminary data suggested that the BER protein, Pol (3, was also 

overexpressed in Ha cells [Appendix E, Dr I. Dianova].

Ionising radiation can react directly with DNA causing strand breaks, or 

indirectly with oxygen molecules to generate reactive oxygen species (ROS), which 

consequently damage DNA by causing mutagenic and cytotoxic base damages (Ward 

1988). Simple base damages are efficiently removed and repaired by the BER pathway 

(Friedberg 1995), which is a well co-ordinated series of enzymatic reactions, where it 

has been proposed that the lesion or substrate passes from one enzyme to the next 

enzyme in a sequential manner (Wilson and Kunkel 2000). Any imbalance of BER 

proteins will disturb the equilibrium of the pathway and may consequently affect the 

repair efficiency and capacity (Allinson et al. 2004). Pol p is the major DNA 

polymerase involved in BER, and the ability of Pol p to remove the dRP group
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generated by AP endonuclease incision via its dRP lyase domain is recognised as the 

rate-limiting step in BER (Srivastava et al. 1998). The key step controlling HER 

fidelity is the polymerisation step, which depends on the ability of the polymerase to 

correctly insert the new nucleotide and continue DNA synthesis from it [reviewed by 

(Kunkel and Bebenek 2000)].

Pol (3 has been found to be overexpressed in about 30% of cancers, ranging from 

breast, prostate, ovarian, gastric, colorectal, bladder, lung, oesophageal, melanoma and 

stomach (Srivastava et al. 1999; Bergoglio et al. 2001; Albertella et al. 2005; Tan et al. 

2005). Overexpression has been observed using both mRNA and protein microarrays 

where matched normal and tumour samples were compared (Albertella et al. 2005). 

Proteins are translated from mRNA, so protein overexpression is likely to be coupled to 

mRNA transcript overexpression. If however, mRNA levels are not elevated then 

protein overexpression could be attributed to higher rates of protein translation from the 

mRNA transcript or due to decreased protein degradation at the post-translational level.

The aim of the work presented in this chapter was to characterise the Pol (3 

overexpressing Ha cells by confirming Pol (3 overexpression and then trying to elucidate 

the mechanism behind this phenomenon. The nature of the Pol |3 mRNA transcript in 

Ha cells was further assessed and Pol p protein stability was examined.

3.2 RESULTS

3.2.1 Characterisation of BER protein levels in Ha and Wt WCE

Preliminary Western blotting data at the start of this project suggested that Pol 

protein was about 6-fold overexpressed in Ha cells compared to Wt control [Appendix 

E, Dr I. Dianova]. To confirm and expand upon this initial data, Western blot analysis 

using the Odyssey® infrared imaging system was further used to determine the levels of
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various BER proteins in Ha whole cell extracts (WCE) compared to Wt that may 

suggest whether the highly coordinated BER pathway is disturbed in Ha cells. A 

sample of WCE (10 ug) was loaded in each lane and BER protein levels were 

normalised against (3-actin as a loading control [Fig. 3. IF]. Similar levels of APE 1 [Fig. 

3.1A], XRCCl [Fig. 3.1C] and PCNA [Fig. 3.ID] protein were observed in both the Ha 

and Wt WCE, although the levels of Pol |3 [Fig. 3.IB] protein in Ha WCE was 

determined as 5-fold elevated compared to Wt WCE. This result is comparable to the 

6-fold Pol (3 overexpression observed using the ECL™ detection system (Amerhsam) 

[Appendix E, Dr I. Dianova]. This slight difference may be explained by variations 

during the multiple steps involved before quantification, such as; substrate reaction, 

exposure to film, length of exposure, background and the scanning step.

XRCCl is found in a stable complex with DNA ligase III (Caldecott et al. 1994) 

and it is known that cells lacking XRCCl have reduced levels of DNA ligase III 

(Caldecott et al. 1995). Thus XRCCl serves as a stability factor for DNA ligase III and 

subsequently the levels of XRCCl also reflects the levels of DNA ligase III in cells. 

However, as XRCCl levels between the Ha and Wt cells are equivalent, it may be 

presumed that DNA ligase III levels are also equivalent. Interestingly, PARP-1 [Fig. 

3.IE] expression in Ha WCE showed more 85 kDa caspase cleavage fragments, which 

is a hallmark of apoptosis (Kaufmann et al. 1993; Affar et al. 2001). These results give 

an early indication that BER may be perturbed due to a misbalance of BER enzymes.
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Wt Ha

A. APEl

B. Polp

C. XRCCl

D. PCNA

E. PARP-l

Cleavage product 
(85 kDa)

F. p-actin

Figure 3.1 Western blot analysis of BER proteins in Ha and Wt WCE. 10 p,g of
WCE was separated by 10% (w/v) SDS-PAGE, transferred onto a PVDF membrane and 
immunoblotted with the indicated antibodies using the Odyssey® immunofluorescence 
method [see Section 2.8.1]. (A) anti-APEl, 34 kDa band. (B) anti-Pol p, 39 kDa band. 
(C) anti-XRCCl, 69 kDa band. (D) anti-PCNA, 29 kDa band. (E) anti-PARP-1, 113 
kDa band. (F) anti-p-actin, 42 kDa band. Each experiment was repeated 3 times and 
representative blots are shown.
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3.2.2 Increased Pol P mRNA levels in Ha cells

Proteins are translated from messenger RNA (mRNA) transcripts within the 

ribosomes by transfer RNA (tRNA) molecules, therefore an increased protein level of 

Pol (3 observed in Ha cells may be due to increased mRNA levels which can translate 

into increased amounts of protein. Various methods have been successfully used to 

determine levels of mRNA transcripts. Even though highly-sensitive, high-throughput 

real-time PCR based methods have been developed, the more traditional Northern 

blotting method is still commonly used for gene quantitation because it provides a direct 

relative comparison of mRNA abundance between samples on a single membrane. 

Information about transcript size and alternatively spliced transcripts can also be 

determined, however, high quality RNA samples are essential.

A two-step, SYBR® Green I based real-time quantitative PCR method was used 

to confirm mRNA levels in Ha and Wt, where the reverse-transcription reaction is 

separate from the real-time PCR step. SYBR® Green I dye emits fluorescence when 

bound to double-stranded DNA and specific amplicon detection is monitored by 

measuring the increase in fluorescence throughout each PCR cycle (excitation and 

emission maxima: 494 nm and 521 nm, respectively) [Appendix Fi]. DNA binding by 

SYBR® Green I is non-specific, so care was taken to design specific primers [see 

Section 2.10] yielding a specific PCR product, which could be verified using a 

dissociation curve analysis [Appendix Fii]. During PCR amplification a point is 

reached in which a sufficient number of amplicons have accumulated above the 

background, and the cycle number at which the fluorescence generated within a reaction 

crosses the threshold is termed the threshold cycle (Ct). The Ct value is a useful 

indicator and can be inversely correlated to the logarithm of the initial copy number. 

PCR conditions were optimised [see Section 2.10.1], initially by independently varying
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forward and reverse primer concentrations to find the optimal primer concentrations for 

each gene of interest. The best primer concentrations yielding the lowest Ct . values for 

Pol p were 300 nM forward and 900 nM reverse primer [Fig. 3.2Ai], and for p-actin 

endogenous control, 300 nM forward and 300 nM reverse primer [Fig. 3.2Aii]. 

Secondly, a suitable amount of cDNA template within the linear range (0.1-1 jil) of 

PCR amplification was used for the qPCR reactions. cDNA (50 ng/ul) was synthesised 

from 1 ug of total RNA in a 20 ul reaction, and the assumption was made that the 

reverse transcriptase amplification efficiency for Ha and Wt sample was equivalent. A 

standard curve method for relative quantification of gene expression levels was used. 

The quantity of Pol p for each experimental sample; Ha and Wt, was first determined 

using a standard curve, log input vs. Ct [Fig. 3.2Bi], and then expressed relative to a 

single calibrator sample, in this case, Wt, which was designated as 1-fold (Livak 1997). 

The same cDNA was used to find the relative amounts of p-actin for each sample, Ha 

and Wt, using a standard curve [Fig. 3.2Bii], and Pol P samples were normalised against 

P-actin housekeeping gene. Ha was found to be 1.4-fold overexpressed compared to 

Wt, after normalisation against p-actin.
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i. 11.
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Pol beta R (nM)
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beta-actin R (nM)
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log [Pol beta]
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11.
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Figure 3.2 Real-time quantitative PCR primer concentration and template 
optimisation. (A) Primer concentration optimisation for (i) Pol p and (ii) p-actin. F; 
forward primer, R; reverse primer, A; optimal primer concentration. (B) Standard 
curve plots: log of input vs. Ct value for (i) Pol p and (ii) p-actin.
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Northern blotting allows the RNA sample to be monitored at each experimental 

step. Messenger RNA makes up about 1-5% of total RNA, so samples are hard to 

visualise when separated on an agarose gel and stained with ethidium bromide [Fig. 

3.3A], however, it is important to visualise the RNA size ladder in order to calculate the 

migration distances of RNA. Messenger RNA samples were enriched from total RNA 

to allow the detection of rare transcripts. Riboprobes were designed specifically for Pol 

(3 mRNA (based on Genbank sequence NM_002690), and hybridised to Northern 

membranes [Fig. 3.3B]. The Pol (3 transcript is 1.25 kb in size, and a corresponding 

band of this size was observed. A 5 kb band was also observed, which coincides with 

the size of 28S ribosomal RNA. Ribosomal RNAs should have been removed with the 

GenElute™ kit (Sigma) and indeed no rRNA was visible on the agarose gel [Fig. 3.3A], 

however, some residual rRNA must have been present in the mRNA sample. This band 

could be completely eliminated by making hybridisation conditions more stringent, 

either by increasing temperature or using lower salt concentration washes. An 

increasing amount of Wt mRNA was loaded in lanes 1 to 3 [Fig 3.3], and a linear signal 

intensity was observed. Equivalent amounts of Ha and Wt mRNA were loaded in lanes 

3 and 4 respectively, and the Pol (3 signal observed in the Ha lane was significantly 

stronger compared to the Wt [Fig 3.3B]. However, a loading control was needed, 

before quantification could be done. Pol p [Fig. 3.3Cii] and |3-actin [Fig. 3.3Ciii] X-ray 

film images were captured using the Bio-Rad GS-710 imaging densitometer and then 

mRNA levels were quantified using the Quantity One® image analysis software (Bio- 

Rad). After normalisation of results against (3-actin housekeeping gene, Pol p was 

found to be 1.4-fold overexpressed at the mRNA level in Ha cells compared to Wt [Fig. 

3.3Ci], which matched exactly with the qPCR result.

67



Results - Chapter III

kb

A. B.
Wt Ha Wt Ha

M 1 2 3 4 M 1 2 3 4

0.25—*

^^^ ^Hp

28S 
(5kb)

Polp 
(1.25kb)
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c. Wt Ha
~4~
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P-actin 
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Pol beta beta-adin

Figure 3.3 Northern blot analysis of Pol p mRNA levels in Ha and Wt cells. 50,
100, 200 ng of Wt mRNA was loaded in lanes 1, 2 and 3 respectively. 200 ng of Ha 
mRNA was loaded in lane 4. M; RNA ladder (NEB). (A) mRNA was separated on a 
1% (w/v) agarose gel. RNA ladder is shown. (B) mRNA was transferred onto a nylon 
filter and probed with Pol f> riboprobe. (C) (i) Graphical representation of Pol p mRNA 
expression, normalised against p-actin. (ii) Expression of sense Pol p transcripts in Ha 
and Wt mRNA. (iii) Filters were stripped and re-probed with p-actin to establish 
mRNA loading levels and confirm mRNA integrity.
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3.2.3 Pol p c/s-acting promoter and mRNA coding sequences

Protein expression levels can be regulated by the quality and quantity of mRNA 

transcripts, and also by the amount of protein translation. Northern blotting [Fig. 3.3] 

and real-time qPCR [Fig. 3.2] showed a 1.4-fold greater expression of Pol (3 mRNA and 

Western blotting demonstrated a 5 to 6-fold greater expression of Pol f> protein in Ha 

cells compared to the Wt control cells [see Fig. 3.IB].

