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Abstract

Damage to DNA can lead to genomic instability and therefore poses a great threat to the 

living organism. Living organisms have therefore evolved responses to DNA damage 

that help maintain genetic stability. These responses include DNA repair mechanisms. 

DNA damage that leads to double-stranded breaks of DNA is especially threatening. In 

mammals the main pathway to repair double-stranded breaks of DNA is non-homologous 

end joining (NHEJ). The proteins Ku and DNA-PKcs that form the DNA-dependent 

protein kinase (DNA-PK) are critical components of NHEJ, but their exact roles in this 

process remain unclear. A number of reports have suggested that Ku and DNA-PKcs act 

as modulators of transcription, but comprehensive in vivo evidence to support this 

hypothesis is lacking. To directly address whether Ku or DNA-PK regulates gene 

transcription following DNA damage this project has employed the PCR-coupled 

subtractive method of cDNA representation difference analysis. Reciprocal subtractions 

have been carried out using both established DNA-PK defective cell lines, and primary 

mouse embryonic fibroblasts from mice carrying a targeted disruption in the DNA-PKcs 

gene. Differential transcription was detected and confirmed in these subtractions. 

Evidence is presented that transcription of the LAMA4 gene is regulated by DNA-PK in 

an irradiation-independent manner. However, screening of both primary and 

immortalized DNA-PKcs-deficient cell lines demonstrates that the majority of 

transcriptional differences were not consistently dependent on DNA-PK status. Finally, 

in a collaboration project, it is demonstrated that DNA-PK is not required for the p53 

dependent response to DNA damage. These results suggest that while DNA-PK may be 

involved in limited gene-specific transcription, it does not play a major role in the 

transcriptional response to DNA damage.



Acknowledgments

There is a large group of people who have been of tremendous help during this PhD 
project. I am indebted to my supervisor Dr. Mike Hubank and co-supervisor Dr. Penny 
Jeggo without whose help, advice and support this PhD project would not have been 
possible. It has been a veiy valuable experience to work with Mike Hubank. He has 
taught me the skills of independent research, and we have had lots of fun. I am grateful to 
the Human Frontiers Science Program that funded this PhD project.

I would like to recognise and thank the people at the Trafford Centre for Medical 
Research at the University of Sussex, Brighton, UK, especially Dr Tracy Blunt, Ms Jenny 
Regan, Mrs Janet Rolf and Mrs. Frances Parsons. Dr Penny Jeggo’s group at the Cell 
Mutation Unit, University of Sussex, Brighton, UK, has been of great support, 
particularly Dr Enriqueta Riballo, Dr Pierre-Marie Girard, Dr Boris Kysela and Mrs.
Anne Priestley. I am also thankful for the support and help from the people at the 
Molecular Haematology and Cancer Biology Unit at the Institute of Child Health at Great 
Ormond Street Hospital, University College London, London, UK, especially Martin 
Woodward and Dr Jianguo Zhuang. I also thank all who have been involved in this PhD 
project’s collaborations.

I am particularly grateful to Dr. Allen J. Bedford, Bryn Athyn College, Pennsylvania, 
USA, for comments and help to proof read this PhD thesis. I would also like to express 
my gratitude to Dr. Westley J. Friesen, Howard Hughes Medical Institute and Department 
of Biochemistry and Biophysics University of Pennsylvania School of Medicine, for 
valuable advice. I thank my present employer, the Bryn Athyn College, Pennsylvania, 
USA, for allowing me time to complete the writing of this PhD thesis whilst employed as 
a full-time lecturer.

It is important for me to acknowledge my Swedish roots. I can’t put into words the 
gratitude I feel towards my parents Alf and Karin Biyntesson, my sister Anna Odhner, 
her husband Glade and their two sons Josiah and Johannes, and my grandparents 
“Mormor and Morfar” Anna-Lisa and Tore Lovén and “Farmor and Farfar” Elisabeth and 
Erik Bryntesson for providing a wonderful foundation of support and friendship for my 
life. I am also grateful to my old teacher Yvonne Trânkner for giving me the 
encouragement to pursue a career in science, and to my old pals Walle and Micke. I also 
thank my wife’s family, Kenneth, Ruth, Alan and Richard for giving me support and 
friendship and a home base in the UK.

Most of all, I am grateful to my wife Hilary, without whose support this work really 
would not have been possible. She has been encouraging and supportive from day one, 
and this PhD thesis is dedicated to her with Love.

Fredrik Bryntesson

Biyn Athyn, Pennsylvania, USA, 10 December 2001



Table of Contents

ABSTRACT 2

ACKNOWLEDGMENTS 3

TABLE OF CONTENTS 4

LIST OF FIGURES 8

LIST OF TABLES 13

LIST OF ABBREVIATIONS 14

CHAPTER 1 : INTRODUCTION 15

1.1 Overview of DNA repair mechanisms 16

1.2 DNA excision repair 17
1.2.1 Base excision repair 18
1.2.2 Nucleotide excision repair 23
1.2.3 Mismatch repair 28

1.3 Cellular responses to DNA double-stranded breaks 33

1.4 The DNA damage response pathway: a central role for
phosphatldyllnosltol 3-klnase-llke protein kinases 34

1.5 Overview of DNA double-stranded break repair mechanisms 38

1.6 Homologous recombination 41

1.7 Non-homologous end joining 46

1.8 XRCC4 and DNA llgase IV 50

1.9 The DNA-dependent protein kinase (DNA-PK) 53
1.9.1 Regulation of DNA-PK activity 56

1.10 Functions of DNA-PK and Ku 58
1.10.1 Ku and DNA-PK in NHEJ repair 59
1.10.2 Ku and DNA-PK in V(D)J recombination 61
1.10.3 Other functions of Ku and DNA-PK 62

1.11 DNA-PK and Ku as modulators of gene expression 64
1.11.1 Evidence for Ku involvement in transcription regulation 65
1.11.2 Evidence for DNA-PK involvement in transcription regulation 69
1.11.3 The relationship between DNA-PK and the tumour supressor p53 in

the DNA damage response pathway 70

1.12 Statement of the problem 72



CHAPTER 2: MATERIALS AND METHODS 74

2.1 Cell lines and cell culture 74

2.2 Irradiation of cel is and radiosensitivity survival assays 74

2.3 Preparation of RNA, removai of residual genomic DNA and first
strand cDNA Synthesis 76

2.4 Oligonucleotides 77

2.5 cDNA representational difference analysis (cDNA RDA) 78

2.6 Protocol for cDNA representational difference analysis using iarge
quantities of starting material 85

2.6.1 Preparation of DpnW digested cDNA with R-linkers from large quantities
of cells 85

2.6.2 Generation of representations from large quantities of cells 87
2.6.3 Generation of driver and tester from representations generated from large

quantities of cells 88
2.6.4 Subtractive hybridisation and generation of the first difference product using

starting materials from large quantities of cells 89
2.6.5 Additional rounds of subtractive hybridisation using starting materials from

large quantities of cells 91
2.6.6 Generation of competitive driver 92

2.7 Protocol for cDNA representational difference analysis using
starting materials from small quantities of cells 93

2.7.1 Preparation of DpnW digested cDNA with R-linkers using starting materials
from small quantities of cells 93

2.7.2 Generation of representation and preparation of driver and tester
using starting materials from small quantities of ceiis 94

2.7.3 Subtractive hybridisation and generation of first difference product using
starting materials from small quantities of cells 95

2.7.4 Additional rounds of subtractive hybridisation using starting materials from
small quantities of cells 96

2.8 Cloning and DNA sequencing of difference products 97

2.9 Preparation of representation blots, difference products blots and
northern blots 99

2.10 Probing representation biots, difference products blots and northern blots 100

2.11 Transfections 102

2.12 Western blotting 104

2.13 DNA sequencing of mouse p53 105

2.14 RT-PGR 106



CHAPTER 3: IDENTIFICATION OF IONISING IRRADIATION 
INDUCED GENE TRANSCRIPTION BY CDNA RDA, AND STATISTICAL 
ANALYSIS OF THE TECHNICAL LIMITATIONS OF THE METHOD 107

3.1 Background 107

3.2 Experiment RU: detection of ionising irradiation induced transcription
by cDNA RDA 108

3.3 Analysis of final difference products obtained in experiment RU 110

3.4 Statistical analysis of cDNA RDA 112

3.5 Discussion 113

CHAPTER 4: INVESTIGATING THE TRANSCRIPTIONAL RESPONSE 
IN KU80 MUTANT XRS-6 CELLS FOLLOWING DNA DAMAGE BY 
IONISING IRRADIATION 115

4.1 Background 115

4.2 Establishment of radiosensitive phenotype 116

4.3 Experiments WKa and KWa: cDNA RDA 117
4.3.1 Design of a screening procedure to identify potential Ku and DNA-PK

target genes whose altered transcription facilitates NHEJ repair 117
4.3.2 Experiment WKa 120
4.3.3 Experiment KWa 121

4.4 Competitive cDNA RDA 123
4.4.1 Experiment WKb 124
4.4.2 Experiment KWb 127

4.5 Discussion 128

CHAPTER 5: INVESTIGATION OF TRANSCRIPTION IN DNA-PKCS
NULL CELLS FOLLOWING IONISING IRRADIATION 133

5.1 Background 133

5.2 Design of screening procedure for difference products 134

5.3 Reciprocal cDNA RDA in DNA-PKcs +/+ and DNA-PKcs -/- MEFs 136

5.4 Screening of differences detected in experiments BH and HB 140

5.5 Complementing DNA-PKcs -/- MEFs 143

5.6 Discussion 146



CHAPTER 6: DNA-PK IS NOT ESSENTIAL FOR THE P53-DEPENDENT 
RESPONSE TO DNA DAMAGE BY IONISING IRRADIATION 151

6.1 Background 151

6.2 Sequencing the p53 gene of the SCGR11 cell line 153

6.3 The p53 transcriptional response following DNA damage generated
by Ionising Irradiation In cells lacking DNA-PK activity 155

6.4 Results from our collaborators 156

6.5 Discussion 158

CHAPTER 7: CONCLUSIONS 162

APPENDIX 166

A.1 Publications generated by this Ph D project 166

A.2 Printout of Jimenez, G. S., F. Bryntesson, M. 1. Torres-Arzayus, A.
Priestley, M. Beeche, S. Salto, K. SakaguchI, E. Appella, P. A. Jeggo,
G. E. Taccloll, G. M. Wahl, and M. Hubank (1999) DNA-dependent 
protein kinase Is not required for the p53-dependent response to 
DNA damage. Nature A00:S -̂3 167

A 3 Printout of Bryntesson, P., J. C. Regan, P. A. Jeggo, G. E. Taccloll,
and M. Hubank (2001) Analysis of gene transcription In cells lacking 
DNA-PK activity. Radiat Res 156:167-76 170

REFERENCES 180



List of Figures

Figure 1-1 Direct reversal of DNA damage by MGMT. Méthylation of a guanine 16
residue generates the mutagenic 06-methylguanine, which can base pair with thymine 
during DNA replication.

Figure 1-2 DNA-damage-inducible DNA repair mechanisms in eukaryotes. 17

Figure 1-3 Examples of modifications to nitrogenous bases that activate Base Excision 18
Repair. The oxidised bases thymine glycol and 8-oxo-G are generated by reactive
oxygen species. 3-Me-A is a product of alkylating agents whereas uracil is generated in
DNA by deamination of cytosine or misincorporation by DNA polymerase during DNA
replication.

Figure 1-4 Model for the Short Patch Repair and Long Patch Repair pathways of Base 20
Excision Repair initiated by the monofunctional Uracil DNA Glycosylase.

Figure 1-5 Examples of UV induced lesions that activate Nucleotide Excision Repair. 23

Figure 1-6 Model for human Global Genome Nucleotide Excision Repair. 26

Figure 1-7 Model for Transcription Coupled Repair. 28

Figure 1-8 Model for E. coli mismatch repair exemplified by the removal of a 29
baserbase (G:T) mismatch.

Figure 1-9 Model for the general organisation of the metazoan DNA Damage 35
Response Pathway.

Figure 1-10 General outline for the fundamental steps of Homologous Recombination 41
repair of DNA DSBs generated by ionising irradiation.

Figure 1-11 Simplified model for DNA and Ku mediated activation of DNA-PKcs. A. 57
In the absence of Ku binding to DNA, the Ku heterodimer and the inactive DNA-PKcs 
do not form a complex. B. Ku binds to a double-stranded end of DNA C. Following 
Ku binding to DNA, the catalytic subunit is recruited to the Ku/DNA complex, which 
activates the kinase of DNA-PKcs.

Figure 2-1 Scheme for a generating tester and driver from two populations in a 79
reciprocal cDNA RDA experiment.

Figure 2-2 The mechanism by which cDNA RDA linkers are ligated to Dpnll 80
generated ends of cDNA, and the subsequent steps that generate primer binding site for
the 24-mer. This is illustrated by R-linkers, but the same principle applies for the
ligation of J- and N-linkers to Dpnll generated ends of representations or difference
products.

Figure 2-3 Scheme for a reciprocal cDNA RDA subtraction. 82

Figure 2-4 Scheme for screening of difference products. 84

Figure 3-1 Scheme for cDNA RDA experiment RU. 108

Figure 3-2 cDNA RDA experiment RU to enrich for transcripts up-regulated by 109
ionising irradiation. A. PCR using -RT templates from unirradiated and irradiated
MEFs. B. Representations from unirradiated and irradiated MEFs. C. Removal of R-
linkers from irradiated representation. D. Experiment RU DPI. E. Experiment RU DP2
F. Experiment RU DP3 G. The final difference products in experiment RU.



Figure 3-3 cDNA RDA detection of MDM2 in primary mouse embryonic fibroblasts 4  111
hours after a dose of 4  Gy of ionising irradiation. The representation blot (left panel)
shows the up-regulation of MDM2 in irradiated tester relative to unirradiated driver
populations. The difference products blot (right panel) depicts the pattern of
enrichment of MDM2 in subsequent rounds of RU subtractions.

Figure 3-4 Enrichment patterns in subsequent rounds of subtraction during the RU 112
cDNA RDA experiment of the RU l, RU2 and RU3 gene fragments. A gene fragment 
representing the XPB gene was probed against the representation blot and difference 
products blot as a control.

Figure 3-5 Statistical analysis of the theoretical limitations of cDNA RDA by Jenny 113
Regan (TCMR, University of Sussex, UK). 200 genes were analysed. The upper graph
depicts the relationship between the number of fragments generated by a DpnW digest
and their size distribution. The lower graph shows the relationship between transcript
size and number of amplifiable fragments generated by the DpnW digest.

Figure 4-1 Survival assays of parental line CHO-Kl, Ku80 mutants xrs-4, xrs-5 and 116
xrs-6, complemented lines xrs-5+Ku80, xrs-6(2B), xrs-6(2E) and xrs-6(Hisp80) and a 
separate DNA-PKcs mutant line V-3. The results obtained here agree with the 
established survival phenotypes of these cell lines (Anne Priestley, Cell Mutation Unit,
University of Sussex, Brighton, UK, personal communication, and Jeggo, et al., 1983;
Priestley, et al., 1998; Singleton, et al., 1997).

Figure 4-2 Scheme illustrating the possible causes of why fragments are present in the 118
final difference products of the reciprocal cDNA RDA experiments using irradiated 
xrs-6 and xrs-6(2E) representation. The scheme also illustrates possible mechanisms 
by which potential transcriptional targets of Ku or DNA-PK detected in these cDNA 
RDA experiments, might have their transcription regulated by Ku or DNA-PK.

Figure 4-3 Design of screening procedure to identify putative candidate target genes of 119
Ku and DNA-PK whose transcription facilitates NHEJ.

Figure 4-4 Experiment WKa. The WKa subtraction was performed using irradiated 120
Ku80 proficient xrs-6(2E) cell line as the tester and the Ku80 deficient cell line xrs-6 as 
the driver. A. Initial representations derived from irradiated xrs-6 and xrs-6(2E) cells.
B. The first and second difference products (DPI and DP2) from cDNA RDA 
experiment WKa. DP2 is the final difference products of WKa and contains two 
prominent and five minor bands. The two prominent bands were found to represent 
two amplifiable fragments from the neomycin gene that is used on the expression 
vector by which wild-type hamster Ku80 was transfected into xrs-6 cells to generate the 
xrs-6(2E) cell line. C. Representation blots confirming that the two difference products 
SHP-1 and GADD45y were true differences between the xrs-6(2E) tester and xrs-6 
driver representations (T = Tester and D = Driver). D. Northern analysis probing the 
SHP-1 and GADD45y difference products against a blot prepared using mRNA isolated 
from unirradiated Ku80 mutant xrs-5 and xrs-6, Ku80 proficient xrs-5+Ku80 and xrs- 
6(2E) and the parental Ku80 wild-type CHO-Kl cell lines.

Figure 4-5 Experiment KWa. The KWa cDNA RDA experiment was performed using 122
irradiated Ku80 deficient cell line xrs-6 as the tester and the Ku80 proficient xrs-6(2E) 
cell line as the driver. A. KWa first and second difference products (DPI and DP2).
The final difference products (DP2) of KWa generated a major band that was identified 
as 18S ribosomal rRNA. B. KWal probed against a representation blot prepared with 
representations generated from irradiated Ku80 mutant xrs-5, irradiated Ku80 
proficient xrs-5+Ku80, unirradiated and irradiated Ku80 mutant xrs-6 cells and 
unirradiated and irradiated xrs-6(2E) cells (T = Tester and D = Driver). C. KWal 
probed against a northern prepared using mRNA from unirradiated and irradiated 
samples derived from Ku80 mutant xrs-4, Ku80 proficient xrs-6(2B) and xrs-6(Hisp80) 
and DNA-PKcs deficient V-3.



10

Figure 4-6 Scheme for cDNA with supplemented driver. The driver is composed of 123
two separate populations (Driver 1 and Driver 2) and competitor which consists of gene 
fragments present in the tester whose enrichment during cDNA RDA is undesirable.

Figure 4-7 Preparation of competitor and additional driver that were used to 124
supplement the drivers in the WKb and KWb experiments. A. Digests of pBluescript
containing the two neomycin fragments (WKa4 and WKa6) and the 188 ribosomal
fragment (KWa3). Following the digest, the cut difference product fragments were gel
purified and resuspended at 0.5 pig /d \  B. Representations generated from irradiated
KuSO mutant xrs-5 and KuSO wild-type xrs-5+Ku80 cells.

Figure 4-8 Experiment WKb, which used representations from the irradiated Ku80 125
wild-type xrs-6(2E) as the tester and irradiated Ku80 mutants xrs-5 and xrs-6 plus the
two neomycin fragments in the driver. A. Comparison of WKb first, second and third
(DPI, DP2 and DP3) difference products B. Comparison of final difference products
from the WKa and WKb experiments. C. WKb DP3 bands. These bands were isolated
by running WKb DP3 on an agarose gel and then gel purifying the separated DP3
bands. D. WKb difference products probed against representation blots prepared from
irradiated Ku80 mutant xrs-5, irradiated Ku80 proficient xrs-5+Ku80, unirradiated and
irradiated Ku80 mutant xrs-6 cells and unirradiated and irradiated xrs-6(2E) cells (T =
Tester and D = Driver). E. WKb difference products probed against northern blots 
prepared from unirradiated and irradiated samples isolated from the parental Ku80 
wild-type cell line CHO-Kl, Ku80 mutant cell lines xrs-4, xrs-5, Ku80 complemented 
cell lines xrs-6(2E), xrs-6(2B) and xrs-6(Hisp80), and the separate DNA-PKcs deficient 
V-3 cell line.

Figure 4-9 Experiment KWb, which was performed using a representation from 127
irradiated xrs-6 as the tester and a supplemented driver composed of representations
from irradiated xrs-5+Ku80 and xrs-6(2E) plus the Kwa3 ribosomal fragment. A. KWb
first, second and third (DPI, DP2 and DP3) difference products. 10 ptl from the final
PCR loaded per lane. B. Comparison of the final difference products from experiments
KWa and KWb. C. KWal and KWa3 probed against difference products blots
prepared from the final difference products of experiment KWb.

Figure 5-1 Scheme illustrating the possible causes of why fragments are present in the 134
final difference products of a reciprocal cDNA RDA experiment using irradiated
primary MEFs derived from DNA-PKcs +/+ and DNA-PKcs -/- mice. The scheme also
illustrates possible mechanisms by which potential transcriptional targets of DNA-PKcs
or DNA-PK detected in these cDNA RDA experiments, might have their transcription
regulated.

Figure 5-2 The screening scheme that was designed to identify putative targets for 135
DNA-PKcs and DNA-PK mediated modulation of gene transcription that is required
for NHEJ repair.

Figure 5-3 Generation of representations from unirradiated and irradiated primary 136
DNA-PKcs +/+ and DNA-PKcs -/- MEFs. A. -RT PCR confirming that residual
genomic DNA had been successfully removed from all samples. B. Representations
generated from irradiated and unirradiated primary DNA-PKcs +/+ and DNA-PKcs -/-
MEFs.

Figure 5-4 Difference products and initial screening of subtraction BH that used 137
representations derived from irradiated DNA-PKcs +/+ as tester and irradiated DNA- 
PKcs -/- as driver respectively. A. Comparison of first, second and third difference 
products (DPI, DP2 and DP3) of BH. B. Experiment BH final difference products. C.
BH final difference products band after gel purification. D. BH representation blots 
prepared from unirradiated and irradiated DNA-PKcs +/+ and DNA-PKcs -/- MEFs 
were probed with difference products from experiment BH. See table 5-1 for a list of 
the BH difference products (T = Tester and D = Driver).



11

Figure 5-5 Initial screening of difference products obtained in subtraction HB, which 139
used a tester representation derived from irradiated DNA-PKcs -/- MEFs and driver 
derived from a representation generated from irradiated DNA-PKcs +/+ MEFs A.
Comparison of first and second (DPI and DP2) difference products from experiment 
HB. B. HB final difference products. C. HB final difference products bands gel 
purified. D. Representation blots prepared from unirradiated and irradiated DNA-PKcs 
+/+ and DNA-PKcs -/- MEFs representations probed with difference products obtained 
in experiment HB. See table 5-2 for a list of the difference products obtained in 
experiment HB (T = Tester and D = Driver).

Figure 5-6 Experiments BH and HB northern blots using mRNA isolated from 141
irradiated and unirradiated primary MEFs derived from DNA-PKcs wild-type BIOBR 
and DNA-PK defective SCID mice. The northern blots were probed with the 
difference products obtained in subtraction BH (A) and HB (B).

Figure 5-7 Survival assays demonstrating that the inunortalised cell lines derived from 141
MEFs from DNA-PKcs +/- and DNA-PKcs -/- mice and the immortalised mouse 
fibroblast cell lines DNA-PKcs wild-type NIH-3T3 and DNA-PKcs deficient SCGRl 1 
displayed the expected radiosensitive phenotypes (Anne Priestley, Cell Mutation Unit,
University of Sussex, Brighton, UK, personal communication, and Blunt, et a l ,  1995;
Taccioli, et a l,  1998).

Figure 5-8 Northern blots derived from mRNA from unirradiated and irradiated 142
immortalized mouse fibroblast cell lines. The cell lines are DNA-PKcs deficient DNA- 
PKcs -/- and SCGRll and DNA-PKcs proficient DNA-PKcs +/- and NIH-3T3. N =
NHEJ proficient. A. Probing the BH difference products probed against the different 
northern blots revealed that only LAMA4 display a transcription pattern that is 
consistent on DNA-PKcs status. B. Probing the HB difference products against the 
different northern blots demonstrated that they are not consistently dependent on DNA- 
PKcs status for their expression.

Figure 5-9 Diagnostic digests of the pME-PK7 expression plasmid, which has a size of 144
15416 bp. The gel picture shows the digest pattern of 8 separate digests using different 
class II restriction enzymes, and the table lists the expected fragment sizes that each of 
these class II restriction enzymes generates from the pME-PK7 plasmid.

Figure 5-10 Complementing immortalised DNA-PKcs -/- MEFs with wild-type murine 145
DNA-PKcs A. p-gal assay of immortalized DNA-PKcs -/- MEFs co-transfected with
pME-PK7 and ppgal-CMU. B. Genotyping immortalised DNA-PKcs -/- MEFs
transfected with pME-PK7 transfections i and ii and control plasmid ppgal-CMU. (A =
primer pair MQ2-MQ7 that amplify a 520 bp fragment in DNA-PKcs +/+ and 220 bp
fragment in DNA-PKcs -/-; B = primer pair MQ2-MQ4592 that amplify a 600 bp in
DNA-PKcs +/+ and 345 bp in DNA-PKcs -/-) C. Western blots using cell extracts
derived from inunortalised DNA-PKcs wild-type NIH-3T3, immortalised DNA-PKcs
+/-, immortalised DNA-PKcs -/- and immortalised DNA-PKcs -/- MEFs transfected
with pME-PK7 (transfections i and ii) and control plasmid ppgal-CMU. The blot was
probed with the DNA-PKcs specific MsAg3 antibody. D. Northern blots of
immortalised DNA-PKcs +/-, DNA-PKcs -/-, DNA-PKcs -/- MEFs transfected with
pME-PK7 (transfections i and ii) and control plasmid ppgal-CMU probed with
LAMA4.

Figure 6-1 Strategy for sequencing mouse p53. PCR primers were designed to amplify 153
3 overlapping fragments of the coding sequence of p53. These primers were used to 
first amplify p53 from SCGRll (Gel picture), and then to sequence the gel purified 
PCR products.

Figure 6-2 Homozygous T to G transversion in endogenous p53 of the SCGRll cell 154
line that changes codon 191 from CTT to CGT. This point mutation results in the 
substitution of an arginine (positive charge) for a leucine (neutral charge). This 
mutation is not present in endogenous p53 of DNA-PKcs -/- mice.



12

Figure 6-3 Transcription of p53 target genes following ionising irradiation. A. RT- 156
PCR using cDNA template derived from unirradiated and irradiated primary DNA-
PKcs +/+, DNA-PKcs +/- and DNA-PKcs -/- MEFs primers for GADD45, MDM2 and
p21 genes, and a -RT control using the same primers. B Transcription of p21 and
MDM2 in unirradiated and irradiated samples derived from Ku80 mutant xrs-4 and xrs-
5, Ku80 complemented xrs-5+Ku80, DNA-PKcs deficient V3 and SCGRll and wild-
type CHO-Kl and NIH-3T3 cell lines. With the exception of NIH-3T3 and SCGRll
that are mouse fibroblast cell lines all the cell lines are derived from hamster

Figure 6-4 Results from our collaborators. The work was carried out using primary 157
mouse embryonic fibroblasts derived from DNA-PKcs +/+, DNA-PKcs +/- and DNA-
PKcs -/- mice and the SCID derived fibroblast cell line SCGRll. IR = ionising
irradiation. IR = ionising irradiation. LLnL = N-Acetyl-Leu-Leu-Norleucinal, a
proteosome inhibitor. pAb421 = anti-p53 antibody Ab421. The people involved in the
work presented in this figure were Gretchen S. Jimenez, Michelle Beeche and Geoffrey
M. Wahl (Gene Expression Laboratory, The Salk Institute, La Jolla, California, USA)
and Shin'ichi Saito, Kazuyasu Sakaguchi and Ettore Appella (Laboratory of Cell
Biology, National Cancer Institute, National Institute of Health, Bethesda, Maryland,
USA).



13

List of Tables

Table 1-1 Human DNA glycosylases and examples of their substrates. A* = Activity, 19
M = Monofunctional and B = Bifunctional.

Table 1-2 Summary of proteins involved in human Global Genome Nucleotide 24
Excision Repair.

Table 1-3 E. coli homologues in human Mismatch Repair (MSH = MutS homologue). 31

Table 1-4 Components of human and S. cerevisiae homologous recombination. 42

Table 1-5 Interactions between Rad51 paralogs (see text for references). 44

Table 1-6 Core factors and examples of candidate components of mammalian NHEJ. 47

Table 1-7 Sizes and chromosomal locations of human Ku70, Ku80 and DNA-PKcs. 55

Table 1-8 DNA-PK in vitro substrates. 56

Table 1-9 Category one sequence specific binding by Ku. Ku has been reported to bind 65
to these regulatory regions in a sequence specific manner. The biological significance, 
if any, of Ku binding to any of these genes is unresolved.

Table 1-10 Category two sequence specific binding by Ku. Ku interaction with these 66
elements is reported to affect transcription either positively or negatively in 
transcription assays. Note that Ku is reported to regulate rDNA gene transcription both 
positively and negatively.

Table 1-11 Category three and four transcriptionally active elements that Ku interacts 67
with.

Table 1-12 Examples of sequences to which Ku is reported to bind with sequence 68
specificity.

Table 1-13 DNA-PK in vitro substrates that are involved in regulation of gene 70
transcription.

Table 2-1 Plating numbers for the radiosensitivity survival assay. 75

Table 2-2 Names and sequences of the oligonucleotides used in this work. 77

Table 2-3 Annealing temperatures (Ta) for oligonucleotides and sizes of PCR products. 78
All primers used with mouse cDNA.

Table 4-1 Genes detected in Experiment WKb. 126

Table 5-1 Genes detected in Experiment BH. 138

Table 5-2 Genes detected in Experiment HB. 140

Table 5-3 Relative expression levels of LAMA4 measured by phosphoimager. The 146
ratios were derived using the levels of LAMA4 expression in untransfected DNA-PKcs 
-/- as the standard.



14

List of Abbreviations

AP Apurinic/Apyrimidinic
AT Ataxia telangiectasia
ATM Ataxia-telangiectasia mutated
ATR ATM and Rad3-related
BER Base excision repair
cDNA RDA cDNA Representational Difference Analysis
CS Cockayne syndrome
DNA DSB DNA double-strand break
DNA DSBs DNA double-strand breaks
DNA-PK DNA-dependent protein kinase
DNA-PKcs Catalytic subunit of DNA-PK
DPI First difference product
DP2 Second difference product
DP3 Third difference product
E. coli Escherichia coli
EMSA Electrophoretic Mobility Shift Assay
GG-NER Global genome nucleotide excision repair
Gy Gray
HR Homologous recombination
IDEs Insertion/deletion loops
LAMA4 Laminin alpha-4
MMR Mismatch repair
NER Nucleotide excision repair
NHEJ Non-homologous end joining
PARP Poly(ADP-ribose) polymerase
PCNA Proliferating cell nuclear antigen
PCR Polymerase Chain Reaction
PIKL Phosphatidylinositol 3-kinase-like protein kinases
ROS Reactive Oxygen Species
RPA Replication factor A
RT PCR Reverse transcription PCR
S. cerevisiae Saccharomyces cerevisiae
S. pombe Schizosaccharomyces pombe
SCID Severe combined immunodeficiency
TCR Transcription coupled repair
TTD T richothiodystrophy
UDG Uracil DNA Glycosylase
UV Ultraviolet
V(D)J V ariable(Di versity)Joining
XP Xeroderma pigmentosum
XRCC X-ray cross complementing
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Chapter 1 : Introduction

Since cellular functions are dependent on DNA integrity, damage to DNA poses a severe 

threat to living organisms. Lesions in DNA might lead to permanent mutations that can 

result in abnormal cellular functions, cell death, or genetic instability, which in 

multicellular organisms might result in carcinogenesis. It is therefore crucial for a living 

organism to ensure the maintenance of its genetic information. In response to this 

challenge prokaryotes and eukaryotes have evolved a wide range of defence mechanisms 

to protect and repair their DNA from the threats and insults posed by DNA damaging 

agents. One example of such a mechanism in prokaryotes is the SOS response that, 

following DNA damage, involves the activation of genes that play important roles, such 

as DNA repair, in the damage response of the bacterium Escherichia coli (E. coli) 

(reviewed in Sutton, et al., 2(XK)). In eukaryotes the cellular response to DNA damage 

involves several DNA repair mechanisms and a complex network of signalling pathways 

that is collectively referred to as the DNA damage response pathway. In metazoans this 

pathway controls gene transcription, cell cycle checkpoints, apoptosis and DNA repair 

(reviewed in Durocher, et al., 2001; Khanna, et al., 2001; Norbury, et al., 2001; Zhou, et 

al., 2000b). The activation of these responses depends on several factors such as the type 

and levels of damage and the cell type in which the lesion(s) occurs. Thus, these 

pathways are differentially regulated in response to genotoxic insult, which means that 

DNA repair mechanisms and the DNA damage response pathway are highly dynamic 

biochemical features of living organisms.

The role of DNA repair mechanisms in the cellular response to DNA damage is to ensure 

that damaged DNA is physically repaired and restored to a condition that is equal to or as 

close as possible to its original state. The relationships between DNA repair mechanisms 

and the DNA damage response pathway are not fully understood. Recent findings imply 

that DNA damage response pathway regulates aspects of some DNA repair mechanisms. 

On the other hand, many DNA repair mechanisms sense DNA damage on their own 

followed by the sequential recruitment of downstream repair components. Although the 

DNA damage response pathway might not regulate the activity of these repair 

mechanisms per se, the cell might sense their activity by mechanisms that lead to 

activation of the DNA damage response pathway. Therefore, DNA repair mechanisms 

might serve the dual function of repairing damaged DNA and providing a link to other 

cellular responses to DNA damage.
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1.1 Overview of DNA repair m echanism s

A plethora of DNA damaging agents, derived from both endogenous and exogenous 

sources generate a wide range of lesions in DNA. The heterogenous nature of DNA 

damage has therefore forced living organisms to evolve different types of DNA repair 

mechanisms. The simplest type of DNA repair is called direct reversal of damage and 

involves the restoration of modified bases in DNA without replacing them. In 

mammalian cells, direct reversal of DNA damage (figure 1-1) is carried out by the

OCHa
Méthylation

MGMT

Guanine 06-methylguanine

Figure 1-1 Direct reversal of DNA damage by MGMT. Méthylation of a guanine 
residue generates the mutagenic 06-methylguanine, which can base pair with thymine 
during DNA replication.

enzyme 06-m ethylguanine-DN A methyl transferase (M GM T), also known as 0 6 -  

alkylguanine-DNA alkyltransferase, which is activated by the alkylation product 0 6 -  

methylguanine (reviewed in Daniels, et aL, 2(X)0). This lesion might generate the 

misincorporation of a thymine during DNA replication, which results in a GC to AT 

transition since 06-m ethylguanine complements the hydrogen-bonding pattern of 

thymine rather than cytosine. MGMT restores the guanine by catalysing the transfer of 

the methyl group from the 06-m ethylguanine to one of its cysteine residues. This 

reaction is irreversible and results in the permanent inactivation of MGMT. Therefore, 

this repair system is expensive for the cell, as it has to generate new MGMT proteins to 

maintain this type of DNA repair mechanism. Another example of DNA damage reversal 

is carried out by photolyases that act on lesions generated by ultraviolet (UV) irradiation 

(reviewed in Deisenhofer, 2000). This pathway, which has been identified in a range of 

organisms, has not been identified in placental mammals.
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Although direct reversal of DNA damage is an important DNA repair method, other 

mechanisms repair the majority of DNA lesions. These mechanisms include the three 

excision repair pathways: base excision repair, nucleotide excision repair and mismatch 

repair, that repair lesions that occur in one strand of the DNA; and the DNA double

stranded break repair mechanisms homologous recombination and non-homologous end 

joining (figure 1-2).

DNA Damage

Raactiv* Oxygen Specie# 
Alkyleting Agente/  

Weter^  
ionleing Radletlon/

Ionising RedletionUltrevMet
Radiation

DNA Replication 
I Errore

Simple Lesions Bulky Heilx-Dlstortlng 
Lesions

Mismatches Double-Stranded
Breaks

/  \
Homologous Mon-Homologous 

Recombination End Joining
Base Excision 

Repair
Nucleotide Excision 

Repair
Mismatch

Repair

Figure 1-2 DNA-damage-inducible DNA repair mechanisms in eukaryotes.

The following presentation of DNA repair mechanisms focuses on manunalian cells. 

However, it should be kept in mind that DNA repair mechanisms are universally present 

in living organisms ranging from the simplest prokaryotes to humans. These mechanisms 

are often evolutionaiy conserved, a feature which has been of great benefit to the 

elucidation of mammalian DNA repair systems. For example, our understanding of 

mammalian DNA double-stranded break repair owes much to investigations of lower 

eukaryotes such as the budding yeast Saccharomyces cerevisiae {S. cerevisiae).

1.2 DNA excision repair

DNA excision repair mechanisms act on lesions that are present in one of the two strands 

of the DNA helix. Fundamentally, DNA excision repair consists of three distinct stages.
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First, the lesion is recognised and removed from the DNA helix. This is followed by 

synthesis of new DNA, and finally ligation to restore the DNA helix. Three important 

types of DNA excision repair are base excision repair, nucleotide excision repair and 

mismatch repair.

1.2.1 Base excision repair

Base excision repair (BER) is responsible for repairing the majority of simple DNA 

lesions in mammalian cells (for BER reviews see Krokan, et aL, 2000; Lindahl, 2000; 

McCullough, et a i ,  1999; Wood, et a i ,  2001). In sharp contrast with nucleotide excision 

repair (see section 1.2.2) the lesions that activate BER do not significantly distort the 

overall three dimensional structure of the DNA helix (figure 1-3). The sources of lesions

XT "'î-V»
1 A

R

Thymine 5,6-dlhydroxy-5,6-dihydrothymtne 
(Thymine QiycoO

R

Guanine

—  0 /}
1
R I “ ■

1
R

Adenine 3-methyladenine
(3-Me-A)

Cytosine

I
R

7,8-dihydro-8-oxoguanlne
(&CXO-G)

H

■ »
R

Uracil

Figure 1-3 Examples of modifications to nitrogenous bases that activate Base Excision 
Repair. The oxidised bases thymine glycol and 8-oxo-G are generated by reactive 
oxygen species. 3-Me-A is a product of alkylating agents whereas uracil is generated in 
DNA by deamination of cytosine or misincorporation by DNA polymerase during DNA 
replication.

that activate BER are often of endogenous origin. Therefore, BER can be viewed as a 

repair mechanism that has evolved largely to rebuild DNA from damage that cells inflict 

on themselves. These endogenous DNA damaging agents include water, alkylating 

agents including S-adenosylmethionine, and reactive oxygen species (ROS) that arise as 

by-products of cellular metabolism. In addition, misincorporation of nucleotides, such as 

uracil, by DNA polymerase during DNA replication also activates BER. W ater 

participates in the spontaneous hydrolysis of the base-sugar bond, which results in the
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loss of a base, and in the deamination reactions that converts bases such as cytosine to 

uracil. W ater is also a source of ROS that are generated by ionising irradiation.