Ha and Wt cells DNA were prepared for sequencing using the dideoxy-mediated 

chain terminating method with fluorescent labels. Sequencing data were displayed in 

chromatograms where each DNA base was represented by a specifically coloured peak 

(A = green, C = blue, G = black, T = red). From each chromatogram, the section of 

good quality sequencing data of at least 200 bases was selected and aligned using 

BLAST 2 Sequences program (http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi) 

against the Pol |3 mRNA (NM_002690) or the Pol p promoter (J04201) sequences in 

Genbank. The anti-sense sequences obtained using the reverse primers (R and r) were 

converted to the sense strand prior to alignment, using BCM Search Launcher Sequence 

Utilities; Reverse Complement program (http://searchlauncher.bcm.tmc.edu/seq- 

util/seq-util.hrml).

To compare the Ha and Wt mRNA gene transcripts, first-strand cDNA was 

synthesised from total RNA, before being amplified using the polymerase chain 

reaction and sequenced using a capillary genetic analyser. Forward primers a, b, and c, 

and the reverse primer r were used for sequencing [Table 2.1, Fig. 3.4A]. The 

specificity of sequencing primers a, b, and c were tested to see if the expected size PCR 

products were produced when the forward primers were paired with the reverse primer r 

[Fig. 3.4A]. The ar (1146 bp), br (715 bp) and cr (357 bp) PCR bands correlated well 

with the expected band sizes [Fig. 3.4C]. A complete sequence of the Pol p mRNA was
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obtained for both Ha and Wt, using the overlapping sequences produced by each primer 

a, b, c and r [see Fig. 3.4A]. Both the Ha and Wt showed 100% sequence identity 

against the published Pol (3 mRNA (Genbank sequence: Homo sapiens polymerase 

(DNA directed), beta (POLB), mRNA (NM_002690)) (SenGupta et al. 1986). 

Therefore, the Ha and Wt mRNA transcripts are normal at the nucleotide level.

To compare the promoter region of Ha and Wt samples, genomic DNA was 

isolated from cells using a phenol-chloroform extraction method, before amplification 

using PCR and sequencing with forward primers A, B, C and D and the reverse primer 

R [Table 2.1, Fig. 3.4A]. Sequencing primers were designed against the Human Pol p 

gene, exons 1 and 2 (J04201). Specificities of sequencing primers were verified by 

PCR product sizes and indeed, primer pairs AR (1344 bp), BR (962 bp), CR (705 bp) 

and DR (310 bp) did produce bands of the expected sizes [Fig. 3.4B]. A complete Pol p 

promoter sequence for both the wild-type control (Wt) and Pol p overexpressor (Ha) 

was obtained from the overlapping sequences produced by each primer A, B, C, D and 

R [see Fig. 3.4A].

Alignments between the Ha and Wt sequence showed 100% homology, so no 

differences were found between the Ha and Wt Pol (3 promoter region at the nucleotide 

level. However, both Ha and Wt only showed 99% sequence similarity when compared 

to the database Pol f> promoter region (Genbank sequence: Human beta-polymerase 

gene, exons 1 and 2, (J04201)) (Widen et al. 1988). An additional guanine residue was 

found in both Ha and Wt sequences situated between bases -34 and -35 downstream to 

the Pol |3 transcription start site, and is flanked by a region of dyad symmetry 

(ATF/CRE) and the third high affinity Spl binding domain [Fig. 3.5A]. This result 

represents a variation to the first published sequence of the Pol P promoter region 

(J04201) by Widen and colleagues in 1988 (Widen et al. 1988). The sequenced Pol
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promoter region was submitted to the nucleotide-nucleotide BLAST (blastn) program 

(http://www.ncbi.nlm.nih.gov/blast/) to search for other homologues in the public 

genome databases. A full length Pol P gene sequence from the National Institute of 

Environmental and Health Sciences (NIEHS) Environmental Genome Project was 

identified (Genbank sequence: Homo sapiens DNA polymerase beta (POLE) gene, 

complete cds. (AF491812)) (NIEHS-SNPs, Environmental Genome Project, NIEHS 

ESI 5478, Department of Genome Sciences, Seattle, WA 

(http://egp.gs.washington.edu). This Pol (3 sequence also shows the same additional 

guanine that I observed in both Ha and Wt samples, therefore indicating that the original 

Human beta-polymerase gene, exons 1 and 2 (J04201) sequence was incorrect.
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A. C D R

11=54 1172 1866 
•a-* b—* c

mRNA
1 114

B.

Pol p promoter
(J04201)

M AR BR CR DR

lOOObp 

500 bp.

Expected 
product size

C.

lOOObp- 

500 bp.

1121 1259

Pol p mRNA
(NM_002690)

M ar br cr Primer pair

1344 962 705 310 bp 1146 715 357 bp

Figure 3.4 A schematic representation of the overlapping human DNA Pol 
promoter (J04201) and Pol p mRNA (NM 002690) Genbank sequences illustrating 
sequencing primers. (A) Pol p promoter contains three high affinity Spl transcription 
factor binding domains (yellow boxes) and one decanucleotide region with perfect dyad 
symmetry (red box). Base +1 of the Pol p mRNA corresponds to base +1154 on the Pol 
P promoter sequence. Positioning of PCR/sequencing primers along each template are 
shown. (B) Validity of Pol p promoter sequencing primers were confirmed based on the 
expected size of PCR products for each illustrated primer pairs [Fig. 3.4A]. (C) 
Validity of Pol p mRNA sequencing primers were confirmed based on the expected size 
of PCR products for each illustrated primer pairs [Fig. 3.4A]. PCR products were 
analysed on a 1% (w/v) agarose gel and visualised under UV by ethidium bromide 
staining. M; 1 kb DNA ladder (Promega). The full-length PCR products AR (Pol p 
promoter) and ar (Pol P mRNA) were used as templates for sequencing reactions. See 
Table 2.1 for primer details and cycling conditions.
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3.2.4 CREB transcription initiation/levels

So far, I have deduced that the Ha mRNA transcript is normal but more 

abundant which may partially explain the increase in Pol p protein levels. In 

eukaryotes, gene expression is regulated through c/s-elements in promoters and their 

cognate DNA-binding elements. The human Pol p core promoter [Fig. 3.5A] comprises 

of approximately 100 bp 5'-upstream of the transcription start site. In addition to the 

three Spl boxes and ATF/CRE sequence located -48 to -41 bp upstream of the 

transcription start site, there is also an Inr (initiator) element that binds TFII-I, a RNA 

polymerase II accessory protein. The ATF/CRE element is recognised by ATF/CREB 

family members that includes CREB1, ATF-al, ATF-1 and ATF-2. Wilson and 

colleagues previously demonstrated that phosphorylated CREB-1 stimulates the Pol p 

promoter by recruiting more pre-initiation complex at the promoter and by stimulation 

of promoter clearance after open complex formation (Narayan et al. 1996).

Therefore, the levels of CREB-1 (inactive) and phosphorylated CREB-1 

(pCREB-1) (active) were investigated in Ha and Wt cells in order to elucidate whether 

the increase in Pol P transcription in Ha cells is mediated through pCREB-1 activation 

of the CRE element. 10 ug of WCE was separated on SDS-PAGE and immunoblotted 

with either CREB-1 or pCREB-1 antibodies (Abeam) [Fig. 3.6A]. The CREB 

antibodies are mutually exclusive, so CREB-1 antibodies do not detect pCREB-1 and 

vice versa. Bands were also normalised against a p-actin loading control. Interestingly, 

approximately 2-fold more CREB-1 and pCREB-1 protein was observed in Wt WCE 

compared to Ha [Fig. 3.6B], possibly indicating more CRE activation in Wt cells. 

However, the proportion of pCREB-1 to total CREB-1 is equivalent between the Wt 

and WCE [Fig. 3.6C].
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Figure 3.6 Western blot analysis of CREB transcription factor levels in Ha and Wt 
cells. 10 ug of WCE was separated on SDS-PAGE, transferred onto a PVDF membrane 
and immunoblotted with the indicated antibodies. Experiment was performed in 
duplicate (A) Western blot with indicated antibodies, anti-CREB, 43 kDa, anti-pCREB, 
43 kDa, anti-p-actin, 29 kDa. (B) Relative fold-induction normalised against p-actin. 
(C) Average expression levels based on arbitrary intensity values, and standard 
deviations. Each experiment was repeated 3 times and representative blots are shown.
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3.2.5 Pol p protein stability

Levels of Pol (3 protein were approximately 5 to 6-fold higher in Ha versus Wt 

cells but only a 1.4-fold difference in mRNA was observed, this discrepancy could 

indicate that Pol p protein turnover is perturbed. This implies that either more Pol £> 

protein is being translated in Ha cells, or Pol (3 protein is being degraded less in Ha, thus 

resulting in an overall higher Pol p protein level. Northern blotting data and sequencing 

data did not indicate any differences between the Ha and Wt mRNA transcripts in terms 

of sequence, size, or splice variants. Translation of proteins is controlled by the 

ribosomes, so it is more likely that post-translational differences may occur between Ha 

and Wt cells. We looked at Pol p protein stability by treating cells with cycloheximide, 

a protein synthesis inhibitor. Cycloheximide is diluted in DMSO, and so a DMSO 

diluent control [Fig. 3.7, Lanes 7 and 14] was also incorporated to ensure that it had no 

effect on cells. Cells were treated with cycloheximide for up to 24 h, after each time 

point WCEs were generated [see section 2.11] and equivalent amounts of WCE protein 

(20 ug) were analysed by SDS-PAGE and immunoblotting. IicBa was used as a 

positive control to test that cycloheximide treatment of cells was effective as it has an 

estimated half-life of around 1-2 h (Rice and Ernst 1993). It is noteworthy that 

significantly more Pol p was observed in Ha cells compared to Wt [Fig. 3.7A, Lanes 7 

and 14], correlating well with previous Western blotting data [Fig. 3.1], although 

equivalent amounts of IicBa were observed between Ha and Wt cells, serving as a 

loading control [Fig. 3.7B, Lanes 7 and 14]. Pol P protein was stable even after 24 h in 

both Ha and Wt cells [Fig. 3.7A], whereas degradation of IicBa was clearly observed 

within 1-2 h [Fig. 3.7B]. The half-life of IicBa was estimated to be between 2-4 h and 

1-2 h for Ha and Wt respectively [Fig. 3.7B].
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Figure 3.7 Analysis of Pol p protein stability following cycloheximide treatment.
Ha and Wt cells were treated with 50 |ig/ml cycloheximide for the indicated times and 
harvested. 20 jig of WCE was separated on SDS-PAGE, transferred onto a PVDF 
membrane and immunoblotted with the indicated antibodies. (A) anti-Pol p, 39 kDa 
band. (B) anti-IicBa, 37 kDa band. C; DMSO only control, M; Protein marker (Bio- 
rad). (Note, the 0 h time-point represents a sample that has not been treated with 
cycloheximide). Each experiment was repeated 3 times and representative blots are 
shown.
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3.3 CONCLUSIONS

In this chapter, I have confirmed that Pol p protein is overexpressed in Ha cells 

compared to Wt, and tried to elucidate the mechanisms governing this by investigating 

Pol P mRNA levels and transcriptional control. I found the Pol p promoter and mRNA 

gene sequence in Ha cells to be normal and I also characterised Pol p protein stability. 

Western blot analysis showed that Pol p protein was 5 to 6-fold overexpressed in Ha 

cells compared to Wt. Northern blotting and a SYBR® Green I based real-time qPCR 

method confirmed that Pol p mRNA was also slightly overexpressed in Ha cells. Thus, 

it can be concluded that Pol p protein overexpression may partially be explained by Pol 

mRNA overexpression.

Interestingly, Pol P mRNA was only 1.4-fold overexpressed in Ha cells, this 

equates to ~4-fold more Pol P protein than mRNA overexpression in Ha cells. All 

results were normalised against the p-actin housekeeping gene. Although technological 

advances have allowed increasingly accurate analyses of mRNA and protein expression 

levels, it is still difficult to correlate protein abundance with mRNA levels in a cell. 

These quantification methods may still have significant error noise in both the protein 

and mRNA experiments. There are a multitude of complex post-transcriptional 

mechanisms involved in converting mRNA into protein, which are still not fully 

understood. Protein turnover also needs to be considered, rates of degradation or 

synthesis govern a protein's half-life in vivo and these factors may be altered under 

different cellular conditions to vary overall protein expression levels.

In this study, a fairly crude Western blot method was used to measure protein 

levels. However, mRNA abundance was quantified using two different methods; real- 

time qPCR and Northern blotting. Real-time qPCR is a highly sensitive technique 

whereas Northern blotting technique is comparable to Western blotting in terms of
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'crudeness'. Regardless, both methods of mRNA level detection gave the same result 

(1.4-fold Pol p overexpression in Ha).

I checked the integrity of the Pol p mRNA gene transcript. No variations were 

found between Ha and Wt by sequencing and Northern blot analysis also showed 

mRNA transcripts to be of the same size. Ha and Wt Pol p proteins were also the same 

size as demonstrated by Western blot analysis, so splice variants were ruled out. The 

mRNA transcripts were thus determined to be normal.

To elucidate why more mRNA is expressed in Ha cells, we investigated the 

possible regulation of the Pol p promoter. Firstly the as-acting promoter was 

sequenced, and again no variations were found between Ha and Wt cells. An additional 

guanine residue was observed between bases -34 and -35 from the transcription start site 

of Ha and Wt Pol p sequences when compared to the DNA promoter sequence 

(Genbank, J04201) (Widen et al. 1988). However, comparison with a more recent 

complete Pol p sequence (Genbank, AF491812) showed the guanine to be normal and 

part of the Pol P sequence.

The Pol p promoter contains an 8 bp palindromic CRE sequence, which 

members of the ATF/CREB family of proteins can bind to, for example, CREB-1, ATF- 

al, ATF-1 and ATF-2 [reviewed by (Roesler et al. 1998)]. The exact mechanism of Pol 

p promoter activation is still not fully understood. Several studies have suggested that 

Pol p expression is upregulated by phosphorylated CREB-1 (pCREB-1) acting on the 

CRE element, where CREB-1 is phosphorylated at serine 133 by cellular protein kinase 

A activity (Sheng et al. 1991; Wang et al. 2001). And so, we investigated levels of 

CREB-1 and pCREB-1, and found a lower total amount of CREB-1 in Ha, compared to 

Wt, but the proportion of pCREB-1 to CREB-1 in Ha and Wt cells were equivalent. 

Nevertheless, this result indicates a lower amount of pCREB-1 in Ha cells, so in order
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for mRNA to be overexpressed in Ha cells, there must be other mechanisms involved in 

Pol p transcription. Indeed, recently TEIF (telomerase elongation initiation factor) has 

been found to activate the Pol p promoter at the GC-rich Sp-1 elements (Zhao et al. 

2005), and ATF-a and ATF-2 variants have been implicated as negative regulators of 

the Pol P promoter (Pescini et al. 1994; Chyan et al. 2003).

Another interesting finding was that there was ~4-fold more protein 

overexpressed compared to mRNA overexpressed. This discrepancy between levels of 

mRNA and protein expression could be attributed to protein turnover. Rates of 

degradation or synthesis govern a protein's half-life in vivo. More protein translation 

and less protein degradation, leads to an overall abundance of protein. I had already 

confirmed that the mRNA gene transcript in Ha cells was normal, so therefore the 

protein should be normal too. Proteins are translated using ribosomes and translation 

machinery. I investigated the stability of Pol p protein using a protein synthesis 

inhibitor, cycloheximide, and found Pol (3 protein was still stable after 24 h.

To summarise, Ha lymphoblastoid cell line overexpresses Pol (3 protein and this 

is likely in part to be a consequence of Pol (3 mRNA overexpression in Ha cells 

compared to Wt. Overexpression of mRNA in Ha cells is likely to be a result of altered 

Pol p promoter activation. Indeed, analysis of one activator (CREB-1) did produce a 

variation in protein levels between Ha and Wt and although this was not able to explain 

the activation of Pol (3 expression, it does suggest a variation between the two cell lines. 

Further investigation into levels of possible Pol p promoter regulators, such as TEIF and 

ATF proteins, may help to elucidate how Pol P mRNA in Ha cells are overexpressed. 

Pol p protein is a stable protein with a half-life greater than 24 h. The actual half-life 

would need to be determined by using longer time points.
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4.1 INTRODUCTION

Ha cells were confirmed by Western blot analysis to overexpress Pol P protein 

by approximately 5 to 6-fold, whereas the levels of other BER proteins (APE1, PCNA, 

XRCC1) were equivalent compared to Wt cells. Thus Ha cells are a good cell line for 

investigating the effects of Pol P overexpression on BER. Pol P is the major BER DNA 

polymerase and determines whether repair is routed through the short-patch or long- 

patch BER sub-pathway (Podlutsky et al. 2001). As BER is highly co-ordinated, we 

may expect variations in the expression levels of BER proteins to perturb the efficiency 

and capacity of repair. Whereas underexpression of BER enzymes is likely to attenuate 

repair and prolong the existence of lesions or repair intermediates (Cabelof et al. 2003), 

overexpression of various BER proteins may be associated with cancer and disease by 

compromising fidelity or making a repair intermediate which can not be repaired by the 

next enzyme in chain. To investigate BER activity, in vitro assays were employed to 

monitor the repair of certain lesions using cell extracts. Oxidative base damages are the 

main lesions dealt with by the BER pathway, and during repair of these yield abasic site 

and single-strand break repair intermediates. Ha and Wt WCE were used to find out 

whether Pol p overexpression might affect the repair capacity of abasic site and 1 -nt gap 

BER lesions.

The aim of this chapter is to elucidate whether Pol p overexpression has any 

effect on the repair capacity of lesions commonly dealt with by the BER pathway.
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4.2 OVERVIEW OF BASE EXCISION REPAIR ASSAY

In this chapter, I describe the repair of certain lesions and intermediates 

associated with the BER pathway, such as abasic sites and 1-nt gaps. Two types of
•5 -\

DNA substrates containing a single lesion at a defined position and an upstream P 

label were utilised in the repair assays; closed-circular double-stranded DNA and 

double-stranded oligonucleotide substrates. After repair in WCE, products were 

separated and analysed on 10% (w/v) denaturing polyacrylamide gels. To examine 

whether an excess of Pol (3 has any effect on BER, extracts from Pol (3 overexpressing 

(Ha) and control (Wt) human lymphoblastoid cells were used in these in vitro BER 

assays. 

4.2.1 Closed-circular DNA substrate characterisation

An 8-oxoG lesion-containing M13-based DNA substrate [Fig. 4.1 A] was 

constructed [see Section 2.13] and the lesion was converted to an abasic site by hOGGl 

treatment. The abasic site was then repaired in Ha or Wt WCE.

A majority (-60%) of abasic sites are processed through short-patch BER 

(Dianov et al. 1992), therefore using an abasic site allows the investigation of short- 

patch BER. The 32P radiolabelled lesion-containing DNA strand is flanked by two 

Hindlll sites and following restriction digest results in a 59-mer containing the damaged 

site. Within this fragment are two Haelll cleavage sites, and the abasic site lesion is 

situated within the upstream Haelll site, effectively blocking cleavage at this site until 

the lesion has been repaired [Fig. 4.1 A]. Thus, digestion with both Hindlll and Haelll 

will create two different sized fragments depending on repair of the lesion; an 

unrepaired 52-mer containing the damage, and a repaired 48-mer fragment. See Fig. 

4.1Bi for the possible short-patch BER digestion products. Incised, but unrepaired 

lesions can also be observed as a 47-mer band [Fig. 4.1Bi].
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Abasic sites can also be repaired using the long-patch BER pathway. In order to 

measure second nucleotide addition chain-terminating ddNTPs are used. A dNTP pool 

comprising of dGTP, to fill the repair gap, and ddATP, ddCTP, ddTTP were used in 

these BER reactions. Any attempts to repair the abasic site via long-patch BER results 

in the addition of a second chain terminating nucleotide and yields a 2-nt-added 49-mer 

product [Fig 4.1Bii], which is resistant to Haelll cleavage, therefore only Hindlll 

digests are necessary to measure long-patch repair products. Digestion with Hindlll 

would also give rise to an incised but unrepaired 47-mer, a 1-nt added unligated 48-mer 

and a repaired 59-mer band [Fig 4.1 Bii]. It is noteworthy that some residual unrepaired 

substrates could be in the 59-mer band, however, this is unlikely as abasic sites are 

generally unstable and are easily converted to single-strand breaks. 

4.2.2 Double-stranded oligonucleotide substrate characterisation

A 36-mer double-stranded DNA substrate containing a centrally positioned 1-nt 

gap or nick with 3'-hydroxyl and 5'-phosphate ends was constructed by annealing the 

indicated oligonucleotides together [see Section 2.14] [Fig. 4.2]. The Tl strands are 32P 

labelled. Both lesions were repaired in HeLa WCE supplemented with recombinant 

human Pol (3 (rhPol (3), or Ha and Wt WCE. Nick substrates require ligation; unrepaired 

nicks are represented as 17-mers and repaired nicks are 36-mers. The 1-nt gap (16-mer) 

requires nucleotide insertion (17-mer) then ligation (36mer) [Fig. 4.2].
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A.

Nick

1-nt gap

5' 
3'

5' 
3'

HO X P
1 V 2

HO. P
1 \/ 2

T 
B

T 
B

B.

Sequence 
Name
Nick - Tl 
5'- radiolabelled
Gap - Tl 
5 '-radiolabelled
Nick/Gap - T2 
5 '-phosphate
Nick/Gap - B

5' to 3'

CAA TAG AGT AAC ACG GC

CAA TAG AGT AAC ACG G

pCGA CCA GTC CCT GCC AAT C

GAT TGG CAG GGA CTG GTC GGC CGT GTT ACT 
CTA TTG

Length

17

16

19

36

Figure 4.2 A schematic representation of the nick and 1-nt gap oligonucleotide 
substrates. (A) 36-mer double-stranded substrates with a centrally positioned nick or 
1-nt gap with 3'-hydroxyl (OH) and 5'-phosphate (P) ends. (B) Oligonucleotide strands 
which are used to construct the double-stranded nick or 1-nt gap oligonucleotide
substrates. T; top strand, B; bottom strand, 1; downstream (5') top strand with P 
radiolabel represented by star, 2; upstream (3') top strand.
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4.3 RESULTS

4.3.1 Ha cells show faster initial binding of abasic sites

Abasic sites can be generated by spontaneous or enzymatic N-glycosidic bond 

cleavage and are highly unstable because APE1 incision of the DNA backbone 5' to the 

lesion results in a nick or single-strand break (Demple and Harrison 1994; Barzilay and 

Hickson 1995). Studying an abasic site lesion allows the DNA glycosylase step of the 

BER pathway to be bypassed, thus eliminating the need for DNA glycosylases to 

initiate BER. Previously, Western blot analysis demonstrated that APE1 levels in Ha 

and Wt cells are equivalent [see. Fig. 3.1 A], suggesting that the capacity of DNA 

backbone incision by APE1 should also be equivalent. Therefore, any differences in 

repair capacity between the two cell lines can now be attributed to steps after DNA 

backbone incision, i.e. polymerase, 5' dRP-removal and ligation steps.