BER is initiated by a group of enzymes known as DNA glycosylases that recognise and 

remove the modified base by catalysing the cleavage of the glycosyl bond between the 

sugar and base moieties. This generates an apurinic/apyrimidinic (AP) site in the DNA 

helix that is then further processed to restore the DNA helix. There are several different 

types of human DNA glycosylases, each recognising a specific subset of lesions 

(sum m arised in table 1-1). DNA glycosylases can be classified in two categories based

DNA Glycosylase Name A* Substrates
8 - 0 X0  g u a n in e  g ly c o s y la s e  

N th ( r .  C O //e n d o n u c le a s e  I I I )  l ik e  1 

MutV (£ . CO//) h o m o lo g u e  

N -m e th y lp u r in e -D N H  g l y c o s y la s e  

U racil-D N fl g l y c o s y la s e  

T h ym in e  ONH g ly c o s y la s e

S e le c t iu e  m o n o fu n c t io n a l  u ra cil DNH g ly c o s y la s e  

M eth yl-C p G  b in d in g  d o m a in  p r o te in  4______________

OGGI

NTH I

MVH

MPG

UDG

TOG

SMÜGI

M B04

8-O X O -G  o p p o s ite  C

O x id ised  p y r im id in e s  in c lu d in g  th y m in e  g ly c o l  

A m is in c o r p o r a te d  o p p o s ite  8 -o x o -G  

A lk y la te d  a d e n in e s  ( e .g .  3 -M e -A )

U

U, e th e n o -C  o p p o s i t e  C 

U

U, an d  T m is p a ir e d  u /ith  C a t  CpG is la n d s _________

Table 1-1 Human DNA glycosylases and examples of their substrates. A* = Activity, 
M = Monofunctional and B = Bifunctional.

on their catalytic activities. Monofunctional glycosylases only catalyse the removal of 

the nitrogenous base from the DNA helix. Bifunctional DNA glycosylases, in addition to 

base removal, also possess a lyase activity that incises the phosphodiester bond 3 ’ to the 

AP site. As shown in table 1-1, there are eight human DNA glycosylases characterised to 

date. W ith the exception of selective monofunctional uracil DNA glycosylase and 

methyl-CpG binding domain protein 4, these glycosylases have also been identified in 

other mammals.

Tw o distinct pathways of BER have been identified in mammals (Frosina, et aL, 1996; 

M atsumoto, et aL, 1994). Short patch repair, also called the DNA polymerase p 

dependent pathway, is the main BER mechanism and involves the replacement of one 

nucleotide. The minor BER pathway, long patch repair, or the proliferating cell nuclear 

antigen (PCNA) dependent pathway, involves the replacement of 2-7 nucleotides (figure 

1-4).
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UDG

AP endonuclease

DNA Polymerase p. 5 or c 
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DNA polymerase
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DNA Polymerase 
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Figure 1-4 Model for the Short Patch Repair and Long Patch Repair pathways of Base 
Excision Repair initiated by the monofunctional Uracil DNA Glycosylase.

One useful tool in elucidating DNA repair pathways has been in vitro reconstitutions of 

repair mechanisms. Human short patch repair has been reconstituted in vitro using uracil 

DNA glycosylase, AP endonuclease, DNA polymerase p and XRCC 1/DNA ligase III or 

DNA ligase I (Kubota, et aL, 1996; Nicholl, et aL, 1997). A model of how short patch 

repair works can be formulated from investigations of these components. Once the AP 

site has been generated by the DNA glycosylase, AP endonuclease catalyses the 

hydrolysis of the phosphodiester bond 5 ’ of the AP site (Demple, et aL, 1991 ; Levin, et 

aL, 1990). This action thus nicks the sugar-phosphate backbone, which generates 3 -OH 

and 5 '-deoxyribosephosphate (dRP) ends. A P endonuclease then recruits DNA 

polymerase p that adds a new nucleotide to the 3 -OH end on the damaged strand using 

the base on the undamaged strand as a template (Bennett, et aL, 1997; Podlutsky, et aL, 

2001 ; Singhal, et aL, 1995). DNA polymerase p also enables ligation of the new 

nucleotide by removing the 5 ’dRP by hydrolysing the phosphodiester bond 3 ’ to the AP 

site (Matsumoto, et aL, 1995; Podlutsky, et aL, 2001). The subsequent ligation that 

restores the duplex DNA molecule is likely to be carried out by the XRCC 1/DNA ligase 

111 complex (Caldecott, et aL, 1994; Cappedi, et aL, 1997). X R CC l is a non-catalytic 

protein that appears to function in short patch repair as a factor that recruits and stabilises 

other repair components. This notion is based on evidence that XRCCl performs an
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essential role for ligation by DNA ligase III as well as interacting directly with DNA 

polymerase p (Cappelli, etaL, 1997; Kubota, etal., 1996).

Short patch repair can also be initiated by bifunctional DNA glycosylases. Bifunctional 

DNA glycosylases catalyse the hydrolysis of the phosphodiester bond 3’ to the AP site. 

The dRP moiety is therefore removed from the DNA helix when AP endonuclease 

hydrolyses the phosphodiester bond 5 ’ to the AP site. Hence there is no requirement for 

the 3’ lyase activity of DNA polymerase p to remove the dRP when a bifunctional DNA 

glycosylase is used to initiate BER.

Sometimes BER proceeds through the long patch repair pathway. Two factors that are 

implicated in directing BER down this route are the type of DNA glycosylase that 

initiates BER or the inability of DNA polymerase p to remove the 5 -dRP moiety which 

prevents ligation of the new nucleotide (Fortini, et aL, 1999; Klungland, et aL, 1997; 

Parker, et aL, 2001). Human long patch repair has been reconstituted in vitro using AP 

endonuclease, PCNA, replication factor C, flap endonuclease 1, DNA polymerase p, ô or 

e and DNA ligase I (Klungland, et aL, 1997; Matsumoto, et aL, 1999; Pascucci, et aL, 

1999). Following the generation of the AP site, DNA polymerase p, ô or e adds several 

nucleotides to the 3’ OH end of the lesion, an action which displaces the 5 ’dRP and 

several adjacent nucleotides as a single-stranded flap structure (Dianov, et aL, 1999b; 

Stucki, et aL, 1998). This structure is recognised and excised by flap endonuclease 1 

followed by ligation carried out by DNA ligase I (Klungland, et aL, 1997). Several 

proteins assist this process. PCNA, which is required for long patch repair, is implicated 

in assisting the reactions performed by DNA polymerase ô and e, flap endonuclease 1 and 

DNA ligase I, probably by playing a structural role (Frosina, et aL, 1996; Gary, et aL, 

1999; Levin, et aL, 2000). Replication factor C might be involved in assisting DNA 

synthesis. Another protein which may be involved in long patch repair is replication 

protein A (RPA), although its exact role in this process is unclear (DeMott, et aL, 1998; 

Dianov, etaL, 1999a).

Two other scenarios of activating BER should be mentioned here. First, BER can be 

activated in a DNA glycosylase-independent manner by the formation of AP sites that 

arise from spontaneous hydrolysis of the glycosamine bond that joins the base and the 

sugar. This type of BER requires all the components downstream of the DNA 

glycosylase. Recently, a second model of DNA glycosylase-independent activation of
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BER following the generation of single-stranded breaks by ionising irradiation has been 

proposed. This model is based on evidence that XRCCl interacts with and stimulates the 

polynucleotide kinase and that complexes consisting of XRCCl, polynucleotide kinase, 

DNA polymerase p and DNA ligase III are likely involved in the repair of single-stranded 

breaks of DNA (Whitehouse, et aL, 2001). The exact mechanism of this variant of BER 

is not currently understood, but Whitehouse et al speculate that the initial damage 

recognition of the single-stranded break is carried out by the poly(ADP-ribose) 

polymerase (PARP) which then recruits the other protein complex of XRCCl, 

polynucleotide kinase, DNA polymerase p and DNA ligase III (Whitehouse, et aL, 2001). 

Several lines of evidence support this hypothetical model. First, PARP binds to single 

stranded breaks (Menissier-de Murcia, et aL, 1989). Second, PARP interacts with 

XRCCl (Masson, et aL, 1998). Third, XRCCl interacts with both DNA ligase III and 

DNA polymerase p (Caldecott, et aL, 1994; Kubota, et aL, 1996). Fourth, XRCCl 

interacts with polynucleotide kinase (Whitehouse, et aL, 2001). However, further work is 

required to test the validity of this model.

There are no human diseases arising from BER defects identified to date. Observations 

from mouse models harbouring targeted disruptions for BER enzymes provide a plausible 

explanation for this. Mice that are null for DNA glycosylases UDG, OGGI, MYH and 

MPG are viable and do not display severe phenotypes whereas mice with disrupted AP 

endonuclease, DNA polymerase p, XRCCl and DNA ligase I are embryonic lethal 

(summarised in Fried berg, et aL, 2000). One reason why ablating genes encoding DNA 

glycosylases do not cause major phenotypical changes is that many glycosylases have 

somewhat overlapping substrate specificities. Therefore the lack of one glycosylase 

might be masked by the actions of other glycosylases. Individuals with dysfunctional 

DNA glycosylases might thus not be detected as suffering from a disorder. On the other 

hand, the core BER components that act downstream of the DNA glycosylases are 

essential for BER repair regardless of the nature of the lesion. Therefore it is not 

surprising that mice deficient in these components are embryonic lethal. Although there 

are no known BER disorders, mutated BER enzymes might be involved in the 

development of human disease. For example, mutations in OGGI have been linked with 

kidney and lung cancer (Audebert, et aL, 2000; Chevillard, et aL, 1998).
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1.2.2 Nucleotide excision repair

Nucleotide excision repair (NER) is activated by bulky helix distorting lesions such as 6- 

4  photoproducts (6-4PPs) and cyclobutane pyrimidine dimers (CPDs) (figure 1-5) that are 

generated by UV radiation (for NER reviews see Balajee, et aL, 2(X)0; Batty, et aL, 

2000b; de Boer, et aL, 2000; de Laat, et aL, 1999; Wood, et aL, 2001). UV radiation is a 

com ponent o f sunlight, and therefore overexposure to the sun significantly increases the 

risk of generating these lesions. There are two different types of NER mechanisms. 

Global genome NER repairs DNA damage that occurs in nontranscribed DNA whereas 

bulky lesions present in transcribed strands of DNA are repaired by a pathway known as 

transcription coupled repair.

CH, H,C

cyclobutane tbymlne dimer 
(a CPD)Tbymlne Thymine

CH,
CH, HÆ

R  H . C - -  \ r

(6-4) thymine pyrimldone 
(a 6-4PP)Thymine Thymlrm

Figure 1-5 Examples of UV induced lesions that activate Nucleotide Excision Repair.

In contrast with BER, three separate disorders demonstrate the severe consequences of 

deficiencies in NER. These syndromes are Xeroderma pigmentosum, Cockayne 

syndrome and Trichothiodystrophy (reviewed in Bergmann, et aL, 2001; de Boer, et aL, 

2000; Rapin, et aL, 2000; van Steeg, et aL, 1999). Xeroderma pigmentosum (XP) results 

from  mutations in one o f seven genes (XPA-XPG) and the syndrome is characterised by 

sensitivity to sunlight (UV radiation). In fact, the genetic defect underlying XP increases 

the risk of developing UV induced skin cancer by more than a thousand fold. XP patients 

often also suffer from accelerated neurodegeneration. The second NER related disorder, 

Cockayne syndrome (CS), results in dwarfism, premature ageing and demyelination. CS 

patients are also sensitive to sunlight but do not have increased levels of skin cancers. CS 

is caused by mutations one of the five genes CSA, CSB, XPB, XPD and XPG. The third
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syndrome, trichothiodystrophy (TTD), is caused by mutations in the XPB or XPD genes 

and by the unknown defect that characterizes TTD-A patients. TTD displays a similar 

phenotype to CS, but is also characterized by ichthyosis and brittle hair. It is intriguing 

that deficiencies in XPB, XPD or XPG can cause more than one syndrome. One 

explanation for this is that different mutations in the same gene might alter the functions 

of the protein in different ways, thus generating different phenotypes. Investigations into 

the molecular mechanisms underlying these three syndromes have demonstrated the 

genetic causes of these syndromes affect genes whose products are involved in nucleotide 

excision repair.

Table 1-2 summarises the proteins that are involved in global genome NER (GG-NER).

Gene Product Proposed Function(s)
KPH
KPB
KPC
KPD
HPF
KPG

T F I I H
HHR23B

ERCC
Damaged DNA binding protein  

RPR
□NR P olym erase p 
DNR P olym erase e 

PCNR
Replication fa cto r  C 

___________________DNR lig a se  I

-  D am age u e r if ic a tio n . F o rm a tio n  o f  th e  o p en  com plex .
-  F o rm a tio n  o f  th e  o p en  com p lex .
-  D am age d e te c tio n . R e c ru itm e n t o f  TFIIH.
-  F o rm a tio n  o f  th e  open  com p lex .
- C lea u es th e  d a m a g e d  s t r a n d  5 ' to  les io n .
-  S ta b ilise s  o p en  com plex . C lea u es th e  d a m a g e d  s t r a n d  3’ to  le s io n .
- F o rm a tio n  o f  th e  open  co m plex .
- F u n c tio n s in com plex  u iith  KPC.
- F u n c tio n s in com plex  u iith  HPF.
- D am age d e te c tio n .
-  D am age d e te c t io n . F o rm a tio n  o f  o p en  com plex .
-  DNR s y n th e s is  to  re p la c e  th e  inc ised  d a m a g e d  s t r a n d
-  DNR s y n th e s is  to  re p la c e  th e  inc ised  d a m a g e d  s t r a n d
-  A ssis ts  DNR sy n th e s is
-  A ssis ts  DNR s y n th e s is
-  DNR lig a tio n

Table 1-2 Summary of proteins involved in human Global Genome Nucleotide Excision Repair.

A requirement for initiation of global genome NER (GG-NER) is detection of the lesion 

followed by recruitment of the repair machinery. It is not entirely clear which proteins 

function as damage sensors in GG-NER, but the most prominent candidate is the 

XPC/hHR23B protein complex that binds with high affinity to a range of lesions that 

activate GG-NER (Batty, et aL, 2000a; Sugasawa, et aL, 1998). The variety o f lesions 

that XPC/hHR23B recognises and binds to suggests that XPC/hHR23B senses distortions 

in the DNA helix rather than specific types of DNA damage. Evidence that supports the 

hypothesis that XPC/hHR23B is involved in damage detection in GG-NER comes from 

results that implicate XPC/hHR23B in the recruitment of transcription factor IlH (TFIIH),
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which is involved in the repair steps immediately following damage recognition (Yokoi, 

et al., 2000). However, XPC/hHR23B does not bind efficiently to cyclobutane 

pyrimidine dimers, suggesting that adequate repair of this lesion might require other or 

additional damage sensing proteins (Sugasawa, et a l ,  2001). Other proteins that have 

been implicated as damage sensors in GG-NER are XPA, the single-stranded DNA 

binding RPA, and the damaged DNA-binding protein (Sugasawa, et a l ,  1998; Wakasugi, 

et al., 1999; Wakasugi, et al., 2001). The p48 subunit of the damaged DNA-binding 

protein is mutated in a portion of patients that suffer from the E variant of XP (XPE). 

Interestingly, the p48 gene is up-regulated by the transcription factor and tumour 

suppressor p53 following UV damage (Hwang, et al., 1999). p53 is activated following 

DNA damage and plays an important role in the DNA damage response pathway (see 

below). Therefore, this finding provides a direct link between the DNA damage response 

pathway and DNA repair, and might explain the GG-NER defect observed in p53 null 

cells (Ford, etal., 1997).

The first step in GG-NER following detection of the lesion is to generate an open 

complex by separating the damaged strand from the undamaged strand (see figure 1-6 for 

a diagram of GG-NER). This function requires the TFIIH component of RNA 

polymerase II. Recruitment of TFIIH to the site of damage is likely to involve the 

XPC/hHR23B complex that has been shown to both physically interact with TFIIH and 

be required for TFIIH binding to regions with DNA lesions (Yokoi, et al., 2000). Two 

TFIIH subunits are essential for helix unwinding around the lesion. These are the XPB 

and XPD proteins that are ATP-dependent helicases. Other proteins that are involved in 

formation of the open complex are XPA, XPG and RPA (Evans, et al., 1997).

Completion of the formation of the open complex allows the two endonucleases XPG and 

ERCCl/XPF, that recognise single-strand to double-strand transitions in DNA, to incise 

the damaged strand 3’ and 5 ’ of the lesion respectively (O'Donovan, etal., 1994; Sijbers, 

et al., 1996). This action releases the lesion as part of a 24-32 bp nucleotide. The 

resulting gap is filled in by DNA polymerase ô or e aided by replication factor C and 

PCNA using the intact strand as a template followed by ligation by DNA ligase I (Araujo, 

et al., 2000).
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Figure 1-6 Model for human Global Genome Nucleotide Excision Repair.

DNA damage occurring in transcribed strands of DNA pose a great threat to the normal 

cellular functions. Therefore, it is critical for the cell to be able to quickly repair this type 

of lesion. Indeed, repair of lesions that activate NER have been shown to be more rapid 

in transcribed strands compared to non-transcribed strands of DNA (Bohr, et al., 1985; 

Mellon, et al., 1987). The reason for this is that a specific mechanism, transcription 

coupled repair (TCR), which is separate from GG-NER performs this type of repair.

TCR has been considered to be a NER m echanism because of its ability to repair bulky 

lesions, and because it requires GG-NER components. However, TCR differs from GG- 

NER at the molecular level. First, there is no requirement for the GG-NER damage 

sensing XPC/hHR23B complex in TCR (Mu, et al., 1997; Venema, et al., 1990).

Damage detection in TCR is instead likely to involve the stalling of RNA polymerase 11 

at a lesion. Indeed, CPDs have been shown to stop the progress of transcribing RNA 

polymerase II (Donahue, et al., 1994). Another important difference between TCR and 

GG-NER is that TCR requires the CS-A and CS-B proteins that can interact with one 

another (Henning, et al., 1995; van Gool, et al., 1997). The exact function of the CSA 

and CSB proteins in TCR is not fully resolved. However, the finding that CSB interacts
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with the elongating RNA polymerase II implies a role in transcription (Tantin, et a l ,  

1997). CSA and CSB might couple transcription and repair in two ways. First, the CS 

proteins might be involved in displacing the stalled RNA polymerase II from the site of 

damage thereby providing access for the repair machinery to the lesion (van Oosterwijk, 

et al., 1996). Second, in vitro findings have shown that CSA interacts with TFIIH, and 

CSB with XPG, suggesting that the CS proteins might also be involved in recruiting 

repair components to the lesion (Henning, et al., 1995; Iyer, et al., 1996).

The view that TCR is a NER pathway has been challenged by recent observations. First, 

oxidative lesions that activate BER are repaired in transcribed strands of DNA in cells 

that are deficient for NER due to mutations in the XPA, XPF and XPG, but not in cells 

that are deficient for CSA, CSB or derived from CS patients whose disease is caused by 

mutated XPG (Cooper, et al., 1997; Leadon, et al., 1993). Thus, oxidative lesions that 

activate BER are removed from transcribed strands of DNA by TCR by a mechanism that 

does not require several NER proteins, and the function of XPG in this type of TCR is 

separate from its function in NER. Second, it was recently demonstrated that RNA 

polymerase II stalls when encountering the oxidative lesion 8-oxo-G and that subsequent 

TCR of this type of DNA damage requires the XPG, XPB, XPD and CSB proteins (Le 

Page, et al., 2000). In this context it is noteworthy that the bifunctional DNA glycosylase 

NTH I, which recognises and removes the oxidative lesion thymine glycol, is stimulated 

by XPG (Klungland, et al., 1999). Taken together, these findings suggests that instead of 

being solely a NER pathway TCR appears to consist of at least two distinct pathways, one 

for oxidative lesions that require BER and one damage that require the NER machinery.

It is therefore possible that the TCR proteins CSA, CSB, XPB, XPD and XPG perform a 

function upstream of the actual repair process itself. In such a model the CSA, CSB, 

XPB, XPD and XPG might be involved in first displacing the stalled RNA polymerase II 

and then, following confirmation of the nature of the lesion recruit the appropriate repair 

machinery, which repair the lesion followed by the continuation of transcription (figure 1- 

7). Deficiency in any of these proteins is implicated as causative factors of Cockayne
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Figure 1-7 Model for Transcription Coupled Repair.

syndrome. Thus, the severe phenotype of this disorder might be entirely due to the failure 

of transcription to proceed in a gene where a lesion has occurred. Indeed, Le Page et al 

have proposed that the severity of Cockayne syndrome is due entirely to the failure to 

remove oxidative lesions from transcribed strands of DNA (Le Page, et at., 2(XX)).

1.2.3 Mismatch repair

Errors that are not corrected by the proofreading mechanism of DNA polymerase during 

DNA replication generate modifications to the daughter strand that, if not corrected, will 

be permanent and thus passed on to daughter cells. This type of DNA damage includes 

base:base mismatches and insertion/deletion loops (IDLs). A base:base mismatch arises 

when DNA polymerase generates a non-Watson-Crick base pair such as a T:G. An 

insertion loop is formed when DNA polymerase adds one or more extra nucleotides to the 

daughter strand. On the contrary, a deletion loop is generated when DNA polymerase 

skips one or more bases in the parental strand thereby generating a daughter strand that 

lacks the corresponding bases. These alterations are repaired by the evolutionary
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conserved mismatch repair (MMR) mechanism (reviewed in Buermeyer, et al., 1999; 

Harfe, et al., 2000a; Harfe, et al., 2000b; Jiricny, 1998; Jiricny, et al., 2000; Kolodner, et 

al., 1999; Wood, et al., 2001). MMR, like the other two excision repair mechanisms, 

BER and NER, consists of three phases. First, the damage is detected, followed by 

recruitment of the repair machinery. Second, the portion of the damaged daughter strand 

that contains the unwanted modification is removed and finally new DNA is synthesized 

using the undamaged parental strand as a template followed by ligation to restore the 

DNA helix.

MMR is best understood in the Gram-negative bacterium E. coll (figure 1-8), and our

DNA Replication
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DNA Helicase li 
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Figure 1-8 Model for E. coli mismatch repair exemplified by the removal of a base:base 
(G:T) mismatch.

understanding of this prokaryotic system has served as a model for the elucidation of 

eukaryotic MMR. E. coli MMR has been reconstituted in vitro using the gene products of 

the mutator (Mut) genes MutS, MutL and MutH acting in concert with the DNA helicase
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II (also known as UvrD or MutU), exonuclease I, DNA polymerase III, single-stranded 

binding protein and DNA ligase (Lahue, et a/., 1989). The E. coli MMR mechanism is 

initiated by the homodimeric MutS ATPase protein, which binds to DNA containing 

base:base mismatches and IDLs (Haber, et al., 1991; Parker, et al., 1992; Su, et al.,

1986). In vitro, the initial mismatch binding is followed by an ATP dependent 

translocation of MutS along the DNA helix, which results in the formation of a loop 

structure, alpha loop, that contains the mismatch and has the MutS protein bound to its 

base (Allen, et al., 1997). The MutL ATPase homodimer, which interacts with the MutS 

protein, stimulates the formation of the alpha loop (Allen, et al., 1997; Grilley, et al.,

1989). There are at least two potential consequences of the MutS translocation away 

from the mismatch and its interaction with the MutL heterodimer. First, the resulting 

exposure of the mismatch might be essential in order to enable subsequent repair 

components access to the damaged region. Second, it might be an important step that 

allows subsequent MutS/MutL interaction with and activation of the downstream MMR 

components MutH and DNA helicase 11 (Au, et al., 1992; Yamaguchi, et al., 1998).

These interactions are mediated by MutL, and provide a potential function of MutL in 

which it couples the initial mismatch binding by MutS to downstream MMR events (Hall, 

et al., 1998; Hall, et al., 1999).

MutH is an endonuclease, which, upon activation by MutL, incises the unmethylated 

newly synthesized daughter strand opposite a methylated adenine in the parental strand 

(Au, et al., 1992; Hall, et al., 1999). The fact that the daughter strand is unmethylated 

serves as the strand discriminating signal in E. coli MMR. This is a very important step 

as it is crucial for the MMR machinery to repair the daughter strand that contains the 

unwanted modification and not the undamaged parental strand. Following MutH 

incision, DNA helicase 11 unwinds the double-stranded helix from the nick initiated by 

MutH towards the mismatch (Dao, et al., 1998). The interaction between MutL and DNA 

helicase 11 might be important in directing the helicase activity towards the mismatched 

region. The daughter strand thereby becomes exposed as a single-stranded structure with, 

depending on the location of the MutH incision relative to the mismatch, either a 3’ or 5 ’ 

end. This single-stranded end subsequently serves as a substrate for exonucleolytic 

digestion that proceeds in the direction of, and through, the damaged region. Four 

different exonucleases are implicated in E. coli MMR. These are the two 5 ’to 3’ RecJ 

exonuclease and exonuclease V ll and the 3 ’to 5 ’ exonuclease 1 and exonuclease X
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(Cooper, et al., 1993; Viswanathan, et al., 2001). Finally the DNA replication machinery 

and DNA ligase restores the DNA helix using the parental strand as a template.

Eukaryotic MMR is not as well understood as the corresponding mechanism in E. coll. 

However, the identification of several eukaryotic MutS and MutL homologues (table 1-3)

Function E, coli Mammals
D am age  D e tec t ion

Link b e t w e e n  d a m a g e  d e te c t io n  
an d  d o w n s t r e a m  r e p a i r  e u e n t s

E n d o n u c lea se  
DNR h e l i c a s e

MutS

MutL

MutH
MutU

MSH2
MSH3
MSH6

MLH1
MLH3
PMSl
PMS2

Not Id en t i f ied  
Not Id en t if ied

Table 1-3 E. coli homologues in human Mismatch Repair (MSH = MutS homologue).

together with data from recent eukaryotic MMR studies and the understanding derived 

from the elucidation of E. coli MMR enables a model of mammalian MMR to be 

proposed. In this model, one of the two heterodimeric MuiSalpha and MuXSbeta proteins 

functions as the damage sensing factor. These proteins are composed of mammalian 

homologues of the E. coli MutS protein (table 1-3). The MuXSalpha protein consists of 

the MSH2 and MSH6 proteins and binds with specificity to base:base mismatches and 

small IDLs, whereas MuXSbeta, composed of MSH2 and MSH3 proteins, binds chiefly to 

IDLs (Acharya, et al., 1996; Genschel, et al., 1998). This initial mismatch binding might 

also involve PCNA, which has been reported to interact with both MuXSalpha and 

MuXSbeta (Flores-Rozas, et a i ,  2000; Johnson, et al., 1996).

Once bound to the mismatch, MnXSalpha in the presence of ATP translocates along the 

DNA molecule away from the mismatch (Blackwell, et a i ,  1998; Gradia, et al., 1999). 

This action is similar to the sliding mechanism of MutS of E. coli, and presumably serves 

the purpose of allowing access to the damaged site as well as interaction with other MMR 

components. It is not yet resolved whether MuXSbeta is able to translocate in the same 

manner. Both MuXSalpha and MuXSbeta are implicated to interact with MuXLalpha, a 

heterodimer formed by the MutL homologues MLHl and PMS2 (PMSl in S. cerevisiae) 

(Gu, et al., 1998; Habraken, et al., 1998; Habraken, et al., 1997; Li, et al., 1995a). The
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role for MuXLalpha might be homologous to the role of MutL in E. coli, and thus serve a 

dual function of first stabilizing the mismatch bound MuXSalpha or MuXSbeta followed 

by recruitment of other MMR components. There are two additional protein complexes 

that are composed of MutL homologues in eukaryotic cells. These are MLH1/MLH3 and 

the M LHl/PM Sl protein, which is denoted MuXLbeta. There is currently no known role 

for either of these proteins in mammalian MMR.

The mechanisms downstream of the initial mismatch binding and subsequent interaction 

between MuXSalpha or MuXSbeta with MuXLalpha are unclear in eukaryotes. Presuming 

that eukaryotic MMR is evolutionarily similar to the E. coli MMR, the daughter strand 

containing the mismatch must first be nicked and then unwound by a DNA helicase. The 

proteins that are responsible for these actions in eukaryotic MMR are unknown; there are 

no MutH and DNA helicase II homologues identified in eukaryotes. In this context it 

should be mentioned that there might be no requirement for endonuclease activity in 

eukaryotic MMR. The nicks between Okazaki fragments in the lagging strand might 

function as substrates for a DNA helicase. The lack of these types of nicks in the leading 

strand means that this mechanism would be limited to the lagging strand. A different 

mechanism that excludes the activity of an endonuclease comes from the observation that 

eukaryotic mismatch repair proteins interact with PCNA and that PCNA is required for 

the DNA synthesis that restores the DNA helix following MMR (Gu, et al., 1998). Based 

on this, a model has been proposed (Jiricny, 1998) in which PCNA, a component of the 

DNA replication machinery, interacts with MMR proteins bound to damaged DNA, and 

as a result causes the DNA polymerase to stall and subsequently release the nascent DNA 

strand. This action would expose the 3’ end of the newly synthesised strand to 3’-to-5’ 

exonucleases. Such a model is attractive because it both excludes the requirement for 

endonuclease nicking and provides a mechanism by which eukaryotic MMR 

discriminates between the daughter strand that contains the unwanted modification and 

the undamaged parental strand. One problem with this model is that there are currently 

no mammalian 3’-to-5’ exonucleases identified that are involved in MMR.

The 5 ’-to’3 Exonuclease 1 is implicated in mammalian MMR. This is supported by the 

findings that human Exonuclease I interacts with MSH2, MSH3 and MuXLalpha, and that 

Exonuclease 1 is mutated in some patients that suffer from hereditary non-polyposis 

common cancer, a disease that is associated with defective MMR components (see below) 

(Schmutte, et al., 2001; Wu, et al., 2001). Evidence from S. cerevisiae suggest possible
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roles in mammalian MMR for the exonuclease activities of DNA polymerase ô and e and 

flap endonuclease 1, which in addition to endonuclease activity also possesses a 5 ’-to-3’ 

exonuclease (Tishkoff, et al., 1997; Tran, et al., 1999). Once the damaged region of the 

daughter strand is removed, DNA synthesis and ligation restores the DNA helix. There is 

evidence that this process involves DNA polymerase ô acting in concert with RPA and 

PCNA (Gu, et al., 1998; Lin, et al., 1998; Longley, et al., 1997). The DNA ligase(s) that 

is involved in eukaryotic MMR have not been identified.

Defective MMR is linked to the human hereditary non-polyposis colon cancer, a cancer 

that is frequently associated with mutations in the MSH2 and MLHl and in some cases 

also with defective MSH6, PM Sl and PMS2 genes (reviewed in Jiricny, et al., 2000). 

Recently, mutations in the Exonuclease 1 gene were found in patients with non-polyposis 

colon cancer (Wu, et al., 2001). This finding supports the notion that Exonuclease 1 is 

involved in mammalian MMR. The frequent occurrence of mutations in MSH2 and 

M LHl, but not MSH6, PMSl and PMS2 in human tumours might reflect the fact that 

MSH2 and MLHl are essential components of all known mammalian MutS and MutL 

heterodimers, respectively. Defective MMR is also implicated in other cancers including 

bladder and prostate cancer (Chen, et al., 2001; Thykjaer, et al., 2001; Yeh, et al., 2001). 

Taken together, these findings strongly suggest that MMR components perform a tumour 

suppressor role. This is also supported by the findings that mouse models that are null for 

MSH2, M LHl, MSH6 and PMS2 are predisposed to tumours (reviewed in Friedberg, et 

a l,  2000).

1.3 Cellular re sp o n ses  to  DNA double-stranded breaks

The evidence that impairments in BER, NER and MMR have negative effects on human 

health demonstrates the importance of appropriate DNA repair of lesions that occur in 

one of the DNA strands in vivo. Another type of DNA damage is DNA double-strand 

breaks (DNA DSBs) that arise from agents including ionising irradiation and as 

intermediates in recombination processes such as V(D)J recombination (reviewed in 

Pfeiffer, et a l ,  2000). This type of damage, if not dealt with appropriately, represents the 

most serious type of DNA damage for any living organism because it might completely 

inactivate an essential gene or result in chromosome translocations (Richardson, et a l ,  

2000). As a result, a DNA DSB might cause serious damage or even death to the cell.
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This is of particular importance for multicellular organisms as the generation of DNA 

DSBs might be carcinogenic.

To ensure that the integrity of their DNA is maintained, eukaryotes have evolved a 

complex cellular response to DNA DSBs that include a large network of DNA damage 

inducible pathways collectively known as the DNA damage response pathway, and the 

DNA DSB repair mechanisms homologous recombination and non-homologous end 

joining. Both the DNA damage response pathway and DNA DSB repair are extremely 

sensitive and might be activated by as little as a single DNA DSB (Huang, et al., 1996b; 

Martin, et al., 1999).

1.4 The DNA dam age resp o n se  pathway; a  central role for 
phosphatidyllnositol 3-klnase-like protein k inases

The DNA damage response pathway can activate a number of responses to DNA DSBs 

including cell cycle arrest at the G 1/S, S and G2/M checkpoints and programmed cell 

death. These responses are mediated through covalent modifications of proteins, protein- 

protein interactions and changes in gene transcription. Cell cycle arrest following DNA 

damage by ionising irradiation inhibits the cell from progressing through the cell cycle 

with damaged DNA, allows time for DNA repair, and enables the cell to assess the extent 

and nature of the damage and then respond in an appropriate manner. In metazoans, if the 

damage is beyond repair and threatens the cell, and as a consequence the organism, the 

DNA damage response might respond by activating apoptosis. Recent findings have also 

established links between the DNA damage response pathway and the regulation of DNA 

DSB repair, thus providing evidence that the DNA damage response pathway and DNA 

repair do not represent separate responses to DNA DSBs (see below).

Organisationally, the DNA damage response pathway can be divided into three different 

levels based on the function of its components (figure 1-9). First, the pathway must be 

activated upon the generation of DNA DSBs. The components involved in this initial 

damage detection are referred to as the sensors. Second, once the damage has been 

identified, the sensors activate the second level of the pathway. The proteins that operate 

on this level are known as the transducers. The transducers function in signal 

transduction pathways that result in the appropriate response to the damage. These
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responses that include cell cycle arrest, apoptosis and regulation of DNA repair 

mechanisms, are executed by the effectors, which constitute the third level of the DNA 

damage response pathway.

IONISING IRRADIATION

DNA DSB

Detection of DNA Damage

Activation of Cellular 
Responses to DNA Damage

GENE TRANSCRIPTION

CELL CYCLE CONTROL DNA DSB REPAIR APOPTOSIS

SENSORS

TRANSDUCERS

EFFECTORS

Figure 1-9 Model for the general organisation of the metazoan DNA Damage Response 
Pathway.

Extensive research has revealed considerable information about the proteins that function 

as transducers and effectors of the DNA damage response pathway, but surprisingly little 

is known about the identities and action of the sensors. Despite this discrepancy, it is 

possible to make some predictions as to how a sensor of DNA DSBs might function. A 

DNA DSB is unique because it generates double-stranded ends of DNA. It is therefore 

possible that the sensors are able to bind to the double-stranded ends generated by 

damage and that this binding somehow enables the sensor to communicate the damage to 

the early transducers. Alternatively, the sensor might identify a damage dependent 

process such as DNA repair, rather than the double-stranded ends of DNA. Of course, the 

argument in this case can be made that the true sensor is the protein that initiates the 

damage dependent process in the first place.
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In contrast to the ambiguity surrounding the identities of the sensors, there is strong 

evidence that phosphatidylinositol 3-kinase-like protein kinases (PIKL) perform a central 

function as transducers in the DNA damage response pathway. This family of large 

protein kinases includes the catalytic subunit of the DNA-dependent protein kinase, and 

the ataxia-telangiectasia mutated (ATM) and ATM and Rad3-related (ATR) proteins. 

Evidence linking the catalytic subunit of the DNA-dependent protein kinase to the DNA 

damage response pathway is discussed below.

The ATM protein is deficient in the human disorder ataxia telangiectasia (AT), which is 

characterized by hypersensitivity to ionising irradiation, defective cell cycle arrest in 

response to ionising irradiation including radioresistant DNA synthesis, which is 

diagnostic of a defective cell cycle arrest in the S phase, as well as increased levels of 

tumours and immunodeficiency (reviewed in Rotman, et al., 1998).

Following ionising irradiation treatment, the ATM protein activates mechanisms that lead 

to G 1/S, S and G2/M arrest of the cell cycle (Houldsworth, et at., 1980; Kastan, et al., 

1992; Painter, etal., 1980; Paules, etal., 1995). Ionising irradiation generated cell cycle 

arrest at the G 1/S boundary is mediated via the transcription factor and tumour suppressor 

p53 via its target gene, the p21 CDK inhibitor (Brugarolas, et al., 1995; el-Deiry, et al.,

1993). There is evidence that the ATM protein regulates this checkpoint in three different 

ways. Two of these involve ATM dependent phosphorylation of two residues of p53, 

which are thought to be important for p53 activation. These residues are Ser-15, which is 

phosphoiylated directly by the ATM protein, and Ser-20, which is phosphorylated by the 

ATM substrate Chk2 (Banin, et al., 1998; Canman, et al., 1998; Chehab, et al., 2000; 

Hirao, et al., 2000; Khanna, et al., 1998; Siliciano, et al., 1997; Watters, et al., 1997). 

Finally, ATM has also been shown to phosphorylate MDM2, which is a protein that 

targets p53 for degradation (Khosravi, et al., 1999). The ATM protein controls arrest in S 

phase following ionising irradiation treatment by a pathway that might involve 

phosphorylation of the Nbsl protein, which is defective in Nijmegen breakage syndrome 

(NBS), a disorder which like ataxia-telangiectasia is characterized by inability to arrest in 

the S phase (Gatei, et al., 2000; Lim, et al., 2000; Wu, et al., 2000; Zhao, et al., 2000b). 