Repair of abasic sites are represented by increasing 59-mer (repaired) band 

intensity with time (1, 2, 4, 15 and 30 min) [Fig. 4.3A] in the Wt (Lanes 1-3, 13, 14) 

and Ha (Lanes 7-9, 15, 16) WCE. Bands were quantified and percentages of total 

repaired products were calculated from the Hindlll only digested bands as:

Repaired (59mer)_______ X 100% = Complete repair (%) 

Total bands (59mer, 48mer, 47mer)

A maximal 90% of abasic sites were repaired in both Wt and Ha WCE after 30 

min, however, repair had already began to plateau after 20 min [Fig. 4.3B]. The repair 

profiles for Ha and Wt are similar, however, the initial binding and recognition of the 

abasic sites differ. The graph indicates that Ha WCE recognise the abasic site lesion 

more quickly than the Wt WCE.
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Figure 4.3 BER repair of an abasic site-containing substrate using Ha and Wt
WCE. (A) Restriction digest of substrate incubated with 25 ug of Ha or Wt WCE and 
dNTPs at 37°C for indicated times. Reaction products were analysed on a 10% (w/v) 
denaturing polyacrylamide gel. (B) Graphical representation showing the percentage 
repair of an abasic site by Ha (•) and Wt (>) WCE at 37°C for indicated times and a 
representative gel is shown. Each experiment was repeated 3 times. Error bars show 
the standard deviation.
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4.3.2 Ha cells show faster addition of second nucleotide during repair of abasic 

sites

A majority of BER is routed through the short-patch pathway, but Pol f> also 

participates in long-patch BER. So in order to compare the amount of short- and long- 

patch BER between the Ha and Wt cells chain terminating ddNTPs were used. A dNTP 

pool comprising of dGTP, to fill the repair gap, and ddATP, ddCTP, ddTTP were used 

in the BER reactions. Any attempts to repair via long-patch BER results in the addition 

of a second chain terminating nucleotide and yields a 49-mer product [Fig. 4.1Bii]. 

Abasic sites were repaired to completion for 20 min, then bands were analysed on a 

10% (w/v) polyacrylamide gel [Fig. 4.4]. Interestingly, the 48-mer repair intermediate 

bands (1 nt added, unligated) are more pronounced in the Wt samples compared to the 

Ha samples. This suggests that Ha cells are adding the second nucleotide faster, thus 

forming the long-patch (49-mer) (2 nt added) BER product more quickly than Wt cells. 

This result may be indicative of more strand displacement synthesis by Ha cells.
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Time (min)
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49-mer
48-mer 
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i
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Figure 4.4 Ha cells add second nucleotide faster to an abasic site containing 
substrate. Restriction digest of substrate incubated with 25 ug of Ha or Wt WCE and 
dGTP, ddATP, ddCTP, ddTTP at 37°C for indicated times. Reaction products were 
analysed on a 10% (w/v) denaturing polyacrylamide gel. Each experiment was repeated 
3 times and a representative gel is shown.
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4.3.3 Excess Pol p enhances strand displacement during repair of 1-nt gaps using 

HeLa WCE

As mentioned previously, Pol p is involved in both BER pathways by inserting 

the first nucleotide into a repair gap. Various in vitro studies have shown that 1-nt 

gapped DNA is the preferred substrate for Pol p, and the 5'-phosphate is required for 

efficient gap filling (Prasad et al. 1994; Chagovetz et al. 1997; Osheroff et al. 1999). 

Using an in vitro repair assay and oligonucleotide substrates [Fig. 4.2], I investigated 

the effect of excess Pol p on the repair of 1-nt gapped DNA (3'-hydroxyl, 5'-phosphate) 

compared to a nick, the latter lesion testing for DNA ligase function. Human HeLa 

WCE were used, and varying amounts of rhPol p was added to the extracts to mimic 

protein overexpression.

Firstly, the amount of HeLa WCE to be used in the repair assay was titrated 

[Fig. 4.5 A]. The indicated amounts of WCE and 20 uM each dNTP were used to repair 

the nick [Fig. 4.5A, Lanes 1-7] or 1-nt gap [Fig. 4.5, Lanes 8 - 14] substrate. 8 ug of 

WCE was sufficient to repair a majority of the substrates, and so this optimal HeLa 

WCE concentration was used in further experiments.

Next, rhPol p protein was titrated to investigate whether excess Pol p has any 

effect on repair of these lesions [Fig. 4.5B]. Because the same amount of substrate was 

loaded in each lane, the proportion of total substrates repaired can be estimated by 

comparing the 36-mer (repaired) bands for each HeLa WCE repaired sample to the 16- 

mer (unrepaired) band in sample X for each lesion [Fig. 4.5B]. The nick substrate 

simply requires ligation, so as may be expected, addition of rhPol P did not affect repair 

of this lesion, as it is a substrate for DNA ligase, rather than Pol p. All HeLa extract 

repaired samples showed >90% repair of the nick [Fig. 4.5B, Lanes 2-6]. The 1-nt gap 

substrate only requires the polymerase activity of Pol p, followed by ligation. A
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majority (>90%) of 1-nt gaps were repaired by HeLa extracts alone [Fig. 4.5B, Lane 8], 

thus the repair reactions are already 'near maximal' and subsequently increases in repair 

rate would not be seen by adding more rhPol p. However, more repair intermediates are 

observed [Fig. 4.5B, Lanes 9-12]. This may indicate more strand displacement and 

processive DNA synthesis.

Pol P is usually a distributive polymerase which dissociates from the template 

after insertion of 1-nt (Osheroff et al. 1999). These repair intermediates indicate that 1- 

nt gap repair could be conducted by Pol p in a processive manner, whereby Pol P 

continues DNA synthesis past the gap through to the end of the oligonucleotide. To 

deduce further the nature of these repair intermediates, the gap filling nucleotide dCTP 

was used in the repair reaction [Fig. 4.6]. A mono-nucleotide dCTP pool should limit 

processive DNA synthesis because only two cytosines can be correctly inserted; 

opposite the gap and one nucleotide downstream. Indeed, only +1, and +2 nucleotide 

repair intermediates can be observed [Fig. 4.6, Lanes 9-14], with accumulation of the 

latter when more rhPol p was added. Interestingly, repair of a 1-nt gap by HeLa 

extracts alone using a mono-nucleotide dCTP pool (<20% repair) [Fig. 4.6. Lane 8] was 

reduced compared to when a full dNTP pool (>90% repair) [Fig. 4.5B, Lane 8] was 

used. Additionally, more 36-mer (repaired) products were observed as increasing 

amounts of rhPol p was added [Fig. 4.6, Lanes 9-14], with >80% repair achieved when 

16ng rhPol p was added [Fig. 4.6, Lane 14]. These results may simply reflect the 

inhibition of strand displacement DNA synthesis by the dCTP pool which only allows 

the 1-nt gap to be repaired through the short-patch BER mechanism (addition of 1-nt 

and ligation). Whereas using a full dNTP pool, 1-nt gap repair can be achieved through 

strand displacement and processive DNA synthesis as well as short-patch BER.

92



Results - Chapter IV

A.

WCE Qig)

36-mer_

17-mer- 
16-mer"

Nick
0 1 2 4 8 15 20

1234567

1-nt gap
0 1 2 4 8 15 20

8 9 10 11 12 13 14

B.

Pol p (ng)

3 6-mer

17-mer 
16-mer

Nick
X 0 1 2 4 8

123456

1-nt gap
X 0 1 2 4 8

7 8 9 1011 12

Figure 4.5 In vitro repair of a nick and 1-nt gap containing oligonucleotide 
substrate using HeLa WCE. HER reactions were incubated at 37°C for 20 min. (A) 
WCE titration using indicated amounts of HeLa WCE. (B) Recombinant human Pol |3 
protein titration using 8 ug of WCE. Reaction products were analysed on a 10% (w/v) 
denaturing polyacrylamide gel. Each experiment was repeated 3 times and a 
representative gel is shown. X; substrate only control.
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Figure 4.6 Monitoring in vitro repair of a nick and 1-nt gap containing 
oligonucleotide substrate using HeLa WCE. Reconstituted BER reactions using 8 ug 
HeLa WCE, dCTP only and the indicated amounts of Pol p protein were incubated at 
37°C for 20 min. Reaction products were analysed on a 10% (w/v) denaturing 
polyacrylamide gel. Each experiment was repeated 3 times and a representative gel is 
shown. X; substrate only control.
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4.3.4 Pol p strand displacement in Ha and Wt cells

Using HeLa WCE, I have shown that an excess of Pol f> can promote processive 

synthesis and hence strand displacement during repair of a 1-nt gap. As Ha cells 

overexpress Pol p, I wanted to demonstrate whether Ha cells can also promote 

processive synthesis. To investigate this Wt and Ha WCEs (4 ug) were used to repair a 

1-nt gap lesion using the in vitro assay. 3.5-fold more 1-nt gap lesions were repaired 

using Wt WCE compared to Ha [Fig. 4.7], however more repair intermediates (+1, +2, 

+3 nt added) were observed in the Ha repaired sample [Fig. 4.7, Lane 4]. Thus 

confirming that the Pol (3 overexpressing cell line, Ha, does induce more strand 

displacement than the wild-type (Wt) cell line.

A. B.
MX Wt Ha

* •
34

+ 16

+ 12

+ 10

+ 8

+ 6

+ 4

+ 2

0

Repair 
Product

+16nt

+ 3nt

+ 2nt
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Wt
(Lane3)

16.7
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7.1
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Figure 4.7 In vitro repair of a 1-nt 
gap containing oligonucleotide 
substrate using Ha and Wt WCEs.
(A) Substrate was incubated with 4 ug 
of Wt (Lane 3) or Ha (Lane 4) WCE 
and 100 uM dNTPs. M; marker (Lane 
1) represents reconstituted reaction with 
8 ng Pol p and 20 uM dNTPs. X; 
substrate only control. All reactions 
were incubated at 37°C for 20 min and 
reaction products were analysed on a 
20% (w/v) denaturing polyacrylamide 
gel. (B) Table showing percentage 
band intensity of Wt and Ha repair 
intermediates from (A).
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4.4 CONCLUSIONS

In this chapter, I used in vitro BER assays to show that maximal repair (-90%) 

of abasic sites was achieved by both Ha and Wt cell lines. Although repair rates were 

similar, the Pol p overexpressing Ha cells showed faster initial binding to abasic sites. 

Interestingly, Ha cells also demonstrated faster second nucleotide addition, which may 

be indicative of strand displacement synthesis and subsequently more favoured 

progression to the long-patch BER pathway, where 2 to 6-nt are added to the repair gap.

Abasic sites can be generated by spontaneous or N-glycosidic bond cleavage by 

DNA glycosylases and repair of these lesions are initiated by APE1 incision of the 

DNA backbone, and then removal of the 5'-dRP group by Pol (3 through its dRP lyase 

activity. I showed previously that APE1 levels were equivalent between Wt and Ha 

cells [Fig. 3.1], thus any differences in repair can be attributed to subsequent steps 

conducted by DNA polymerase or DNA ligase. It was proposed by Srivastava et al., 

that Pol P performs DNA synthesis prior to removal of the 5'-dRP moiety, and that the 

latter step is also the rate-limiting step in BER (Srivastava et al. 1998). Thus, perhaps in 

the presence of more Pol p there is faster removal of the dRP group which then shifts 

the rate-limiting step to the DNA ligase step. If the resulting nick is not ligated 

immediately, then perhaps another nucleotide is added through a strand displacement 

mechanism, thus pushing repair through the long-patch pathway instead.

Pol p was originally thought to be a distributive DNA polymerase but studies by 

Singhal et al. in 1993 demonstrated that Pol P fills DNA gaps of up to 6-nt by a 

processive rather than distributive mechanism, however a 5'-P group was required for 

increased activity (Singhal and Wilson 1993). Later, 1-nt gaps with 5'-P were found to 

be the preferred substrate for Pol P (Prasad et al. 1994). Indeed, reconstituted in vitro 

reactions of 1-nt gaps using HeLa WCE and increasing amounts of rhPol
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demonstrated that Pol (3 can adopt a processive mechanism of polymerisation under 

these conditions, and this observation was verified using the Pol p overexpressing Ha 

and wild-type Wt cells.

In the presence of a full dNTP pool, total repair of the 1-nt gap substrates were 

achieved, presumably via both processive and distributive mechanisms. However, 

when a mono-nucleotide dCTP pool was used, repair was limited to distributive 

polymerisation and subsequently the amount of repaired substrate was reduced.

In summary, Pol p overexpression increases recognition and binding of abasic 

sites but does not increase the repair rate. Excess Pol p appears to promotes processive 

or strand displacement synthesis of 1-nt gaps whereby more than one nucleotide is 

inserted into the repair gap. But how accurate is processive DNA synthesis and is repair 

fidelity compromised?
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ON REPAIR FIDELITY
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5.1 INTRODUCTION

In the previous chapter I showed that excess Pol p can promote strand 

displacement and processive DNA synthesis during the repair of 1-nt gaps. However, it 

is still not known whether the fidelity of repair differs between the Ha cells compared to 

Wt, and if so, whether excess of Pol p may cause this. Pol p overexpression has been 

found in a variety of cancers, particularly uterus, ovary, prostate and stomach tumours 

(Srivastava, Husain et al. 1999; Bergoglio, Canitrot et al. 2001; Albertella, Lau et al. 

2005; Tan, Zhao et al. 2005), and has been demonstrated to promote mutagenesis 

(Bergoglio, Pillaire et al. 2002), however, the type of mutations and the possible 

mechanisms governing mutagenesis were not identified.

Pol P plays a major role in short-patch BER and one can assume that Pol P has 

evolved as a distributive polymerase designed to fill 1-nt gaps containing 3'-hydroxyl 

and 5'-phosphate ends. Indeed, Pol p requires a phosphate group at the 5'-margin of the 

gap and several studies have shown that 5'-phosphorylated 1-nt gapped DNA is the 

preferred substrate for Pol p (Prasad, Beard et al. 1994; Chagovetz, Sweasy et al. 1997; 

Osheroff, Jung et al. 1999). Nucleotide misincorporation by Pol P is 10 to 100-fold 

lower on 5'-phosphorylated 1-nt gapped DNA compared with recessed, 6-nt gapped, 5'- 

phosphorylated 6-nt gapped and unphosphorylated 1-nt gapped substrates (Chagovetz, 

Sweasy et al. 1997). As Pol p has no proofreading activity, its incorporation accuracy 

results exclusively from the nucleotide selectivity of the enzyme. In the presence of 

excess Pol P, I observed strand displacement synthesis past 1-nt gaps, possibly 

attributed to multiple rounds of initiation of DNA polymerisation (Podlutsky, Dianova 

et al. 2001), but the accuracy of synthesis is still unknown.

The aim of this chapter is to determine whether overexpression of Pol p affects 

the repair fidelity of 1-nt gaps, and to elucidate what types of mutations occur.
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A.

Making 1-nt 
gap ds-DNA
substrate
UDG, APE1, 
Polp

B.

Repair assay
lOO^gWCE

C.

Xbal digest
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D.

Plating out
Select colourless 
mutants for 
further analysis

Figure 5.1 Schematic representation of the M13 mutagenesis assay. (A) (i)
Annealing uracil-containing oligonucleotide, (ii) Synthesising double-stranded DNA, 
(iii) Making 1-nt gap using UDG, APE1 and Pol |3 in the absence of dNTPs. (B) Repair 
assay using WCE. (C) Restriction digest with Xbal, only correctly repaired substrates 
will be cut. (D) Transformation of restriction digests into XL-1 Blue E. coli. See 
Section 2.17 for more details.
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5.2 OVERVIEW OF M13 MUTAGENESIS ASSAY

A scheme of the in vitro mutagenesis assay is outlined in Figure 5.1. Double- 

stranded DNA containing a 1-nt gap [Fig. 5.1 A], was repaired with 100 fig of Ha or Wt 

WCE [Fig. 5.IB], and then digested with Xbal restriction enzyme overnight [Fig. 5.1C]. 

Substrates that have been correctly repaired will restore the Xbal restriction site and 

consequently become linearised, whereas incorrectly repaired 'mutant' substrates 

remain circular. DNA was collected and transformed into bacteria cells. Only circular 

vectors can be transformed effectively, resulting in plaques [Fig 5.ID]. The lesion is 

located within the lacZa region, so wild-type substrates appear blue, and mutant 

substrates appear colourless on X-gal plates. It should be noted however that there are 

limitations to this blue/white assay because not all mutations will inactivate the LacZ 

gene. Indeed, it may be possible for mutants to appear as blue plaques if for example 

insertion/deletion mutations keep the reading frame of the LacZ gene intact. Although 

the Xbal restriction digest removes a majority of the correctly repaired substrates there 

will inherently be some undigested substrates which also appear as blue plaques. 

Therefore, the frequency of mutations in this assay may be underestimated because only 

'white' mutants can be measured and these certain types of 'blue' mutations can not be 

detected in this assay. 

5.2.1 Preparation of substrate

A 1-nt gap was introduced into a double-stranded Ml3 bacteriophage vector 

[Fig. 5.1 A]. Briefly, an oligonucleotide containing a site-specific uracil was annealed to 

single-stranded M13mpl8 DNA then re-synthesised to double-stranded DNA using T4 

enzymes, the fully completed double-stranded Ml3 DNA was isolated from a caesium 

chloride gradient [Fig. 5.2A], and DNA concentration was calculated using standards 

[Fig. 5.2B]. On the day of the experiment, the uracil lesion was converted to a 1-nt gap
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using human uracil DNA glycosylase (UDG) to remove the uracil, APEl to incise the 

DNA backbone, and Pol (3 in the absence of dNTPs to remove the residual 5-dRP group. 

This resulted in a 1-nt gap with 3'-hydroxyl, 5'-phosphate ends.
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Figure 5.2 Preparation of double-stranded M13-U substrate. (A) Double-stranded 
M13-U DNA synthesis reaction was separated on a caesium chloride gradient (p = 1.55 
g/ml), by high-speed centrifugation. Fractions were analysed on a 1% (w/v) agarose gel 
to locate the double-stranded DNA. (B) Estimated concentration of Ml3-U double- 
stranded DNA against a standard curve. Ml 3-U was estimated to be 15 ng/ul.
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5.2.2 Checking substrate after repair in WCEs

The Ml3 substrate was checked through the different stages of synthesis to 

check its integrity. The lesion is located within the Xbal restriction site, so therefore 

digestion with the enzyme confirms whether the site is intact or not. The substrates 

were electrophoresed on a 0.7% (w/v) agarose gel and compared to DNA markers for 

single-stranded [Fig. 5.3, Lane 1], double-stranded; open-circular and supercoiled [Fig. 

5.3, Lane 2], and linear DNA (Fig. 5.3, Lane 3}. The uracil-containing M13 substrate 

(M13-U) was isolated mainly as covalently-closed-circular DNA with some open- 

circular forms (Fig. 5.3, Lane 4], and digestion with Xbal enzyme had no effect on the 

M13-U substrate because the restriction site is not intact [Fig. 5.3, Lane 5]. Most of the 

1-nt gap containing substrates (Ml3-gap) appeared as open-circular DNA, but some 

linear substrates were also observed [Fig. 5.3, Lane 6], again Xbal digestion had no 

effect [Fig. 5.3, Lane 7]. M13-gap substrates were also analysed after repair in WCEs. 

Correctly repaired substrates have a restored Xbal restriction site, and thus digestion 

linearises the substrate. Indeed after repair and Xbal digestion, less open-circular and 

more linear DNA was observed [Fig. 5.3, Lane 9], compared to the non-digested 

repaired M13-gap substrate [Fig. 5.3, Lane 8]. Interestingly, there also appears to be 

wholesale loss of substrate when incubated with WCE.
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-WCE +WCE
ss ds M13-U M13-gap
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linear
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Figure 5.3 Checking Ml3 double-stranded substrates. DNA substrates were 
digested in the presence or absence of Xbal restriction enzyme and electrophoresed on a 
0.7% (w/v) agarose gel. M13-gap was repaired in 100 ug of Wt WCE, for 20 min at 
37°C [see Section 2.17.2]. There appears to be wholesale loss of substrate when 
incubated with WCE. M13-U: uracil-containing Ml3 substrate; M13-gap: 1-nt gap 
containing Ml 3 substrate; ss: single-stranded M13mpl8; ds: double-stranded 
M13mpl8; oc: open-circular (nicked) DNA; ccc: covalently-closed-circular DNA.
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5.3 RESULTS

5.3.1 Excess Pol p promotes mutation frequency in WCEs

Using the in vitro mutagenesis assay, I measured the mutation frequency during 

the repair of the Ml 3 -gap substrate in Wt and Pol p overexpressing Ha WCE, and

showed that Ha extracts have a 9 -fold higher mutation frequency than Wt extracts 

[Table 5.1]. The mutation frequency was calculated as the ratio of the mutant plaques 

obtained from digested DNA, to the total number of plaques obtained from undigested 

DNA. In order to verify whether the observed increased mutation frequency is caused 

by excess Pol (3, Wt cell extracts were supplemented with 40 ng of rhPol p protein per 

reaction and used to repair M13-gap substrates. Addition of excess Pol p increased the

mutation frequency by about 6-fold compared to the original Wt extracts [Table 5.1]. 

The transformation efficiency was equal for DNA treated with the three different 

extract/conditions.

WCE

Wt

Ha

Wt + Pol p

Mutation Frequency (xlO~4)

Expl

7.41

50.79

37.67

Exp2

9.14

61.35

47.62

Exp3

3.08

63.49

25.97

Average
6.5 + 3.12

58.5 ±6.80

37.1 ±10.83

-fold

1.0

8.9

5.8

Table 5.1 Frequency of mutations produced by BER in human WCEs. A 1-nt gap 
containing substrate (M13-gap) was repaired in human WCE generated from wild type 
cells (Wt), Pol (3 overexpressing cells (Ha), or Wt extract supplemented with 40 ng 
rhPol (3. After repair, DNA was purified and transformed into bacterial cells. The 
mutation frequency was calculated as described in Section 2.17.3 and the results of 
three independent experiments are shown with the calculated average and standard 
deviation.

106



Results - Chapter V

5.3.2 Pol p induces single-nucleotide deletion mutations

The in vitro mutagenesis assay allows the colourless 'mutant' Ml3-gap 

substrates to be isolated. Mutant DNA was purified and then sequenced from 

nucleotides -15 to +50 which flank the lesion in order to characterise mutations. 