Finally, the ATM protein activates the G2/M checkpoint via the Chk2 kinase pathway 

(Chaturvedi, et al., 1999; Matsuoka, et al., 1998; Matsuoka, et al., 2000; Zhou, et al., 

2000a).
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The ATM protein is also implicated in regulating apoptosis. Although, it has been 

reported that ATM is not a mediator of p53 dependent apoptosis following ionising 

irradiation, a recent study presents findings that ATM, at least in the nervous system, 

controls apoptosis via the p53 dependent bax mechanism (Barlow, et al., 1997; Chong, et 

al., 2000). Another manner by which ATM might regulate ionising irradiation induced 

apoptosis is via the c-Abl dependent p73 mechanism (Agami, et al., 1999; Yuan, et al.,

1999).

Another PIKL kinase that is important in the DNA damage response pathway is the ATR 

protein. This protein kinase is not as well understood as the ATM protein, partly because 

there are no viable ATR deficient models (Brown, et al., 2000; de Klein, et al., 2000). It 

is, however, established that the ATR protein also responds to other types of DNA 

damage such as damage induced by UV irradiation in addition to DNA DSBs. The role 

of the ATR protein in the response to ionising irradiation has been shown to occur after 

the initial ATM dependent response, thus implicating ATR as a secondary signaling 

protein that ensures that the damage response to ionizing irradiation is maintained 

(Tibbetts, et al., 1999). The ATR protein is reported to regulate G2/M arrest via the Chkl 

kinase pathway following UV irradiation, probably by phosphorylating Ser-345 of Chkl 

(Liu, et al., 2000). Ionising irradiation also results in phosphorylation of Chkl at the 

same residue, which might play an important role in Chkl mediated arrest at G2/M in 

response to ionising irradiation (Liu, et al., 2000; Sanchez, et al., 1997). However, it is 

not clear which protein kinase is responsible for this modification following ionising 

irradiation.

The DNA damage response pathway is also involved in the regulation of DNA DSB 

repair. There are several ways by which this regulation might occur. Transcription of 

genes whose products are required for efficient DNA DSB repair might be up-regulated 

in a manner that is regulated by the DNA damage response pathway. Although not firmly 

established, such a model is not without precedence. The p48 gene, mutated in XPE 

patients, for example, is up-regulated following UV irradiation in a p53 dependent 

manner (Hwang, et al., 1999). Another possibility is that the DNA damage response 

pathway regulates DNA DSB repair components post-translationally in response to DNA 

damage. The ATM protein activates several genes that are implicated in homologous 

recombination, and in S. cerevisiae non-homologous end joining requires several 

components of the DNA damage response pathway including the ATR homologue Mec Ip
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that is involved in the recruitment of DNA DSB repair components to the site of the DNA 

DSB. Recent observations provide indirect evidence that the ATM protein is involved in 

facilitating NHEJ repair (see below).

In addition, the DNA damage response pathway might also facilitate DNA DSB repair by 

modulating the structure of chromatin. Ionising irradiation induces phosphorylation of 

hi stone H2A in a range of eukaryotes from S. cerevisiae to humans (Rogakou, et al.,

1999). In humans this phosphorylation occurs very rapidly following treatment with 

ionising irradiation, and the numbers of foci containing phosphorylated H2A correspond 

to the number of DNA DSBs that are generated (Rogakou, et al., 1999). This finding 

provides evidence that phosphorylation of hi stone H2A occurs in the region of a DNA 

DSB. Such a modification is likely to alter the chromatin structure, which might be a 

necessary step in order to recruit and allow DNA repair components access to the 

damaged region. Recent studies by two groups have provided a direct link between

hi stone H2A phosphorylation and DNA DSB repair (Downs, et al., 2000; Pauli, et al.,

2000). Following generation of DNA DSBs in human cells, several components of the 

homologous recombination repair machinery co-localizes with phosphorylated histone 

H2A, and this association is dependent on phosphorylation of histone H2A (Pauli, et al.,

2000). In S. cerevisiae, phosphorylation of histone H2A is required for non-homologous 

end joining mediated repair of DNA damage generated by agents that induce DNA DSBs 

(Downs, et al., 2000). There is direct evidence that these events are under the control of 

the DNA damage response pathway in S. cerevisiae as histone H2A phosphorylation is 

carried out by M eclp at a consensus sequence for PIKL kinases (Downs, et al., 2000). In 

mammalian cells, the ATM protein is the kinase responsible for most of this 

phosphorylation following treatment with ionising irradiation (Burma, et al., 2001).

1.5 Overview of DNA double-stranded break repair m echanism s

Our understanding of DNA DSB repair mechanism is largely drawn from work carried 

out using cell lines that are deficient for repair components. These cell lines therefore 

have compromised DNA DSB repair, and, as a consequence, are hypersensitive to 

ionising irradiation and other agents that generate DNA DSBs. If such a cell line is 

transfected with a construct that expresses a wild-type copy of the repair component in 

question, the cell becomes capable of efficient DNA DSB repair, and looses its
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radiosensitive phenotype. Complementing radiosensitive mammalian cell lines with 

human chromosomes has led to the establishment of a classification system, in which 

genes whose deficiency results in radiosensitivity are denoted X-ray cross complementing 

(XRCC) followed by an integer number to specify the particular gene (Thompson, et a l, 

1995).

Investigations into eukaryotic DNA DSB repair deficient cells have elucidated a repair 

mechanism known as homologous recombination (HR). This repair mechanism repairs a 

DNA DSB by using a template from a second DNA molecule, preferentially a sister 

chromatid, that contains a homologous or identical sequence to the damaged region 

(Kadyk, et a l ,  1992). HR can also use the parental homologue as a template for repair, 

but this generates recombination that is potentially damaging to the cell. For example, if 

the damage occurs in the coding sequence of a gene and the homologous allele that is 

used as a template contains a mutation, DNA repair will result in the generation of cell 

that carries two identical mutated copies of the gene. This might have negative effects on 

health of the organism as a whole as exemplified by the recent finding that loss of 

heterozygosity due to HR results in cancer predisposition of mice that are null for Bloom 

helicase (Luo, et al., 2000). On the other hand, when a sister chromatid, which contains 

an identical primary nucleotide sequence to the damaged chromatid, is used as a template, 

HR fully restores the damaged gene to its original state in an error-free mechanism.

Mammalian cells belonging to the XRCC4, XRCC5, XRCC6 and XRCC7 

complementation groups are characterized by hypersensitivity to ionising irradiation and 

defective rejoining of DNA DSBs. Work on elucidating the repair defect of these cells 

has revealed that these four complementation groups define parts of a DNA DSB repair 

pathway that is separate from HR. Evidence from plasmid assays have demonstrated that 

XRCC5 cells have an intact HR repair mechanism and that their repair defect instead is 

due to impaired ability of direct end joining of DNA DSBs (Hamilton, et al., 1987; Liang, 

et al., 1996b; Moore, et al., 1986). Cells belonging to the XRCC4, XRCC5 and XRCC7 

complementation groups are more sensitive to ionising irradiation during G1 compared to 

the S and G2 phases of the cell cycle, whereas the HR defective XRCC2 cells are 

sensitive to ionising irradiation during G2 (Cheong, et al., 1994; Mateos, et al., 1994; 

Stamato, etal., 1983; Whitmore, etal., 1989). Moreover, the site-specific genetic 

recombination process of V(D)J recombination, which involves rejoining of DNA DSBs 

and is defective in XRCC4-7 cells (see below) is normal in cells with defective HR
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components (Essers, et al., 1997; Taccioli, et al., 1993). The DNA DSB repair 

mechanism that is defective in these cells is known as non-homologous end joining 

(NHEJ), or illegitimate recombination, and involves direct end-joining by DNA ligation 

of double-stranded ends of DNA that might or might not have short microhomologies 

(Roth, et al., 1985a). In contrast to the high fidelity of HR, NHEJ is prone to generate 

minor modifications such as loss of nucleotides as a result of the initial DNA damage and 

subsequent trimming of the double-stranded ends prior to ligation.

Higher eukaryotic cells thus use both HR and NHEJ to repair DNA DSBs (Liang, et al., 

1998; Lin, et al., 1999; Sargent, et al., 1997; Takata, et a l ,  1998). It is not known exactly 

why or when a cell might activate HR or NHEJ, but one likely factor to be a determinant 

is the phase of the cell cycle the cell is in when DNA damage occurs. As discussed above 

mammalian cells defective in NHEJ components are more radiosensitive in the G1 phase 

compared to late S and G2, whereas HR defective cells show a more increased sensitivity 

to ionising irradiation in the G2 phase indicating that NHEJ is the predominant pathway 

in G1 whereas HR is primarily activated during G2 (Cheong, et a l ,  1994; Mateos, et a l,  

1994; Stamato, et a l ,  1983; Whitmore, et a l ,  1989). Similar results have also been 

observed in NHEJ and HR defective chicken cells (Takata, et a l ,  1998). These results 

can be explained given the nature of the HR and NHEJ repair mechanisms. Following 

DNA synthesis in late S and G2 there are identical sister chromatids present. Therefore 

DNA DSBs occurring during late S and G2 are subjected to HR, the more error free 

pathway whereas, to avoid potentially dangerous recombination, NHEJ is the preferred 

repair mechanism in G1 and early S due to the lack of sister chromatids during these 

phases of the cell cycle.

Another important question is whether HR and NHEJ contribute equally to DNA DSB 

repair. Early studies using repair assays provided indirect evidence that NHEJ is 

responsible for more repair events than HR in higher eukaryotes (Godwin, et a l ,  1994; 

Lukacsovich, et a l ,  1994; Roth, et a l ,  1985b; Sargent, et a l ,  1997). Recent findings 

have demonstrated that, although NHEJ is the major repair pathway, HR is responsible 

for a considerable portion of DNA DSB repair in mammalian cells (Johnson, et a l ,  2000; 

Liang, et a l ,  1998; Lin, et a l ,  1999). In contrast to mammalian cells, HR is the 

predominant mechanism of DNA DSB repair in yeast.
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1.6 Homologous recombination

There are several distinct phases of HR repair of DNA DSBs (figure 1-10). The double-

lonising radiation

5'-to-3' trimming 
Pairing with template

Strand Invasion

1 I
DNA synthesis

Resolution
Ligation

Figure 1-10 General outline for the fundamental steps of Homologous Recombination 
repair of DNA DSBs generated by ionising irradiation.

Stranded ends of the DNA DSB are first processed to generate 3’ single-stranded 

overhangs that first invades and base-pairs with a homologous DNA molecule, 

preferentially a sister chromatid. The 3’ single-stranded overhangs are then used as 

primers for DNA synthesis to regenerate the missing sequence of the damaged strand. 

Once, DNA synthesis is complete the two DNA molecules are unwound and separated by 

a process known as resolution, followed by ligation to restore the two DNA helices. The 

process of homologous recombination is also utilized in recombination during meiosis 

and as a backup mechanism that repairs errors encountered during DNA replication 

(reviewed in Haber, 2000a; Haber, 2000b; Marians, 2000).
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Although the general process of HR that repairs DNA DSBs generated by ionising 

irradiation is fairly well established, less is known about its components, their function 

and regulation. Our current understanding of the mechanisms of HR is drawn from initial 

work using the budding yeast S. cerevisiae, and more recent work using mammalian cells. 

Based on these studies the following model of mammalian HR can be established. The 

components of HR are summarised in table 1-4.

Human S. cerevisiae
RadSI R adSIp

RadSIB
RadSIC
Rad51D

KRCC2
KRCC3
Rad52 Rad52p
Rad54 Rad54p

RadSSp
Rad57p

RPR RPR
RadSe RadSBp
M re l  1 M re l  Ip

Nbsl Hrs2p
Brcal
Brca2

Table 1-4 Components of human and S. cerevisiae homologous recombination.

When the DNA DSB is generated, a resection process is initiated to generate 3’ single

stranded overhangs (Sugawara, et al., 1992). This is an important step for several 

reasons. The 3’ single-stranded overhangs are used to find a suitable template to which 

they first pair up with (synapse) and then invade (strand invasion). The process of strand 

invasion results in base pairing of the template molecule with the 3’ single-stranded 

overhang whose 3 -OH group is subsequently used as a substrate for DNA synthesis. The 

generation of the 3’ single-stranded overhangs from the double-stranded ends is 

presumably carried out by nucleases possibly acting in concert with DNA helicases. The 

identities of these proteins are not known, but there is evidence that the budding yeast S. 

cerevisiae protein complex Mrel Ip-Rad50p-Xrs2 (Mrel 1-Rad50-Nbsl in mammals) is 

an important component in this process (Bressan, et al., 1999; Ivanov, et al., 1994; Lee, et 

al., 1998). The exact role of this complex is not understood. Mrel 1 is a 3’ to 5’ 

exonuclease whose activity is not required for resection (Bressan, et al., 1999; Moreau, et 

al., 1999; Pauli, et al., 1998). Rather, this protein complex might function as a regulator 

of the exonucleases and/or helicases that are required for resection.
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Once the 3’ single-stranded overhangs have been generated, a number of proteins act in 

concert to first synapse and then facilitate the strand invasion of the 3’ single-stranded 

overhang with a suitable template. Strand invasion has been performed in vitro using 

human proteins and requires the RadSl, Rad52 and the single-strand binding RPA 

proteins (Mcllwraith, et al., 2000). Although these three proteins can catalyse strand 

invasion in vitro, the same mechanism in vivo requires additional factors.

The central factor in these early phases of HR is RadSl, which forms protein filaments 

along the 3’ single-stranded overhang, and plays important roles by first pairing the 3’ 

single-stranded overhang with the template molecule and then catalysing the subsequent 

strand invasion (Baumann, etal., 1997; Sung, 1994; Sung, etal., 1995).

Several proteins assist RadSl in synapsing and strand invasion. The RPA protein binds to 

the 3’ single-stranded overhang and prevents secondary structures from forming that 

might inhibit downstream repair events (Baumann, et al., 1997; Sugiyama, et al., 1997).

A side effect of RPA binding to the overhang that needs to be overcome is that it hinders 

RadSl from interacting with the single-stranded DNA (Sung, 1997a). There is evidence 

from both yeast and human cells that the RadS2 protein, which in humans is able to bind 

to both single-stranded and double-stranded ends of DNA, overcomes this inhibitory 

effect, possibly by direct protein interaction with RadSl (Benson, etal., 1998; New, et 

al., 1998; Parsons, et al., 2(XX); Shinohara, et al., 1998; Sung, 1997a; Van Dyck, et al., 

1999). Therefore, it is plausible that once resection is complete, RadS2 binds to the ends, 

whilst RPA binds along the 3’ single-stranded overhangs. Once these initial interactions 

are complete, RadS2 then recruits and facilitates RadSl binding to the overhang.

Mice that are null for RadS2 are viable and, although having reduced HR, are not 

noticeable sensitive to ionising irradiation, suggesting that there are other proteins 

involved in the process of facilitating RadSl binding to the 3’ single-stranded overhang 

(Rijkers, et al., 1998). Two such candidates in S. cerevisiae are two RadSl like proteins, 

RadSSp and RadS7p, that form a heterodimer, which has been shown to assist RadSl 

binding to the overhang (Sung, 1997b). Recent studies have demonstrated that there are 

several mammalian RadSl like proteins. These proteins are XRCC2, XRCC3, RadSIB, 

RadSlC and RadSlD (Albala, et al., 1997; Cartwright, et al., 1998a; Cartwright, et al., 

1998b; Dosanjh, etal., 1998; Liu, etal., 1998b; Pittman, etal., 1998; Rice, etal., 1997; 

Tambini, et al., 1997). These RadSl paralogs are implicated in HR but their exact roles
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in this process are not well understood (Takata, et al., 2(X)1). There is, however, evidence 

that several of the RadsSl paralogs are capable of interacting with other RadSl paralogs 

and RadSl itself (table 1-S), suggesting that these proteins might have functions in the 

early phases of HR including facilitating RadSl binding to the overhang (Braybrooke, et 

al., 2(XX); Dosanjh, et al., 1998; Kurumizaka, et al., 2(X)1; Liu, et al., 1998b; Masson, et 

al., 2001; O'Regan, et al., 2001; Schild, e tal.,  2000).

Name Interacts with
RadSl

RadSIB

RadSIC

RadSlD

KRCC2

KRCC3

RRCC2, RRCC3 

RadSIC

RadSIB, RadSIB, HRCC3 

RadSIC, KRCC2 

R adS l,  RadSIB 

R adS l,  RadSIC

Table 1-5 Interactions between Rad51 paralogs (see text for references).

Another protein that is implicated in HR is RadS4. Mice and chicken cells that harbour 

targeted disruptions of the RadS4 gene are characterised by hypersensitivity to ionising 

irradiation and compromised HR, suggesting that Rad54 plays an important role in HR 

(Bezzubova, et al., 1997; Essers, et al., 1997). There is evidence suggesting that Rad54 

interacts with the RadSl protein filament on the 3’ single-stranded overhang and then 

assists RadSl in pairing the overhang with the template molecule (Mazin, et al., 2000; 

Petukhova, et al., 1998; Tan, et al., 1999).

Two other proteins that might be involved in the early phases of HR are the tumour 

suppressor genes Brcal and Brca2. Cells that are deficient for Brcal and Brca2 are 

sensitive to ionising irradiation and have compromised HR suggesting a role for these 

proteins in this repair process (Gowen, et al., 1998; Moynahan, et al., 1999; Moynahan, et 

al., 2001; Sharan, et al., 1997). The function of Brcal and Brca2 in HR might be 

mediated via interactions with Mrel 1-RadSO-Nbsl and RadSl proteins. Brcal interacts 

directly with RadSO and is found in the same foci as Mrel 1-RadSO-Nbsl following 

treatment with ionising irradiation, and both Brcal and Brca2 associate with RadSl in 

vivo (Chen, et al., 1998a; Scully, et al., 1997; Zhong, et al., 1999). This interaction 

appears to be direct for Brca2 and indirect for Brcal (Chen, et al., 1998b; Sharan, et al., 

1997). These findings, together with the demonstration that Brcal and Brca2 interact.
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suggest that the association between RadSl, Brcal and Brca2 occurs via direct binding of 

RadSl to Brca2 and that Brcal associates with RadSl via its interaction with Brca2 

(Chen, et al., 1998a).

Once the pairing is complete, RadSl catalyses the strand invasion (Sung, 1994). 

Following this process DNA synthesis is initiated to restore the missing DNA sequences. 

The elongation, or branch migration, of the two 3’ single-stranded overhangs in opposite 

directions along the double-stranded template molecule generates two Holliday junctions. 

When the DNA synthesis has regenerated enough DNA to restore the damaged DNA 

molecule, the newly synthesized strands are unwound from the template DNA and ligated 

to the damaged DNA thereby restoring the DNA helix. In the prokaryote E. coli the 

RuvA and RuvB proteins are involved in branch migration whereas the RuvC protein 

performs the resolution of Holliday junctions (reviewed in West, 1996). These proteins 

are also capable of performing branch migration and resolution in vitro (Eggleston, et al.,

1997). Recently, a mammalian protein complex was identified, which is able to perform 

both branch migration and resolution of Holliday junctions in a manner that is 

homologous to the RuvABC system of E. coli (Constantinou, et al., 2001). Further work 

is required to establish the identities of the components of this complex, and to investigate 

whether it is required for HR.

There is evidence that proteins that are involved in the DNA damage response pathway 

might regulate HR by means of RadSl. One mechanism by which this regulation might 

take place is through the protein kinases ATM and c-Abl. In response to ionising 

irradiation, the ATM protein interacts with, and activates c-Abl (Baskaran, et al., 1997; 

Shafman, et al., 1997). Once activated, c-Abl phosphorylates RadSl, a modification that 

enhances RadSl-RadS2 interaction (Chen, et al., 1999). The RadSl and RadS2 

interaction following treatment with ionising irradiation is impaired in both ATM and c- 

Abl deficient cells, and that in human cells the ATM protein, c-Abl and RadSl can be co- 

immunoprecipitated (Chen, et al., 1999). These findings suggest that following DNA 

damage by ionising irradiation, the ATM protein activates c-Abl, which, in turn, 

facilitates RadSl-RadS2 interaction by phosphorylating RadSl. The ATM protein is also 

reported to regulate HR through phosphorylation of Brcal (Cortez, et al., 1999). This 

observation is based on the observations that Brcal, which is a substrate of the ATM 

protein is not phosphorylated in cells that do not have functional ATM protein, and that
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expression of Brcal protein lacking the ATM recognition motif in cells that are deficient 

for Brcal fails to revert their ionising irradiation sensitive phenotype.

1.7 Non-hom ologous end joining

Mammalian NHEJ has been elucidated using cell lines belonging to the XRCC4, XRCC5, 

XRCC6 and XRCC7 complementation groups that are characterized by hypersensitivity 

to ionising irradiation and defective rejoining of DNA DSBs. As mentioned above 

NHEJ is the predominant repair pathway for DNA DSBs in higher eukaryotes. In the last 

10 years considerable progress has been made in elucidating the mechanism for NHEJ 

repair, although the exact functions of NHEJ components still remain to be characterized. 

Mammalian NHEJ has been reconstituted in vitro and found to require the XRCC4 

protein, DNA ligase IV, Ku70, Ku80, the catalytic subunit of the DNA-dependent protein 

kinase (DNA-PKcs) as well as one or more unknown factors (Baumann, et al., 1998; Lee, 

et al., 2000). Ku80, Ku70 and the catalytic subunit of the DNA-dependent protein kinase 

are deficient in the XRCC5, XRCC6 and XRCC7 complementation groups respectively 

(see section 1.10.1).

In addition, manunalian cells that are defective for any of the NHEJ components are 

incapable of undergoing the site-specific genetic recombination process of V(D)J 

recombination, a mechanism which is required for the generation of mature B and T cells 

in higher eukaryotes. The function of V(D)J recombination is to generate antigen-binding 

specificity of T cell receptors and immunoglobulins by assembling the variable (V), 

diversity (D) and joining (J) segments of T cell receptor and immunoglobulin genes into a 

coding unit (reviewed in Fugmann, et al., 2000; Grawunder, et al., 2001; Oettinger, 1999; 

Ramsden, et al., 1997). In genomic DNA each V, D, and J coding segment is flanked by 

recombination signal sequences. The process of V(D)J recombination consists of two 

phases. First, a pair of recombination signal sequences that flank two separate coding 

segments are cleaved by the RAGl (recombination activated gene 1) and RAG2 

(recombination activated gene 2) proteins at the side which is directly adjacent to the 

coding segment. This cleavage generates two DNA DSBs, each of whom results in two 

types of V(D)J recombination intermediates, referred to as signal and coding ends. Each 

signal end is blunt ended and consists of the recombination signal sequence, whereas the 

coding ends are capped by hairpins. The second phase of V(D)J recombination consists
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of joining together signal ends to form signal Joins and the coding ends of the two 

separate coding segments to form coding joins, a process that requires the NHEJ 

machinery. Therefore, when NHEJ is defective, V(D)J recombination is only able to go 

through the first phase, whereas the second phase is impaired resulting in the 

accumulation of double-strand ended V(D)J intermediates.

The in vitro reconstitution experiments of mammalian NHEJ demonstrated that there are 

unknown additional factor(s) required for repair in addition to the five core components 

(Baumann, et a i, 1998; Lee, et al., 2CKX)). See table 1-6 for known and candidate 

mammalian NHEJ factors. One potential candidate for the unknown factor(s) is the

Category Component
Core F a c to r s

C an d id a te  C o m po nen ts

DNA-PKcs
Ku7B
Kuse
KRCC4
DNR Ligase iU

A rtem is 
I Pa
M r e l 1-RadSB-N bsl

Table 1-6 Core factors and examples of candidate components of mammalian NHEJ.

recently identified human Artemis protein, whose deficiency is reported to cause human 

radiosensitive severe combined immunodeficiency (RS-SCID) syndrome, characterised 

by sensitivity to ionising irradiation and impaired V(D)J recombination due to inability to 

form coding joins (Moshous, et at., 2001; Moshous, et at., 2000; Nicolas, et at., 1998). 

Expression of wild-type Artemis rescues the impaired V(D)J recombination in RS-SCID 

cells (Moshous, et a i, 2001). The Artemis gene is located on human chromosome 10 and 

encodes a 686 amino acid protein that is homologous to the metallo-p-lactamase family 

(Moshous, et al., 2001 ; Moshous, et al., 2000). Although these initial results appear 

promising, further work is required before it can be established whether Artemis is a bona 

fide component of NHEJ. For example, it is important to investigate whether expression 

of wild-type Artemis protein rescues the radiosensitivity of RS-SCID cells and if Artemis 

deficiency is linked with a general defect in rejoining DNA DSBs.
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Recently it was also reported that the inositol hexakisphosphate (IPg) protein might be 

involved in mammalian NHEJ (Hanakahi, et al., 2000). Hanakahi et al found that IPg 

interacts directly with the DNA-dependent protein kinase and, in vitro, facilitates NHEJ 

repair. These results imply that IPg might stimulate NHEJ, but there is no evidence that 

IPg is essential for this repair process.

Another factor that has been implicated in NHEJ is the M rel 1-Rad50-Nbsl complex.

The suggested function of this complex, in which M rel 1 confers both exonuclease and 

endonuclease activities, is to trim the double-stranded ends generated by damaging agents 

and V(D)J recombination (Pauli, et al., 1998). The importance of M rel 1-Rad50-Nbsl in 

NHEJ is challenged by reports that the exonuclease activity of M rel 1 is not required for 

NHEJ, and that human Nbsl deficient cells, which consequently lack the M rell-Rad50- 

Nbsl complex, are able of undergoing normal V(D)J recombination (Harfst, et al., 2000; 

Moreau, et al., 1999). There is currently no evidence that show that the M rel 1-Rad50- 

Nbsl complex is essential for mammalian NHEJ.

The NHEJ mechanism is different in higher and lower eukaryotes. First, DNA-PKcs 

appears to be unique to higher eukaiyotes. Second, based on studies in the budding yeast 

S. cerevisiae, it appears that lower eukaryotes require NHEJ factors that are not essential 

or used in higher eukaryotes.

S. cerevisiae NHEJ is similar to NHEJ of higher eukaryotes in as much as it requires the 

homologues of XRCC4, DNA ligase IV, Ku70, and Ku80 (Boulton, etal., 1996a; 

Boulton, etal., 1996b; Herrmann, etal., 1998; Schar, etal., 1997;Teo, etal., 1997; 

Tsukamoto, et al., 1996; Wilson, et al., 1997). NHEJ in S. cerevisiae also requires the 

M rel Ip-Rad50p-Xrs2p, which is homologous to the mammalian M rel 1-RadSO-Nbs 

complex (Boulton, et al., 1998). In addition, S. cerevisiae NHEJ requires factors that are 

not associated with higher eukaryotic NHEJ such as the silent information regulators 

Sir2p, Sir3p and Sir4p as well as the checkpoint proteins M eclp, Mec3p, Rad9p, Radl7p, 

Rad24p and Rad53p (Boulton, et al., 1998; de la Torre-Ruiz, et al., 2000; Martin, et al., 

1999; McAinsh, etal., 1999; Mills, etal., 1999; Tsukamoto, etal., 1997). The 

requirement of the Sir proteins in this process was demonstrated by the finding that yeast 

strains that are deficient for Sir2p, Sir3p and Sir4p are sensitive to ionising irradiation and 

are deficient in DNA end joining (Boulton, et al., 1998; Tsukamoto, et al., 1997). It has 

also been demonstrated that following the generation of a DNA DSB the Sir proteins
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translocate from the telomeres, where they are normally located, to the site of damage in a 

manner which is dependent on the checkpoint proteins Rad9p and M eclp (Martin, et al., 

1999; Mills, et al., 1999). Despite these findings, little is known about the exact role of 

these proteins in S. cerevisiae NHEJ.

Recent findings also demonstrate that the mechanisms for NHEJ also vary between 

different lower eukaryotes. In contrast to the findings in the budding yeast S. cerevisiae, 

NHEJ in the fission yeast Schizosaccharomyces pombe (S. pombe) does not require 

Rad32 (M rel Ip homologue) or RadSO (RadSOp homologue) or the activity of proteins 

that are homologues to the S. cerevisiae checkpoint proteins M eclp, Rad9p, Rad24p and 

Rad53p (Manolis, etal., 2001).

Despite the differences in the NHEJ mechanisms between different eukaryotes, there is 

increasing evidence that NHEJ involves a set of core factors that are evolutionary 

conserved in eukaryotes. These factors include the XRCC4 and DNA ligase IV proteins 

and the Ku70 and Ku80 proteins. In higher eukaiyotes NHEJ also requires the XRCC7 

gene product, DNA-PKcs, which interacts with Ku70 and Ku80 to form the DNA- 

dependent protein kinase protein complex. DNA-PKcs is a protein kinase that is 

structurally related to the ATM and ATR proteins that function as signal transducers in 

the DNA damage response pathway. The kinase activity of DNA-PK is switched on by 

double-stranded ends of DNA and is required for NHEJ (Gottlieb, et al., 1993; Kienker, 

et al., 2(XX); Kurimasa, et al., 1999a). The presence of a protein kinase that is activated 

by DNA DSBs makes NHEJ in higher eukaryotes a unique DNA repair mechanism that 

might link the detection and repair of DNA DSBs with the DNA damage response 

pathway.

Although the last ten years has seen a tremendous progress in the identification and 

understanding of the components of mammalian NHEJ, the exact in vivo mechanisms of 

this repair pathway remain poorly understood. It is important to extend our studies of the 

components that are involved in this repair process. Although the following discussion 

focuses on reviewing what is currently known about the mammalian NHEJ components, 

comparison will be made with the corresponding homologues in lower eukaryotes.
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1.8 XRCC4 and DMA ligase IV

Mammalian cells deficient in the XRCC4 protein are hypersensitive to ionising 

irradiation, unable to rejoin DNA DSBs and severely impaired in V(D)J recombination 

(Gao, et al.y 1998b; Giaccia, et al., 1985; Li, eta l., 1995b; Nocentini, 1999; Stamato, et 

al., 1983). V(D)J recombination in XRCC4 deficient cells is initiated normally, but 

coding and signal end intermediates accumulate as a result of inability to form coding and 

signal joins (Gao, et at., 1998b; Han, et at., 1998; Li, et at., 1995b). The V(D)J 

recombination intermediates that accumulate in XRCC4 deficient cells are not degraded 

which indicates that XRCC4 does not perform an essential role in protecting double

stranded DNA ends generated during V(D)J recombination (Han, et al., 1998).

A significant step in elucidating the defect in XRCC4 deficient cells was taken when it 

was demonstrated that complementation with human chromosome 5 restores both the 

radiosensitive phenotype and impaired ability to repair DNA DSBs (Giaccia, et al.,

1990). The XRCC4 gene was later mapped to 5q l3 -q l4  and then cloned and found to 

encode a 35 kDa protein (Li, et al., 1995b; Otevrel, et al., 1995). Importantly, expression 

of the cloned wild-type XRCC4 gene rescues the deficient DNA DSB repair and V(D)J 

recombination of the XRCC4 deficient hamster cell line XR-l(Li, et al., 1995b). Further 

investigations revealed that XRCC4 is a phosphoprotein that can bind to DNA, can form 

either homodimers or multimers, and is located in the nucleus (Critchlow, et al., 1997; 

Leber, et a l ,  1998; Mizuta, et al., 1997; Modesti, et al., 1999).

An XRCC4 homologue, ligase-interacting factor 1 (Liflp), that, like XRCC4, binds to 

DNA has been identified in the budding yeast S. cerevisiae (Herrmann, et al., 1998; Teo, 

et al., 2000). Yeast strains that are deficient for L iflp  are hypersensitive to ionising 

irradiation and deficient in joining the ends of linearised plasmid DNA by NHEJ 

(Herrmann, et al., 1998). These results are in agreement with the data from XRCC4 

studies in manunalian cells and indicate that XRCC4 has an evolutionary conserved 

function in NHEJ.

The gene encoding human DNA ligase IV is located on chromosome 13q33-34 and 

encodes a 96 kDa protein (Wei, et al., 1995). Cells that are deficient in DNA ligase IV 

display strikingly similar phenotypes to cells that lack functional XRCC4. DNA ligase 

rV mutant cells are hypersensitive to ionising irradiation and cannot perform V(D)J



51

recombination due to an inability to form coding and signal joins (Frank, et al., 1998; 

Grawunder, et al., 1998a). A role for DNA ligase in NHEJ was established when it was 

found that expression of wild-type DNA ligase IV in DNA ligase IV -/- cells 

complements both radiosensitivity and impaired V(D)J recombination (Frank, et al.,

1998; Grawunder, et al., 1998a).

DNA ligase IV homologues have been identified and demonstrated to be required for 

NHEJ in the plant Arabidopsis thaliana (AtLIG4), and the lower eukaryotes S. cerevisiae 

(Lig4p or Dnl4p), S. pombe (Lig4) and Candida albicans (CaLIG4) (Andaluz, et al.,

1999; Baumann, et al., 2000; Manolis, et al., 2001; Schar, et al., 1997; Teo, et al., 1997; 

West, et al., 2000; Wilson, et al., 1997). Therefore, DNA ligase IV, like XRCC4, 

performs an evolutionary conserved role in eukaryotic NHEJ.

In addition to their roles in NHEJ, both DNA ligase IV and XRCC4 are essential for 

embryonic development. Mice that are null for either of these genes are embryonic lethal 

and display widespread neuronal apoptosis and impaired lymphogenesis (Barnes, et al., 

1998; Frank, et al., 1998; Gao, et al., 1998b). Fibroblasts derived from DNA ligase IV -/- 

and XRCC4 -/- mice also exhibit impaired proliferation capacity and premature 

senescence, which might reflect the accumulation of unrepaired double stranded breaks 

(Frank, etal., 1998; Gao, etal., 1998b).

Recent findings also show a link between both XRCC4 and DNA ligase IV with p53 in 

embryonic development and tumourgenesis. Mice that are null for both p53 and XRCC4 

(p53 -/- XRCC4 -/-) or p53 and DNA ligase IV (p53 -/- DNA ligase IV -/-) differ from 

XRCC4 -/- and DNA ligase IV -/- mice as they are not embryonic lethal, do not display 

elevated neuronal apoptosis, and fibroblasts derived from these animals are not impaired 

for cell proliferation and do not exhibit premature senescence (Frank, et al., 2000; Gao, et 

al., 2000). Therefore, the events that lead to embryonic lethality in XRCC4 -/- and DNA 

ligase IV -/- mice, or the defective growth of their fibroblasts take place via a p53 

dependent mechanism(s). A more significant conclusion from the generation, and 

subsequent investigation, of p53 -/- XRCC4 -/- and p53 -/- DNA ligase IV -/- mice is that 

DNA ligase IV and XRCC4 functions as caretakers of the genome. This is evident from 

the observations that p53 -/- XRCC4 -/- and p53 -/- DNA ligase IV -/- mice develop and 

die from pro-B-cell lymphomas at an earlier time point compared with p53 - I -  mice 

(Frank, et al., 2000; Gao, et al., 2000). These pro-B-cell lymphomas are associated with
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chromosomal translocations and amplification of the c-myc and IgH loci (Frank, et al., 

2000; Gao, et a/., 2000).

The similar phenotypes of XRCC4 and DNA ligase IV deficiencies suggest that these two 

NHEJ components are closely associated. Indeed, XRCC4 and DNA ligase IV interact 

via protein-protein interactions (Critchlow, et at., 1997; Grawunder, et al., 1997). The 

region of human, S. cerevisiae, and Arabidopsis thaliana DNA ligase IV that mediates 

this interaction has been mapped to the C-terminus, a region that is required for NHEJ in 

S. cerevisiae, where there are two Brcal carboxyl terminus (BRCT) motifs (Critchlow, et 

al., 1997; Herrmann, et al., 1998; Teo, et al., 2000; West, et al., 2000). In particular, the 

central region of XRCC4 interacts with a region that is located between these two BRCT 

motifs on DNA ligase IV (Grawunder, et al., 1998b; Grawunder, et al., 1998c). The 

XRCC4/DNA ligase complex has been purified and found to have a molecular weight of 

approximately 300 kDa which suggests that the complex is composed of two XRCC4 and 

two DNA ligase IV proteins (Lee, et al., 2000).

The interaction between XRCC4 and DNA ligase IV appears to have several functions. 

First, it stabilises the DNA ligase IV protein as demonstrated by the recent finding that 

the low expression of DNA ligase IV protein in the XRCC4 deficient hamster cell line 

XR-1 is increased following expression of wild-type XRCC4. Significantly, this study 

demonstrated that it is the protein levels and not the mRNA levels of DNA ligase IV that 

are affected by XRCC4 status (Bryans, et al., 1999). Similar results in S. cerevisiae 

demonstrate that this function is evolutionary conserved (Herrmann, et al., 1998). 

However, evidence from S. cerevisiae suggests that the XRCC4-DNA ligase interaction is 

not essential for the stable expression of XRCC4 (Teo, et al., 2000). Second, the 

interaction between XRCC4 and DNA ligase IV might be important for targeting DNA 

ligase IV to sites of DNA DSBs. This notion is supported by a recent study which 

reported that the S. cerevisiae XRCC4 homologue L iflp  recruits the DNA ligase IV 

homologue Lig4p to double-stranded ends of DNA (Teo, et al., 2000). Third, the protein- 

protein interaction stimulates both DNA ligase IV adénylation and ligation activity in 

both higher and lower eukaryotes (Grawunder, et al., 1997; Modesti, et al., 1999; Teo, et 

a l,  2000).
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1.9 The DNA-dependent protein k inase (DNA-PK)

DNA-PK is unique to higher eukaiyotes. It consists of the Ku (Ku70/Ku80) heterodimer 

and a large catalytic subunit DNA-PKcs. Historically, the Ku protein and DNA- 

dependent phosphorylation by DNA-PKcs were studied separately until it was realized 

that the two proteins interact to form the active DNA-PK complex.