Interestingly, 40-65% of mutations observed in all three extracts (Ha, Wt and Wt + Pol 

p) were located within the repair gap [Table 5.2], and a majority of mutations were 

single-nucleotide deletions of the 1-nt gap [Fig. 5.4]. This data suggests that the major 

mutation resulting from 1-nt gap repair are single-nucleotide deletions and elevated 

levels of Pol p in Ha or Wt supplemented with rhPol p WCE increases the mutation rate.

Mutation Type
Single base deletions in the repair gap

Other base deletions

Mutations outside -15/+50

Total number sequenced

Wt
14(41.2)

3 (3.8)

17(50.0)

34

Ha
32 (65.3)

0

17(34.7)

49

Wt + Pol p
16(53.3)

0

14(46.7)

30

Table 5.2 Distribution of Mutation Types generated during repair of M13-gap 
DNA in human WCEs. DNA from mutants generated during repair in WCEs from 
wild type cells (Wt), Pol p overexpressing cells (Ha), or Wt extract supplemented with 
40 ng rhPol P protein was purified and sequenced. Frequencies are calculated as 
percentages and shown in brackets.
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5' GCCTGCAGGTCGACT TAGAGGATCCCCGGGTA 3'
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5' GCCTGCAGGTCGACT TAGAGGATCCCCGGGTA 3'

Figure 5.4 Mutation spectrum generated during repair of M13-gap DNA in 
human WCEs. The DNA substrate was prepared as described in Section 2.17.1, then 
incubated with 100 ug WCE generated from wild type cells (Wt), Pol p overexpressing 
cells (Ha), or Wt extract supplemented with 40 ng Pol (3 per reaction. After repair, 
DNA was purified and used for transformation of bacterial cells. Mutants were selected 
and the mutant phage DNA was purified and sequenced. The distribution of these 
mutations within the -15/+17 region is shown. Horizontal arrow shows direction of 
repair synthesis. A stands for deletion.
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5.3.3 Pol p can induce template slippage during repair of 1-nt gaps

Frameshift deletions result from polymerase skipping past the templating base 

and nucleotide insertion opposite the next nucleotide along on the template strand. For 

a 1-nt gap, strand displacement would need to occur in order to access the adjacent 

nucleotide template. Thus, to address the mechanism of increased mutagenesis in cells 

overexpressing Pol p, I firstly verified that Pol P could induce strand displacement, and 

secondly checked whether more strand displacement occurs in Ha cell extracts during a 

gap filling reaction compared to Wt extracts.

Indeed, when 1-nt gap substrates were repaired using a reconstituted BER assay 

[see Section 2.16] whereby purified Pol P was titrated in, the efficiency of strand 

displacement synthesis was proportional to the amount of the enzyme used [Fig. 5.5]. 

Similarly, we found more strand displacement products generated during repair in Ha 

cell extracts which overexpress Pol (3 in comparison to Wt cell extracts [Fig. 4.7].

^m^'^MH^' ^^^^^ - •••-. ••

^jijjj^ ^^^^

+ 3

+ 2

+ 1

0

Polp(finol) 0 50 100 200 400

Figure 5.5 Strand displacement synthesis by Pol p. 1-nt gap oligonucleotide 
substrate was repaired using a reconstituted in vitro BER assay where the indicated 
amounts of rhPol p protein was titrated in. ( 50 fmol = 1 ng Pol p)
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Following strand displacement, Pol f> needs to be able to insert a nucleotide 

opposite the next nucleotide along on the template strand, and thus skip past the 1-nt 

gap. In order to demonstrate that Pol (3 is able to generate a 1-nt frameshift during the 

gap-filling reactions, I carried out DNA synthesis reactions using oligonucleotide 

substrates in the presence of TTP and dATP only, and in the absence of dCTP which is 

the templating base opposite the gap. Since the first four nucleotides on the 5'- side 

downstream of the gap are GATC [Fig. 5.6A], there are only three possible outcomes of 

the repair synthesis in the presence of TTP and dATP: misincorporation of either (a) 

TMP opposite to G or (b) dAMP opposite to G, followed by TMP and dAMP 

incorporation resulting in an extension of three nucleotides [Fig. 5.6A, product i]; (c) 

template slippage of Pol (3 and incorporation of TMP opposite to A, followed by dAMP 

incorporation, resulting in an extension of two nucleotides [Fig. 5.6A, product ii].

Using purified Pol (3, even at low concentrations of dNTPs, I observed a small 

proportion of two nucleotide incorporation products that become more prominent at 

high TTP concentrations [Fig. 5.6B]. This result suggests that, under these conditions, 

slippage of Pol p dominates over misincorporation opposite to G. To demonstrate that 

product (ii) can be further extended to generate a stable frameshift structure [Fig. 5.6A, 

product iii], we carried out gap filling reactions in the presence of three dNTPs (TTP, 

dATP and dGTP). Pol (3 was able to efficiently extend the two nucleotide slippage 

product, thus fixing a frameshift mutation [Fig. 5.6C].
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(A)

a/tTA 
GAT

Mis-incorporation Template slippage

TAGAGAA 
ATCTCTTA

Template slippage + Extension

(B) (C)

1 2345678 1234

+2
+ 1

0

M 0.1 - 0.1 0.2 0.4 0.8 - TTP 
_ 0.1 0.1 0.1 0.1 0.1 - dATP

M
+

TA TAG
+ + Pol p

Figure 5.6 Pol (5 induced frameshift formation during repair of 1-nt gap 
containing DNA. (A) Models for 1 -nt gap-filling reactions and formation of frameshift

^7mutations. See text. Star stands for 5'- P radiolabel. (B) A 1-nt gap containing 
oligonucleotide substrate (300 fmol) was incubated with 200 fmol of purified rhPol p 
for 20 min at 37°C in a buffer containing the indicated amount of TTP and dATP. 
Reaction products were analysed by electrophoresis on a 20% denaturing 
polyacrylamide gel and phosphorimaging. (C) Lane 1, one nucleotide ladder marker. 
Lane 2, no dNTPs control. Lane 3, 800 uM TTP and 100 uM dATP. Lane 4, 800 uM 
TTP, 100 uM dATP and 100 uM dGTP.
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5.3.4 Possible Model of 1-nt deletion formation by Pol

I have been able to show that Pol p can induce strand displacement and skip past 

the 1-nt repair gap whereby further DNA synthesis can occur. This agrees with the 

'dNTP-stabilised misalignment' model proposed by Efrati, Goodman et al (Efrati, 

Tocco et al. 1997). This model describes the misaligned incorporation of nucleotides 

opposite an abasic site (situated on the template strand) resulting in deletion errors 

(Efrati, Tocco et al. 1997). Zhang et al. also investigated abasic sites, but with respect 

to the fidelity of abasic site repair during BER. Investigations encompassed both short- 

and long-patch BER and showed that single-nucleotide deletions were the most 

abundant mutations during the repair of abasic sites (Zhang and Dianov 2005). They 

proposed a modified 'dNTP-stabilised' model to explain the occurrence of deletions 

(Zhang and Dianov 2005). Where the original 'dNTP-stabilised' model describes 

slippage past the lesion on the template strand, Zhang's model describes template 

slippage during repair of the lesion, but essentially the main principles are the same.

The 'dNTP-stabilised' model is based on two major components: (1) slippage of 

DNA polymerase on the template strand and (2) Stabilisation of the frameshift by 

further synthesis. This mode of single-nucleotide formation could be applied to the 

repair of 1-nt gapped DNA. Pol (3 can induce strand displacement, and also promote 

template slippage during nucleotide insertion [Fig. 5.7, ii]. To create a single- 

nucleotide deletion, the new nucleotide is inserted opposite the base downstream from 

the templating base [Fig. 5.7, iiij. The misaligned base is further stabilised by 

continued DNA synthesis which also extends the 5'-flap, which is later removed by 

FEN1 and DNA ligase I [Fig. 5.7, iv].
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Figure 5.7 Model for the generation of 1-nt frameshift deletions, (i) DNA
containing 1-nt gap. (ii) Pol P induces strand displacement and template slippage, (iii) 
More Pol |3 continues strand displacement sythesis. (iv) FENl and DNA ligase I cleave 
the 5' flap and seal the nick, respectively.
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5.4 CONCLUSIONS

An excess of Pol p can increase the mutation frequency during the repair of a 1 - 

nt gap, and the most common types of lesions observed were single-nucleotide deletions 

of the repair gap. A dNTP-stabilised mechanism of frameshift formation is likely to be 

involved, where Pol p can induce strand displacement of the double-stranded DNA 

downstream of the gap. Subsequently, template slippage past the templating base can 

occur more easily, and thus results in a single-nucleotide gap deletion after the next 

round of replication.

Pol p is generally considered to be a distributive enzyme, where the enzyme 

dissociates after nucleotide insertion, however, when there is an excess of Pol p the 

substrate turnover rate is increased. Nucleotide discrimination by Pol p is determined 

by steric exclusion against the incorrect substrate and factors such as; the precise 

positioning of the DNA duplex terminus, templating and incoming nucleotides and the 

catalytic residues within the active site of Pol (3 all influence Pol |3 fidelity (Sweasy 

2003). Imprecise positioning of active site residues or DNA can result in 

misincorporation of nucleotides into DNA. Amino acid residues both distant and near 

to the Pol p active site influence its geometry and fidelity, suggesting that the 

movements and positioning of sub-domains of Pol p have a significant impact upon its 

fidelity and consequently its catalytic efficiency (Sweasy 2003). Thus, a faster turnover 

of substrate induced by Pol P may affect the positioning of bases, as the enzyme spends 

less time on the substrate, and the chances of incorrect incorporation or template 

slippage increases.

After template slippage, one nucleotide is displaced creating a 5'-end flap, and 

further strand displacement DNA synthesis by Pol p stabilises the original misaligned 

nucleotide. FEN1 can cleave these flaps at the single-strand, double-strand DNA
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junctions. During long-patch BER, a flap of at least 2 nucleotides is removed and 

replaced, before ligation of the resulting nick by DNA ligase I.

It could be argued that the single-nucleotide deletion is simply a result of over- 

gap ligation by DNA ligase without any nucleotide insertion by DNA polymerase. 

DNA ligase requires 3'-hydroxyl and 5'-phosphate ends for ligation. However, repair 

studies with reduced abasic sites where the dRP group can not be removed to leave 5'- 

phosphate ends, still show single-nucleotide deletions to be the major type of mutation 

(Zhang and Dianov 2005). Similarly, during the repair synthesis of large gaps, single- 

nucleotide deletions were also shown to be the major mutations (Osheroff, Jung et al. 

1999), and this also strongly argues against the involvement of DNA ligase in single- 

nucleotide deletion formation.

Therefore it appears that overexpression of Pol (3 does reduce repair fidelity by 

promoting strand-displacement synthesis and allowing template slippage past 1-nt gaps. 

Single nucleotide deletions are ultimately frameshift mutations, and if during repair 

synthesis an essential gene is mutated, then alternative repair mechanisms would be 

required to correct mistakes or cells may progress to apoptosis.
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General Discussion
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6.1 OVERVIEW OF AIMS

The aims of this project were to investigate the Pol P overexpressing cell line, 

Ha, and to determine whether Pol p overexpression affects the repair capacity or fidelity 

of lesions associated with BER. The Ha human lymphoblastoid cell line was obtained 

from a head-neck cancer patient who exhibited a severe reaction to radiotherapy 

treatment. Preliminary data [Appendix E, Dr I. Dianova] demonstrated that the Ha cell 

line overexpressed the BER enzyme Pol p, and thus this cell line was selected for 

further investigation. A wild-type cell line, Wt, isolated from a healthy volunteer with 

no history of cancer was used as a control.