The Ku protein was first described in 1981 by Mimori et al as an autoantigen in an 

individual with the autoinunune disease polymyositis-scleroderma overlap syndrome 

(Mimori, et al., 1981). Since the original identification Ku, and Ku-like proteins have 

been independently identified by several groups and given names such as CHBF,

CTCBF, TREF, PSE-1, EBP-80, ElBF, Ki, Ku-2, N HPl, and N FIV  (Falzon, et a l ,  1993; 

Francoeur, et a l ,  1986; Genersch, et a l ,  1995; Hoff, e ta l ,  1993; Kim, e ta l ,  1995;

Knuth, e ta l ,  1990; May, e ta l ,  1991; Oderwald, e ta l ,  1996; Roberts, e ta l ,  1994; 

Stuiver, et a l ,  1990). Ku is an evolutionary conserved protein. Homologues of Ku 

proteins are present in organisms ranging from prokaryotes to higher eukaryotes 

including Streptomyces coelicolor, the yeasts S. cerevisiae and S. pombe, the arthropods 

Rhipicephalus appendiculatus and Drosophila melanogaster, the vertebrates Xenopus 

laevis and chicken, and in mammals such as hamster, rat, mouse and human (Aravind, et 

a l,  2001; Baumann, et a l ,  2000; Errami, et a l ,  1996; Falzon, et a l ,  1992; Feldmann, et 

a l,  1996; Feldmann, et a l ,  1993; Jacoby, et a l ,  1994; Lee, et a l ,  1996; Manolis, et a l,  

2001; Mimori, et a l ,  1981; Paesen, et a l ,  1996; Porges, et a l ,  1990; Takata, et a l ,  1998; 

Yagura, et a l ,  1999; Yang, et a l ,  1996b).

Early characterization of Ku revealed that it is a heterodimer composed of 70 and 80 kDa 

subunits that are referred to as Ku70 and Ku80 (Francoeur, et a l ,  1986; Mimori, et a l,  

1986b; Reeves, 1985). Ku80 is also known as Ku86. Genetic analysis has revealed that 

human Ku70 is located on chromosome 22ql3 whereas Ku80 maps to chromosome 2q33- 

q35 (Cai, et a l ,  1994). Both human Ku70 and Ku80 have been cloned and sequence 

analysis of the coding sequences revealed that the Ku70 protein consists of 609 amino 

acids, whereas the translated product of Ku80 is composed of 732 amino acids (Chan, et 

a l,  1989; Griffith, e ta l ,  1992b; Mimori, e t a l ,  1990; Reeves, e ta l ,  1989; Stuiver, e ta l ,  

1990; Yaneva, et a l ,  1989). Ku70 and Ku80 contain putative leucine zipper motifs, 

similar to those present in transcriptional activators v-Myc and c-Myc (Mimori, et a l,  

1990; Reeves, et a l ,  1989; Yaneva, et a l ,  1989). The biological significance of these
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proposed leucine zipper motifs is unclear as they are not essential for Ku70 and Ku80 

heterodimerizadon (Koike, etal., 1998; Osipovich, etal., 1997; Wu, etal., 1996).

Ku is a DNA binding protein that represents the major DNA end binding activity in 

mammalian cells. It is established that Ku binds in a non-specific manner to double

stranded ends of DNA and other secondary structures and discontinuities such as hairpins, 

nicks, bubbles, and transitions from double- to single-stranded DNA (Blier, et al., 1993; 

Falzon, etal., 1993; Griffith, etal., 1992; Mimori, e ta l., 1986a; Paillard, etal., 1991).

Ku can also, following initial binding to DNA, translocate along the DNA molecule in an 

energy independent manner, an ability that also enables Ku to translocate between two 

DNA molecules providing that they have double-stranded ends that interact (Bliss, et al., 

1997; Chiu, et al., 2001; de Vries, et al., 1989; Paillard, et al., 1991). In addition to 

DNA, Ku has also been reported to bind to some RNA molecules (Kaczmarski, et al., 

1993; Yoo, et al., 1998).

Ku70 and Ku80 heterodimerization is essential for Ku binding to DNA as demonstrated 

by experiments showing that DNA end binding activity, which is lacking in Ku70 and 

Ku80 deficient cells, can be rescued in these cells by complementation with wild-type 

Ku70 and Ku80 respectively (Boubnov, et al., 1995; Errami, et al., 1996; Getts, et al., 

1994; Gu, et al., 1997a; Jin, et al., 1997b; Rathmell, et al., 1994a; Rathmell, et al., 1994b; 

Singleton, etal., 1997; Smider, etal., 1994; Taccioli, etal., 1994b). Moreover, the lack 

of one of the Ku subunits results in significantly reduced protein levels of the other 

subunit suggesting that heterodimerization is important for protein stability (Gu, et al., 

1997a; Gu, etal., 1997b; Nussenzweig, eta l., 1996; Rathmell, etal., 1994b; Singleton, et 

al., 1997; Smider, et al., 1994). This is supported by the demonstration that expression of 

wild-type Ku80 cDNA in Ku80 deficient cells increases Ku70 protein levels (Rathmell, et 

al., 1994b; Singleton, et al., 1997).

At the same time as the Ku protein was being characterized, the phenomenon of protein 

phosphorylation that required DNA was observed and investigated by several groups.

This activity, originally described in 1985 by Walker et al, was found to be due to a large 

300-350 kDa protein kinase that interacts with DNA and whose activity was stimulated 

by double-stranded DNA but not by double-stranded DNAiRNA hybrids, supercoiled 

DNA or denatured DNA (Carter, et al., 1990; Carter, et al., 1988; Lees-Miller, et al.,

1990; Walker, et al., 1985). The kinase activity that these studies identified belongs to
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DNA-PKcs, the catalytic subunit of DNA-PK. DNA-PKcs is sometimes referred to in the 

literature as p350 or the SCID factor.

Human DNA-PKcs maps to chromosome 8ql l  and has been found to not encode a 300- 

350 kDa protein but a 4128 amino acid, 460 kDa protein (table 1-7) that contains a 

catalytic site in its C-terminus structurally related to the phosphatidylinositol 3-kinase- 

like protein kinases (Hartley, e ta l ,  1995; Poltoratsky, e ta l,  1995; Sipley, e ta l,  1995). 

DNA-PKcs homologues have been identified in eukaryotic organisms including Xenopus 

laevis, chicken, hamster, mouse, horse and human, but not in prokaryotes or lower 

eukaryotes, indicating that DNA-PKcs is unique to higher eukaryotes (Araki, et al., 1997; 

Fujimori, e ta l ,  2000; Labhart, 1997; Shin, e ta l,  1997).

Ku70 Ku80 DNA-PKcs
M o lecu la r  w e ig h t  
L ength  o f  Coding s e q u e n c e  
N u m b er  o f  Amino Reids 
C hro m osom e  lo ca t io n

70 kDa 
1,827 bp 
609 
2 2 q l3

80 kOa 
2 ,196 bp 
732
2 q 3 3 -q 3 5

460  kOa 
12,384 bp 
4 ,128  
8 q l l

Table 1-7 Sizes and chromosomal locations of human Ku70, Ku80 and DNA-PKcs.

Investigations into the nature of DNA-PK phosphorylation has revealed that the general 

DNA-PK kinase recognition motif in the substrate is a serine or a threonine immediately 

followed by a glutamine, although other recognition motifs have been reported 

(Bannister, et a l, 1993; Chan, et a l, 1999; Lees-Miller, et a l, 1989; Lees-Miller, et a l, 

1992; Liu, et a l, 1993; Watanabe, et a l, 1994b). DNA-PK phosphorylates proteins that 

do not bind DNA but it has been demonstrated that for efficient phosphorylation DNA- 

PK require its substrate to be DNA bound on the same DNA molecule as the kinase 

(Carter, et a l, 1990; Lees-Miller, e ta l,  1989; Walker, e ta l,  1985; Wu, et a l, 1993a).

There are a plethora of in vitro substrates for DNA-PK. These substrates include proteins 

involved in gene transcription (see section 1.11.2), and, as shown in table 1-8, 

components involved in various cellular functions including DNA repair and the DNA 

damage response pathway.
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In vitro DNA-PK Substrates Reference
P r o t e i n s  I n u o l u e d  i n  t h e  D N D  D h m r e e  R e s p o n s e

-  DNfl-PKcs (C a rte r , e t al., 199B; Chan, e t al., 1996)
-  Ku70 (C han, e ta l.,  1996)
-  K use (C han, e t  al., 1996)
-  DNfl l ig a se  iU (Kim, e t al., 1999)
-  KRCC4 (C ritch low , e t al., 1997)
-  c-RbI (K h arb a n d a , e t al., 1997)
-  Chk2 (C han, e t al., 2BBB)
-  PHRP (R u sc e ttI , e t al., 1998)
-  RPR (B rush, e t al., 1994)

Ot h e r  P r o t e i n s

-  R ouine se ru m  album in (C a r te r , e ta l.,  199B)
-  C asein (C a r te r , e t al., 199B)
-  CIO (Y au u zer, e t al., 1998)
-  EBNR-LP (Han, e ta l.,  2BB1)
-  e lF -2 (Ting, e t al., 1998)
-  H eat sh o c k  p ro te in  hsp9B (UJalker, e t al., 1985)
-  High m obllltg  g ro u p  p ro te in s  1 an d  2 ( lU a tan ab e , e t al., 1994a)
-  hPHG (R om ero, e t al., 2BB1)
- p47ph0K (G ran d u au x , e t al., 1999)
-  p67ph0H (G ran d u au x , e t al., 1999)
- PHRS-I (C han, e t  al., 2BBB)
-  SCG1B (R n to n sso n , e t al., 1997)
-  Tau (Ulu, e ta l.,  1993a)

Table 1-8 DNA-PK in vitro substrates.

1.9.1 Regulation of DNA-PK activity

In late 1992 and early 1993 the two thus far separate areas of Ku and DNA-dependent 

phosphorylation were brought together by the finding that DNA-PK is a protein complex 

that consists of the Ku protein and the catalytic subunit DNA-PKcs (Dvir, et a i, 1992; 

Dvir, et a i, 1993; Gottlieb, et al., 1993). The formation of the DNA-PK protein complex 

requires both the presence of DNA and the C-terminal regions of KuSO and DNA-PKcs 

(Gell, et al., 1999; Jin, et al., 1997a; Singleton, et al., 1999; Suwa, et al., 1994). 

Importantly, the C-terminal region of Ku80 is also required for DNA-PK activation 

(Singleton, et a i, 1999). Taken together with the observations described above, a model 

for DNA-PK activation can be formulated (figure 1-11) in which Ku plays a regulatory 

role by first recognising and binding to DNA and then, once bound, recruiting and 

binding DNA-PKcs thus activating the kinase (Dvir, et al., 1992; Dvir, et al., 1993; 

Gottlieb, et al., 1993; Morozov, et al., 1994). This model is supported by the 

observations that DNA-PK activity is compromised in cells that lack functional Ku70, 

Ku80 and DNA-PKcs, and that Ku70 and Ku80 deficient cells regain DNA-PK activity
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following expression of Ku70 and Ku80 respectively (Blunt, et a i, 1995; Finnie, et al., 

1995; Jin, et al., 1997b; Peterson, et al., 1995b; Singleton, et al., 1997; Taccioli, et al.,

1998).

Q  KuTO 

^  Ku80

■I Inactive DNA-PKca

Activated DNA-PKca

Figure 1-11 Simplified model for DNA and Ku mediated activation of DNA-PKcs. A. In 
the absence of Ku binding to DNA, the Ku heterodimer and the inactive DNA-PKcs do 
not form a complex. B. Ku binds to a double-stranded end of DNA C. Following Ku 
binding to DNA, the catalytic subunit is recruited to the Ku/DNA complex, which 
activates the kinase of DNA-PKcs.

DNA-PK activity might also be positively regulated through interactions with proteins 

other than Ku. Candidate proteins include the DNA damage inducible proteins PARP, 

which in vitro stimulates DNA-PK activity in a manner that does not require Ku, and the 

Ku86 Autoantigen Related Protein-1 (KARP-1), which is transcribed from a promoter up

stream of the Ku80 gene and which might be involved in DNA-PK activation (Myung, et 

al., 1997; Ruscetti, et al., 1998). Other proteins that have been reported to stimulate 

DNA-PKcs activity in a Ku independent manner are the high mobility group proteins 1 

and 2, CID and human heat shock transcription factor 1 (Peterson, et al., 1995a; Yavuzer, 

et a i, 1998; Yumoto, et al., 1998). In this context, it should also be mentioned that 

DNA-PKcs has been reported to interact with the KIP protein, although the effect on 

DNA-PK activity or biological function of this interaction remains unclear (Wu, et al., 

1997). These observations raise the possibility that the classical model of Ku activation 

of DNA-PKcs (figure I-l 1) might not be the only means of stimulating the catalytic 

activity of DNA-PKcs. This also includes the possibility that DNA-PKcs could be 

activated independently of double-stranded ends of DNA. The observation that the CID
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protein activates DNA-PKcs in the absence of double-stranded ends of DNA supports this 

hypothesis (Yavuzer, et al., 1998). There is also evidence that the Ku protein is able to 

directly recruit DNA-PKcs to specific sequences in transcriptionally active regions of 

DNA (see section 1.10.5).

Several mechanisms for negative regulation of DNA-PK activity have been proposed. In 

vitro autophosphorylation of DNA-PK results in the dissociation of Ku from DNA-PKcs 

(Chan, et al., 1996). This finding suggests that DNA-PK is capable of self-regulation, 

which might be an important step following completion of NHEJ repair. In addition, 

recent findings also implicate the c-Abl and Lyn protein kinases as negative regulators of 

DNA-PK. c-Abl, which interacts directly with DNA-PK, has been reported to promote 

dissociation of Ku and DNA-PKcs possibly by a mechanism that involves 

phosphorylation of the C-terminus of DNA-PKcs (Jin, et al., 1997a; Kharbanda, et al.,

1997). This is supported by the demonstration that DNA-PK activity following ionising 

irradiation is prolonged in cells that have been treated with a compound that reduces c- 

Abl activity (Shangary, et al., 2000). Potential c-Abl down-regulation of DNA-PK 

activity in vivo provides a link between the DNA damage response pathway and NHEJ 

because the ATM protein is up-stream of c-Abl. Another DNA damage inducible protein 

kinase that might down-regulate DNA-PK activity is the Lyn protein kinase that both 

interacts with, and phosphorylates DNA-PKcs and is reported to negatively regulate 

DNA-PK by inhibiting DNA-PK activity, and Ku and DNA-PKcs complex formation 

(Kumar, et a l ,  1998).

1.10 Functions of DNA-PK and Ku

Our understanding of the in vivo functions of Ku70, Ku80 and DNA-PKcs is largely 

based on studies using cell lines that are deficient for either of these subunits. These cells 

fall into the three complementation groups XRCC5, XRCC6 and XRCC7 described 

above. Perhaps the most significant finding from these studies is that DNA-PK is 

essential for NHEJ repair. DNA-PK is also required for V(D)J recombination. In 

addition, Ku and DNA-PK have roles that are separate from the DNA-PK complex.
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1.10.1 Ku and DNA-PK in NHEJ repair

Cells that belong to the XRCC5 complementation group are characterized by 

hypersensitivity to ionising irradiation and inability to rejoin the DNA DSBs thereby 

generated (Jeggo, etal., 1983; Kemp, eta l., 1984). Successive complementation studies 

during the early to mid 1990s found that the XRCC5 gene is located at 2q35 (Chen, et al., 

1994b; Hafezparast, et al., 1993; Jeggo, et al., 1992). In 1994 it was reported that Ku80 

maps to 2q33-q35, suggesting that Ku80 and XRCC5 might be identical (Cai, et al.,

1994). Not long thereafter it was demonstrated that expression of wild-type Ku80 rescues 

the XRCC5 radiosensitive phenotype, lack of DNA end binding activity and deficiency to 

rejoin DNA DSBs (Boubnov, etal., 1995; Ross, eta l., 1995; Smider, etal., 1994; 

Taccioli, et al., 1994b). These findings together with the subsequent observations that 

cells derived from mice null for Ku80 are hypersensitive to ionising irradiation and 

deficient in rejoining ionising irradiation induced DNA DSBs provide convincing 

evidence that Ku80 is the XRCC5 gene and therefore involved in NHEJ repair 

(Nussenzweig, etal., 1997; Wachsberger, eta l., 1999).

The demonstration that Ku80 is a component of NHEJ provided an indirect link between 

DNA-PK and DNA repair, and therefore initiated investigations to examine this 

possibility. This link was later established using cells belonging to the XRCC7 

complementation group that includes a range of mutant cell lines as well as cells derived 

from the severe combined immunodeficiency (SCID) mice (Bosma, et al., 1983). SCID 

mice are characterized by severe defects in V(D)J recombination, hypersensitivity and 

deficiency to rejoin DNA DSBs generated by ionising irradiation (Biedermann, et al., 

1991; Fulop, et al., 1990; Hendrickson, et al., 1991). Initial studies first revealed that 

XRCC7 cells are complemented by human chromosome 8, followed by the establishment 

that the precise location of the gene defective in XRCC7 cells was at 8ql 1, the same 

location DNA-PKcs maps to (Banga, et al., 1994; Itoh, et al., 1993; Kirchgessner, et al., 

1993; Komatsu, etal., 1993; Kurimasa, eta l., 1994; Sipley, etal., 1995). The link 

between DNA-PKcs and XRCC7 became even more evident when it was demonstrated 

that expression of DNA containing the DNA-PKcs gene rescues the ionising irradiation 

hypersensitivity of XRCC7 cells (Blunt, eta l., 1995; Hoppe, etal., 2000; Kirchgessner, 

eta l., 1995; Kurimasa, etal., 1999a; Peterson, et al., 1995b; Priestley, eta l., 1998).

These findings are supported by the observations that fibroblasts derived from DNA-
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PKcs -/- mice are hypersensitive to ionising irradiation (Kurimasa, et al., 1999b; Taccioli, 

et al., 1998).

The XRCC6 complementation group is deficient for Ku70. Cells derived from mice null 

for the Ku70 gene are hypersensitive to ionising irradiation and deficient in rejoining of 

ionising irradiation generated DNA DSBs (Gu, et al., 1997a; Ouyang, et al., 1997). 

Significantly, the radiosensitive phenotype of Ku70 -/- cells is rescued following 

expression of a cDNA encoding wild-type Ku70 (Jin, et al., 1997b). These observations, 

taken together with the biochemical characterization of the Ku protein discussed above, 

provide strong evidence that Ku70 is an essential component for NHEJ.

The work to characterize XRCC5, XRCC6 and XRCC7 cells has led to the identification 

that Ku70, KuSO and DNA-PKcs are essential components of NHEJ repair, a conclusion 

that is supported by the in vitro reconstitutions of mammalian NHEJ described in section 

1.7. Nevertheless, the exact roles of these proteins in NHEJ are unresolved. It is, 

however, established that NHEJ repair requires DNA-PK activity (Kienker, et al., 2000; 

Kurimasa, et al., 1999a). The model for Ku mediated DNA-PK activation depicted in 

figure 1-11 is applicable to NHEJ repair because ionising irradiation generates DNA 

DSBs to which Ku can bind followed by the subsequent activation of DNA-PKcs, a 

model which strongly suggests that the active DNA-PK complex is located to the site of 

DNA damage. This is an attractive model for NHEJ repair. Once activated, DNA-PK 

might regulate NHEJ repair by phosphorylating other components of NHEJ such as 

XRCC4 and DNA ligase IV (Critchlow, et al., 1997; Kim, et al., 1999; Leber, et al., 

1998). DNA-PK phosphorylates XRCC4 in vitro in the C-terminal domain (Critchlow, et 

a i,  1997; Leber, et al., 1998). The in vivo significance of this covalent modification is 

uncertain as it is reported that the C-terminal region of XRCC4 is dispensable for its 

function (Grawunder, et al., 1998b).

DNA-PK might also serve as sensor that, following DNA DSBs, signals the damage to 

the cell. This response could include regulation of gene transcription that is required for 

NHEJ repair (see below). Other possible functions of Ku and DNA-PK in NHEJ include 

protection of double-stranded ends from nucleolytic digestion, unwinding the DNA helix 

by possible Ku helicase activity, bringing together two DNA strands to facilitate ligation 

and providing accessibility for the repair machinery to the damaged site by remodelling 

of chromatin and/or by removing other nuclear proteins (Cao, et al., 1994; Cary, et al..
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1997; Gottlieb, et al.y 1993; Liang, et al., 1996a; Ramsden, et al., 1998; Tuteja, et al., 

1994; Zhu, et al., 1996). It should be noted, though, that although these studies imply 

various functions for DNA-PK in NHEJ conclusive in vivo evidence corroborating any of 

these putative functions has yet to be presented.

1.10.2 Ku and DNA-PK In V(D)J recom bination

A link between NHEJ and V(D)J recombination has been demonstrated by the findings 

that both these processes are impaired in XRCC4, DNA ligase IV, Ku70, KuSO and 

DNA-PKcs deficient cells. The role of DNA-PK in this process is supported by the 

observed impaired ability of V(D)J recombination in both XRCC5 and XRCC7 cells that 

is rescued by expression of wild-type KuSO and DNA-PKcs (Blunt, et al., 1995;

Boubnov, etal., 1995; Errami, etal., 199S; Fukumura, etal., 199S; Fukumura, etal., 

2000; Kirchgessner, et al., 1995; Pergola, et al., 1993; Shin, et al., 2000; Smider, et al., 

1994; Taccioli, et al., 1994a; Taccioli, et al., 1994b; Taccioli, et al., 1993). In line with 

these findings are the observations that V(D)J recombination is impaired in cells derived 

from Ku70 -/-, KuSO -/- and DNA-PKcs -/- mice (Bogue, et al., 199S; Gao, et al., 199Sa; 

Gu, et al., 1997b; Kurimasa, et al., 1999b; Nussenzweig, et al., 1996; Taccioli, et al., 

199S; Zhu, et al., 1996). Intriguingly, these studies have demonstrated that the functions 

of the DNA-PK subunits in V(D)J recombination appear to be different. Ku70 and KuSO 

deficient cells are unable to form both coding joins resulting in the failure to develop 

mature B cells (Gu, et al., 1997b; Nussenzweig, et al., 1996; Ouyang, et al., 1997; 

Taccioli, et al., 1993; Zhu, et al., 1996). Whereas KuSO -/- mice also lack mature T cells, 

Ku70 -/- mice develop T cells at reduced levels, suggesting that Ku70 is not essential for 

T cell V(D)J recombination (Gu, et al., 1997b; Nussenzweig, et al., 1996; Ouyang, et al., 

1997; Zhu, et al., 1996). In contrast to the impaired signal and coding join formation of 

cells deficient in the Ku subunits, investigations using a range of DNA-PKcs deficient 

cells have led to the conclusion that DNA-PKcs is only essential for the formation of 

coding joins (Bogue, etal., 199S; Gao, et al., 199Sa; Kulesza, etal., 199S; Lieber, etal., 

19SS; Lin, et al., 1997; Pergola, et al., 1993; Taccioli, et al., 199S; Taccioli, et al.,

1994a). This view has been challenged by the observation that equine SCID, two DNA- 

PKcs mutant cell lines and a fourth DNA-PKcs -/- mouse that are deficient in both coding 

and signal join formation, have their V(D)J recombination defect rescued by expression
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of wild-type DNA-PKcs (Errami, et al., 1998; Fukumura, et al., 1998; Fukumura, et al., 

2000; Shin, et al., 2000; Wiler, etal., 1995).

Taken together, these findings imply that NHEJ is a common pathway that is involved in 

both DNA repair and V(D)J recombination. However, the demonstration that Ku70, 

Ku80 and DNA-PKcs might have somewhat different roles in this process suggests the 

presence of a second DNA DSB repair pathway using some but not all of the NHEJ 

components.

1.10.3 Other functions of Ku and DNA-PK

Ku and DNA-PK are implicated, in a number of cellular processes that are separate from 

a bona fide function in DNA DSB repair. These functions include the possible activation 

of c-Abl, tumour suppression, telomere maintenance, and roles in growth. DNA-PK and 

Ku are also linked to regulation of gene transcription (see below).

DNA-PK has also been implicated as an up-stream activator of c-Abl. This hypothesis is 

based on evidence that c-Abl is an in vitro substrate of DNA-PK and that c-Abl activation 

is compromised in DNA-PK deficient cells, which provides a direct link between DNA- 

PK and the DNA damage response pathway (Kharbanda, et al., 1997). However, this 

conclusion is challenged by a recent study reporting that c-Abl activation is normal in 

cells derived from DNA-PKcs -/- mice, and that instead the ATM protein is responsible 

for this regulation (Shangary, et al., 2000).

Another role proposed for Ku70, Ku80 and DNA-PKcs is in tumour suppression. There 

are several lines of evidence that support such a role for these proteins. First, there are 

two different Ku70 -/- mice under study and they both display increased rates of thymic 

lymphomas (Gu, et al., 1997b; Li, et al., 1998). Second, elevated levels of thymic 

lymphomas have also been reported in SCID and DNA-PKcs -/- mice (Custer, et al., 

1985; Jhappan, et al., 1997). Third, it was recently demonstrated that Ku80 prevents 

chromosomal rearrangements from forming (Difilippantonio, et al., 2000). Similarly to 

the phenotype of XRCC4 -/- p53 -/- and DNA ligase IV -/- p53 -/- mice discussed above, 

simultaneous loss of Ku80 and p53, and DNA-PKcs and p53, in mice accelerates
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development of pro B cell lymphoma associated with chromosomal translocations, 

suggesting that both Ku80 and DNA-PKcs act to prevent tumour formation 

(Difilippantonio, et al., 2000; Vanasse, et a l ,  1999). These observations provide 

convincing evidence that the NHEJ repair pathway is important in tumour suppression, 

and that its components therefore are caretakers of the genome.

The role of Ku and DNA-PKcs in telomere maintenance was first observed for the Ku 

proteins in the budding yeast S. cerevisiae. These studies demonstrated that yeast Ku 

binds to telomeres and that yeast strains deficient for either Ku70p or Ku80p have 

shortened telomeres (Boulton, e ta l ,  1996a; Gravel, e ta l ,  1998; Nugent, e ta l ,  1998; 

Porter, et a l ,  1996). The Ku70 homologue in S. pombe is also implied in protecting the 

ends of telomeres (Baumann, et a l ,  2000; Manolis, et a l ,  2001). It is therefore possible 

that yeast Ku protects the ends of telomeres by capping them. One characteristic of 

telomeres is that genes inserted into subtelomeric regions have their transcription 

repressed by a mechanism referred to as transcriptional silencing (Gottschling, et a l,

1990). It is now established that S. cerevisiae Ku is essential for telomere silencing by a 

mechanism that might involve activation or recruitment of the Sir4 protein (Boulton, et 

at., 1998; Laroche, e ta l ,  1998; Mishra, e ta l ,  1999; Nugent, e ta l ,  1998). However, 

there does not appear to be a requirement for S. pombe Ku70 in telomere silencing 

(Manolis, et at., 2001). S. cerevisiae Ku is also essential for the appropriate subnuclear 

localization of telomeres (Laroche, et at., 1998). Moreover, the telomere associated 

proteins Sir3p, Sir 4p and Rap Ip loose their association with telomeres in yeast Ku70 -/- 

and yeast Ku80 -/- backgrounds (Laroche, et a l ,  1998). Another consequence of Ku 

binding to telomeres might be to generate a pool of Ku proteins that can be released to 

sites of DNA damage in response to the generation of DNA DSBs (Martin, et a l ,  1999).

These findings in lower eukaryotes prompted investigations to see if the mechanism of 

telomere maintenance by Ku is evolutionary conserved in higher eukaryotes. Several 

studies have now demonstrated that this appears to be the case. This conclusion is based 

on observations that mammalian Ku, and also DNA-PKcs associate with telomeres and 

that cells lacking either subunit of DNA-PK display fusions between telomeres (Bailey, et 

a l,  1999; Bianchi, e ta l ,  1999; d'Adda di Fagagna, e ta l ,  2001; Goytisolo, e ta l ,  2(X)1; 

Hsu, et a l ,  1999; Hsu, et a l ,  2000). These findings are supported by the demonstrations 

that expression of wild-type DNA-PKcs results in a decrease in the amount of telomeiic 

fusions characteristic for DNA-PKcs null cells, and that cells harbouring targeted
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disruptions of Ku70 or Ku80 have shortened telomeres (Bailey, et al., 1999; d'Adda di 

Fagagna, et al., 2001).

An intriguing observation from mice that are null for the components of DNA-PK is that 

Ku70 -/- and Ku80 but not DNA-PKcs -/- or SCID animals are severely growth 

retarded and thus display a dwarf phenotype (Gu, et al., 1997b; Nussenzweig, et al.,

1996; Ouyang, et al., 1997). In addition, primary mouse embryonic fibroblasts derived 

from Ku70 -/- and Ku80 -/- mice have impaired growth due to loss of dividing cells (Gu, 

et al., 1997b; Nussenzweig, et al., 1996). Ku70 and Ku80 therefore appear to be essential 

for normal growth. The mechanism by which Ku70 and Ku80 perform this function is 

not known. However, a plausible explanation is that in the absence of Ku protein a large 

number of unrepaired DNA DSBs might accumulate which results in cell cycle arrest 

that, in turn, might cause impaired growth by either slowing the rate of mitosis or result in 

increased levels of apoptosis. Alternatively the impaired growth might be due to lack of 

Ku-dependent telomere maintenance.

1.11 DNA-PK and Ku a s  m odulators of gene  expression

In addition to the functions discussed above, Ku and DNA-PK might also regulate gene 

expression as part of the cellular response to DNA damage. There are several possible 

mechanisms by which DNA-PK and Ku could perform such a function. DNA-PK could 

regulate gene transcription either by phosphorylating proteins that are directly involved in 

transcription, or indirectly by means of signal transduction pathways. In support of this 

hypothesis are data from in vitro studies demonstrating that DNA-PK phosphoiylates 

numerous proteins that are involved in gene transcription. Ku on its own has also been 

implicated as a transcription factor with sequence specific DNA binding affinity in 

addition to its well characterized, non-specific DNA binding. Ku might modulate 

transcription by binding to regulatory sequences either by itself or in complexes with 

other proteins. Ku might also recruit DNA-PKcs to transcriptionally active regions by 

binding to internal sequences thus coupling sequence specific binding by Ku with DNA- 

PK phosphorylation of transcription proteins. Ku could also bind at a double-stranded 

end, or other discontinuity in DNA, recruit DNA-PKcs and then translocate to internal 

regions. However, such a mechanism might be hampered in vivo, as successful 

translocation by DNA-PK is likely to be hampered by nucleosomes and other DNA
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interacting proteins (de Vries, et al., 1989). Other possible mechanisms by which DNA- 

PK could bind to transcriptionally active regions and thus affect gene transcription 

include binding to DNA DSBs, discontinuities or secondary DNA structures that occur in 

the region.

1.11.1 Evidence for Ku Involvement In transcription regulation

In the last decade many reports have accumulated that imply a role for Ku in transcription 

regulation. These reports can be divided into four general categories. The first class is 

where Ku has been reported to bind to regulatory sequences but no significance of this 

binding has been determined. The second category is where Ku binding to regulatory 

sequences has been coupled with evidence of altered transcription. The third group 

include genes that are regulated by DNA-PK targeted to regulatory sequences by means 

of Ku sequence-specific binding. Common to these three categories is that Ku interacts 

with DNA directly and hence must selectively recognise and bind to regulatory elements 

in transcribed genes. The fourth category includes protein complexes that consist of Ku 

subunits and/or DNA-PKcs together with other proteins that bind to regulatory sequences. 

In this case there is no requirement for Ku to directly interact with DNA.

The first category includes reports of Ku binding in a sequence specific fashion to the 

genes summarised in table 1-9. None of these studies present data that indicate whether 

the Ku binding reported has any effect on gene transcription.

Transcriptionally Regulatory Region Reference
-  EBU e n h a n c e r  o f  CD23 in EBU im m o r ta l i s e d  B cells
-  P r o m o t e r  o f  CD34
-  R e g u la to ry  e l e m e n t s  o f  c -m yc
-  P r o m o t e r  o f  co l lagen  ty p e  III
-  P r o m o t e r  o f  co l lagen  ty p e  IU
-  E s t ro g e n  r e s p o n s e  e l e m e n t  o f  ch icken  u i te l logen in
-  Kpb e l e m e n t  o f  t h e  KuBB p r o m o te r
-  O c ta m e r  m o t i f
-  E n h a n c e r  o f  t h e  I  cell r e c e p t o r  b e t a  chain
-  P r o m o t e r  o f  t h e  t r a n s f e r r in  r e c e p t o r
-  US r e p r e s s i u e  e l e m e n t  o f  h u m a n  T cell  l e u k a e m ia  t y p e  I LTR
-  T ran sc r ip t io n a l ly  reg ion  in t h e  Drosophila  yolk  p r o t e in  1
-  Hlu c o re  p r e s e n t  in RNA p o ly m e r a s e  III p r o m o te r s ___________

(Shieh, et al., 1997a)
(Taranenko, at al., 2888)
(Giffin, et al., 1997; P ed ley , e t al., 1998) 
(Giam puzzi, e t al., 2000)
(G enersch, e t al., 1995)
(Hughes, et al., 1989)
(Ludwig, et al., 1997)
(May, et al., 1991)
(M essier, e t al., 1993)
(R oberts, e t al., 1989)
(Okumura, e t al., 1994)
(M itsis, etal., 1989)
(Tsuchiya, e t al., 1998)___________________

Table 1-9 Category one sequence specific binding by Ku. Ku has been reported to bind 
to these regulatory regions in a sequence specific manner. The biological significance, if 
any, of Ku binding to any of these genes is unresolved.
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The second category can be further divided into genes that Ku is implicated to regulate 

positively or negatively (summarised in table 1-10). Positive regulation of gene 

transcription as a result of sequence specific binding by Ku includes Ku binding to the 

glucocorticoid receptor gene promoter, which stimulates gene transcription in reporter 

assays (Warriar, e tal., 1996). Likewise, sequence specific binding by Ku that positively 

regulates gene transcription in in vitro transcription assays has been shown for mouse 

intracistemal A-particle long terminal repeat (LAP LTR) and the U1 small nuclear 

promoter (Falzon, et at., 1990; Gunderson, et at., 1990; Knuth, et at., 1990). Sequence 

specific binding by Ku to a regulatory region of p450cl7 has been reported to stimulate 

transcription in vivo when Ku is overexpressed (Zhang, et at., 1999).

Positive Regulation
-  Glucocorticoid r e c e p t o r  g e n e  p r o m o te r
-  I HP LTR
-  R egu la to ry  reg ion  o f  p450c17
- R egu la to ry  re g io n s  o f  rONR g e n e s
-  Ill sm all n u c le a r  p r o m o te r _____________

Negative Regulation
-  Glycophorin B p r o m o te r
-  HSE e le m e n t  o f  h sp7 0  g e n e
-  rONR p r o m o te r

Table 1-10 Category two sequence specific binding by Ku. Ku interaction with these 
elements is reported to affect transcription either positively or negatively in transcription 
assays. Note that Ku is reported to regulate rDNA gene transcription both positively and 
negatively.

Ku has been reported to be a negative regulator of gene expression. Ku binds to the HSE 

element of the heat shock protein 70 (hsp70) gene and down-regulates transcription of a 

hsp70 promoter driven reporter construct in a transient co-transfection experiment (Kim, 

et at., 1995). The observation that cells stably overexpressing Ku70 or both subunits of 

Ku repress hsp70 transcription following heat shock supports the notion that Ku is a 

negative regulator of hsp70 transcription (Yang, et at., 1996). Ku mediated repression by 

means of sequence specific binding is also reported for the glycophorin B promoter 

(Camara-Clayette, etal.,  1999).

Ku is also reported to regulate transcription of rDNA genes. However, whether the role 

of Ku in this process is positive or negative is controversial. Evidence that Ku positively 

regulates rRNA transcription is derived from reports that Ku binds with sequence specific 

affinity to an enhancer of rRNA genes and that Ku stimulates transcription from the 

rRNA promoter in in vitro transcription assays (Hoff, et a i ,  1993; Zhang, et al., 1990).

Ku has also been reported to be a negative modulator of rRNA transcription (Kuhn, et al..
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1992; Kuhn, et a l, 1993). This is supported by findings that DNA-PK act as a negative 

regulator of RNA polymerase I transcription (see below).

Ku could also regulate transcription by binding and recruiting DNA-PKcs to regulatory 

elements (table 1-11). Perhaps the most striking of all the reports on sequence specific 

binding by Ku was that Ku binds to the NREl element of the mouse mammary tumour 

virus and recruits and activates DNA-PKcs. This leads to phosphorylation of the 

transcription factor glucocorticoid receptor and as a consequence repression of 

transcription (Giffin, et a i, 1996; Giffin, et a l, 1997). This finding was supported by 

results from transient transfection assays (Giffin, et a l, 1996). Ku was also found to bind 

to the NREl element with higher affinity than to double-stranded ends of DNA (Giffin, et 

a l,  1997). Similar results were obtained from the UL38 promoter of herpes simplex virus 

type 1. DNA-PK binds to the downstream activation sequence (DAS) of this promoter in 

a sequence specific fashion. In an in vitro transcription assay it was demonstrated that 

DNA-PK stimulated transcription the UL38 promoter. Intriguingly, the DAS element 

displays homology to NREl (Petroski, et a l, 1998).

Category 3 Category 4
- NREl
-  DRS o f  UL38 p r o m o te r

-  HRE s e q u e n c e  o f  th e  TRRP g e n e
-  Purine-boH  o f  h u m a n  IL-2 e n h a n c e r
-  N eg a tiue  ca lc ium  re s p o n s iu e  e le m e n ts

Table 1-11 Category three and four transcriptionally active elements that Ku interacts 
with.

The fourth category includes protein complexes that contain other proteins together with 

subunits from DNA-PK. Both Ku subunits have been identified in the HREBP complex 

that binds to the HRE sequence of the TRAP gene. Other proteins in this complex are an 

unknown protein and Refl. Interestingly it was shown that Ku has no affinity for HRE 

and that Ku does not interact with HRE when part of HREBP (Reddy, et a l, 1998). Two 

other promoter binding protein complexes that Ku has been identified in are the purine- 

box transcriptional regulator and the Ku/REFl complex that interacts with the negative 

calcium responsive elements (Aoki, et a l, 1998; Chung, et a i, 1996).