6.2 THE HA POL p OVEREXPRESSING CELL LINE 

6.2.1 Pol p protein overexpression

My initial aim was to elucidate how Pol (3 was being overexpressed. Using a 

Western blotting technique I verified that Pol (3 protein was overexpressed by 5-fold 

using the Odyssey® (LI-COR) immunofluorescence detection method. This result was 

comparable to the ECL (Amersham Biosciences) enhanced chemiluminescence 

detection method used during the preliminary investigations which demonstrated a 6- 

fold level of Pol P overexpression. Thus, an overall 5 to 6-fold overexpression of Pol p 

protein was observed in Ha cells. Pol p protein overexpression has been observed in a 

variety of human tumours, such as prostate, breast and colon compared to adjacent 

normal tissue (Srivastava et al. 1999), however, the precise mechanism(s) causing this 

overexpression is still unclear.

The simplest explanation for protein overexpression would be mRNA 

overexpression, so I used two techniques; Northern blot and real-time RT-PCR to verify 

Pol p mRNA expression in Ha and Wt cells. Interestingly, only a 1.4-fold
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overexpression of Pol p was observed in the Ha cells from both techniques, which only 

partially explains the 5 to 6-fold Pol p protein overexpression. Few studies have 

measured the expression levels of Pol p mRNA and protein from the same tumour 

sample in comparison to wild-type control, although one study has done so using 

Xiphophorus fish. Pol p mRNA and protein from tumour-bearing hybrid fishes were 

compared to the parental species, and although significantly different Pol p levels were 

observed, there was no correlation found between the amounts of mRNA and protein 

for each sample, regardless of whether it was from a tumour or a wild-type control 

(Heater et al. 2004).

There is a precedent for this absence of correlation. Indeed, when mRNA and 

protein levels for selected genes in yeast (S. cerevisiae] were compared no significant 

correlation was found. Moreover, while some mRNA levels were constant, the protein 

levels varied by more than 20-fold. Conversely, while the levels of some proteins were 

constant, the respective mRNA transcript levels varied by more than 30-fold (Gygi et al. 

1999). The same discordant protein and mRNA expression was also found in A549 

human lung cancer cells. From the 98 genes analysed, only a subset of 21 genes 

(21.4%) showed any significant correlation between mRNA and protein expression 

abundance, however this correlation was insufficient to predict the levels of protein 

expression from mRNA levels (Chen et al. 2002). It was proposed that the expression 

of this subset of 21 genes may be regulated at the transcriptional level while the 

remainder were regulated post-transcriptionally (Chen et al. 2002). Thus, it appears that 

protein overexpression may not directly correlate with mRNA overexpression, and vice 

versa.
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6.2.2 Pol p promoter activation / transcription

Human Pol P is constitutively expressed regardless of the cell cycle or 

proliferation state (Zmudzka et al. 1988), however differential Pol p mRNA expression 

is observed in rodent tissues, with the highest and lowest abundance in testes and liver, 

respectively (Nowak et al. 1989). The Pol P cw-acting promoter contains three GC-rich 

Spl binding domains and an ATF/CRE sequence (Widen et al. 1988), and basal Pol p 

expression is mediated through the latter element. A study by Wilson and colleagues 

showed that the ATF/CRE element was responsible for Pol p promoter activation in 

response to MNNG treatment, a DNA alkylating agent in CHO cells (Kedar et al. 1991), 

and later the CRE-binding protein family member, CREB-1, was implicated in the 

activation of Pol p gene expression (He et al. 2003). Recent studies have shown that 

CREB-1 can regulate about 4000 target genes in humans, thus variations in CREB-1 

levels has a genome-wide effect (Zhang et al. 2005) (see database as 

http://natural.salk.edu/CREB). Subsequently, I measured the levels of CREB-1 

(inactive) and pCREB-1 (active) to determine whether there were transcriptional 

differences between the Ha and Wt cells. A Western blot method was used to measure 

the levels of CREB-1 and pCREB-1 (Ser 133) protein using mutually exclusive 

antibodies. Interestingly, a higher total amount of CREB-1 protein was observed in Wt 

cells however the proportion of total CREB-1 which was phosphorylated (active) was 

equivalent in both Wt and Ha. Therefore, a lower net amount of pCREB-1 was also 

found in Ha cells. This observation seems to contradict rather than support Pol p 

overexpression in Ha cells, but does indicate a variation in transcription factor levels 

between the two cell lines.

More recent studies have shown that Pol p can also be up-regulated at the GC- 

rich Spl sites by telomerase element-initiating factor (TEIF) (Zhao et al. 2005), and the
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Tat HIV-regulatory protein (Srivastava et al. 2001). TEIF can bind to the promoter 

region of human telomerase reverse transcriptase (hTERT) and stimulates its 

transcription and activitt, thus suggesting a functional link between Pol f> and 

telomerase at telomere ends (Zhao et al. 2005). The product of the Tat gene 

transactivates HIV-1 long terminal repeat (LTR)-directed gene expression and is 

essential for HIV-1 virus replication (Sodroski et al. 1985), and is also capable of 

inducing some inflammatory mediators (Srivastava et al. 2001). Tat induction of Pol (3 

in HIV-1-related lymphomas suggests that deregulated Pol P may alter DNA stability in 

AIDS-related lymphomas (Srivastava et al. 2001).

Although I was interested in Pol (3 overexpression, it is noteworthy that a novel 

ATF2 isoform, ATF2d, which contains an internal 97-nt deletion and a unique 3' 

region, was shown to bind to the human Pol p ATF/CRE element and function as a 

represser of the Pol (3 promoter. Further research needs to be done, but this may be 

indicative of a negative regulatory mechanism for Pol p promoter activation (Chyan et 

al. 2003). If so, then perhaps there may be a disruption to this negative regulatory 

mechanism in Ha cells thus resulting in increased activation at the Pol (3 promoter. 

6.2.3 Pol p protein degradation

Another explanation for Pol p protein overexpression could be due to changes in 

protein turnover, as rates of degradation or synthesis can govern a protein's half-life in 

vivo. Thus, more protein translation and less protein degradation would result in an 

overall increase in a protein. To investigate Pol (3 protein degradation I treated Ha and 

Wt cells with cycloheximide, a protein synthesis inhibitor, then analysed Pol (3 levels at 

certain time points and found Pol p to be stable after 24 h in both cell lines. As 

mentioned previously, I found that Ha cells overexpressed Pol p mRNA and protein by 

1.4- and 5 to 6-fold respectively. If it were presumed that the rate of protein translation
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remains constant in Ha cells, then a slight 1.4-fold increase in mRNA level could 

accumulate over time to give rise to a higher 5 to 6-fold level of Pol p as the protein is 

still stable after 24 h and has a slow rate of protein degradation/turnover. Discrepancies 

between mRNA and protein levels within the same sample are often observed and it 

appears that protein overexpression may not directly correlate with mRNA 

overexpression, and vice versa. A multitude of factors may affect this, such as mRNA 

translation rates, mRNA or protein stability, stabilisation of the protein via alterations in 

the ubiquitin-proteasome pathway, and involvement of protein stabilising chaperones 

(Heater et al. 2004).

6.3 REPAIR OF BER LESIONS BY THE HA CELL LINE

My secondary aim was to elucidate whether Pol (3 overexpression affects the 

repair capacity or fidelity of lesions associated with BER such as abasic sites, but 

particularly 5'-phosphorylated 1-nt gapped DNA which is a common substrate for Pol

P-

6.3.1 Abasic site repair by Ha cells

An abasic site is the main type of lesion processed by BER and can be generated 

spontaneously at a rate of approximately 10,000 per human genome per day (Lindahl 

and Andersson 1972) and also enzymatically by N-glycosidic bond cleavage. Abasic 

sites are highly cytotoxic as they are non-coding and may also develop into single- 

strand breaks. Thus failure to repair abasic sites compromises cellular viability (Loeb 

and Preston 1986; Guillet and Boiteux 2002). The Ha cell line showed faster initial 

binding to abasic sites in comparison to Wt although the overall BER repair rates were 

similar. Faster second nucleotide addition was also observed in Ha cells, which was 

indicative of more strand displacement synthesis and thus perhaps more progression to
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the long-patch BER pathway. Pol P performs DNA synthesis prior to removal of the 5'- 

dRP moiety, and the latter step is also the rate-limiting step in BER (Srivastava et al. 

1998). Thus, perhaps in the presence of more Pol |3 there is faster dRP group removal, 

and subsequently the rate-limiting step would be shifted to the DNA ligase step. If 

however the resulting nick is not ligated immediately, a second nucleotide may be 

added through a strand displacement mechanism. Indeed, the Pol (3 overexpressing Ha 

WCEs were shown to induce more strand displacement than Wt [see Section 4.3.4].

As previously described [see Section 1.4]. BER is a finely balanced and highly 

co-ordinated pathway involving interactions between APE1 to incise the DNA 

backbone, Pol (3 to remove the residual 5'-dRP and insert the new nucleotide, and also 

DNA ligase to seal the nick. In this study, no modifications were made to the abasic 

site and thus the majority of repair is accomplished through the short-patch BER 

pathway, thus utilising DNA ligase IIIa-XRCCl BER enzymes as well. I demonstrated 

that Ha cells have the equivalent amount of APE 1, XRCC1 (and thus DNA ligase Ilia) 

and PCNA protein compared to Wt, however, levels of PARP-1 were reduced. PARP-1 

has been demonstrated to bind to incised abasic sites possibly to protect these single- 

strand break intermediates (Lindahl et al. 1995), and may also help to recruit and co­ 

ordinate Pol P and XRCC1 BER enzymes (Caldecott et al. 1996). However, the 

involvement of PARP-1 appears to slow down the repair reactions and thus reduced 

levels of PARP-1 may increase repair reactions of abasic sites. Indeed, cell extracts 

deficient in PARP-1 show increased rates of abasic site repair (Allinson et al. 2003). 

PARP-1 has also been shown to be required in the long-patch BER pathway (Dantzer et 

al. 2000). PARP-1 can modify some nuclear proteins by poly(ADP-ribosyl)ation and is 

involved in various important cellular processes such as signalling of DNA repair 

initiation, DNA damage checkpoints and apoptosis (Oliver et al. 1999). Thus, perturbed
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PARP-1 levels in cells may significantly affect genome integrity. Hence, if the rate- 

limiting step in Ha cells is shifted to the DNA ligase step then more single-strand breaks 

will be present, and if there is not enough PARP-1 protein to bind and protect these then 

potentially lethal double-strand breaks may occur resulting in genomic instability. 

Interestingly, more PARP-1 caspase 3 cleavage products indicative of apoptosis were 

observed in Ha cells. 

6.3.2 1-nt gap repair by Ha cells

Initially, I used a double-stranded oligonucleotide substrate to investigate the 

repair of 1 -nt gaps in vitro and showed that increasing amounts of Pol p resulted in 

more repair intermediates and hence promoted strand displacement [Fig. 5.5]. 

Furthermore, the Pol p overexpressing Ha cells where shown to cause more strand 

displacement than Wt cells [Fig. 4.7]. Pol p has no proof-reading ability and is more 

error-prone than the replicative DNA polymerases. Subsequently I used an Ml3 

bacteriophage vector-based in vitro mutagenesis assay to demonstrate that excess Pol p 

did increase mutation frequency and that single-nucleotide (1-nt frameshift) deletions 

were the predominant type of lesion formed during the repair of 1-nt gaps. To explain 

the generation of these 1-nt frameshift deletions a dNTP-stabilised mechanism [Fig. 5.7] 

was suggested whereby Pol P induces strand displacement of the adjacent DNA 

downstream of the gap, and then template slippage past the templating base occurs thus 

resulting in a single-nucleotide deletion following the next round of replication. 