Although this multitude of evidence strongly implies that Ku is a sequence specific 

transcription factor, the DNA binding properties of Ku might confuse the interpretation of 

experiments that are designed to investigate Ku sequence specific binding. Ku is a highly



68

abundant nuclear protein that binds with high affinity to double-stranded ends of DNA, 

and following this initial binding is able to translocate to internal sequences on the 

molecule (de Vries, et al., 1989; Mimori, et al., 1986a; Paillard, et al., 1991). These 

characteristics of Ku make data from experiments in which linear oligonucleotides 

containing specific sequences difficult to interpret. Ku might be accidentally co-purified 

on DNA affinity columns, or give false positive signals in the electrophoretic mobility 

shift assay (EMSA), and in DNase footprinting experiments (King, 1997; Quinn, et al.,

1991). DNA binding proteins might also trap translocating Ku at specific sequence, 

which might result in the erroneous conclusion that Ku binds with specific affinity to 

these sequences (de Vries, et a i, 1989). Because Ku is abundant and binds to double

stranded ends with high affinity it is possible that Ku, in binding assays, is present at 

specific sequences in high enough numbers that the presence of genuine sequence- 

specific binding proteins is masked by Ku. Another factor to consider is that the 

sequences to which Ku is reported to bind, with few exceptions, are diverse and lack a 

general consensus motif (table 1-12). It is doubtful that Ku would recognise and bind

Sequence Regulatory Sequence Reference
HRGTGRCCGTGTGTGTHHHG
GGCGRCTTCTRTGTRGRTGR
RTTTGCRT
CRGGRRGTGRCGCRCRGCC
CCCCCTCCCCCCC
GGRGGC
RRTCTGCGCRRGCTCGGCGGG
GRGRRRGRGRRRGR
GRGCGGTRG
TRCTGCTGRGGGGRTGGGTGC

PSE o f  h u m a n  U1 snRNR p r o m o te r  
DSE o f  h u m a n  U1 snRNR p r o m o te r  
O c ta m e r  m o t i f
TRR e l e m e n t  o f  t r a n s f e r r i n  r e c e p t o r  g e n e  
CTC box in h u m a n  co l lag en  ty p e  IU g e n e s  
Rlu c o re  o f  RNR P o ly m e ra s e  III p r o m o te r  
Kpb e l e m e n t  o f  h u m a n  Ku80 p r o m o te r  
NREl
DRS c o re  o f  UL38 p r o m o te r  
R egu la to ry  e l e m e n t  o f  CGL3R p r o m o te r

(Knuth, et a!., 1990) 
(Knuth, et at., 1990) 
(May, et at., 1991) 
(R ober ts ,  e t at., 1994) 
(G enersch ,  et at., 1995) 
(Tsuchiya,  e t at., 1998) 
(Luduiig, et at., 1997) 
(Giffin, et at., 1994) 
(Pe t ro sk i ,  et at., 1998) 
(Giampuzzi ,  et at., 2000)

Table 1-12 Examples of sequences to which Ku is reported to bind with sequence specificity.

with affinity to such a variety of sequences. A possible explanation to apparent sequence 

specific binding properties of Ku is that Ku could bind to secondary structures such as 

hairpins formed by, or in close connection to the sequences to which Ku appears to bind.

Despite the possibility of erroneous identification of Ku as a sequence-specific 

transcription factor, there are results that strongly suggest that Ku is indeed capable of 

sequence specific binding to DNA. Giffin et al reported that Ku binds to the NREl 

element of the long terminal repeat of the mouse mammary tumour virus in binding 

experiments using closed, circular DNA templates that contain the sequence of interest 

and that lack double-stranded breaks or nicks (Giffin, et al., 1996). Ku also binds to 

closed, circular DNA molecules containing the Kbp element of the Ku80 promoter
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(Ludwig, et al., 1997). The NREl sequence is homologous to other elements in 

transcriptionally active regions including the PRE upstream of the c-myc gene (c-myc 

PRE), the U5 repressive element of human T-cell leukemia virus type I long terminal 

repeat (U5 HTLV LTR), the promoter of COL3A and the DAS of the UL38 promoter of 

herpes simplex virus type 1 (Giampuzzi, et al., 2000; Giffin, et al., 1997; Petroski, et al.,

1998). Giffin et al demonstrated that oligonucleotides containing the U5 HTLV LTR and 

c-myc PRE efficiently competed with microcircles containing NREl for Ku binding 

(Giffin, et al., 1997). Similarly, Giampuzzi et al showed that microcircles containing a 

regulatory element of the COL3A promoter efficiently competed for binding with 

oligonucleotides containing the same sequence (Giampuzzi, et al., 2000).

1.11.2 Evidence for DNA-PK involvement in transcrip tion regulation

DNA-PK has been implicated both as a regulator of basal and gene specific transcription. 

Basal transcription might be affected by DNA-PK phosphorylation of proteins involved 

in RNA polymerase activation (see table 1-13 for a summary of DNA-PK substrates that 

are involved in gene transcription). In vitro experiments have demonstrated that DNA- 

PK can phosphoiylate the basal transcription factor TATA-binding protein (TBP), the 

general RNA polymerase II transcription factor TFIIB and the CTD subunit of RNA 

polymerase II (Chibazakura, et al., 1997; Dvir, et al., 1992; Dvir, et al., 1993; Labhart, 

1996; Peterson, et al., 1992). Addition of DNA-PK-phosphorylated TBP and TFIIB to a 

transcription assay has been reported to positively regulate basal transcription 

(Chibazakura, et al., 1997). This indicates that the significance of DNA-PK mediated 

phosphorylation of proteins involved in basal transcription might be stimulatory. Along 

these lines are the results from two separate investigations reporting that DNA-PKcs is a 

positive regulator of general RNA polymerase II transcription (Sheppard, et al., 2000; 

Woodard, et al., 1999). DNA-PK has also been reported to inhibit transcription by RNA 

polymerase I (Kuhn, et al., 1995; Labhart, 1995). It is noteworthy that Ku70 and Ku80 

have been reported to associate with RNA Polymerase I and all three subunits of DNA- 

PK have been detected in a RNA Polymerase II complex (Hannan, et al., 1999; 

Maldonado, et al., 1996).
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DNA-PK Substrates, in vitro Reference
-  c - fo s  
- c-ju n
- c-m yc
- CTD subunit o f  RNR po lym erase  II
-  Estroyen recep tor
- GCN5
- Glucocorticoid receptor
- IkBa and IkRb
- MDM2
-  NF45
-  NF90
-  oct-1
- p53
- P ro y esteron e receptor
- Serum resp o n se  fa cto r
- Simian Uirus 40  I  antiyen
- Spl
- TRTR Bindiny Protein  
-TFIIB
- Thyroid Hormone R eceptor-b inding protein

(R ba te ,  e t al., 1993)
(B a n n is te r ,  e ta l.,  1993)
( l i j im a ,  e t al., 1992)
iDuir, 1992 # 5 4 5 ;  P e t e r s o n ,  1992 # 5 4 6 ;  (Duir, e ta l.,  1993) 
(Rrnold, e t al., 1995)
(Barleu, e t  al., 199B)
(Giffin, e ta l.,  1996)
(Basu, e t al., 199B; Liu, e t al., 1998a)
(M ayo, e t al., 1997)
(Ting, e t al., 199B)
(Ting, e t al., 199B)
(R nderson ,  e t  al., 1992; Giffin, e t al., 1996)
(Lees-M il le r ,  e ta l.,  1990; Lees-M il ler ,  e ta l.,  1992) 
(UJeigel, e t al., 1992)
(Liu, e ta l.,  1993)
(C a r te r ,  e t  al., 1990; L ees-M il ler ,  e t al., 1990)
( Ja c k s o n ,  e t al., 1990)
(C h ib a z a k u ra ,  e t al., 1997; L a b h a r t ,  1996)
(C h ib a z a k u ra ,  e t  al., 1997)
(Ko, e t al., 2000)

Table 1-13 DNA-PK in vitro substrates that are involved In regulation of gene transcription.

DNA-PK has also been reported to in vitro phosphorylate proteins involved in regulating 

gene specific transcription (table 1-13). Some of these proteins such as c-myc, oct-1 and 

in particular p53 are implicated in the DNA damage response (Amundson, et al., 1998; 

Kastan, et al., 1991; Zhao, et al., 2000a). Whether DNA-PK mediated phosphorylation 

of its in vitro substrates listed in table 1-13 takes place and if so, has consequences for 

transcription in vivo remains unclear. Nevertheless, the observations that DNA-PK 

phosphorylates a plethora of proteins that are involved in general and gene-specific 

regulation of gene transcription raise the possibility that one of the in vivo roles of DNA- 

PK is to modulate gene transcription.

1.11.3 The relationship between DNA-PK and the tumour supressor p53 in 
the DNA dam age response pathway

The tumour suppressor p53 plays an important role in the DNA damage response 

pathway. p53 is a transcription factor that is activated following DNA damage by 

ionising irradiation. Activated p53 is able to bind to its target sequence in DNA (Kastan, 

et al., 1991 ; Nelson, et al., 1994; Tishler, et al., 1993). Transactivation of p53 genes 

including p21, MDM2, GADD45 and bax results in cellular responses such as G 1/S arrest 

and apoptosis (Barak, et al., 1994; el-Deiry, et al., 1993; Miyashita, et al., 1995; Perry, et 

al., 1993; Wu, et al., 1993b). The mechanism by which p53 is activated upon DNA
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damage by ionising irradiation is reported to be the result of phosphorylation of Ser-15 

(Siliciano, et al., 1997).

In the early 1990s it was reported that DNA-PK phosphorylates both mouse (Ser-18) and 

human (Ser-15) p53 in vitro (Lees-Miller, etal.^ 1990; Lees-Miller, etal.^ 1992). These 

findings lead to speculations that DNA-PK might be up-stream of p53 in the DNA 

damage response. There is also evidence that suggests that DNA-PK might regulate the 

p53-dependent response to DNA damage by phosphorylating the p53 inhibitory MDM2 

protein, thereby preventing MDM2 from interacting with, and inhibiting, the p53 protein 

(Mayo, etal., 1997; Momand, etal., 1992).

The situation in vivo was subsequently investigated using SCID mice. The DNA-PKcs 

defect in SCID mice is due to a nonsense mutation in the C-terminus of the DNA-PKcs 

gene resulting in DNA-PK deficiency and impaired kinase activity (Araki, et al., 1997; 

Beamish, etal., 2000; Blunt, etal., 1995; Blunt, etal., 1996; Danska, etal., 1996; 

Peterson, et al., 1995b). The data generated from these investigations led to the 

conclusion that the p53 response in SCID cells is normal following treatment with 

ionising irradiation, and therefore DNA-PK is not an essential up-stream activator of p53. 

The evidence that led to this conclusion included the observations that following ionising 

irradiation cells derived from SCID mice display normal p53 accumulation, p53 binding 

to its target DNA sequence, transactivation of p2I and GADD45, and arrest in the G I 

phase of the cell cycle (Candeias, et al., 1997; Fried, et al., 1996; Huang, et al., 1996a; 

Nacht, et al., 1996; Rathmell, et a l ,  1997). In fact, in one study the p53 increase 

following ionising irradiation is significantly higher in SCID cells than in wild type 

controls (Fried, et al., 1996). This might reflect that the persistence of unrepaired DNA 

DSBs in SCID cells causes prolonged stabilisation of p53. In addition, thymocytes from 

SCID mice undergo ionising irradiation induced apoptosis at levels comparable to wild- 

type mice (Candeias, et al., 1997; Nacht, et al., 1996). The observations that Ku70 -/- 

and Ku80 -/- mice have intact G I check points following ionising irradiation lends further 

support to the conclusion that DNA-PK is not up-stream of p53 (Gu, et al., 1997b; 

Nussenzweig, et al., 1996).

The validity of the conclusions drawn from the investigations using SCID mice has been 

challenged. Residual DNA-PK kinase activity has been demonstrated in primary SCID 

MEFs (Woo, et al., 1998). This finding provides a possible explanation why the p53
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response in SCID cells appeared normal as the residual DNA activity might be 

responsible for activating p53 following ionising irradiation treatment. Therefore, further 

studies using cells that were genuinely null for DNA-PKcs were required to resolve this 

issue. One SCID derived fibroblast cell line that has no detectable DNA-PK activity is 

the SCG RIl line (Blunt, et a l ,  1995; Woo, et al., 1998). Recent experiments using the 

SC G R ll cell line demonstrate that following DNA damage p53 does not bind to its target 

sequence or transactivate p21 transcription (Woo, et al., 1998). Woo et al concludes from 

this study that DNA-PK is essential for p53 activation following DNA damage (Woo, et 

a l,  1998).

1.12 S tatem ent of the  problem

Ku and DNA-PK perform essential functions in the cellular response to DNA damage 

generated by ionising irradiation. The components of DNA-PK are required for NHEJ 

repair and are implicated in the DNA damage response pathway, but despite large efforts 

to elucidate the exact nature of these functions, it is not clear what they might be. The 

observations presented above raise the possibility that one in vivo role for Ku and DNA- 

PK is to act as modulators of gene transcription of genes whose altered transcription is 

required for, or facilitates, NHEJ and/or other aspects of the DNA damage response. A 

model in which Ku and DNA-PK regulates gene transcription during the cellular response 

to DNA DSBs is attractive, but is only supported by indirect and in vitro observations, 

and not conclusively by in vivo data.

It is therefore important to investigate whether Ku and DNA-PK regulate gene 

transcription in vivo following DNA damage generated by ionising irradiation. An 

appropriate screening method is essential to do this work. The putative in vivo target 

genes of Ku or DNA-PK following DNA damage by ionising irradiation are not known. 

Therefore it is essential to employ a method that allows detection of unknown target 

genes. There are several methods available that enable this approach such as differential 

display, serial analysis of gene expression (SAGE), and cDNA representational difference 

analysis (Hubank, e ta l ,  1994; Liang, e ta l ,  1992; Velculescu, e ta l ,  1995). The most 

recent technology for monitoring differential gene expression is the technology of DNA 

microarrays (reviewed in Celis, et a l ,  2000; Harrington, et a l ,  2000).
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cDNA representational difference analysis (cDNA RDA) is a PCR coupled, subtractive 

hybridisation method that provides a useful means for detecting differential gene 

transcription between two populations. This method was developed from the genomic 

representational difference analysis (RDA) technique (Hubank, et al., 1994; Lisitsyn, et 

at., 1993). cDNA RDA is an in vitro technique that investigates in vivo transcription, and 

has the advantages of being veiy sensitive, quick, and cost effective as it uses standard 

laboratory equipment such as a PCR machine, gel electrophoresis apparatus and a UV 

transilluminator. An important advantage of cDNA RDA is that it enriches only for those 

transcripts that are different between the two populations. Therefore, when the 

subtractive hybridisation is complete, the final difference products achieved represent 

differential gene expression between the two populations used in the subtraction. cDNA 

RDA has been used to identify various genes such as the transcription factor GATA-3, 

the growth related gene rcl, genes expressed in cancer, the otogelin protein of the inner 

ear, and genes regulated by androgen in mouse kidney and targets of transcription factors 

(Bakin, etal., 1999; Cohen-Salmon, eta l., 1997; Gress, etal., 1997; Lewis, etal., 1997; 

Melia, et al., 1998; Ouyang, et al., 1999; Zheng, et al., 1997).

The approach taken in this study was to employ cDNA RDA to investigate potential 

transcription regulation by Ku or DNA-PK following DNA damage by ionising 

irradiation.
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Chapter 2: Materials and methods

2.1 Cell lines and cell culture

All fibroblast cell lines and primary and immortalized MEFs were cultured in Minimum 

essential medium-Eagle (Life Technologies), 10 % heat inactivated foetal bovine serum 

(15 % for primary MEFs), supplemented with 0.2 % sodium Bicarbonate (Life 

Technologies), 2 mM L-glutamine (Life Technologies), non-essential amino acids (Life 

Technologies), 100 U ml^ penicillin G sodium, 100 pig ml^ streptomycin sulfate and 0.25 

pig ml^ amphotericin B (Life Technologies).

The fibroblast cell lines used were Ku and DNA-PK wild type NIH-3T3 (mouse) and 

CHO-Kl (hamster), and the following mutants: hamster Ku80 defective xrs-4, xrs-5 and 

xrs-6\ mouse DNA-PKcs defective S C G R ll, and hamster DNA-PKcs defective V-3. xrs- 

6-(2E), xrs-6-(2B) and xrs-5+Ku80 were derived from their parent mutants by 

complementation with full-length hamster Ku80 cDNA; xrs-6(Hisp80) is complemented 

with a Y AC encoding the human Ku80 gene. Primary mouse embryo fibroblasts from 

DNA-PKcs -/-, DNA-PKcs +/-, DNA-PKcs+/+, BIOBR and SCID mice were passaged no 

more than five times before irradiation and isolation of RNA. Immortalized MEFs from 

DNA-PKcs -/- and DNA-PKcs +/- were established by G. Taccioli using the standard 3T3 

protocol. The cells were routinely cultured in 150 cm^ tissue culture flasks and incubated 

at 37 “C, 5 % COg. The cells were split using 1 x tiypsin-EDTA (Life Technologies) and 

washed in 1 x PBS (Oxoid). The hamster cell lines that were complemented with Ku80 

were maintained in 300 pig ml * G418 antibiotic (Sigma).

2.2 Irradiation of cells and radlosensltivlty survival a ssa y s

Several studies have demonstrated that NHEJ repair is activated very rapidly in both 

wild-type primary and immortalised rodent cells. These cells carry out NHEJ with the 

half-life of DSBs ranging from 22-37 minutes, and with a majority of DSBs rejoined 

within 2 hours of exposure to doses up to 40 Gy ( Kemp, et al., 1984; Iliakis, et al., 1992; 

Nevaldine, et al., 1997; Ouyang, et al., 1997; DiBiase, et al., 2000). Therefore, if Ku or 

DNA-PKcs modulates the expression of genes whose altered transcription is essential for
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NHEJ repair, such modification of transcription must be very rapid and have occurred 

well within the 4 hour recovery period following treatment with ionising irradiation. It 

has also been reported that genes that are up-regulated by the DNA damage response 

pathway are up-regulated following doses of 3-5 Gy and 3-4 hours incubation time 

(Candeias, et aL, 1997; Woo, et aL, 1998).

Cells were therefore grown in culture dishes until 80 % confluent and irradiated using a 

^̂ ^Cs gamma source (2.67 Gy min ') with 4 Gy. Cells were then incubated for 4 hours at 

37 °C, 5 % CO2 to allow transcription to proceed. The cells that were not irradiated were 

mock irradiated and treated in the same way as the irradiated samples. For each 

experiment, an aliquot of cells was removed and assayed for irradiation survival (protocol 

provided by Anne Priestly, Cell Mutation Unit, University of Sussex, Brighton, UK).

Prior to the survival assay the cells were trypsinised, washed in PBS and counted 

followed by serial dilution. The cells were subsequently irradiated with 4, 2, and 1 Gy.

In some cases the I Gy dose was omitted. For each experiment an aliquot of cells were 

mock irradiated (0 Gy). Following irradiation the cells were plated in 6 cm culture dishes 

as described in table 2-1. The cells were then incubated at 37 °C, 5% CO; until colonies 

were visible to the naked eye (7-10 days). 2.5 ml 1 % Methylene Blue (Sigma) staining 

solution was then added carefully to the culture medium of each plate. After 30 minutes 

the staining solution was poured off and the plates were placed upside down and dried 

overnight. The following day the plates were carefully washed in H ;0 before visible 

colonies were counted. The plates with the mock-irradiated cells were used as a standard 

to derive plating efficiency. The cell survival was then calculated and plotted on log 

graphs.

Dose (Gy) Number of cells plated per 6 
cm dish (Ku80 and DNA-PKcs 
mutants)

Number of cells plated per 6 
cm dish (Ku80 and DNA-PKcs 
wild-type)

4 1600 400
2 800 40 0
1 400 200
0 200 200

Table 2-1 Plating numbers for the radiosensitivity survival assay.
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2.3 Preparation of RNA, removal of residual genom ic DNA and first 
strand  cDNA Synthesis

Total RNA was prepared from irradiated and non-irradiated cells using Trizol Reagent 

(Life Technologies) following the protocol supplied by the manufacturer. mRNA was 

isolated from total RNA with Oligotex beads (Qiagen) according to the recommendations 

of the manufacturer. RNase free HgO (Qiagen) was used for all RNA work.

To remove residual genomic DNA total RNA or mRNA was first resuspended in 75 //I 

H2O. To each sample was added 10 /d 0.1 M DTT (Life Technologies), 10 jû 50 mM 

MgClj (Life Technologies), 3.3 //I 3 M sodium acetate pH 5.3,0.5 //140 U 

Ribonuclease inhibitor (MBI Fermentas) and 1 //I 10 U  ̂DNase I, RNase-free (Roche). 

The samples were then incubated at 37 “C for 15 minutes followed by two 

phenol/chloroform/isoamyl alcohol (25:24:1) (P/C/I) extractions and one 

chloroform/isoamyl alcohol (24:1) (C/I) extraction. All P/C/I and C/I extractions in the 

present work were carried out using equal volumes of P/C/I and C/I to the sample that 

was being extracted. The supernatant containing the DNase treated RNA was transferred 

to a fresh tube and stored at -  80 “C.

First strand synthesis of cDNA used for reverse transcriptase PCR (RT-PCR) was 

prepared as follows. The DNased total RNA was first resuspended at a concentration of 

1 pig piV̂ . For each sample two reactions, one +RT and one -R T control, were prepared. 

First, the DNased total RNA was added to the samples, 7.5 pi\ of 1 pig pi\  ̂total RNA to 

the +RT and 3.75 pi\ of 1 pig total RNA plus 3.75 pi\ HgO to the -R T sample. These 

tubes were then incubated at 50 “C for 5 minutes to disrupt secondary RNA structure and 

then chilled on ice. To these samples were then added 4 pi\ Superscript™ II RNase H 

Reverse Transcriptase 5 x First Strand Buffer (Life Technologies), 4 pi\ 5 mM dNTPs 

(Promega), 0.5 pi\ 40 \J piV̂  Ribonuclease inhibitor (MBI Fermentas), 1 pû 100 pg pi\  ̂

random hexamers and 2 pi\0 .l M DTT (Life Technologies). To the +RT sample was also 

added 1 pi\ 200 U piV̂  Superscript™ II RNase H Reverse Transcriptase (Life 

Technologies). First strand cDNA synthesis was then performed by first incubating the 

samples at 26 “C for 8 minutes followed by 41 °C for 90 minutes and 95 °C for 6 minutes. 

After the incubation the samples were stored at -  20 °C.
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2.4 Oligonucleotides

The names and sequences of the oligonucleotides used in the present work are listed in 

table 2-2. The cDNA RDA linkers (R-12, R-24, J-12, J-24, N-12 and N-24) and the

Oligonucleotide Sequence
cDNR RDH l inkers

R-12
R-24
J - 1 2
J - 2 4
N-12
N-24

5 -GRTCTGCGGTGR-3'
5 -RGCRCTCTCCRGCCTCTCRCCGCR-3' 
5 -GRTCTGnCRTG-3'
5 -RCCGRCGTCGRCTRTCCRTGRRCR-3" 
5 -GRTCnCCCTCG-3'
5 -RGGCRRCTGTGCTRTCCGRGGGRR-3'

M l 3 p r im e rs

M l 3 F o rw ard  P r im er  
M l 3 R eu e rse  P r im er

5 - GTRRRRCGRCGGCCRG -3 '  
5 -  CRGGRRRCRGCTRTGRC -3 '

M ouse  MDM2 cDNR RDR

MDM2(RDR)U
MDM2(RDR)L

5 -GGCGTRRGTGRGCRnCTGGTG-'3 
5 -CTCGTCTTTGTCCTGCGTTTCC-'3

G enotyping DNR-PKcs - / -

MQ2
MQ4592

MQ7

5 -GTGRGCRGRCCTGCRCRRGRG-3' 
5 ’-GRCnRCCGTGTCGTGCCRR-‘3 
5 -RGRCTGGCTGRTGRRRGTGTC-3'

Sequenc ing  m o u s e  p53

mp53U1
mp53L1

5 ’-TGCTCRCCCTGGCTRRRGnCT-'3 
5 -TRRGGRTRGGTCGGCGGnCRT-'3

mpS3U2
mp53L2

5 -TGCCCCRGGRTGnGRGGRGT-'3 
5 ’-GRCTGGCCCncnGGTCnC-’3

mp53U3
mp53L3

5 ’-CTCCTCCCCRGCRTCnRTCC-’3 
5 -TGGGCCRGGRRCCRCTRCTCR-'3

p53 t a r g e t  g e n e s

GRDD45U
GRDD45L

5 -RGRGCRGRRGRCCGRRRGGRTG-'3 
5 ’-RCCCGCRGGRTGnGRTGTCG-’3

MDM2U
MDM2L

5 -GGRGCGCRRRRCGRCRCnRCR-'3 
5 ’-CTCGCTGCTGCTGCTGCTRC-’3

p21U
p21L

5 -CGGTCCCGTGGRCRGTGRGC-'3 
5 -RRRTCTGTCRGGCTGGTCTGCC '3

TubulinU
TubulinL

5 -GRCRGTGTGGCRRCCRGRTCG-'3 
5 -GTRCGGRRGCRGRTGTCGTRG-'3

Table 2-2 Names and sequences of the oligonucleotides used in this work.
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primers used to genotype DNA-PKcs -/- cells (MQ2, MQ4592 and MQ7) were designed 

previously (Hubank, et aL, 1994; Taccioli, et aL, 1998). The remaining oligonucleotides 

were designed with DNASTAR PrimerSelect software using sequences that were 

retrieved on the NCBl database at:

www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?db=Nucleotide

The R-24, J-24 and N-24 cDNA RDA linkers were stored at -20 “C at a concentration of 

2 fig fiV\ All other oligonucleotides were stored at -20 °C at 1 pig piV\ The annealing 

temperatures and amplified fragment sizes of the primer pairs are listed in table 2-3.

Primer Pair Ta Size of Amplified Product
MDM2(RDH)U -  MDM2(RDR)L 63 °C 642 bp

MQ2 - M0 4592 60 °C 629 bp (DNR-PKcs +/+) & 344 bp (DNR-PKcs - / - )
MQ2 -  MQ7 68 °C 4 7 6  bp (DNR-PKcs +/+) 0  220 bp (DNR-PKcs - / - )

mp53U1 - m p 5 3 L t 61 “C 890 bp
mp53U2 -  mp53L2 61 °C 982  bp
mp53U3 -  mp53L3 61 “C 771 bp

GRDD45U -  GRDD45L 61 °C 249 bp
MDM2U -  MDM2L 61 °C 513 bp

p21U - p 2 1 L 63 “C 372 bp
TubulinU -  TubulinL 61 °C 613  bp

Table 2-3 Annealing temperatures (Ta) for oligonucleotides and sizes of PCR products. 
All primers used with mouse cDNA.

2.5 cDNA representational difference analysis (cDNA RDA)

cDNA RDA is a multi step process and has been previously described (Hubank, et al., 

1999; Hubank, et aL, 1994). Usually two different populations of cells are used to 

perform a reciprocal experiment comprised of two subtractions to investigate whether 

genes are up-regulated in either of the populations. The starting point for a cDNA RDA 

experiment is the two populations that will be examined for differential gene transcription 

(figure 2-1).

http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?db=Nucleotide
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Population A

Total RNA 

1
mRNA

1
D ouble-stranded cDNA 

1
OpnII d igest of cDNA

I
Ligation of R-linkers to  cDNA 

1
PCR using R-24 linker a s  prim er

I
Representation 
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OpnII d igest of R epresen tation  

1
Removal of d igested  R-linkers 

1
Ligation of J-linkers 
to  R epresentatinon
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Total RNA

mRNA

1
D ouble-stranded cDNA

1
DprA\ d igest of cDNA 

1
Ligation of R-linkers to  cDNA 

1
PCR using R-24 linker a s  primer

Representation 
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I
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I
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U Ü
Driver Tester
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Figure 2-1 Scheme for a generating tester and driver from two populations in a reciprocal 
cDNA RDA experiment.

cDNA RDA is a very sensitive method that detects minute differences in gene 

transcription between two populations. It is therefore important to culture and handle the 

two populations that will be used in the subtractive hybridisation in the same manner. 

Starting materials for the cDNA experiments are derived from the two populations by 

first isolating total RNA from which mRNA is subsequently extracted. The mRNA, 

representing the genes that are transcribed in the two populations is then used as template 

for double-stranded cDNA synthesis. The cDNA is then digested with the restriction 

enzyme Dpnll that generates cohesive GATC ends by cleaving the double-stranded 

cDNA at GATC sequences. A set of linkers, or adaptors, referred to as R-linkers are then 

ligated to the ends of the Dpnll generated cDNA fragments. The R-linkers consists of 

one 12-mer (R-12) and one 24-mer (R-24) that anneal to the cohesive ends of the cDNA 

(figure 2-2).
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R -1 2  3 ' -AGTGGCGTCTAG-5'
3 ' -TCTTTCGCCGATGAAG-5

R -2 4  5 ' -AGCACTCTCCAGCCTCTCACCGCA-3' 5 ' -GATCAGAAAGCGGCTACTTC-3'
R-Linkers OpnII digested cDNA

Mix R-linkers and Dpnii digested cDNA and Ligate 
B  R-12 wiii NOT iigate because it iacks a 5'- phosphate group

R-24 wiii iigate because the cDNA provides a S'- phosphate group

3 ' -AGTGGCGTCTASTCTTTCGCCGATGAAG-5' 
5 ' -AGCACTCTCCAGCCTCTCACCGCAGATCAGAAAGCGGCTACTTC-3'

Before the PCR to generate the Representation 
I the unligated R-12 is meited away

3 ' -TCTTTCGCCGATGAAG-5'
5 ' -AGCACTCTCCAGCCTCTCACCGCAGATCAGAAAGCGGCTACTTC-3'

i Taq poiymerase fiiis in the gap 
This generates a PCR primer binding site for R-24 
PCR is then performed to generate the Representation 
using R-24 as the primer

3 ' -TCGTGAGAGGTCGGAGAGTGGCGTCTAGTCTTTCGCCGATGAAG-5'
5 ' -AGCACTCTCCAGCCTCTCACCGCAGATCAGAAAGCGGCTACTTC-3'

Figure 2-2 The mechanism by which cDNA RDA linkers are ligated to Dpnll generated 
ends of cDNA, and the subsequent steps that generate primer binding site for the 24-mer. 
This is illustrated by R-linkers, but the same principle applies for the ligation of J- and N- 
1 inkers to Dpnll generated ends of representations or difference products.

During the ligation reaction only R-24 is ligated to the cDNA because the R-12 lacks a 

5’-phosphate group. A PCR reaction is then performed using the R-24 linker as the 

primer. Prior to the PCR, the reaction mix is heated to 72 °C for 3 minutes to melt away 

the R-12 linker. Taq DNA polymerase is then added to the reaction mix followed by 

incubation at 72 °C for 5 minutes. During this time Taq fills in the gap where the R-12 

linker used to be, which generates a primer binding site for PCR. The subsequent PCR 

reaction then generates an amplicon, which consists of amplified cDNA fragments that 

fall in the size range of approximately 0.1 -  1.2 kb. Because the initial DpnW restriction 

digest of the cDNA generates fragments that are outside the amplifiable range (0.1 -  1.2 

kb), the PCR amplicon is a representation of the cDNA population that is initially present 

in each of the two populations.

In a cDNA RDA subtractive hybridisation experiment the representation derived from the 

population that is examined for up-regulation of gene transcription is referred to as the 

tester whereas the representation prepared from the other population is called the driver.
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The subtractive hybridisation is performed by first mixing tester with excess driver. The 

double-stranded tester and driver DNA is then denatured followed by an incubation time 

to allow for re-hybridisation. Re-hybridisation generates either tester:tester, testeridriver 

or driver:driver hybrids. Because the tester is mixed with excess driver, transcripts that 

are present in equal amounts in both tester and driver are likely to generate tester:driver 

hybrids. Transcripts that are up-regulated in the tester, on the other hand, are likely to 

generate tester:tester hybrids. These tester:tester hybrids therefore represent genes that 

are differentially expressed in the two populations. In the next step in the cDNA RDA 

process testertester hybrids are distinguished from other hybrids that form during the 

subtractive hybridisation.

Tester and driver are prepared from a representation by first removing the R-linkers by a 

Dpnll digest. Once the R-linkers are removed from the representation it can be used as 

the driver in a subtraction. Tester is generated from the digested representation by first 

removing the R-linkers from the sample followed by ligation of a different set of linkers, 

known as J-linkers, to the cut representation. The presence of the J-linkers therefore 

distinguishes the tester from the driver.

A reciprocal subtraction is then performed. The first subtraction. Population A -  

Population B, enriches for transcripts that are up-regulated in Population A. In this 

subtraction the tester is composed of J-ligated Population A representation whereas the 

driver consists of Dpnll digested Population B representation. The second subtraction 

detects transcripts that are down-regulated in Population A relative to Population B and 

uses tester derived from Population B and driver from Population A (figure 2-3).

Each subtraction is then carried out using a tester:driver ratio of 1:100 to generate the first 

round difference products (DPI). Following the subtraction a PCR is performed. As 

when the representations were generated the reaction is first incubated to melt away the 

I2-mers followed by the addition of Taq polymerase, which generates primer binding 

sites by filling the resulting gaps. In the PCR that follows the J-24 linker is used as the 

primer. Because testertester hybrids contain two primer binding sites for the J-24 linker 

they amplify exponentially whereas the tester:driver hybrids that amplify linearly and the 

driver:driver hybrids that fail to amplify are eliminated during the PCR. Partway through 

the PCR reaction a mung bean nuclease digest is carried out to remove single-stranded
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DNA from the PCR reaction. The PCR is then continued and upon completion results in 

the generation of DPI.

Reciprocal Subtractive Hybridisation

:  :  
Tester Driver

Population A Population B

Mix Tester A
With Driver B
At Ratio 1:100

SUBTRACTION A - B 
Identifies transcripts that are 

Up-regulated In POPULATION A

Ü u
Tester Driver

Population B Population A

Mix Tester B 
With Driver A 
At Ratio 1:100

SUBTRACTION B - A 
Identifies transcripts that are 

Up-regulated In POPULATION B

EACH SUBTRACTION IS THEN PERFORMED USING THE FOLLOWING SCHEME

Driver

I
Tester
TesterDriver

Tester
Driver
Driver

LinearNo Amplification Exponential
Amplification Amplification 

ELIMINATED ELIMINATED Tester Oniy

Successive 
subtractions 
at higher 
driverztester 
ratios 
until final 
difference 
products 
are obtained

Final Difference Products

I
Clone, Characterise, Screen

Figure 2-3 Scheme for a reciprocal cDNA RDA subtraction.



83

The first round of subtraction generates difference products that are enriched for 

transcripts up-regulated in the tester. However, because the stringency of the first round 

of subtraction was only 1:100 there will be considerable presence of tester:tester hybrids 

that represents transcripts common to both tester and driver. This low stringency is 

important because small up-regulations might not otherwise be enriched in the difference 

products.

To further enrich for transcripts that are up-regulated in the tester a second round of 

subtraction is performed. The tester in this subtraction is composed of DPI whereas the 

driver is the same as was used to generate the first difference product. DPI tester is 

generated by first removing the J-linkers with a DpnW digest of DPI followed by the 

ligation of a new set of linkers called N-linkers. The N-linked DPI tester is then mixed 

with the driver at a ratio of 1:800 followed by subtractive hybridisation to generate 

second round difference products (DP2). Sometimes a third round of subtraction might 

be necessary before final difference products are obtained. This round of subtraction 

follows the same general protocol with the difference that it uses J-linked DP2 as the 

tester and a tester:driver ratio of 1:8,000 to 1:40,000 to generate third round difference 

products (DP3).

The final difference products are obtained when the PCR to generate DP2 or DP3 result 

in the presence of distinct bands when run on an agarose gel. The final difference 

products are further investigated using a screening procedure to confirm whether they 

represent differential gene transcription or if they are false positives. The screening 

procedure of difference products is summarised in figure 2-4.

The screening begins with a DpnW digest of the final difference products. The digested 

difference products are then separated on an agarose gel so that the bands that compose 

the final difference products can be gel purified and ligated into a vector (e.g. pBluescript 

KS+II). Each ligation is then used to transform a suitable host (e.g. DH5a E. coli), which 

is then plated on an agar plate. Individual bacterial clones, up to 10 from each band of the 

final difference products, are then picked and examined to confirm that they cany cloned 

inserts. The cloned inserts, referred to as difference products, may be DNA sequenced at 

this point. Alternatively, DNA sequencing can be done after the cloned insert has been 

confirmed to represent a genuine difference.
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^  cDNA RDA N
Final Difference Products

CLONE
DNA SEQ UEN CING (identification)

Are ttie difference products different in 
the tester and driver representations? 
(Success of subtraction verified)NOFALSE POSITIVES 

(RULED OUT)
METHOD:

REPRESENTATION BLOTS

DIFFERENCES IN THE SUBTRACTION 
FURTHER INVESTIGATEDYES

Are the differences detected in ttie 
subtraction reproducibly different?

TRANSCRIPTIONAL HETEROGENEITY NO 
(RULED OUT) *•--------

METHOD:

e g. NORTHERN BLOTS 
e.g. RT-PCR ^

DIFFERENCE PRODUCTS THAT ARE 
GENUINE DIFFERENCESYES

FURTHER CHARACTERISATION

Figure 2-4 Scheme for screening of difference prcxiucts.

Each individual difference product is then probed against a representation blot to establish 

whether the difference product represent a true difference within the experiment or is a 

false positive. A representation blot is prepared by first separating equal amounts of 

tester and driver representations on an agarose gel and then transferring the 

representations onto a membrane by southern blotting. If, when probing a difference 

product against a representation blot, a stronger signal is obtained in the tester relative to 

the driver representation a true difference between the two representations has been 

detected. When this is the case the representation blot has confirmed that the subtraction 

has been successful. On the other hand, a difference product probed against a 

representation blot might generate a signal that is not stronger in the tester than the driver 

representation. Therefore, this difference product is not a true difference between the 

tester and driver and is regarded as a false positive. A representation blot thus serves as a 

filter that eliminates false positives from true differences within the experiment.
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Differences that are verified to be different in the tester and driver representations are 

then further screened to ascertain whether their differential expression in the tester and 

driver population is reproducible or not. This is accomplished by isolating mRNA from 

separately samples of tester and driver populations that have been treated in exactly the 

same manner as the populations that were used for preparation of tester and driver 

representations, and then investigate the transcriptional expression of the difference 

product in these populations. This can be done by probing the difference product against 

a northern blot, or by RT-PCR using primers that are designed to amplify the difference 

product. If, at this stage, a difference product is not consistently different in the tester and 

driver population it can be regarded as an artefact of transcriptional heterogeneity and 

therefore be discarded. On the other hand, if a difference is found to be reproducibly 

different in the tester and driver populations, it represents a genuine difference in the two 

populations used in the subtractive hybridisation. Genuine differences may then be 

further characterised using approaches that depend on the particular question being 

addressed.