Interestingly, recent crystal structures of Pol p complexed to gapped or nicked DNA 

revealed that the DNA is bent approximately 90° at the site of the gap or nick (Sawaya 

et al. 1997), and that this bending of the helix is only permitted in one direction (Guo 

and Tullius 2003). This DNA kinking helps to position the Pol P enzyme and the 

incoming nucleotide onto the DNA correctly so that gap can be filled (Sawaya et al.
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1997). Thus nucleotide discrimination by Pol (3 is determined by steric exclusion 

against the incorrect substrate, the precise positioning of the DNA duplex terminus, 

templating and incoming nucleotides and the catalytic residues within the active site of 

Pol p (Sweasy 2003). Conversely, imprecise positioning of Pol p on DNA can result in 

misincorporation of nucleotides into DNA. With this in mind, it may be expected that 

Pol p has a lower affinity for the slipped template [Fig. 5.7(ii)] because DNA kinking 

and hence position of DNA would be affected. Under normal conditions, this low 

affinity Pol P complex would be resolved before a nucleotide can be inserted to stabilise 

the slipped template, but perhaps in the presence of excess Pol (3 the probability of a Pol 

(3 molecule successfully inserting a new nucleotide increases. Thus the generation of 1 - 

nt frameshift deletions would depend on the rate of Pol (3 binding on and off the slipped 

template and the rate of the DNA polymerisation reaction itself. 

6.3.3 Pol P overexpression and frameshift deletions

Using Ha and Wt cells I have shown that 1-nt frameshift deletions are the major 

mutations generated during the repair of 1-nt gaps, and I also verified that excess Pol (3 

increases the frequency of these mutations. Interestingly, 1 -nt frameshifts have also 

previously been shown to be associated with the repair of abasic and reduced abasic 

sites (Zhang and Dianov 2005), and similarly mutation frequency is exacerbated by 

excess Pol p. During abasic site repair the new nucleotide is inserted into the repair gap 

before the dRP group is removed (Matsumoto and Kim 1995), and the resulting nick is 

ligated. Accurate processing of abasic sites by Pol p would also be determined by steric 

exclusion against the incorrect nucleotide, and furthermore reduced abasic sites require 

the addition of at least 2 nucleotides before the modified dRP group can be removed. 

Thus, the previously discussed model for the generation of 1-nt frameshift deletions 

[Fig. 5.7] can also be applied to abasic site repair
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Frameshift deletions are ultimately generated by inaccurate incorporation of 

nucleotides onto the templating strand during DNA synthesis, usually by slippage along 

repeated DNA, misalignments or misligation (Ripley 1990); and in the presence of 

excess Pol (3 a dNTP-stabilised mechanism [Fig. 5.7] was proposed to explain the 

generation of 1-nt frameshift deletions. This mechanism involves template slippage and 

misalignment of the incoming nucleotide on the template strand. It is known that Pol (3 

is an error-prone DNA polymerase because it has no proof-reading ability and it can 

also incorporate illegitimate dNTPs or mutagenic base analogues such as 8-oxoG during 

DNA synthesis (Kamath-Loeb et al. 1997). Indeed, Canitrot and colleagues suggested 

that excess Pol p may compete with the replicative polymerases (Pol a, Pol 6 and Pol £) 

during gap filling in repair, replication or recombinational pathways and promote 

genomic instability (Canitrot et al. 1999).

During long-patch BER a polymerase switch occurs whereby Pol (3 inserts the 

first nucleotide into the repair gap, then Pol 8/s is recruited to continue DNA synthesis 

(Klungland and Lindahl 1997). If however, in the presence of excess Pol (3 more 

processive DNA synthesis occurs rather than a polymerase switch to Pol 8/s, then 

potentially more errors can be incorporated into the DNA by Pol (3. Pol |3 may also 

compete with Pol 5/8 during the repair of gapped DNA in NER and MMR, as well 

during DNA synthesis, subsequently promoting genomic instability. Indeed, Pol [3 has 

been found to be overexpressed in a variety of tumours (Canitrot et al. 1999; Srivastava 

et al. 1999; Bergoglio et al. 2001; Tan et al. 2005) and the patient Ha, whose 

lymphoblastoid cells were used in this thesis, suffered from head-neck cancer. 

Interestingly, although the Ha lymphoblastoid cells were not transformed from the 

tumour they still demonstrated Pol (3 overexpression, and alkaline comet assay analysis
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[Appendix B, Dr I. Dianova] showed a higher basal level of DNA damage which is 

indicative of genome instability.

6.4 FUTURE WORK

The exact mechanisms of Pol p protein expression are still poorly understood 

and attempts to further elucidate these would be of great interest. In this thesis Pol (3 

protein was found to be a highly stable protein, and I suggested that Pol |3 protein may 

accumulate in the cell. An alternative method of measuring protein degradation is the 

pulse-chase method. This method was not initially employed because of expense and 

time constraints. The 'pulse' part involves exposing cells to a radiolabeled compound 

such as S-labeled methionine for a brief period of time; which allows newly 

synthesised proteins to be radiolabeled and tracked. Replacement with the non- 

radiolabeled form of the compound occurs in the 'chase' part and cells are collected at 

different time points allowing the rate of degradation to be measured. The main 

advantage to the pulse-chase labelling method over the cycloheximide method is that 

cellular functions are not disturbed as de novo synthesis of proteins is permitted rather 

than inhibited; however, this method is also more expensive and labour-intensive. 

Recent developments to the pulse-chase technique whereby proteins can be tracked in 

vivo using green-fluorescent protein (GFP) also means that analysis can be conducted 

on a single cell basis due to the power and sensitivity of FACS sorting (Jiang et al. 

2004). The pulse-chase method can also be adapted to measure the rate of protein 

synthesis, and so indeed is a powerful tool (Staijen et al. 1997)

Another aspect to follow up would be to prove whether an excess of Pol (3 

competes with Pol 8/e making these DNA polymerases functionally redundant. 

Verification of Pol §/e protein levels as well as other DNA polymerases could be
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measured to understand the comparative distribution of DNA polymerases within the 

Ha and Wt cells. If Pol p does compete with Pol 8/8 then it may be expected that 1-nt 

gaps repaired using Ha WCEs with Pol 8/£ removed (excess Pol (3) would give a similar 

mutation rate to Ha WCEs (excess Pol P, normal Pol 8/e), and a higher mutation rate 

compared to Wt WCEs (normal levels of Pol p, 8 and e). An immunodepletion method 

could be utilised to remove Pol 8/8 from WCEs.

6.5 SUMMARY

Pol p has been found to be overexpressed in a variety of different tumours and 

there is increasing evidence to suggest that Pol p overexpression can promote genomic 

instability. In this study, I have tried to elucidate how Pol p is overexpressed in Ha cells 

and have identified that Pol p promoter activation through pCREB-1 binding at the 

ATF/CRE element is perturbed, thus other transcriptional regulators may be involved. 

Pol p mRNA levels were shown to be slightly up-regulated in Ha cells (1.4-fold) 

whereas 5 to 6-fold more Pol p protein was observed compared to Wt. I also showed 

that Pol P protein is highly stable, even after 24 h, and perhaps this slight 1.4-fold 

increase in mRNA level could accumulate over time to contribute to the 5 to 6-fold 

level of Pol p protein due to the slow degradation of the protein that was observed.

I verified that an excess of Pol p does induce more strand displacement and 

hence is more likely to conduct processive DNA synthesis during the repair of 1-nt 

gaps. I also ascertained that 1-nt frameshift deletions were the major mutations arising 

from 1-nt gap repair. In vivo, 1-nt gap lesions can arise from ionising radiation damage, 

as a type of BER repair intermediate and also during DNA synthesis. Pol p is more 

error-prone than Pol 8/s and thus repair fidelity would be compromised if Pol p 

competed with Pol 8/s during long-patch BER or DNA synthesis. Thus, in summary the
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data presented in this thesis suggest that Pol P overexpression may have a detrimental 

effect on genome stability.
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Appendix A

1.

1
-4—Wt

^Ha

0 2 4

Dose (Gy)
PD =

log 2

11.

Wt
Dose (Gy)

0
0.5
0.8
1.5
3.0
5.0

Average 
population 
doubling (PD)

5.95
5.63
5.46
3.48
1.32

0

Ave. PD 
relative 
toOGy

1
0.95
0.92
0.58
0.22

0

PD control - 
PD sample

0
0.32
0.49
2.47
4.63
5.95

Starting no. of 
living cells after 
irradiation

5000
4005
3560
902
202
81

Survival
(%)

100
80
71
18
4

1.6

Ha
Dose (Gy)

0
0.5
0.8
1.5
3.0
5.0

Average 
population 
doubling (PD)

4.29
4.25
1.86
2.49
1.86

0

Ave. PD 
relative 
toOGy

1
0.99
0.43
0.58
0.43

0

PD control - 
PD sample

0
0.04
2.43
1.80

[ 2.43
4.29

Starting no. of 
living cells after 
irradiation

5000
4863
928
1436
928
256

Survival
(%)

100
97
19
29
19
5

Population survival curves for Ha and Wt cells, (i) The Ha and Wt human 
lymphoblastoid cells were irradiated with the indicated dose (Gy) of gamma radiation 
and allowed to recover for 10 davs. Cell survival was measured using erythosin B stain



Appendix B

Wl Ha

Experiment no.
1
2

Average
St. dev
Fold-

% DNA in tail
Wt
1.9
3.8

2.85
1.344
1.0

Ha
6.8
7.5

7.15
0.495

2.5

Alkaline comet assay of untreated Ha and Wt cells - showing that Ha cells have a 
higher basal level of DNA damage compared to Wt cells. (Data provided by Dr. I. 
Dianova).



Appendix C

1.

wt

o

11.

Ha

*

i

Ha cells are aneuploid. Solid metaphase staining demonstrated that Ha cells are 
tetraploid rather than diploid. (i) Wt diploid chromosome, arrow showing a double 
minute chromosomal break, (ii) Ha tetraploid chromosome, arrow showing a chromatid

break.



Appendix D

Comparative repair: patients cell extracts vs normal
(AG09387)

50 r

0

•- -AG09387
•— extract 3 - Ha
•— extract 6 - Jb (wt)

50 100 

Time/mi n

150

Comparative repair of an 8-oxoG lesion using human WCE. Using an in vitro BER 
repair assay [Section 2.15.1], an 8-oxoG-containing substrate was incubated with 100 
ug of human WCE and dNTPs at 37°C for the indicated times. The repair profiles of 
patient extract 3 (Ha)(«) and extract 6 (Wt)(A) were compared to the normal extract 
(AG09387)O). Extract 6 (Wt) was shown to be comparable, whereas extract 3 (Ha) 
showed reduced 8-oxoG repair capacity compared to the normal AG09387 extract. 
Data was kindly provided by Dr. Sarah Allinson.



Appendix E

1.

6.5 1.0

Ha Wt

-fold

11. Ha Wt

111. Ha Wt

PCNA

PARP-1

Western blot analysis of Ha and Wt WCE using ECL detection method. WCE was
separated by 12% SDS-PAGE, transferred onto a PVDF membrane and immunoblotted 
with the indicated antibodies using the ECL™ detection method [see Section 2.8.2]. (i) 
anti-Pol (3, 39 kDa band, (ii) anti-PARP-1 band, 113 kDa. (in) anti-PCNA, 29 kDa 
band. (Data provided by Dr I. Dianova)



Appendix F

Cycle Number

11.

Temperature (°C)

Example of raw real-time quantitative PCR data
(i) PCR amplification Curves 
(ii) Melting (Dissociation) Curves
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