2.6 Protocol for cDNA representational difference analysis using large 
quantities of starting material

When large quantities of starting material (>10^ cells) were obtainable the following 

cDNA RDA protocol was employed (Hubank, et aL, 1999).

2.6.1 Preparation of Dpnll d igested  cDNA with R-linkers from large 
quantities of cells

mRNA was first isolated using the Oligotex spin column protocol (Qiagen). First strand 

cDNA synthesis for each sample was performed starting with 5 pig mRNA resuspended in 

20 pi\ HjO. The sample was then heated to 70 “C for 10 minutes to disrupt secondary 

RNA structure and then chilled on ice followed by the addition of 8 pi\ Superscript™ 11 

RNase H Reverse Transcriptase 5 x First Strand Buffer (Life Technologies), 0.5 pi\ 0.1 M 

DTT (Life Technologies), 0.7 //I 40 U pi\  ̂Ribonuclease inhibitor (MBI Fermentas), 2 pi\ 

50 ng piV̂  OligodT primer (Promega), 4 pi\ 20 mM dNTPs (Promega), 1.6 pi\ 100 mM 

sodium pyrophosphate and 3.3 pi\ 200 U piV̂  Superscript™ 11 RNase H Reverse
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Transcriptase (Life Technologies) to the sample. The reaction was then incubated at 26 

°C for 8 minutes followed by 41 °C for 90 minutes.

When the first strand synthesis was complete, 40 /<1 5 x RT2 second strand buffer (1 ml 

prepared by mixing 500 pi\ KCl, 50 //I 5 pig pi\  ̂BSA, 100 ]A TrisHCl pH 7.5, 50 pi\ IM 

(NH4>2S0 4 , 25 //I 1 M MgClg, 50/^1 1 M DTT, and 225 //I ddHgO) and 112.5 jA HgO was 

added to the sample. To this was then added 2 pi\ pNAD (Roche), 0.4 pi\ 10 U piV̂  E. coli 

DNA ligase (NEB), 4 jA 10 U pi\'̂  E. coli DNA polymerase I (NEB) and 1.1 jA 2.5 \J }A  ̂

RNaseH (NEB). The reaction was incubated at 15 “C for 2 hours followed by 60 minutes 

at 22 °C followed by the addition of 50 jA ddHgO to the reaction. Two rounds of P/C/I 

and one of C/I extractions were then carried out. The double-stranded cDNA was 

subsequently precipitated by first adding \ jA 5 pig pi\  ̂Glycogen carrier (Roche), 65 pi\

10 M NH4OAC and 800 pi\ 100 % ethyl alcohol followed by incubation on ice for 20 

minutes. The sample was then centrifuged in a chilled microcentrifuge at 14,000 

revolutions per minute (rpm) at 4 “C for 15 minutes. The supernatant was aspirated off 

and the pellet washed in 500 pi\ 70 % ethyl alcohol and centrifuged in a chilled 

microcentrifuge at 14,000 rpm for 5 minutes. The supernatant was aspirated off and the 

pellet allowed to air dry before it was resuspended in 30 pi\ TE. The concentration and 

quality of the cDNA was then examined (should be a smear running from 8-10 kb to 0.2 

kb) by running 3 pi\ resuspended cDNA on an ethidium bromide stained 0.7 % (v/w) 

agarose (Life Technologies) gel.

The double-stranded cDNA was then digested with DpnW using the following protocol. 2 

pig cDNA was mixed with 10 pi\ 10 x DpnW buffer (NEB), 2 //I 10 U p\'  ̂DpnW (NEB) 

and the volume made up to 100 pi\ with ddH2 0 . The digest was incubated at 37 °C for 2 

hours followed by P/CI and C/I extractions. 50 p\ 10 M NH4OAC, 650 p\ 100%  ethyl 

alcohol and I p\ 5 pig pi\  ̂glycogen carrier was added to the DpnW digested cDNA and 

the sample was placed on ice to precipitate for 20 minutes. The cDNA was then first 

pelleted by centrifuging in a chilled microcentrifuge at 14,000 rpm at 4 °C for 15 minutes, 

followed by washing in 70 % ethyl alcohol and then resuspended at 0.1 pg  in 20 p\ 

TE.

R linkers were then ligated to the cohesive ends of the DpnW digested cDNA (table 2-2). 

This was accomplished by adding 4 ;d of 2 pg pY  ̂R-24 linkers, 4 ;d of 1 pg pY  ̂R-12 

linkers, 6  /<1 10 x T4 DNA ligase buffer (NEB) and 32 p\ ddH2 0  to 12 /d 0.1 pg  p \- l
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DpnW digested cDNA. The R-linkers were first annealed to the ends of the cDNA by 

incubating the sample at 50 “C for one minute and then cooling at a rate of 1 °C per 

minute until 10 “C was reached. The R-linkers were ligated to the cDNA by first adding 

2 p\ 400 U ji\  ̂T4 DNA ligase (NEB) and then incubating the reaction at 12-14 °C 

overnight. 140 p\ TE was then added to the sample so that that the final concentration of 

the ligation was 10 ng R-ligated DpnW digested cDNA.

2.6.2 Generation of rep resen ta tions from large quantities of ceiis

A pilot PCR reaction was performed to investigate what the optimum number of PCR 

cycles was required for each sample. All PCR reactions performed in the present work 

were carried out using a Thermal Cycler with a heated lid (Techne). For each pilot 

reaction 140 p\ ddHgO, 40 //I 5  x PCR buffer (20 mM MgClj, 335 mM trisHCl pH 8.9 at 

25 °C, 166 ng BSA, 80 mM (NHJ^SO^,), 16 //I 4 mM dNTPs, \ p\ 2 pg pŶ  R-24 

primer and 2 pi ligation mix was mixed. The reaction was then incubated in a PCR 

machine at 72 “C to melt the R-12 linkers. After 3 minutes at 72 “C the PCR program 

was paused and 1 //I 5 U pŶ  Taq DNA polymerase (Life Technologies) was added to the 

reaction. The reaction was then incubated at 72 °C for 5 minutes to allow time for Taq 

DNA polymerase to generate a primer-binding site by filling in the gap where the R-12 

linker had been annealed. A PCR reaction was then run using 20 cycles, each composed 

of 1 minute at 95 “C and 3 minutes at 72 “C. Following the last PCR cycle a final 

extension step was carried out at 72 “C for 10 minutes. During the PCR reaction 10 pi 

aliquots were removed after 17, 18, 19, and 20 cycles and examined on a 1.5 % (w/v) 

agarose gel stained with ethidium bromide together with \ pgoY \ kb DNA ladder (Life 

Technologies). The number of cycles that produced 0.5 pg  PCR product in form of a 

smear ranging from 1.5 kb down to 0.2 kb was then used to generate large-scale 

representations.

Large-scale representations were then generated. A PCR mastermix for 20 reactions was 

prepared by mixing 2,8(X) pi ddHzO, 8 (X) //I 5  x PCR buffer, 320 pi 4 mM dNTPs, 20 pi 2 

pg  pŶ  R-24 primer and 40 pi ligation mix. The mix was transferred to 20 0.5 ml 

eppendorf tubes and PCR was carried out using the same protocol as for the generation of 

the pilot representation using the number of cycles determined by the pilot experiment.
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The reactions were then combined in five 1.5 ml eppendorf tubes (4 reactions per 1.5 ml 

tube) followed by P/C/I and C/I extractions. 75 //I of 3 M NaOAc pH 5.3 and 750 jA 

(Sigma) was then added to each 1.5 ml tube. The representations were precipitated on ice 

for 20 minutes followed by centrifugation at 14,(X)0 rpm, 4 “C, for 15 minutes. The pellets 

were then washed in 70 % ethyl alcohol and resuspended in TE to a final concentration of 

0.5 ji\ (1(X)-120 j4\ TE per pellet). The quality and concentration of each 

representation was then assessed on an ethidium bromide stained 1.5% agarose gel.

2.6.3 Generation of driver and te s te r  from represen ta tions generated from 
iarge quantities of ceiis

Each representation was first digested with Dpnll to remove the R-linkers by mixing 480 

p\ representation (180 pg), 730 p\ ddHgO, 140 p\ 10 x Dpnll buffer and 50 p\ Dpnll 

followed by incubation at 37 “C for 4 hours. Each reaction was then first divided into two

1.5 ml eppendorf tubes, P/C/I and C/I extracted and then precipitated by adding 70 pi 3M 

3M NaOAc pH 5.3 and 700 p\ isopropanol to each tube followed by 20 minutes 

incubation on ice. The two tubes were centrifuged at 14,000 rpm, 4 “C, for 15 minutes 

and washed in 70 % ethyl alcohol. Each pellet was air dried and resuspended in 200 p\ 

TE. The contents of the two tubes were then combined into one tube to make a final 

volume of 400 p\. To assess the concentration and quality of the Dpnll digested 

representation 1 p\ of the resuspended cut representation was run on a 1.5% (w/v) 

ethidium bromide stained gel. If necessary the concentration of the cut representation 

was adjusted to 0.5 pg pl  ̂by adding TE. This sample was then used as the DRIVER in 

subsequent subtractions.

TESTER was generated by first removing the R-linkers from 20 pi DRIVER using the 

QlAquick spin column protocol (Qiagen). Following removal of the R-linkers the cut 

representation was eluted twice, each time in 50 p\ TE to give a total of 100 p\ 0.1 pg p\  ̂

representation with R-linkers removed. The concentration of the eluate and the efficiency 

of the removal of the R-linkers was examined by running 5 p\ of the eluate on an 

ethidium bromide stained 1.5% agarose gel beside 0.5 pg  DRIVER and 1 /^g 1 kb DNA 

ladder.
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J-linkers (table 2-2) were then ligated to the Dpnll digested purified representation by 

mixing 10 jA of 0.1 fig fi\  ̂cut purified representation with 3 ji\ 10 x T4 DNA ligase 

buffer, 2 J i l l  fig fiV̂  J-12 linker, 2 f i\2 f ig  piV̂  J-24 linker and 12 fi\ ddHjO. The J- 

linkers were first annealed to the ends of the cDNA by incubating the sample at 50 °C for 

one minute and then cooling at a rate of 1 °C per minute until 10 “C was reached.

Ligation was then carried out by adding 1 pi\ 400 U fiV̂  T4 DNA ligase to the mix 

followed by incubation at 12-14 “C overnight. 70 fi\ TE was then added to the sample so 

that that the final concentration of the ligation was 10 ng //l \  The diluted ligation mix 

constituted the TESTER for the first round of subtractive hybridisation.

2.6.4 Subtractive hybridisation and generation of th e  first difference 
product using starting m aterials from iarge quantities of ceiis

Subtractive hybridisation was performed by first adding 80 fi\ fig fi\  ̂ driver and 40 //I 10 

ng ;<1 ‘J-ligated tester (testeridriver ratio of liKX)) followed by P/C/I and C/I extraction.

30 fi\ 10 M NH4OAC and 380 fi\ 100 % ethyl alcohol were then added to the mix 

followed by precipitation at -70  °C for 10 minutes followed by 1 minute at 37 “C to 

reduce salt precipitation. The sample was then pelleted by centrifugation at 14,000 rpm,

4 “C, 15 minutes followed by two washes in 70% ethyl alcohol, each time spinning at 

14,000 rpm for 2 minutes in room temperature. The pellet was air-dried and resupended 

in 4 fi\ of EE X 3 buffer (30 mM EPPS (Sigma) pH 8.0 at 20 “C, 3 mM EDTA) by 

pipetting for 2 minutes. The mix was then briefly vortexed and spun down before being 

overlaid with 35 fi\ mineral oil (Sigma). The hybridisation mix was then incubated at 95 

°C for 5 minutes to denature the DNA and then cooled to 67 “C. 1 /<1 of 5 M NaCl was 

then added into the hybridisation mix followed by incubation at 67 °C for 20 hours to 

allow time for subtractive hybridisation.

After subtractive hybridisation was complete, the majority of the mineral oil was 

carefully removed from the hybridisation mix. The mix was then stepwise diluted in TE 

to a final volume of 4(X) fi\ and vortexed. Four 200 fA PCR reactions were then set up, 

each by adding 122 fA ddHzO, 40 fi\ 5 x PCR Buffer, 16 fi\ 4  mM dNTPs and 20 fi\ 

diluted hybridisation mix. The PCR reactions were then incubated at 72 “C for 3 minutes 

to melt away the 12-mers, then paused to add I fi\ 5 \] fi\-l Taq DNA polymerase 

followed by 5 minutes additional incubation at 72 °C for 5 minutes to allow Taq to fill the
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gaps were the 12-mers were annealed. The PCR program was then paused and \ jA l j ig  

}i\'̂  J-24 primer added to each reaction followed by 10 cycles of 95 °C for 1 minute and 

70 °C for 3 minutes. After the final cycle the reaction was incubated at 72 °C for 10 

minutes to allow time for a final extension. The four PCR reactions were then combined 

into a single tube followed by P/C/I and C/I extractions and precipitation by first adding 

0.5 ]Â 20 Jig ]à\   ̂ tRNA carrier (Sigma), 75 //I 3 M NaOAc pH 5.3,800 jiX isopropanol and 

then placing the tube on ice for 20 minutes. The PCR products were then pelleted by 

centrifuging at 14,000 rpm, 4  °C, 15 minutes followed by a wash in 70 % ethyl alcohol. 

The pellet was resuspended in 40 jA TE.

Single-stranded DNA was then removed from the mix by mung bean nuclease treatment. 

20 ]i\ of initial PCR reaction was mixed with 4 //I 10 x Mung Bean Nuclease Buffer 

(NEB), 14 JÂ ddHgO and 2 //I 10 U jiŶ  Mung Bean Nuclease (NEB) and incubating the 

sample at 30 °C for 35 minutes. The reaction was halted by adding 160 jA 50 mM trisHCl 

pH 8.9, then incubated at 98 “C for 5 minutes and immediately placed on ice.

During the mung bean nuclease digest a master mix for four PCR reactions was prepared 

by mixing 488 jA ddHgO, 160 //I 5 x PCR buffer, 64 //I 4  mM dNTPs and A jA lj ig  jA  ̂J- 

24 primer. The reaction mix was then placed on ice. Once the mung bean nuclease 

digest was complete 80 jA of this reaction mix was added to the PCR master mix. The 

master mix was then aliquoted into four 0.5 ml eppendorf tubes and place in a thermal 

cycler. The reactions were first incubated at 95 “C for 1 minute and then cooled to 80 “C 

at which temperature 1 //15 U jA  ̂Taq was added to each reaction. A PCR of 18 cycles, 

each of 95 °C for 1 minute and 70 °C for 3 minutes, followed by a final extension for 10 

minutes was then performed. 10 ji\ of the PCR products was then examined on a 1.5 

(w/v) agarose gel stained with ethidium bromide to investigate the presence and 

concentration of PCR products.

The PCR products were then combined into one 1.5 ml eppendorf tube, P/C/I and C/I 

extracted followed by precipitation by adding 75 ;/l 3 M NaOAc pH 5.3, 800 jA 

isopropanol and incubating on ice for 20 minutes. The precipitate was then pelleted by 

centrifugation at 14,000 rpm, 4 °C, 15 minutes and washed in 70% ethyl alcohol. The 

pellet was air dried and resuspended in TE to a concentration of 0.5 jig jA  ̂ by using 100 

jA TE. This resuspended PCR product constituted the first difference product (DPI).
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2.6.5 Additional rounds of subtractive hybridisation using starting 
m aterials from large quantities of cells

Before an additional round of subtractive hybridisation was carried out the linkers on the 

difference products were changed. This was carried out by first digesting 20 pi\ of the 

resuspended difference product (DPI or DP2) in 30 //I 10 x Dpnll buffer, 242.5 jA ddH^O 

and 7.5 pi\ 10 V piV̂  Dpnll, and incubating the digest at 37 “C for 2 hours. P/C/I and C/I 

extractions were then carried out followed by precipitation by first mixing 33 jA 3M 

NaOAc pH 5.3 and 800 jA 100% ethyl alcohol with the digest and then incubating the 

sample at -20  °C for 20 minutes. The precipitate was then first pelleted by centrifugation 

at 14,000 rpm, 4 °C, for 15 minutes, washed in 70% ethyl alcohol, air dried and 

resuspended in 20 pi\ TE to a final concentration of 0.5 pg pV .̂ N-linkers (ligated to D PI) 

or J-linkers (ligated to DP2) was then annealed and ligated to the digested difference 

products. This was accomplished by diluting 1 p\ of the digested difference product to 50 

ng p\'  ̂ by adding 9 p\ TE and then mixing 4 p\ of the diluted digest with 6 p\ lO x  T4 

ligase buffer, 40 p\ of ddHgO, 4  /d of 2 pg p\  ̂N-24 or J-24 and A p\ of I pg pY  ̂N-12 or 

J-12 (depending on whether the linkers were ligated to DPI or DP2). The linkers were 

annealed and ligated by incubating at 50 °C for one minute and then cooling at a rate of 1 

°C per minute until the temperature of the sample was 10 “C. I p \ l  p\ 400 U pŶ  T4 

DNA ligase was then added to the sample and ligation of the linkers to the difference 

products carried out by incubating the ligation mix at 12-14 “C overnight.

The second difference product was generated using N-ligated DPI as the tester. The N- 

linked DPI was first diluted to 1.25 ng pŶ  by adding 100 p\ TE to the ligation. 10 p\ of 

1.25 ng ;^1-1 N-linked DPI tester was then added to 80 p\ of 0.5 pg p \-l driver 

(testeridriver ratio of 1:800) followed by subtractive hybridisation and generation of DP2 

as using the same protocol as described for the generation of DPI in section 2.5.4 with 

the modification that the annealing temperature in the PCR reaction was 72 °C for the N- 

linkers.

If necessary a third round of subtraction was performed to generate final difference 

products characterized by the presence of clear bands on an ethidium bromide stained 

1.5% (w/v) agarose gel. This was accomplished by digesting DP2 with Dpnll followed 

by the ligation of J-linkers using the same protocol as described above in this section.
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The J-ligated DP2 tester was then diluted to 1 pig pi\'̂  in TE. Depending on the 

application, subtractive hybridisation was then carried out at testeridriver ratios ranging 

from 1:8000 to 1:10,000, following the same protocol as described in section 2.5.4. The 

final difference products (DP3) were generated using the same protocol as described in 

section 2.5.4, with the modification that the final PCR was performed using 23 cycles 

before the final extension at 72 °C for 10 minutes.

2.6.6 Generation of com petitive driver

It is possible that there might be fragments present in a tester representation that do not 

reflect genuine differences in gene transcription between the tester and driver populations. 

For example, the neomycin gene is the selective marker on the expression plasmid that 

was used to transfect a wild-type copy of the KuSO gene into the xrs-6 cell line to 

generate the xrs-6(2E) cell line. The neomycin gene is transcribed in xrs-6(2E) cells and 

generates two amplifiable fragments in the xrs-6(2E) representation that are not present in 

a representation generated from xrs-6 cells. Although these two fragments are true 

differences between the xrs-6(2E) and xrs-6 cells they do not represent a genuine Ku 

dependent differences and may therefore be considered unwanted fragments in a cDNA 

RDA experiment.

To avoid the enrichment of such unwanted DNA, the driver population can be 

supplemented with the unwanted fragments. Competitor was generated by cloning the 

unwanted fragments into pBluescript KS+II (Stratagene), transforming competent DH5a 

E. coli with the construct (see section 2.7) followed by a maxiprep procedure using the 

Qiagen column protocol (Qiagen). A double digest was then performed to isolate the 

unwanted fragments by mixing 20 pig pBluescript KS+II, 40 /d 10 x buffer Y (MBI), 4 pi\ 

10 U piV̂  EcoRl (MBI), 4 pi\ 10 U //I * Xbal (MBI) and ddH2 0  to a final volume of 400 pi\. 

The digest was incubated at 37 °C for 2 hours and the products separated on a 1.5% (w/v) 

agarose stained with ethidium bromide gel followed by gel purification using the Qiagen 

spin column protocol (Qiagen). The gel-purified fragments were then run on an ethidium 

bromide stained 1.5% (w/v) agarose gel to assess concentration and quality. The 

concentration of the fragment was then adjusted to 0.5 pig piV̂  by adding TE.
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2.7 Protocol for cDNA representational difference analysis using starting 
m aterials from small quantities of ceiis

The following protocol was used to perform cDNA RDA when using small quantities 

(<10 )̂ of cells as the starting material.

2.7.1 Preparation of DpnW d igested  cDNA with R-linkers using starting 
m aterials from small quantities of cells

Following irradiation and isolation of total RNA, residual genomic DNA was removed 

and mRNA isolated in 12 j4\ elution buffer using the Oligotex batch protocol (Qiagen). 

The sample was then centrifuged at 14,000 rpm at 4 “C for 4 minutes to pellet residual 

Oligotex, and the supernatant transferred to two fresh tubes. 10 ;/l of the supernatant was 

transferred to the first tube, the +RT tube, whereas the remaining 2 pi\ of the supernatant 

and 8 pi\ HgO was added to the second tube, the -R T  tube.

The following was then carried out for the +RT and -R T  samples. The samples were first 

incubated at 70 °C for 5 minutes to disrupt secondaiy RNA structure and then 

immediately placed on ice. First strand cDNA synthesis was performed by adding 4 pi\ 

Superscript™ 11 RNase H Reverse Transcriptase 5 x First Strand Buffer, 2 /̂ 1 0.1 M DTT 

, 0.5 //140 U //I * Ribonuclease inhibitor, 1 pi\ 50 ng //I * oligodT primer, 1 pi\ 20 mM 

dNTPs and 0.5 H2O to each tube. 1 pi\ 200 U Superscript™ II RNase H Reverse 

Transcriptase was then added to the +RT sample whereas 1 ji\ HgO was added to the -R T  

control reaction. The samples were then incubated at 26 °C for 8 minutes and then at 41 

°C for 90 minutes.

Second strand cDNA synthesis was performed by adding to each +RT and -  RT sample 

1.8 pi\ ddHzO, 6 pi\ 5 X RT2, 0.5 fû 15 mM pNAD, 0.4 pi\ 10 U pi\  ̂E. coli DNA ligase,

0.3 pi\ 2.5 U //I'* RNaseH (NEB) and 1 //I 10 U pi\'̂  E. coli DNA polymerase I. The 

reactions were incubated first at 15 “C for 2 hours and then at 22 “C for 60 minutes and 

then at 70 °C for 10 minutes, to denature the enzymes, and then placed on ice. \ jA 5 lig  

j4g  ̂ glycogen carrier, 3 p i\3M  NaOAc pH 5.3, and 9 0 pi\ 100 % ethyl alcohol was added
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to each sample followed by precipitation at -20  °C for 20 minutes. The cDNA was then 

pelleted by centrifugation at 14,000 rpm, 4  “C, for 60 minutes. The pellets were washed 

once in 70 % ethyl alcohol and resuspended in 17 pi\ ddH2 0 .

The Dpnll digest of the double-stranded cDNA was carried out by first adding 2 p \ l 0 x  

Dpnll buffer and 1 //I 10 U Dpnll to the 17 p\ of resuspended cDNA followed by 

incubation at 37 °C for 2 hours. The samples were then first heated to 65 °C for 20 

minutes to denature the enzyme, briefly placed on ice followed by a short spin to ensure 

that all of each sample was at the bottom of each tube.

R-linkers were then annealed and ligated to the Dpnll generated ends of the cDNA by 

adding 31 p\ ddHzO, 4 ;d 10 x T4 DNA ligase buffer, 2 p\ 10 mM ATP, I p\ of 2 pg  p\'  ̂

R-24 linkers, 1 //I of 1 pg p\  ̂R-12 linkers to the 20 p\ resupended Dpnll digested cDNA. 

The R-linkers were first annealed to the ends of the cDNA by incubating the sample at 50 

“C for one minute and then cooling at a rate of 1 “C per minute until 10 °C was reached. 

The R-linkers were ligated to the cDNA by first adding 2 p\ 400 U p\'  ̂T4 DNA ligase 

and then incubating the reaction at 12-14 “C overnight.

2.7.2 Generation of representation  and preparation of driver and tes te r 
using starting m ateriais from smaii quantities of ceiis

A pilot reaction to generate representations was carried out using the same protocol as 

described in section 2 .6 .2 , with the modification that 10 p\ aliquots were removed after 

18, 20,22 and 24 cycles. Large scale representations were then generated using the same 

protocol as described in section 2.6.2 with the difference that only 10 PCR reactions were 

performed.

Dpnll digest to remove the R-linkers was carried out by first mixing 180 p\ (90 pg) 

representation with 340 p\ ddHgO, 60 p \ 10 x Dpnll buffer and 20 p\ Dpnll followed by 

incubated at 37 “C for 2 hours. The digest was P/C/1 and C/I extracted and precipitated 

by adding 60 p\ 3M NaOAc pH 5.3 and 600 p\ isopropanol to the digest and placing the 

tube on ice for 20 minutes. The DNA was pelleted by centrifugation at 14,000 rpm, 4 “C, 

for 15 minutes and, washed in 70 % ethyl alcohol and resuspended in 180 p\ TE. To 

examine the quality and concentration of the cut representation 1 p\ of the digested
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representation was run on an ethidium bromide stained 1.5% (w/v) agarose gel. If 

necessary the concentration of the cut representation was adjusted to 0.5 pi% by adding 

TE. This sample was then used as the DRIVER in subsequent subtractions.

TESTER was generated using the same protocol as described in section 2.6.3.

2.7.3 Subtractive hybridisation and generation of first difference product 
using starting m aterials from small quantities of ceiis

Subtractive hybridisation was performed using the same protocol as described in section

2.6.4 with some modifications. First, the amount of tester and driver used in the 

subtraction was 0.1 pig and 10 pig respectively. This was accomplished by mixing 20 pi\ 

0.5 pig piV̂  driver with 10 pi\ 10 ng piV̂  J-ligated tester. 70 pi\ of ddHgO was added to 

make the final volume 100 pi\ followed by P/C/I and C/I extractions. The hybridisation 

mix was then precipitated by first adding 25 pi\ 10 M NH^OAc and 320 pi\ 100 % ethyl 

alcohol and then placed in -70 "CIO minutes followed by 1 minute at 37 °C. The 

subsequent steps to set up and perform subtractive hybridisation were identical to the 

protocol described in section 2.6.4.

Following completion of subtractive hybridisation the hybridisation mix was stepwise 

diluted to a total volume of 200 fi\ TE. An initial PCR reaction to was then set up. This 

PCR differed from the one described in section 2.5.4 in as much as only two reactions 

were performed and that 11 cycles were carried out prior to the final extension at 72 °C 

for 10 minutes. Following P/C/I and C/I extraction 0.5 pi\ 20 pig piŶ  tRNA carrier, 40 pi\ 

3 M NaOAc pH 5.3 and 400 pi\ isopropanol were mixed with the PCR products followed 

by precipitation on ice for 20 minutes and centrifugation at 14,000 rpm, 4  “C, for 15 

minutes to pellet the DNA. The pellet was washed once in 70 % ethyl alcohol, air dried 

and then resuspended in 20 pi\ TE.

All 20 pi\ of resuspended PCR product was used in the mung bean digest to remove 

single-stranded DNA followed by a final PCR reaction to generate the first difference 

product. The same protocols as described in section 2.5.4 were followed for these 

procedures, with the modification that only one PCR reaction was carried out, and that 

precipitation of the final PCR products was performed by mixing 20 pi\ 3 M NaOAc pH
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5 .3  and 2 0 0  //I isopropanol prior to incubation on ice for 2 0  minutes, and that the washed 

pellet was resuspended in approximately 25 pi\ TE to obtain a final concentration of 0.5

}4g / / 1 \

2.7.4 Additional rounds of subtractive  hybridisation using starting 
m ateriais from smaii quantities of ceils

The linkers of the difference products were changed by first digesting 4 pi\ of the 

resuspended difference product (DPI or DP2) in 10/^1 10 x Dpnll buffer, 84 pi\ ddHzO 

and 2 /il 10 U /il * Dpnll, followed by incubation at 37 “C for 2 hours. P/C/I and C/I 

extractions were then carried out followed by precipitation by first mixing 1 /il 5 /ig /il * 

glycogen carrier, 10 /il 3M NaOAc pH 5.3 and 250 jA 100% ethyl alcohol with the digest 

and then placing the digest at -20  °C for 20 minutes. The precipitate was then first 

pelleted by centrifugation at 14,000 rpm, 4  “C, for 15 minutes, washed in 70% ethyl 

alcohol, air dried and resuspended in 20 /il TE to a final concentration of 0.1 /ig /il *. N- 

linkers (ligated to D PI) or J-linkers (ligated to DP2) were annealed and ligated to the 

digested difference products. This was accomplished by mixing 2 /il of the digested 

difference product with 3 /il 10 x T4 ligase buffer, 20 /il of ddHgO, 2 /il of 2 /ig /il * N-24 

or J-24 and 2 /il of 1 /ig /il * N-12 or J-12 (depending on whether the linkers were ligated 

to DPI or DP2). The linkers were annealed and ligated by incubating at 50 °C for one 

minute and then cooling at a rate of 1 “C per minute until the temperature of the sample 

was 10 °C. 1 /il 1 /il 400 U /il * T4 DNA ligase was then added to the sample and ligation 

of the linkers to the difference products carried out by incubating the ligation mix at 12- 

14 °C overnight.

The second difference product was generated by first diluting the N-linked DPI to 1.25 

ng /il * by adding 130 /il TE to the ligation. The diluted N-linked DPI tester was then 

mixed with 10  /il of 0 .1  /ig /il * driver followed by subtractive hybridisation and the 

generation of DP2 using the same protocol as described for the generation of DPI in 

section 2.6.3 with the modification that the annealing temperature in the PCR reaction 

was 72 “C for the N-linkers.

A third round of subtraction was, if required, performed by digesting DP2 with Dpnll and 

ligating J-linkers to the digested DP2 following the protocol described in this section.
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The J-ligated DP2 was then diluted to 1 pig piV̂  in TE. The third round of subtractive 

hybridisation was carried out using a testeridriver ratio of 1:1 0 ,0 0 0  following the same 

protocol as described in section 2.6.3. with the modification that the final PCR was 

performed using 23 cycles before the final extension at 72 °C for 10 minutes.

2.8 Cloning and DNA sequencing  of difference products

The final difference products (DP2 or DP3) were Dpnll digested by mixing 20 pi\ 0.5 pig 

piV̂  final difference product with 30 pi\ 10 x Dpnll buffer, 340 pi\ ddHgO and 10 pi\ 10 U 

p\  ̂Dpnll. The digest was incubated at 37 "C for 4 hours, P/C/I and C/I extracted 

followed by precipitation by mixing 40 pi 3M NaOAc pH 5.3 and 1,000 p\ 100% ethyl 

alcohol with the digest and placing the sample at -20  “C for 20 minutes. The precipitate 

was then pelleted by centrifugation at 14,000 rpm, 4 “C, for 15 minutes, the pellet washed 

in 70% ethyl alcohol, air dried and then resuspended in 100 p\ TE.

The Dpnll digested final difference products were then separated on an ethidium bromide 

stained 1.5% (w/v) agarose gel for 4  hours using 90 V. Following electrophoresis the 

separated difference products were gel-purified using the Qiagen spin column protocol 

(Qiagen) and eluted in a total of 20 p\ ddHgO.

The gel-purified final difference products were then cloned into pBluescript KS+II. The 

pBluescript KS+II vector was first de-phosphatised using the following protocol. 32 pg  

pBluescript KS+II in 6  p\ TE was mixed with 5 p\ 10 x BamHl buffer (MBI), 5 //I 10 U 

p \-l BamHl (MEB), 1 p\ 10 pg  p\  ̂RNase A (MBI) and 33 p\ ddHzO. The digest was 

incubated at 37 °C for 2.5 hours and then extracted with P/C/I and C/I. The digest was 

then mixed with 25 p\ 10 x Calf Intestine Alkaline Phosphatase buffer (MEB), 15 p\ 1.5 

U Calf Intestine Alkaline Phosphatase (MEB) and 210 p\ ddHzO. The reaction was 

incubated first at 50 “C for 60 “C followed by the addition of 3 p\ of 0.5 M EDTA, and 

then at 75 “C for 10 minutes. The reaction was then P/C/I and C/I extracted and 3 p\ of 

the supernatant containing the 5 ’ phosphatased BamHl cut pBluescript KS+II was run on 

an ethidium bromide stained 0.8 % (w/v) agarose gel next to undigested pBluescript 

KS+II to examine the digest. The alkaline phosphatased pBluescript KS+II was 

subsequently double gel-purified by first diluting the sample to 3(X) p\ in TE. The diluted 

sample was then run on a 0 .8 % (w/v) agarose gel stained with ethidium bromide, and
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excised by a clean scalpel. The excised gel piece containing the alkaline phosphatased 

BamRl digested pBluescript KS+II was then placed in another ethidium bromide stained 

0.8% (w/v) agarose gel and run for 1.5 hour at 70 V until the bands had migrated 3 cm. 

The DNA was then gel-purified using the Qiaex II protocol (Qiagen). The gel-purified 

DNA was eluted in a total of 100 pi\ TE. 50 //I of TE was then added to the eluate to give 

a final volume of 150 jû at a concentration of 50 ng 0.5 jA of the diluted eluate was 

then run on an ethidium bromide stained 0 .8 % (w/v) agarose gel to assess the 

concentration.

A ligation experiment was then performed to confirm that the phosphatase procedure had 

worked. 3 ligations were set up. Ligation 1 (I ;/l 50 ng jA'̂  phosphatased BarnWl cut 

pBluescript KS+II, 3//1 ddH2 0  and 0.5 pi\ 10 x T4 DNA ligase buffer) was the experiment 

to examine the efficiency of the phosphatase procedure, whereas ligation 2 (1 /̂ 1 50 ng 

]A  ̂phosphatased BamHl cut pBluescript KS+II, 2.5 pi\ of an isolated DpnW cut final 

difference product fragment, 0.5 p\ ddHgO and 0.5 //I 10 x T4 DNA ligase buffer) was a 

positive control and ligation 3 (4//1 ddHgO and 0.5 jA 10 x T4 DNA ligase buffer) served 

as a negative control for this experiment. Annealing was carried out as described below. 

0.5 p\ 400 U ]A  ̂T4 DNA ligase (NEB) was then added to each of the 3 ligation mixes 

followed by incubation overnight at 12-14 °C. The next day the three ligations were 

transformed into competent DH5a E. coli followed by plating the transformations onto 

ampicillin containing agar plates using the same protocol as described below in this 

section. The plates were incubated overnight at 37 °C and then examined the next day. 

Ligations 1 and 3 should generate none, or very few colonies whereas ligation 2, the 

positive reaction should produce a large number of colonies if the phosphatase treatment 

has worked.

The gel purified final difference products were cloned into phosphatased BamHl cut 

pBluescript KS+II using the following protocol. 1 jA 50 ng ]A-\ phosphatased BamHl cut 

pBluescript KS+II was mixed with 1 p\ 20-100 ng eluted band, 0.5 jA 10 x T4 DNA 

ligase buffer and 1.5 ddHjO. The Dpnll digested PCR products were annealed to the 

phosphatased BamHl cut pBluescript KS+II by incubating at 50 °C for one minute and 

then cooling at a rate of 1 “C per minute until the temperature of the sample was 10 “C.

0.5 p\ T4 DNA ligase was then added to each ligation followed by incubation at 12-14 °C 

overnight. The ligations were then transformed into competent DH5a E. coli. The 

transformation was carried out by mixing 3 p\ of each ligation with 50 jA competent
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DH5a E. coli, and incubating the mixtures on ice for 20 minutes. The transformation mix 

was then heated to 42 °C for 90 seconds and then chilled on ice before plating the 

transformations on ampicillin containing agar plates and then incubating them overnight 

at 37 °C. As a negative control a transformation without DNA was also performed. The 

following day up to 10 colonies from each plate were picked using toothpicks. Each 

colony picked was transferred to a gridded agar plate by touching the appropriate grid 

carefully. The rest of each colony was subjected to a PCR to confirm the presence of 

inserts. Each reaction was performed by mixing 2 yX 2 mM dNTPs, 2 y \ 10  x PCR 

buffer, 1 y \ lU  y\'  ̂ Taq, 0.5 y\ 50 ng y \- l  M13 forward primer, 0.5 y g  y\'  ̂M13 reverse 

primer and 14 y \  ddHgO. To each reaction was then added a portion of the bacterial 

colony. A PCR was then performed by first heating to 95 °C for 5 minutes, followed by 

30 cycles of 95 °C for 1 minute, 55 “C for 1 minute and 72 °C for 1 minute, and finally a 

final extension for 10 minutes at 72 °C. The PCR products were examined on a 1.5% 

agarose gel stained with ethidium bromide. The colonies that had inserts, were examined 

and sizes from each band compared. Sometimes one band contains more than one 

fragment and these are often separable by their slightly different sizes.

The clones that contained inserts were gel-purified and sequenced with an ABI Dyedeoxy 

Terminator Cycle Sequencing apparatus (Applied Biosystems) by the University of 

Sussex sequence facility. The sequences were then screened against the BLAST database 

at:

www.ncbi.nlm.nih.gov/BLAST/

Clones representing the different sequences detected were cultured overnight in 5 ml L- 

Broth supplemented with 50 yg  ml ampicillin (Sigma) and miniprepped using the 

Qiaprep Miniprep protocol (Qiagen).

2.9 Preparation of representation blots, difference p roducts b lots and 
northern blots

Representation and difference products blots were prepared by running 0.5 - 0.75 yg  of 

representation or difference products per sample on an ethidium bromide stained 1.3 % 

(w/v) agarose gel. The DNA was denatured by soaking the gel in 0.4 M NaOH for 30

http://www.ncbi.nlm.nih.gov/BLAST/
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minutes and transferred overnight onto a GeneScreen membrane (NEN Life Science 

Products) in 0.4 M NaOH. The membrane was then washed briefly in 2 x SSC to remove 

residual agarose, UV auto-crosslinked and baked at 80 “C for 2 hours.

Northern blots were performed using a modified version of the GeneScreen protocol 

(NEN Life Science Products). Briefly, 1-5 pig of mRNA was resuspended in 1 x MOPS,

3.5 pii Formaldehyde (Sigma) and 10 pi\ Formamide (Amresco). The volume was 

adjusted to 20 pi\ using RNase free H2O. The secondary structure of the mRNA was 

denatured by heating to 65 °C for 15 minutes, followed by chilling on ice whilst the 

loading dye was added to each sample. The mRNA samples were then separated on an 

ethidium bromide stained 1.2 % agarose gel containing 10 % Formaldehyde using 90 V 

for 2 hours. The gel was then soaked in ddHjO for 3 x 10 minutes and transferred 

overnight onto a Genescreen membrane in 10 x SSC. Following transfer the membrane 

was treated as representation blot membranes.

2.10 Probing representation biots, difference p roducts b lots and northern 
blots

The membrane was incubated for 1 hour in a rotating hybridisation bottle filled with 5 ml 

pre-hybridisation solution (For 200 ml pre-hybridisation mix 20 g Dextran Sulphate 

(Sigma), 40 ml 2 0  X SSC, 2 0  ml 50 x Denhardts Solution (Sigma) 130 ml ddHgO and 10 

ml 10 % SSC were mixed) containing 100 pig ml^ denatured sheared salmon sperm DNA.

Probe templates were prepared by either PCR or by restriction digests of plasmids. Probe 

templates for cDNA RDA difference products were generated by PCR using the 

appropriate pBluescript KS+II clone and the M 13 primers. Probe templates for p53 target 

genes were generated by RT-PCR using mouse cDNA as template. PCR products and 

restriction digests of plasmids containing the fragments that were going to be used as 

probe templates were run on ethidium bromide stained 1.5% agarose gels, gel purified, 

and run on a 1.5% agarose gel stained with ethidium bromide to assess the concentration 

of the probe template.

Labelling of probe templates was carried out by mixing 25-50 ng probe template DNA 

with ddHgO to a final volume of 10 pi\. The sample was denatured by heating to 95 “C for
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6  minutes and then immediately placed on ice. On ice 5 jû 20 ng random primers (6  

to 9-mers in ddHjO), 5 /̂ 1 5 x 9LB reaction buffer (10 ml 5 x 9LB buffer is prepared by 

mixing 4.55 ml ddHgO, 50 pi\ p-mercaptoethanol (Sigma), 100 jA of each 100 mM dATP, 

100 mM dGTP and lOOmM dTTP and 5 ml 0.5 M Na phosphate buffer, pH 7.4. 200 ml 

0.5 Na phosphate buffer, pH 7.4, was prepared by mixing 22.6 ml 1 M NaHzPO^, 77.4 ml 

1 M Na^HPO^ and 100 pi\ H^O), 1 jû of 0.5 M M gC yiO  pig //I ' BSA solution, 3 pA a^^P- 

dCTP (>3000 Ci mM * ICN), and 1 pi\ 5 \J pA  ̂Klenow fragment (Promega). The reaction 

mix was subsequently incubated at 37 °C for 30 minutes. Following primer extension 80 

//I TE - 0.1 % SDS was added and the sample transferred to a spin column containing 

sephadex G 50 (Pharmacia) and centrifuged into a fresh eppendoif tube containing 33 pA 

1 M NaOH. To the denatured, labelled probe template was then added 135 //I 2 M Tris, 

pH 8 . The probe template was then transferred to the hybridisation bottle and incubated 

in a rotating hybridisation oven at 65 “C overnight.

The following morning, the pre-hybridisation mix with the probe template was discarded 

and the membrane washed in 2 x SSC, 0.1 % SDS for 5 minutes at room temperature.

The membrane was then washed twice in 2 x SSC at 55 “C (northern membranes) or 65 

°C (representation blots or difference products blots), each time for 10-15 minutes. The 

membrane was then wrapped in saran wrap and monitored with the probe of a Gieger 

counter. If the monitor detected large amounts of background emitted from the 

membrane, as identified by strong signals in places where the probe was not expected to 

hybridise, e.g. edges of the membrane, additional washes were performed using 1 x SSC, 

0.1% SDS, 0.5 X SSC, 0.1% SDS (the less SSC, the higher the stringency of the wash) 

until the background emission had been washed off. The membrane was then wrapped in 

saran wrap, placed in a cassette and exposed to a photographic film (Kodak) at -7 0  °C. 

Following exposure the film was developed and the autorad examined for signal.

The membrane was then stripped off the probe by a gentle method that allowed a 

membrane to be re-probed several times. This was carried out by placing the membrane 

in a hybridisation bottle, adding 0.2 x SSC, 0.1% SDS and washing at 75-80 “C for 30 

minutes. The wash solution was discarded and the membrane wrapped in saran wrap and 

monitored. If necessary the wash step was repeated up to 3 times until no or very low 

signal could be detected. Finally the membrane was wrapped in saran wrap, and exposed 

to a film at -70  for several days before the autorad was developed and examined to see if
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the probe had been successfully washed off. The membrane was then ready to be re

probed.

2.11 T ransfections

The expression plasmid pME-PK7 (kindly supplied by Dr M Abe, National Institute of 

Radiological Sciences, Chiba, Japan) containing the entire coding sequence of murine 

DNA-PKcs was transformed into Epicurian Coli® SURE 2 Supercompetent cells 

(Stratagene) following the instructions supplied by the manufacturer (Fukumura, et al., 

1998). Five clones of transformed bacterial cells were picked and cultured in 5 ml LB 

broth supplemented with 50 pig ml^ ampicillin overnight at 37 °C while shaking and then 

scaled up to 100 ml cultures that were incubated overnight at 37 “C in a shaker incubator. 

The cultures were then maxiprepped using the EndoFree Plasmid Maxi Protocol (Qiagen) 

and the recovered plasmid eluted in 100 pi\ endotoxin-free TE (Qiagen). The 

concentration of plasmid DNA was subsequently measured using an UV- 

spectrophotometer.

To ensure that the maxiprepped plasmids had not undergone rearrangements or deletions 

a series of diagnostic digests were performed on each maxiprepped plasmid using the 

restriction enzymes Apal, BamHl, BgB, EcoRl, Hindill, Pvull, Sad  and Xbal (all 10 U 

pi\  ̂ and manufactured by Promega). Each digest was prepared and carried out as follows. 

1 pig of plasmid was mixed with 3 pi\ 10 x buffer (Promega), 0.3 pi\ 10 pig piV̂  BSA 

(Promega), 1.5 pi\ 10 U piV̂  restriction enzyme, and made up to 28.5 pi\ with HgO. The 

digest was then incubated for 3 hours at 37 “C. After 90 minutes an additional 1.5 pi\ 10 

U piV̂  restriction enzyme was added to the digest. Following completion of the digests 

the samples were run on an ethidium bromide stained 0 .8 % (w/v) agarose gel with 1 kb 

DNA Ladder Plus (Life Technologies). The different maxiprepped plasmids that 

displayed the expected digests were then combined into one sample that was 

subsequently used for transfection.

The DNA-PKcs expressing pME-PK7 and control pp-galCMU plasmids were transfected 

into immortalized DNA-PKcs -/- MEFs using the Fugene (Roche) method following the 

reconunendations supplied by the manufacturer. Because a large amount of transfected 

cells were required for northern and western analysis, each transfection was carried out as



103

follows. Ten 25 cm^ flasks were seeded with 3.5 x 10  ̂immortalised DNA-PKcs -/- 

MEFs each and incubated at 37 “C, 5% CO2 overnight. The following day the 10 flasks 

were transfected using the Fugene protocol and incubated at 37 “C, 5% CO2 overnight. 

The next day the 10 flasks were trypsinised and the cells combined and plated into six 

150 cm^ flasks that were incubated at 37 °C, 5% CO2 overnight. Each large-scale 

transfection was thus an average of 10 separate small-scale transfections. The following 

day 4 flasks from each transfection were used to isolate total RNA whereas the 2 

remaining flasks were used to prepare cell extract for protein analysis purposes. A 25 

cm^ flask was co transfected with pME-PK7 and pp-galCMU using the same Fugene 

protocol. This transfection used half the amount of both plasmids compared to when they 

were transfected alone. After 48 hours an X-gal assay was carried out to investigate the 

efficiency of the transfection. The culture media was first aspirated off the cells followed 

by a brief wash in PBS that was then removed by aspiration. The cells were then fixed in 

a 1:1 acetoneimethyl alcohol solution for 5 minutes. The fixing solution was then 

aspirated off. The cells were then washed three times in PBS, each time the PBS was 

removed by aspiration. 1.5 ml staining solution (prepared by mixing 2.7 ml PBS, 150 pi\ 

100 mM KgFeCCN)^, 150 pi\ 100 mM K^Fc(CN\ • 3 H2O, 3 //I 1 M MgCl2 and 37.5 pi\ 40 

mg ml * X-Gal) was then added to the cells followed by incubation at 37 °C, 5% CO2 for 3 

hours. The flask was then examined under microscope to evaluate the transfection 

efficiency as judged by the presence and number of blue cells.

The cell extracts from the large scale transfections were prepared as previously described 

(Finnie, et a/., 1995). Briefly, (0.5 -  3 ) x 10  ̂cells were scraped and pelleted in universal 

tubes and washed twice in PBS. The cell pellet was then resuspended in 1 ml PBS and 

transferred to a 1.5 ml eppendorf tube. The cells were then pelleted by centrifuging at 

5,(XX) rpm for 5 minutes and the supernatant discarded. Each cell pellet was then snap 

freezed on dry ice/Industrially Methylated Spirits. 80 jA of extraction buffer (For 2.5 ml 

extraction buffer mix 50 //I 1 M Hepes, pH 7.8, 250 pi\0.5 M NaF (Sigma), 225 //I 5 M 

NaCl, 625 pii Glycerol (Sigma), 1 pi\ 0.5 M EOT A, 1.25 //I 1 M DTT (Sigma), 990.6 pi\ 

H2O and 357 j A l  x Protease Inhibitors Complete Mini EDTA-free (Roche)) was added to 

each frozen cell pellet. The thawing pellet was then resuspended in the extraction buffer 

by pipetting. The cells were then lysed by 3 repetitions of snap freezing for 1 minute, and 

thawing at 30 “C for 1 minute. The lysed cells were then centrifuged at 14,000 rpm, 4 “C, 

for 7 minutes. The supernatant containing the proteins was then transferred to fresh tubes 

in 15-20 //I aliquots and stored at -8 0  “C. The cell debris pellet was also stored at -80  “C.
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For genotyping the transfection an aliquot of total RNA was removed from each 

transfection and DNased followed by preparation of first strand cDNA as described in 

section 2.3. Genotyping of each transfection was subsequently carried out as described 

using the MQ2, MQ4592 and MQ7 primers (Taccioli, et aL, 1998).

Phosphoimager quantification analysis of LAMA4 transcription was carried out with a 

Typhoon 8600 variable mode imager (Molecular Dynamics) using Typhoon Scanner 

Control Version 1 typhoon control software (Molecular Dynamics) and ImageQuant 5.1 

image software (Molecular Dynamics).

2.12 W estern blotting

The protein concentration in each cell extracts was determined using the Bradford Assay 

(BioRad). A standard western blot using semi-diy apparatus was then carried out using 

100//g of protein per sample were resolved on a 6  % SDS-PAGE Gel. The gel was made 

by first preparing the 6  % resolving gel by mixing 2.5 ml 4 x resolving buffer (To prepare 

1(X) ml 4 X resolving gel buffer mix 75 ml 2M Tris-HCl (Sigma), pH 9,400 pi\ TEMED 

(N,N,N',N'-Tetramethylethylenediamine) (Sigma), 4 ml 10 % SDS, 20.1 ml HgO), 2 ml 

Ultrapure ProtoGel, 30 % w/v Acrylamide (National Diagnostics), 5.4 ml ddHgO and 100 

pi\ freshly made Ammonium Persulfate (Sigma). The stacking gel was then prepared by 

mixing 4.5 ml stacking buffer (For 500 ml stacking gel buffer mix 11.032 g TRIZMA 

(Sigma), 550 jA TEMED, 5.5 ml 10 % SDS, pH to 6 .8  with NaOH and make up to 5(X) ml 

with HgO), 0.5 ml Ultrapure ProtoGel, 30 % w/v Acrylamide (National Diagnostics), and 

25 jA freshly made 10 % APS. The samples were prepared for the gel electrophoresis by 

diluting 1(X) pig of protein to a final volume of 8 pi\ by adding extraction buffer and then 2  

/il of 5 X sample buffer (1(X) ml prepared by adding 0.075 g DTT (Sigma), 3.78 g Tris 

(pH 6 .8 ), 25 ml 20 % SDS, 50 ml Glycerol (Sigma), 12.5 ml p-mercaptoethanol, a few 

crystals of bromphenol blue and make up to 100 ml with ddH2 0 ). The samples and the 

Prestained Protein Marker (NEB) were boiled for 5 minutes, and centrifuged for 1 minute 

at 14,(XX) rpm to remove cell debris.

The was then run in 1 x running buffer (1 litre 10 x Running Buffer was prepared by 

mixing 30 g Tris base, 144 g Glycine, 100 ml 10 % SDS, make up to 1 litre with HgO) at
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150 V until the 175 kDa marker had almost run off the gel. The gel was then transferred 

overnight onto a Hybond-C extra (Amersham) in 1 x transfer buffer at 300 mA (14-30 V) 

(4 litres of 5 x transfer buffer was prepared by mixing 157.6 g TRIZMA, 570 g Glycine, 

100 ml 20 % SDS, and made up to 4 litres with HjO. 1 x transfer buffer was prepared by 

mixing 2(X) ml 5 x transfer buffer, 600 ml H2O and 200 ml methyl alcohol). The next day 

the sandwich was dismantled and protein transfer examined using Ponceau S Solution 

(Sigma). The membrane was then blocked in T-TBS (To make 1 litre of 10  x T-TBS mix 

200 ml 1 M Tris-HCl, pH 7.5,600 ml 2.5 M NaCl, 10 ml Tween-20 and make up to 1 

litre by adding H2O) with 5 % marvel (milk powder) for 30 minutes on a rocking 

platform. The blocking solution was discarded and replaced by the primary antibody, 

MsAG3 (DNA-PKcs specific antibody raised in rabbit, kindly provided by Dr Boris 

Kysela, Cell Mutation Unit, University of Sussex) at a dilution of 1:1(XX) in T-TBS with 5 

% marvel followed by incubation on the rocking platform for 60 minutes. The primary 

antibody was then discarded and the membrane washed in T-TBS for 15 minutes on the 

rocking platform. The washing solution was then discarded and replaced by a blocking 

solution made up of T-TBS with 5 % marvel and incubated for 30 minutes on the rocking 

platform. The blocking solution was then replaced by the secondary antibody (Santa 

Cruz), which was diluted 1:20(X) in T-TBS with 5 % marvel and incubated on the rocking 

platform for 1 hour. The secondary antibody was then discarded and the membrane 

washed 4 x 1 0  minutes in T-TBS and then once in TBS (1 litre of TBS was prepared by 

mixing 20 ml 1 M Tris-HCl with 60 ml 2.5 ml 150 mM NaCl and 920 ml ddH2 0 ) for 20 

minutes. Finally the signal on the membrane was visualised using ECL reagents 

(Amersham).

2.13 DNA sequencing  of m ouse p53

Templates for sequencing mouse were generated using the PCR primer pairs mp53Ul - 

mp53Ll, mp53U2 - mp53L2 and mp53U3 - mp53L3 whose sequences are listed in table 

2-2 and 2-3. The PCR products were gel purified and sequenced using an ABI Dyedeoxy 

Terminator Cycle Sequencing apparatus (Applied Biosystems) by the University of 

Sussex sequence facility with the oligonucleotides used in the PCR reactions as the 

primers for sequencing. Additionally the primer m53U4 was also used for sequencing. 

The sequences obtain were analysed using DNASTAR software and compared to the 

wild-type mouse p53 sequence that was retrieved at:
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www.ncbi.nlm.nih.gov: 80/entrez/query.fcgi?db=Nucleotide

2.14 RT-PCR

RT-PCR was carried out in a Techne Thermal Cycler (Techne) using the following 

protocol (20 //I reaction). 2  /< 110  x PCR Buffer, 0.8 pi\ 50 mM MgClg, 0.8 jA 5 mM 

dNTPs, 1 ]û 50 ng PrimerU, 1 jA 50 ng pi\'̂  PrimerL, 1 //I lU  jA  ̂ Taq, Template 

and ddHzO. Each PCR reaction was overlaid with 10 pi\ Mineral Oil (Sigma) and 

incubated for 5 minutes at 95 “C followed by the appropriate number of cycles, each 

consisting of 95 “C for 1 minute, annealing temperature for 1 minute and 72 “C for 1 

minute. A final extension was then carried out at 72 °C for 10 minutes. The cDNAs used 

as templates for RT-PCR were first normalised using tubulin primers. The PCR products 

were visualised under UV light on an ethidium bromide stained 1.5 % agarose gel.

http://www.ncbi.nlm.nih.gov
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Chapter 3: Identification of ionising irradiation induced gene 
transcription by cDNA RDA, and statistical analysis of the 

technical limitations of the method

3.1 Background

The research presented in this thesis addresses the question of whether Ku, DNA-PKcs or 

the active DNA PK complex, comprised of both Ku and DNA-PKcs, regulate 

transcription of genes, and whether that altered transcription is required for NHEJ repair. 

cDNA RDA was employed to investigate whether Ku, DNA-PKcs or DNA-PK regulate 

gene transcription in fibroblast cells after a dose of 4 Gy of ionising irradiation. A time 

course of 4 hours between exposure and preparation of starting materials for cDNA RDA 

was chosen since it is established that both the process of NHEJ repair and NHEJ- 

independent transcriptional changes induced by the DNA damage response pathway 

occur very rapidly following treatment with ionising irradiation (Kemp, et al., 1984; 

Iliakis, et al., 1992; Candeias, et al., 1997; Nevaldine, et al., 1997; Ouyang, et al., 1997; 

Woo, et al., 1998; DiBiase, et al., 2000). cDNA RDA is a PCR-coupled subtractive 

hybridisation technique that has been successfully employed to detect differential gene 

transcription between two populations, and is described in section 2.5 (Hubank, et al., 

1994; Cohen-Salmon, et al., 1997; Gress, et al., 1997; Lewis, et al., 1997; Zheng, et al., 

1997; Melia, et al., 1998; Bakin, et al., 1999; Ouyang, et al., 1999).

Prior to performing large-scale screening for potential Ku, DNA-PKcs and DNA-PK 

targets of transcriptional regulation it was important to confirm that cDNA RDA is 

capable of detecting transcripts that are up-regulated by a dose of 4  Gy followed by an 

incubation time of 4  hours. It was also important to investigate the limitations of cDNA 

RDA so that data from subtractive hybridisation experiments can be adequately 

interpreted. It was therefore decided to perform a cDNA RDA experiment to investigate 

whether irradiation induced transcription could be detected using a dose of 4  Gy followed 

by a recoveiy time of 4 hours. Equally important was the need to establish whether 

cDNA RDA is capable of detecting minor up-regulations in gene transcription, or 

whether the technique requires transcripts to be up-regulated at very high levels in the 

tester relative to the driver. In a separate study Jenny Regan at the Trafford Centre for 

Medical Research at the University of Sussex, UK, performed a statistical analysis to
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establish the theoretical limitations of cDNA RDA regarding the likelihood of missing a 

single transcriptional change in the transcriptome (see section 3.4).

3.2 Experiment RU: detection of ionising irradiation induced 
transcription by cDNA RDA

Primary mouse embryonic fibroblasts (MEFs) were mock-irradiated or irradiated 

with 4 Gy and incubated for 4 hours to allow transcription to proceed, prior to 

preparation of starting materials for cDNA RDA using the protocol for small 

quantities of starting materials described in sections 7.2 -  7.2.4. Genes that are 

up-regulated following ionising irradiation are present in the irradiated but not in 

the unirradiated population. Therefore, a cDNA RDA experiment, referred to as 

RU, to enrich for transcripts that are up-regulated following ionising irradiation 

was performed using tester derived from the irradiated population whereas the 

driver was composed of unirradiated cells (figure 3-1).

Experiment RU
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Figure 3-1 Scheme for cDNA RDA experiment RU.
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Total RNA from irradiated and unirradiated MEFs was first DNase treated to 

remove residual genomic DNA prior to mRNA isolation. Double stranded cDNA 

(+RT) was then prepared from the mRNA. A control reaction without reverse 

transcriptase (-RT) was carried out using a fraction of each sample. -RT and 

+RT samples were than digested with DpnW followed by a ligation reaction to 

link R-linkers to the DpnW digested ends of cDNA. Representations were then 

generated using R-24 as the primer. When -RT samples were used as the 

template no amplified products were obtained after 24 cycles (figure 3.2a). This 

confirmed that residual genomic DNA, which can generate false positives in 

cDNA RDA, had been successfully removed. The +RT reactions generated 

amplified products of the expected size range (figure 3.2b). The representations 

were then digested with DpnW and tester generated by first removing the R- 

Iinkers (figure 3.2c) followed by ligation of J-linkers. Three rounds of subtraction 

were then performed to generate RU final difference products at testeridriver 

ratios 1:100 (DPI), 1:800 (DP2) and 1:10000 (DP3) (figure 3-2d-g, respectively).
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Figure 3-2 cDNA RDA experiment RU to enrich for transcripts up-regulated by ionising 
irradiation. A. PCR using -R T  templates from unirradiated and irradiated MEFs. B. 
Representations from unirradiated and irradiated MEFs. C. Removal of R-linkers from 
irradiated representation. D. Experiment RU DPI. E. Experiment RU DP2 F. Experiment 
RU DP3 G. The final difference products in experiment RU.
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3.3 A nalysis of final difference products obtained in experim ent RU

The presence of three large, one medium and several minor bands in the final difference 

products implied that the experiment had successfully enriched for transcripts that were 

up-regulated in the representation prepared from the irradiated MEFs. To confirm this 

and to investigate the pattern of enrichment in the different rounds of subtraction, 

representation and difference products blots were generated. The representation blot was 

prepared by separating approximately 0.75 pig of the unirradiated (0 Gy) and irradiated (4 

Gy) representations on a 1.3 % agarose gel followed by southern blotting. The difference 

products blot was prepared in a similar fashion by first separating the difference products 

from the first (DPI), second (DP2) and third (DP3) rounds of the RU subtractive 

hybridisation on a 1.3 % agarose gel and then transferring the DNA to a membrane by 

southern blotting. Probing a gene fragment against a blot prepared from the 

representations used in the subtraction demonstrates the relative expression of the gene in 

the populations used to derive the representations. Therefore, a representation blot 

confirms whether difference products are genuinely different within the experiment. 

Probing the same gene fragment against a difference products blot demonstrates the 

pattern of enrichment in the different rounds of subtraction.

The p53 target gene MDM2 is up-regulated after treatment with ionising irradiation 

(Chen, et aL, 1994a). Therefore the presence of MDM2 in the final difference products in 

subtraction RU would indicate that the experiment had successfully enriched for 

transcripts that are up-regulated by ionising irradiation. An MDM2 probe was generated 

using the MDM2(RDA)U and MDM2(RDA)L primer pair that amplify a portion of the 

murine MDM2 cDNA, which is present in a Dpnll generated representation. The PCR 

product was then gel-purified and used as a probe template that was hybridised against 

the representation and difference products blot.

When MDM2 was probed against the representation blot prepared from the tester and 

driver it was shown that MDM2 is up-regulated in the irradiated tester relative to the 

unirradiated driver representation suggesting that the RU cDNA RDA experiment would 

be able to identify MDM2 (figure 3-3). To confirm that MDM2 was detected in the final 

difference products, MDM2 was probed against the RU difference products blot. This 

blot demonstrated that MDM2 is enriched in RU DP3 (figure 3). Therefore, cDNA RDA
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is able to detect gene transcription 4 hours following treatment with 4 Gy ionising irradiation. The reason why there is a 

low enrichment of MDM2 in DP3 of experiment RU is that the high ratio of tester:driver (1:10,000) in DP3 drives out 

transcripts that show low levels of up-regulation in the tester relative to the driver.
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Figure 3-3 cDNA RDA detection of MDM2 in primary mouse embryonic fibroblasts 4 hours after a 
dose of 4 Gy of ionising irradiation. The representation blot (left panel) shows the up-regulation of 
MDM2 in irradiated tester relative to unirradiated driver populations. The difference products blot 
(right panel) depicts the pattern of enrichment of MDM2 in subsequent rounds of RU subtractions.

The RU final difference products were further characterised to investigate how the degree of up-regulation in the tester 

relative to the driver relates to the pattern of enrichment in the subsequent rounds of subtraction in cDNA RDA. Three 

gene fragments (RU l, RU2 and RU3) identified in RU DP3 were probed against separate representation blots and 

difference blots (figure 3-4). The representation blots confirm that these genes are all up-regulated in the irradiated 

tester relative to the unirradiated driver representations. The representation blots demonstrated that the RU2 and RU3 

gene fragment are up-regulated to a high degree in the tester whereas the RUl gene fragment, similarly to the MDM2 

gene fragment (figure 3-3) displayed a lower degree of approximately 3-5 fold up-regulation following irradiation in the 

irradiated tester relative the unirradiated driver. The enrichment of R U l, RU2 and RU3 in the subsequent rounds of the 

RU subtractions was then examined by probing these gene fragments against separate RU difference products blots 

(figure 3-4). The enrichment patterns by the RU 1, RU2 and RU3 gene fragments was found to correlate with the 

relative degree of up-regulation in tester
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compared to driver, suggesting that the higher the degree of up-regulation in a tester 

population the higher the degree of enrichment in subsequent rounds of subtraction. As a 

control, the XPB gene was probed against the blots. XPB was expressed at comparable 

levels in unirradiated and irradiated MEFs, and, as a result, it was not enriched in the 

successive rounds of subtraction.
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Figure 3-4 Enrichment patterns in subsequent rounds of subtraction during the RU 
cDNA RDA experiment of the R U l, RU2 and RU3 gene fragments. A gene fragment 
representing the XPB gene was probed against the representation blot and difference 
products blot as a control.

3.4 Statistical analysis of cDNA RDA

The subtraction described above was part of a joint project with Jenny Regan at the 

Trafford Centre for Medical Research at the University of Sussex. Ms. Regan performed 

a statistical analysis on randomly selected mammalian full-length cDNAs that were 

picked from the Genbank database (summarised in figure 3-5). The analysis 

demonstrated that 8 6 % of the genes investigated generate DpnII fragments that are in the 

amplifiable range of 1(X)-1200 bp. Therefore, these results imply that 8 6 % of genes in a 

transcriptome will be present in a representation. This means that the theoretical 

probability of missing one, two, three or more differentially expressed genes in a cDNA
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RDA experiment is p = 0.14, p = 0.02 and p = 0.003, respectively. The majority of the 

genes that did not generate amplifiable fragments are below 1 kb including the 3’ and 5’ 

untranslated regions.
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Number of genes analysed: 200

Mean length of each gene: 2788 bp
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Mean fragment length: 286 bp
Mean fragments/gene: 7.31
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Percentage amplifiable fragments per digest: 57.7%
Number of genes that generate amplifiable fragments: 86 %

Figure 3-5 Statistical analysis of the theoretical limitations of cDNA RDA by Jenny 
Regan (TCMR, University of Sussex, UK). 200 genes were analysed. The upper graph 
depicts the relationship between the number of fragments generated by a DpnW digest 
and their size distribution. The lower graph shows the relationship between transcript 
size and number of amplifiable fragments generated by the DpnW digest.

3.5 Discussion

Ionising irradiation activates the DNA damage response pathway, which leads to up- 

regulation of transcription of genes such as MDM2, whose products facilitate the cellular 

responses to DNA damage (reviewed in Durocher, et al., 2001 ; Khanna, et al., 2001;
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Zhou, et al., 2000b). The results presented in this chapter demonstrate that cDNA RDA 

is able to detect up-regulation of transcripts in primary mouse embryonic fibroblasts 4 

hours after treating the cells with 4  Gy of ionising irradiation.

The results from the RU experiment provide some insights into the sensitivity of cDNA 

RDA. While the MDM2 and R U l gene fragments were clearly detected in the final 

difference products of RU, they did not enrich to the same high degree as the RU2 and 

RU3 fragments with increasing stringencies during successive rounds of subtraction. 

Therefore, these findings suggest that the higher the degree of up-regulation of the 

transcripts in the tester population relative to the driver population, the higher the 

enrichment of gene fragments representing this transcript in successive rounds of 

subtraction during cDNA RDA. Both MDM2 and RUl were detected in this experiments 

demonstrating that cDNA RDA is capable of detecting low degree of up-regulations. 

However, the implication of these observations is that it is questionable whether 

transcripts that are up-regulated to very low degrees in the tester population will be 

detected in the final difference products when high ratios between tester and driver are 

used.

Although cDNA RDA has been successfully employed by several groups to identify 

differential gene transcription, the technical limitations of the technique have not been 

clear (Hubank, et at., 1994; Cohen-Salmon, et at., 1997; Gress, et al., 1997; Lewis, et al., 

1997; Zheng, et al., 1997; Melia, et al., 1998; Bakin, et al., 1999; Ouyang, et al., 1999). 

The statistical analysis carried out by Jenny Regan demonstrate that cDNA RDA is 

capable of detecting genes with a theoretical probability of p = 0.86. From this it follows 

that the theoretical probability of cDNA RDA of failing to detect two or more transcripts 

that are part of a given transcriptome is p < 0 .0 2 .

In summary, the experiments described here demonstrate that cDNA RDA is a sensitive 

method that is capable of detecting transcripts that are up-regulated at least 3-5 fold, 4 

hours following treatment with 4  Gy of ionising irradiation. The statistical analysis 

shows that cDNA RDA is very sensitive and theoretically capable of detecting, with high 

probability, the vast majority of differential gene transcription between two populations. 

Therefore, cDNA RDA is an appropriate method to investigate whether Ku, DNA-PKcs 

or the active DNA-PK complex modulates gene transcription of genes whose altered 

transcription is required for, or facilitates NHEJ repair.
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Chapter 4; Investigating the transcriptionai response in Ku80 
mutant xrs-6 Ceiis foiiowing DNA damage by ionising irradiation

4.1 Background

Ku and DNA-PKcs are required for NHEJ mediated repair of DNA DSBs induced by 

ionising irradiation. However, the exact function of these proteins in this process is not 

well understood. Both Ku and DNA-PK have been reported to regulate gene 

transcription. Therefore, one potential role of Ku and DNA-PK during NHEJ is to 

modulate gene transcription that might be essential for proficient repair of DNA DSBs. 

To investigate this hypothesis the transcriptional responses to DNA DSBs generated by 

ionising irradiation in the Ku80 mutant cell line xrs-6 and its wild-type Ku80- 

complemented equivalent, xrs-6(2E), were examined using cDNA RDA.

The xrs-6 cell line was originally derived from the Chinese hamster ovary K1 (CHO-Kl) 

fibroblast cells on the basis of its sensitivity to ionising irradiation (Jeggo, et al., 1983). 

Other radiosensitive cell lines identified by this report include xrs-4 and xrs-5 (Jeggo, et 

al., 1983). The hypersensitivity of these cells to ionising irradiation is due to inability of 

rejoining DNA DSBs and genetic analysis revealed that they all belong to the XRCC5 

complementation group (Jeggo, 1985; Kemp, et al., 1984; Thompson, et al., 1995).

These cells are deficient in Ku80 protein expression. Analysis of xrs-4, xrs-5 and xrs-6 

cells has demonstrated that they express no detectable levels of Ku80 protein and have 

very low levels of translated Ku70 (Singleton, et al., 1997). Therefore these cells fail to 

express the Ku protein. The failure of xrs-6 cells to express Ku80 protein is due to a 13 

bp insertion that generates a frameshift in the reading frame which results in a premature 

stop codon that renders a translated product of only 25 amino acids (Singleton, et al., 

1997). As a result of this mutation xrs-6 cells have no DNA end binding activity or 

DNA-PK kinase activity (Finnie, et al., 1995; Singleton, et al., 1997). Complementing 

xrs-6 cells with wild-type Ku80 cDNA restores both Ku80 and Ku70 protein expression, 

reverses the radiosensitive phenotype and returns the ability to repair DNA DSBs to 

levels similar to the parental CHO-Kl cells (Ross, et al., 1995; Singleton, et al., 1997).

If Ku or DNA-PK act as modulators of gene transcription in a manner that is essential for 

NHEJ repair, then the transcriptional response to DNA DSBs generated by ionising
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irradiation will be different in the Ku80 mutant cell line xrs-6 and its hamster wild-type 

Ku80 complemented equivalent 2Ej. Positive regulation of gene expression by Ku 

or DNA-PK would result in transcripts that are up-regulated in xrs-6(2E) cells compared 

to xrs-6 cells. Similarly, negative control of gene transcription by Ku or DNA-PK in 

NHEJ would lead to transcripts that are expressed at higher levels in xrs-6 than in xrs- 

6(2E) cells. A reciprocal cDNA RDA experiment using irradiated xrs-6 and xrs-6(2E) 

cells would thus screen for genes that are potentially positively or negatively regulated by 

Ku or DNA-PK during NHEJ.

4.2 E stablishm ent of radiosensitive phenotype

Cells that are deficient for either Ku80 or DNA-PKcs are hypersensitive to ionising 

irradiation. To confirm that the cell lines used in the experiments described here 

displayed the expected radiosensitive phenotypes survival assays were performed using 

the protocol described in section 2.2. The survival assays confirmed that all cell lines 

used in the experiments described in this chapter displayed the expected phenotype 

(figure 4-1).

oxra-6(2E)Axra-e

D oM (G y)

■ CHO-Kl 
A xr»-5+Ku80 
o  xrs-5

D o w  (Gy)

Ia
■ CHO-Kl
.x rs4 (H lsp«0)
o x ro « (2 B )
•  Xl«-4
4 V-3

Ito sa (G y )

Figure 4-1 Survival assays of parental line CHO-Kl, Ku80 mutants xrs-4, xrs-5 and xrs- 
6, complemented lines xrs-5+Ku80, xrs-6(2B), xrs-6(2E) and xrs-6(Hisp80) and a 
separate DNA-PKcs mutant line V-3. The results obtained here agree with the 
established survival phenotypes of these cell lines (Anne Priestley, Cell Mutation Unit, 
University of Sussex, Brighton, UK, personal communication, and Jeggo, et al., 1983; 
Priestley, et at., 1998; Singleton, etal., 1997).
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4.3 Experim ents WKa and KWa: cDNA RDA

Hamster Ku80 mutant xrs-6 and their hamster Ku80 complemented equivalent xrs-6(2E) 

cells were cultured, irradiated (4 Gy) and incubated for 4  hours to allow transcription to 

proceed as described in the methods section. Starting materials for cDNA RDA were 

subsequently prepared following the cDNA RDA protocol for the generation of 

representations from large quantities of starting material.

A reciprocal cDNA RDA experiment was then performed. Experiment WKa was 

designed to look for genes that are up-regulated by Ku or DNA-PK following DNA 

damage. Therefore the tester was derived from xrs-6(2E) and the driver from xrs-6 

representations. The reciprocal experiment, referred to as KWa, was targeted to screen 

for genes that are negatively regulated by Ku or DNA-PK. The tester and driver 

populations in this experiment were therefore derived from xrs-6 and xrs-6(2E) 

representations, respectively. For each of the WKa and KWa experiments two rounds of 

subtractions were carried out at tester:driver ratios 1:100 and 1:800 to generate final 

difference products.

4.3.1 Design of a  screening  procedure to  identify potentiai Ku and DNA-PK 
target g en es w hose  aitered transcrip tion faciiitates NHEJ repair

Before analysing the difference products generated by the WKa and KWa subtraction a 

screening procedure was designed that would enable the identification of candidate Ku 

and DNA-PK target genes whose altered transcription facilitates NHEJ repair. This 

screening system needed to take several parameters into account. Potential transcription 

that is dependent on Ku and DNA-PK status may reflect both NHEJ dependent and NHEJ 

independent functions (summarised in figure 4-2). Therefore it was important to design a 

screening method that would enable the identification of candidate target genes whose 

transcription might be regulated by Ku or DNA-PK to facilitate NHEJ repair. It is also 

important to have a screening system that allows the fast detection of difference products 

that represent false positives in the subtraction or transcriptional heterogeneity, so that the 

focus for further screening characterisation can be on potential candidate Ku and DNA- 

PK target genes.
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POSSIBLE MECHANISMS OF IRRADIATION DEPENDENT 
TRANSCRIPTION REGULATION

Ku Recruits DNA-PKcs 
to DNA DSBs. The active DNA-PK 
complex then regulates gene 
transcription DIRECTLY by 
phosphorylating transcriptionally 
active proteins

Ku recruits DNA-PKcs to DNA DSB. 
The active DNA-PK complex then 
modulates gene transcription 
INDIRECTLY by activating a 
signal transduction pathway

POSSIBLE MECHANISMS OF IRRADIATION INDEPENDENT 
TRANSCRIPTION REGULATION

Ku acting alone as a 
sequence-specific 
transcription factor

Ku Interacts with 
proteins other than 
DNA-PKcs to regulate 
gene transcription

Ku recruits DNA-PKcs 
to transcriptionally 
regulatory regions

Figure 4-2 Scheme illustrating the possible causes of why fragments are present in the 
final difference products of the reciprocal cDNA RDA experiments using irradiated xrs-6 
and xrs-6(2E) representation. The scheme also illustrates possible mechanisms by which 
potential transcriptional targets of Ku or DNA-PK detected in these cDNA RDA 
experiments, might have their transcription regulated by Ku or DNA-PK.

To screen for potential Ku and DNA-PK target genes whose transcription facilitates 

NHEJ repair the general screening scheme described in section 2.5 was employed and 

developed (figure 4-3). Difference products would first be cloned, DNA sequenced and 

screened against representation blots to determine whether the difference products were 

genuinely different in the tester and driver representations, or represented false positives. 

The difference products that were confirmed to be different in the tester and driver 

representation would then be probed against northern blots prepared from mRNA, 

separately isolated from the starting materials used to generate the initial representations, 

from xrs-6 and xrs-6(2E) cells. These northern blots would therefore verify whether the 

differences were reproducibly different in the xrs-6 and xrs-6(2E) cells. The difference 

products that were confirmed as genuine differences between the xrs-6 and xrs-6(2E) cell 

lines would then be probed against northern blots that were prepared using mRNA from a
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range of Ku80 and DNA-PK deficient cell lines together with Ku80 and DNA-PK wild- 

type cell lines that are proficient for NHEJ repair. If a difference product were a 

transcriptional target for Ku or DNA-PK that is required for NHEJ repair, it will have a 

transcriptional pattern that is consistent in different cell lines that display NHEJ proficient 

phenotype. If the same transcript also displays a consistent expression pattern in cell 

lines deficient for Ku and DNA-PK, that is different compared to NHEJ proficient Ku and 

DNA-PK wild-type cell lines, it becomes a candidate target gene for Ku or DNA-PK 

mediated regulation of gene transcription.

FALSE POSITIVES 
(RULED OUT)

NO

TRANSCRIPTIONAL HETEROGENEITY 
(RULED OUT)

NO

TRANSCRIPTIONAL HETEROGENEITY 
(RULED OUT)

GENES THAT DO NOT DISPLAY COMPLETE 
CONSISTENCY ON Ku OR DNA-PK STATUS 
FOR THEIR TRANSCRIPTION 

(RULED OUT)

cONA RDA
Final Difference Products

CLONE
DNA SEQUENCING (Identification)

Are the différence products different In 
the tester and driver representations? 
(Success of subtraction verified)

METHOD:

REPRESENTATION BLOTS

YES DIFFERENCES IN THE SUBTRACTION 
FURTHER INVESTIGATED

Are the differences detected In ttie 
subtraction reproducitrly different?

METHOD

NORTHERN BLOTS
Using mRNA Isolated from 
xra-d and xr»-6(2B cells

DIFFERENCE PRODUCTS THAT ARE 
Y E S  GENUINELY DIFFERENT IN THE 

I  jrr»-6 AND xra-Sf2E) CELLS

Do the differences display a consistent 
transcriptional expression pattern?

METHOD:
NORTHERN BLOTS

Using mRNA isolated from several different NHEJ 
deficient Ku80 and DNA-PKcs mutant cell lines, and 
from several different KuSO and DNA-PKcs wlld-type 

that are proficient for NHEJ repair

GENES THAT DISPLAY COMPLETE 
YES CONSISTENCY ON Ku OR DNA-PK

STATUS FOR THEIR TRANSCRIPTION

POTENTIAL TARGETS FOR Ku or DNA-PK 
MEDIATED TRANSCRIPTIONAL REGULATION 
OF GENES WHOSE ALTERED TRANSCRIPTION 
FACILITATES NHEJ

Figure 4-3 Design of screening procedure to identify putative candidate target genes of 
Ku and DNA-PK whose transcription facilitates NHEJ.



4.3.2 Experiment WKa

Experiment WKa generated two prominent and five minor bands of final difference 

products (figure 4-4b). Sequence analysis revealed that the two prominent bands
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Figure 4-4 Experiment WKa. The WKa subtraction was performed using irradiated 
Ku80 proficient xrs-6(2E) cell line as the tester and the Ku80 deficient cell line jcr5-6 as 
the driver. A. Initial representations derived from irradiated xrs-6 and xrs-6(2E) cells. B. 
The first and second difference products (DPI and DP2) from cDNA RDA experiment 
WKa. DP2 is the final difference products of WKa and contains two prominent and five 
minor bands. The two prominent bands were found to represent two amplifiable 
fragments from the neomycin gene that is used on the expression vector by which wild- 
type hamster Ku80 was transfected into xrs-6 cells to generate the xrs-6(2E) cell line. C. 
Representation blots confirming that the two difference products SHP-1 and GADD45y 
were true differences between the xrs-6(2E) tester and xrs-6 driver representations (T = 
Tester and D = Driver). D. Northern analysis probing the SHP-1 and GADD45y 
difference products against a blot prepared using mRNA isolated from unirradiated Ku80 
mutant xrs-5 and xrs-6, Ku80 proficient xrs-5-\-Ku80 and xrs-6(2E) and the parental Ku80 
wild-type CHO-Kl cell lines.

generated in this subtraction represent two amplifiable fragments (WKa4 and WKa6) 

from the neomycin gene that is the selective marker on the expression vector used to
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generate the xrs-6(2E) cells. The neo gene is thus a true difference between xrs-6(2E) 

and xrs-6 cells but not a genuine Ku80 or DNA-PK target gene. Difference products 

from the minor bands were sequenced and analysed by probing them against blots 

prepared from the representations used to derive the tester and the driver (representation 

blots). Representation blots are used to confirm if a difference product represents a 

genuine difference in the experiment. Two difference products, representing the genes 

GADD45y and SHP-1 respectively, were found to be differentially expressed in irradiated 

xrs-6(2E) and xrs-6 representations (figure 4-4c). This analysis also demonstrated that 

the expression pattern of GADD45y and SHP-1 is irradiation independent. These results, 

therefore, indicated that Ku or DNA-PK do not regulate the transcription of GADD45y 

and SHP-1 in a NHEJ dependent fashion. To investigate whether the expression of 

GADD45y or SHP-1 is dependent on Ku status, these genes were subsequently probed 

against a northern blot prepared from unirradiated Ku80 mutants xrs-5, xrs-6 and their 

complemented equivalents xrs-5+Ku80 and xrs-5(2E) and the parental Ku80 wild type 

cell line CHO/Kl (figure 4-4d). This blot confirmed that both GADD45y and SHP-1 

were indeed differentially expressed in xrs-6(2E) and xrs-6 cells, but that the expression 

of neither gene is consistently dependent on Ku80 and therefore Ku status.

4.3.3 Experiment KWa

The final difference products of the KWa subtraction contained one prominent, one 

medium and six faint bands (figure 4-5b). Analysis of the KWa final difference products 

revealed that the prominent band consisted of a fragment from the 18S rRNA gene. 

rRNA is a frequent contaminant in cDNA RDA where few or no differences are present. 

A minor band was also analysed and found to represent a fragment from a novel gene 

KW al. Probing KW al against a representation blot demonstrated that the gene was 

differentially expressed in the irradiated xrs-6 tester and xrs-6(2E) driver populations 

(figure 4-5b). However, subsequent northern blot analysis revealed that KW al 

expression is not dependent on Ku or DNA-PK status, and therefore represent an artefact 

of transcriptional heterogeneity between the xrs-6 tester and xrs-6(2E) driver populations 

used in the KWa experiment (figure 4-5c).
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Figure 4-5 Experiment KWa. The KWa cDNA RDA experiment was performed using 
irradiated Ku80 deficient cell line xrs-6 as the tester and the Ku80 proficient xrs-6(2E) 
cell line as the driver. A. KWa first and second difference products (DPI and DP2). The 
final difference products (DP2) of KWa generated a major band that was identified as 
18S ribosomal rRNA. B. KWal probed against a representation blot prepared with 
representations generated from irradiated Ku80 mutant xrs-5, irradiated Ku80 proficient 
xrs-5-^Ku80, unirradiated and irradiated Ku80 mutant xrs-6 cells and unirradiated and 
irradiated xrs-6(2E) cells (T = Tester and D = Driver). C. KWal probed against a 
northern prepared using mRNA from unirradiated and irradiated samples derived from 
Ku80 mutant xrs-4, Ku80 proficient xrs-6(2B) and xrs-6(Hisp80) and DNA-PKcs 
deficient V-3.

The simultaneous analysis of difference products from subtractions W Ka and KWa had 

thus far demonstrated two major features. First, there exists a transcriptional 

heterogeneity between the seemingly isogenic xrs-6  and xrs-6(2E) cell lines. Second, 

fragm ents representing genes that are not genuine differences (neo in W Ka and rRNA in 

KW a) were identified in both subtractions. The high concentration of such contaminating 

fragm ents in the tester leads to their selective amplification in high numbers during the 

PCR reaction to generate the difference products. Consequently a high proportion o f the 

dNTPs in the PCR reaction will be used for amplifying these unwanted fragments. This 

might result in masking o f genuine differences. Therefore, it was decided to perform a 

new reciprocal subtraction designed to reduce the problems of contamination and 

transcriptional heterogeneity.
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4.4 Competitive cDNA RDA

Unwanted fragments in a tester population can be competed out in cDNA RDA by adding 

large amounts of these fragments to the driver population prior to subtractive 

hybridisation (figure 4-6). Therefore, competitor was generated from the neo fragments.

Driver 2

Competitor 
unwanted genes

Driver 1

Driver 2 
Driver 2

Driver 2 
Tester

Driver 1 
Driver 2

Driver 1 Driver 2 
Tester Tester Competitor 

Tester
Driver 1 
Driver 1

Driver 1
Tester /  Tester 

Tester

IExponential Amplification

ONLY gene fragments in Tester 
NOT in Driver 1, Driver 2 

or Competitor

Successive 
subtractions 
at higher 
driver:tester 
ratios 
until final 
difference 
products 
are obtained

Figure 4-6 Scheme for cDNA with supplemented driver. The driver is composed of two 
separate populations (Driver I and Driver 2) and competitor which consists of gene 
fragments present in the tester whose enrichment during cDNA RDA is undesirable.

W Ka4 and WKa6, and the rRNA fragment, KW a3, as described in the methods section 

(figure 4-7a). To minimize the effects of Ku80 independent transcription seen in the 

WKa subtraction the drivers in the new experiments were also supplemented with 

representations derived from irradiated xrs-5  and xrs-5-\-Ku80 cells (figure 4-7b).
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Figure 4-7 Preparation of competitor and additional driver that were used to supplement 
the drivers in the WKb and KWb experiments. A. Digests of pBluescript containing the 
two neomycin fragments (WKa4 and WKa6) and the 18S ribosomal fragment (KWa3). 
Following the digest, the cut difference product fragments were gel purified and 
resuspended at 0.5 //g piV\ B. Representations generated from irradiated Ku80 mutant 
xrs-5 and Ku80 wild-type xrs-5->i-Ku80 cells.

4.4.1 Experiment WKb

Experiment W Kb was then performed using tester derived from irradiated xrs-6(2E) to 

investigate Ku80 or DNA-PK mediated positive regulation of transcription following 

DNA damage. The driver population was composed of irradiated xrs-6 (40 %), irradiated 

xrs-5 (40 %), and the two neomycin gene fragments W Ka4 and W Ka6 (10 % each).

Three rounds o f subtraction were performed at testendriver ratios of 1:80 (D PI), 1:650 

(DP2) and 1:8000 (DP3) to generate final difference products consisting of seven bands 

(figure 4-8a). The final difference products from  subtractions W Ka and W Kb were then 

compared on a 1.5 % agarose gel to investigate whether the neo competitor had worked 

(figure 4-8b). The W Kb subtraction contained no difference products that corresponded to 

the size of the smaller W Ka4 neo band detected in subtraction WKa. A band, W Kb-Band 

7, corresponding to the size of the W Ka6 band was identified in subtraction WKb. 

However, this band had amplified at much lower levels than W Ka6 did in the WKa 

subtraction. M oreover, several bands in W Kb are either present at lower levels or not 

present at all in the W Ka subtraction. This indicates that the combined driver used in the 

W Kb subtraction had successfully driven out unwanted fragm ents and that difference
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products that would otherwise have been masked in the PCR reaction now amplified at 

high levels.
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Figure 4-8 Experiment WKb, which used representations from the irradiated KuSO wild- 
type xrs-6(2E) as the tester and irradiated KuSO mutants xrs-5 and xrs-6 plus the two 
neomycin fragments in the driver. A. Comparison of WKb first, second and third (DPI, 
DP2 and DP3) difference products B. Comparison of final difference products from the 
WKa and WKb experiments. C. WKb DP3 bands. These bands were isolated by running 
WKb DP3 on an agarose gel and then gel purifying the separated DP3 bands. D. WKb 
difference products probed against representation blots prepared from irradiated KuSO 
mutant xrs-5, irradiated KuSO proficient xrs-5+Ku80, unirradiated and irradiated KuSO 
mutant xrs-6 cells and unirradiated and irradiated xrs-6(2E) cells (T = Tester and D = 
Driver). E. WKb difference products probed against northern blots prepared from 
unirradiated and irradiated samples isolated from the parental KuSO wild-type cell line 
CHO-KI, KuSO mutant cell lines xrs-4, xrs-5, KuSO complemented cell lines xrs-6(2E), 
xrs-6(2B) and xrs-6(HispS0), and the separate DNA-PKcs deficient V-3 cell line.
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The final difference products in subtraction WKb consisted of seven bands that were gel 

purified, cloned into pBluescript and further analysed (figure 4-8c). Sequence analysis of 

difference product clones confirmed that band 7 was indeed identical to WKa6. A further 

25 clones from the remaining 6 bands were found to represent 9 genes (table 4-1). As 

expected SHP-1 from the WKa subtraction was identified in subtraction WKb, whereas 

GADD45y was not detected in the WKb subtraction.

WKb

Band

Gene Size Representation Blot

1 P ro ly lca rb o K y p ep tid ase  (PCP) F ray m en t 1 214 D iffe ren t

2 P ro iy lca rb o K y p ep tid ase  (PCP) F ray m en t 2 242 D iffe ren t

2 UJKb2 242 D iffe ren t

2 P o lyubiqu itin 233 Not D iffe ren t

3 C0K17 270 Not D iffe ren t

3 26S p ro te a s o m e  RTPase su b u n it 256 Not D iffe ren t

4 P ro te in - ty ro s in e  p h o s p h a ta s e  (SHP-1) 293 See WKa

5 UJKb5a 301 Not D iffe ren t

5 UJKbSb 300 Not D iffe ren t

6 UlKbô 359 D iffe ren t

7 U1Ka6 (N eom ycin g en e ) 400

Table 4-1 Genes detected in Experiment WKb.

Probing these genes against representation blots revealed that Prolylcarboxypeptidase 

(PCP), and the unknown genes WKb2 and WKb6 were up-regulated in the irradiated xrs- 

6(2E) compared to the irradiated xrs-6 representation (figure 4-8d). However, the data 

from the representation blots indicated that none of these genes was transcribed in a Ku or 

DNA-PK dependent fashion. This was subsequently confirmed by probing these genes 

against a northern blot prepared from irradiated and unirradiated Ku and DNA-PK 

deficient cell lines (figure 4-8e). The northern blot analysis also confirmed that WKb6 

does not display a significant differential expression in irradiated xrs-6(2E) and xrs-6 

cells.
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4.4.2 Experiment KWb

Experiment KWb was designed to eliminate the contaminating rRNA fragments. The 

tester population consisted of irradiated xrs-6 whereas the driver was composed of xrs- 

6(2E) (40%), xrs-5-\-Ku80 (40 %) and KWa3 rRNA competitor (20 %). Three rounds of 

subtraction were performed at testeridriver ratios of 1:80 (DPI), 1:600 (DP2) and 1:6000 

(DP3). For each round of subtraction, the amplified difference products faded away more 

and more. The third difference product had almost completely faded away (figure 4-9a).
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Figure 4-9 Experiment KWb, which was performed using a representation from 
irradiated xrs-6 as the tester and a supplemented driver composed of representations from 
irradiated xrs-5+Ku80 and xrs-6(2E) plus the Kwa3 ribosomal fragment. A. KWb first, 
second and third (DPI, DP2 and DP3) difference products. 10 //I from the final PCR 
loaded per lane. B. Comparison of the final difference products from experiments KWa 
and KWb. C. KWal and KWa3 probed against difference products blots prepared from 
the final difference products of experiment KWb.

This is an indication that there are no or very low levels of differential expression in the 

tester and driver populations. The final DP3 consisted of two very faint bands 

corresponding to the sizes of the ribosomal KWa3 and the novel KWal genes detected in 

the initial KWa experiment (figure 4-9b). The low enrichment of these genes in this
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subtraction was expected. Although competitor supplements the driver, it is possible that 

low levels of enrichment of unwanted fragments still occur. This was seen with the neo 

fragment WKa6 in experiment WKb. Therefore, it was not surprising that low levels of a 

band corresponding to the size of KWa3 were detected in the final difference products of 

KWb. Moreover, KWal is expressed at very low levels in irradiated xrs-6 cells whereas 

it is not expressed at all in irradiated xrs-6(2E) cells (figure 4-5b). The enrichment of 

KW l was therefore expected to be very low in the KWb subtraction. To confirm that the 

two faint bands in the DP3 of subtraction KWb indeed correspond to KW al and KWa3, a 

southern blot was prepared from these final difference products. This blot was 

subsequently probed with KW al and KWa3. As expected, both KW al and KWa3 

produced signals that corresponded to the two bands in the DP3 of KWb (figure 4-9c). 

This finding together with the observation that the difference products faded away with 

each successive round of subtraction in KWb suggest that Ku or DNA-PK do not play a 

major role in negative regulation of transcription in xrs-6(2E) cells.

4.5 D iscussion

The experiments described in this chapter took a direct approach to address whether Ku 

or the active DNA-PK complex regulate gene transcription of genes whose altered 

transcription facilitates NHEJ repair. NHEJ deficient hamster KuSO mutant jcr5-6 and 

xrs-5 cells and their complemented equivalents xrs-6(2E) and xrs-5+Ku80 that are 

proficient for NHEJ were first irradiated with 4 Gy and then incubated for 4 hours at 37 

“C to allow for transcription to proceed followed by reciprocal cDNA RDA experiments. 

In total, four different subtractions were performed. Two of the subtractions were 

designed to investigate whether Ku or DNA-PK act as positive regulators of gene 

expression during NHEJ repair. The tester population in these two subtractions was 

therefore derived from the Ku and DNA-PK proficient xrs-6(2E) cells. The other two 

subtractions were designed to look for genes whose transcription is potentially negatively 

regulated by Ku or DNA-PK during NHEJ repair. These two subtractions therefore were 

performed using tester derived from irradiated, Ku-deficient, xrs-6 cells.

The four subtractions (WKa, WKb, KWa and KWb) resulted in the identification of six 

genes that are differentially transcribed in xrs-6 and xrs-6(2E) cells. However, none of 

these genes was expressed in a fashion that is consistently dependent on Ku or DNA-PK
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status. Instead, the screening approach revealed that the differential transcription of these 

six genes in xrs-6 and xrs-6(2E) cells reflects transcriptional heterogeneity of the 

seemingly genetically identical xrs-6 and xrs-6(2E) cell lines. It is demonstrated that 

several of the differences detected fail to show consistency in their expression in the 

different Ku80 complemented xrs-6 cell lines used in the screening. The most plausible 

explanation for this is that the gene expression pattern has been altered in various xrs-6 

populations since this cell line was established in the early 1980s (Jeggo, et aL, 1983).

The observations that neither of the differences identified in these subtractions display 

expression patterns that are consistently dependent on Ku and DNA-PK, and the presence 

of DNA DSBs suggests that Ku and DNA-PK do not act as modulators of transcription 

during NHEJ repair. It is, however, important to include the parameters of the approach 

and the limitations of the cDNA RDA technique when interpreting the data obtained in 

these experiments.

First, these subtractions used starting materials derived from cells that were treated with a 

dose of 4  Gy of ionising irradiation followed by a recovery period of 4 hours to allow for 

transcription to proceed. These conditions were based on evidence from several 

independent studies that have investigated the kinetics of NHEJ in primary and 

immortalized rodent cells. These studies have found that following DNA damage 

generated by ionising irradiation, NHEJ is activated very rapidly, that the half-life of 

DSBs ranges between 22-37 minutes and that the majority of breaks are repaired within 2 

hours even after doses as high as 40 Gy ( Kemp, et al., 1984; lliakis, et al., 1992; 

Nevaldine, et al., 1997; Ouyang, et al., 1997; DiBiase, et al., 2000). Therefore, if Ku or 

the active DNA-PK complex modulates gene transcription to facilitate NHEJ repair, such 

transcriptional alterations must take place well within the 4  hour recovery period 

following treatment with ionising irradiation that was used in the experiments described 

here. There is, however, a possibility that Ku and DNA-PK regulate gene transcription 

following the generation of DNA DSBs in a manner that is not detectable using a dose of 

4 Gy and a recovery time of 4 hours. For example, it is possible that Ku or DNA-PK 

regulate gene transcription during the early or late phases of NHEJ repair. If the 

transcriptional regulation takes place only during early phases of NHEJ then there is a 

possibility that such transcripts might be degraded, and therefore not detectable after a 4 

hour recovery period. Likewise, Ku and DNA-PK might also exert a regulatory role on 

gene transcription at later stages than are detectable 4 hours following the generation of
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DNA DSBs by ionising irradiation. However, such transcription modulation is unlikely 

to be required for the active NHEJ repair mechanism itself as the majority of repair takes 

place within 4 hours.

The limitations of cDNA RDA are also important to take into account when evaluating 

the data presented here. As shown in chapter 3 of this thesis, 14 % of transcripts fails to 

generate amplifiable fragments in representations and thus will not be detectable by 

cDNA RDA. This means that the theoretical probabilities of cDNA RDA to fail to detect 

one gene is p = 0.14, two genes p = 0.02 and three or more genes is p = 0.003. In 

addition, transcripts that are up-regulated to a low degree in the tester relative to the 

driver might fail to be enriched in the final difference products and would therefore not be 

detected by cDNA RDA.

Therefore, taking the parameters of the experimental approach and the limitations of 

cDNA RDA into account, it is possible that some Ku and DNA-PK regulated transcripts 

might not have been detected. Nevertheless, it can be concluded that the results presented 

here suggest that Ku and DNA-PK do not have a significant impact on gene transcription 

of genes whose altered transcription is required for, or facilitates, NHEJ repair.

Although the primary goal with these experiments was to identify potential Ku and DNA- 

PK target genes whose altered expression is important or required for NHEJ repair, 

potential differential gene transcription in irradiated xrs-6 and xrs-6(2E) cells might 

reflect other functions of Ku or DNA-PK (figure 4-2). DNA-PK is implicated as 

activating responses in the DNA damage response pathway that leads to altered 

transcription (Woo, et al., 1998). However, the cell lines used for the experiments 

presented in this chapter are inunortalized and heavily mutagenised which makes them 

poor tools for studying the DNA damage response pathway. In addition, the experiments 

described here also targeted irradiation-independent transcriptional differences between 

KuSO mutant and wild-type cells. In fact, with the exception of KW al, all the differences 

detected and confirmed between xrs-6 and xrs-6(2E) cells were expressed in an 

irradiation-independent fashion.

The general model of Ku mediated DNA-PK activation (figure 1-11) suggests that Ku 

and DNA-PKcs do not form a complex in the absence of DNA DSBs and as a result the 

kinase of DNA-PKcs remains in an inactive state (Dvir, et at., 1992; Dvir, et at., 1993;
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Gottlieb, et al., 1993; Morozov, et al., 1994). Although this model is challenged by the 

reports that DNA-PK activity can be stimulated by Ku binding to specific sequences in 

DNA, there is currently no conclusive evidence that the kinase of DNA-PKcs is activated 

by Ku in vivo in the absence of DNA DSBs (Giffin, et al., 1996; Petroski, et al., 1998). 

Therefore, potential irradiation-independent transcriptional differences in KuSO mutant 

and wild-type cells is likely to reflect activities by the Ku protein acting independently of 

DNA-PKcs.

There are many reports that implicate Ku as binding regulatory regions of transcribed 

DNA with sequence-specific affinity, either by itself or in complex with other proteins, 

leading to the suggestion that one role of Ku is to function as a transcription factor (tables 

1-9,1-10 and 1-11). However, the results presented in this chapter do not lend any 

support to the hypothesis that Ku functions as a transcription factor. In fact, none of the 

transcripts detected in any of the four subtractions have been previously reported to be 

targets of Ku mediated regulation of gene transcription. It is, however, important to be 

aware that the xrs-6 and xrs-6(2E) cell lines are immortalised and mutagenised, and that 

therefore the transcriptomes of these cells might not reflect gene transcription in primaiy 

KuSO -/- and KuSO wild-type cells.

The majority of reports that implicate Ku as a transcription factor provide only indirect 

evidence that Ku regulates transcription in vivo as they are based either solely on the 

observation that Ku binds to a specific regulatory sequence of DNA or activates gene 

transcription in in vitro transcription assays. Ku is reported to recognise and bind to a 

large variety of sequences (table 1-12). With potential exception of the NREl-like 

sequences, the lack of a consensus motif for Ku binding makes it unlikely that Ku 

actually binds to all these sequences with sequence specific affinity. One explanation is 

that Ku might interact with some DNA sequences because of secondary structures 

forming in these regions of DNA (Falzon, et a l ,  1993; Paillard, et a l ,  1991). More 

likely, however, is that the identification of apparent sequence-specific binding by Ku is 

due to misinterpretations of experimental data. For example, accidental co-purification of 

Ku on DNA-binding columns or Ku binding to the double-stranded ends of linear 

oligonucleotides that contain specific sequences which results in the erroneous detection 

of Ku-binding to specific sequences (Klug, 1997; Quinn, et al., 1991).
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The results presented in this chapter also enforce the importance of a thorough screening 

procedure when investigating for differential gene transcription. Even cell lines that have 

minimal genetic differences might display transcriptional heterogeneity. It is therefore 

important to investigate for consistency in transcriptional patterns of a gene using several 

different controls in order to rule out false positives. These experiments also demonstrate 

that the problem of transcriptional heterogeneity can be overcome in cDNA RDA 

experiments by using supplemented driver (figures 4-6b and 4-7b).

In conclusion, the experiments described in this chapter were designed to examine 

whether Ku or DNA-PK regulate gene transcription during NHEJ repair. Although 

several differences in gene transcription were detected between Ku80 deficient xrs-6 and 

their Ku80 wild-type complement cells, subsequent screening revealed that

none of these transcripts are consistently dependent on Ku or DNA-PK for their 

transcription. Acknowledging the theoretical limitations of the approach, it is concluded 

that Ku or DNA-PK do not have a significant impact in transcriptional regulations of 

genes whose altered transcription is essential for or assists NHEJ repair.
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Chapter 5: Investigation of transcription in DNA-PKcs null cells
following ionising irradiation

5.1 Background

In the work reported in the previous chapter the post-irradiation transcriptional response 

in the Ku deficient cell line xrs-6 and its complemented equivalent xrs-6(2E) was 

investigated. Data were presented that suggests that Ku or DNA-PK do not play 

significant roles in regulating transcription required by NHEJ repair. Because both xrs-6 

and xrs-6(2E) cells express DNA-PKcs protein, the experiments using these cell lines did 

not address the question whether DNA-PKcs on its own modulates gene transcription of 

genes whose altered transcription is essential for NHEJ repair.

In addition to the established model of Ku dependent DNA-PK activation summarised in 

figure 1-11, there is evidence that DNA-PKcs might be activated in a Ku independent 

manner. DNA-PK activity is stimulated by the high mobility group proteins 1 and 2, 

CID, human heat shock transcription factor 1 (HSFl), and PARP (Peterson, et al., 1995; 

Ruscetti, et a i ,  1998; Yavuzer, et al., 1998; Yumoto, et al., 1998). There is also evidence 

suggesting that DNA-PKcs alone might bind to, and be activated by DNA (Hammarsten, 

et al., 1998). If DNA-PKcs is activated independently of Ku, then there is a possibility 

that DNA DSBs are not essential for this activation. Indeed, DNA-PK can be activated 

by the protein CID  in a manner that is independent of the presence of double-stranded 

ends of DNA (Yavuzer, et al., 1998). In this context it should also be mentioned that 

DNA-PKcs has been reported to interact with the KIP protein, though the biological 

function of this interaction remains unclear (Wu, et al., 1997). Taken together, these 

findings raise the possibility that DNA-PKcs might regulate gene transcription in a Ku 

independent manner.

DNA-PKcs -/- mice have recently been generated that lack DNA-PKcs protein expression 

and have no detectable DNA-PK activity due to a targeted disruption of the portion of the 

DNA-PKcs gene that encodes the kinase domain of the DNA-PKcs protein (Taccioli, et 

al., 1998). These mice thus provide a useful model for studying the in vivo role of both 

DNA-PKcs and DNA-PK activity. The question whether DNA-PKcs regulates gene 

transcription of genes whose altered transcription is essential for NHEJ repair was
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therefore addressed by performing reciprocal cDNA RDA experiments using starting 

materials prepared from irradiated primary mouse embryonic fibroblasts (MEFs) derived 

from DNA-PKcs -/- mice and their DNA-PKcs wild-type littermates.

5.2 Design of screening procedure for difference products

Before the experiments were performed a screening strategy to identify putative 

difference products whose transcription is regulated by DNA-PKcs or the DNA-PK 

complex in a manner that is required for NHEJ. The potential reasons for differential 

gene transcription detected in the reciprocal subtraction between primary MEFs derived 

from DNA-PKcs 4-/4- and DNA-PKcs -/- mice are summarised in figure 5-1.

Final difference products 
In cDNA RDA Experiments

Screening Screening Screening

at Heterogeneity
(Dmerant In tester and drtver 

populations, txit transcription Is 
dependent on Ku or DNA-PK status)

False Positives
(Not dtffarent In tester and 

drtver representations)
Transcriptional Targets

Olflerential transcription Is 
dependent on DNA-PKcs 

O f DNA-PK Status
RULED OUT RULED OUT

Altered transcription Is 
Inadlation dependent

Altered transcription Is 
irradiation Independent

transcription Altered transcription 
reflects NHEJ Independent 

functions
Altered transcription 

reflects NHEJ Independent 
functions

required

POSSIBLE MECHANISMS OF IRRADIATION DEPENDENT 
TRANSCRIPTION REGULATION

Ku Recruits DNA-PKcs 
to DNA DSBs. The active DNA-PK 
complex then regulates gene 
transcription DIRECTLY by 
phosphorylating transcriptionally 
active proteins

Ku recruits DNA-PKcs to DNA DSB 
The active DNA-PK complex tften 
modulates gene transcription 
INDIRECTLY by activating a 
signal transduction pathway

POSSIBLE MECHANISMS OF IRRADIATION INDEPENDENT 
TRANSCRIPTION REGULATION

DNA-PKcs Acting 
Alone to Regulate 
Gene Transcription.
The kinase of DNA-PKcs 
may or may not be 
required for this function

DNA-PKcs Interacts 
with proteins otfier than 
Ku to Regulate 
Gene Transcription.
The kinase of DNA-PKcs 
may or may not be 
required for this function

Ku recruits DNA-PKcs 
to banscrlptlonally 
regulatory regions

Figure 5-1 Scheme illustrating the possible causes of why fragments are present in the 
final difference products of a reciprocal cDNA RDA experiment using irradiated primary 
MEFs derived from DNA-PKcs 4-/4- and DNA-PKcs -/- mice. The scheme also illustrates 
possible mechanisms by which potential transcriptional targets of DNA-PKcs or DNA- 
PK detected in these cDNA RDA experiments, might have their transcription regulated.
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A new screening scheme was designed based on the procedure described in section 4.3.1 

to identify candidate targets for DNA-PKcs or DNA-PK mediated transcriptional 

regulation that is required for NHEJ repair (figure 5-2). This screening scheme took into 

account the problems of transcriptional heterogeneity encountered in the experiments 

described in chapter 4.

CLONE
DNA SEQUENCING (identification)

FALSE POSITIVES 
(RULED OUT)

TRANSCRIPTIONAL HETEROGENEITY 
(RULED OUT)

GENES THAT DO NOT DISPLAY COMPLETE 
CONSISTENCY ON DNA-PKc« OR DNA-PK 
STATUS FOR THEIR TRANSCRIPTION 

(RULED OUT)

Final Difference Products

Are the difference product* 
different in the teeter and driver 
representation*? (Success of 
subtraction verified) 

REPRESENTATION BLOTS

DIFFERENCES IN THE SUBTRACTION 
FURTHER INVESTIGATED

Do the differences display a consistent 
transcriptional expression pattern?

NORTHERN BLOTS
Using mRNA isolated from unirradiated and 
irradiated primary MEFs derived from DNA-PKcs 
wild-type B10BR and DNA-PKcs deficient SCIDmice

Using mRNA isolated from tfie immortalised NHEJ 
deficient DNA-PKcs mutant cell lines DNA-PKcs -/- 
and SCGR11 and the NHEJ proficient DNA-PKcs 
wild-type DNA-PKcs ♦/- and NIH-3T3 cells.

GEN ES THAT DISPLAY COMPLETE 
CONSISTENCY ON DNA-PKcs OR DNA-PK 
STATUS FOR THEIR TRANSCRIPTION

POTENTIAL TARGETS FOR DNA-PKcs or DNA-PK 
MEDIATED TRANSCRIPTIONAL REGULATION 
OF GENES WHOSE ALTERED TRANSCRIPTION 
FACILITATES NHEJ REPAIR

Figure 5-2 The screening scheme that was designed to identify putative targets for DNA- 
PKcs and DNA-PK mediated modulation of gene transcription that is required for NHEJ 
repair.
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5.3 Reciprocal cDNA RDA In DNA-PKcs +/+ and DNA-PKcs -/- MEFs

Primary MEFs from DNA-PKcs 4-/4- and DNA-PKcs -/- mice were treated with ionising 

irradiation (4 Gy) and incubated for 4 hours to allow for transcription to proceed. cDNA 

RDA was then prepared and performed following the protocol for small quantities of 

starting material. A PCR to generate representations using the -RT template confirmed 

that contaminating residual genomic DNA had been successfully removed by DNase 

treatment (figure 5-3a). Representations were then generated from the +RT samples 

(figure 5-3b).

-RT POP

o o

500 bp

1000 bp

B

REPRESENTATIONS

500 bp
400 bp
300 bp
220 bp

1000 bp

Figure 5-3 Generation of representations from unirradiated and irradiated primary DNA- 
PKcs +!+ and DNA-PKcs -/- MEFs. A. -RT PCR confirming that residual genomic DNA 
had been successfully removed from all samples. B. Representations generated from 
irradiated and unirradiated primary DNA-PKcs +!+ and DNA-PKcs -/- MEFs.

Subtraction BH was designed to screen for transcripts that are potentially up-regulated by 

DNA-PKcs in primary cells as a result of DNA DSBs generated by ionising irradiation. 

Therefore the tester was derived from DNA-PKcs 4-/4- MEFs whereas the representation 

prepared from DNA-PKcs -/- MEFs constituted the driver. Final difference products 

were generated after three rounds of subtraction at testeridriver ratios 1:100 (DPI), 1:800 

(DP2) and 1:10,000 (DP3) (figure 5-4a). The final difference products consisted of eight
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Figure 5-4 Difference products and initial screening of subtraction BH that used 
representations derived from irradiated DNA-PKcs 4-/4- as tester and irradiated DNA- 
PKcs -I- as driver respectively. A. Comparison of first, second and third difference 
products (DPI, DP2 and DP3) of BH. B. Experiment BH final difference products. C. 
BH final difference products band after gel purification. D. BH representation blots 
prepared from unirradiated and irradiated DNA-PKcs 4-/4- and DNA-PKcs -/- MEFs were 
probed with difference products from experiment BH. See table 5-1 for a list of the BH 
difference products (T = Tester and D = Driver).
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bands that were cloned into pBluescript KS+II and further analysed (figures 5 ^ b  and 5- 

4c). 41 different clones were sequenced and found to represent 16 different genes (table 

5-1). Representation blot analysis demonstrated that 9 of these genes were different in 

the tester and driver representations (figure 5-4d and table 5-1). The representation blots 

demonstrated that 7 of these genes were up-regulated in DNA-PKcs +!+ MEFs following 

irradiation whereas BH2a and laminin alpha-4 (LAMA4) were evenly expressed in these 

cells regardless of irradiation status.

BH Band Gene Representation Blot
1 BH1 O iffe re n t
2 BH2a O iffe re n t
2 Inducib le  N itric O xidase (iNGS) F ra g m en t 1 O iffe ren t
3 BH3a Not O iffe ren t
3 BH3b Not O iffe ren t
3 BH3c Not O iffe ren t
4 Lam inin a lp h a -4  (LRMR4) O iffe ren t
4 BH4d N ot D iffe ren t
4 H ex ok inase  Type II (HKM) O iffe ren t
5 BHSa O iffe ren t
5 BHSc Not D iffe ren t
5 BHSe Not O iffe ren t
5 BHSf O iffe ren t
6 Heme G xygen ase-1  (HG-1) O iffe ren t
7 INGS F ra y m e n t 2 See iNGS F ra y m en t 1
7 INGS F ra y m e n t 3 See iNGS F ra y m e n t 1
7 s tro m e ly s in  1 Not O iffe ren t
8 BH8 O iffe re n t

Table 5-1 Genes detected in Experiment BH.

The reciprocal cDNA RDA experiment HB was performed to investigate whether DNA- 

PKcs negatively regulates gene expression in primary cells following DNA damage by 

ionising irradiation. Therefore, tester and driver populations were derived from DNA- 

PKcs -/- and DNA-PKcs 4-/4- MEFs respectively. Two rounds of subtraction were 

performed at testeridriver ratios 1:100 (DPI) and 1:800 (DP2) to generate final difference 

products (figure 5-5a). The final difference products, consisting of 3 large and 3 faint 

bands, were cloned and further screened (figures 5-5b and 5-5c). 28 clones were 

sequenced and found to represent 15 different genes (table 5-2). Two amplifiable 

fragments representing the neomycin gene were detected. The neomycin gene was used 

to generate the targeted disruption of DNA-PKcs -/- mice, and therefore serves as a useful 

internal control in the HB subtraction. The neomycin gene is not a significant 

contaminant in this subtraction because it is expressed as part of the DNA-PKcs gene.
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which is transcribed at relatively low levels. Fragments representing I8S and 28S rRNA 

were also identified.

B
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Figure 5-5 Initial screening of difference products obtained in subtraction HB, which 
used a tester representation derived from irradiated DNA-PKcs -/- MEFs and driver 
derived from a representation generated from irradiated DNA-PKcs -fZ-F MEFs A. 
Comparison of first and second (DPI and DP2) difference products from experiment HB. 
B. HB final difference products. C. HB final difference products bands gel purified. D. 
Representation blots prepared from unirradiated and irradiated DNA-PKcs +/+ and DNA- 
PKcs -/- MEFs representations probed with difference products obtained in experiment 
HB. See table 5-2 for a list of the difference products obtained in experiment HB (T = 
Tester and D = Driver).
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The remaining 12 genes were probed against representation blots. 4 o f these were differentially expressed in 

the tester and driver representations (table 5-2 and figure 5-5d).

HB Band Gene Representation Blot
1 Neomycin Fragment 1

1 28 S rRNR

1 Ran GTPase Different

2 IBS rRNR

3 Neomycin Fragment 2

3 Tenascin Not Different

3 HB4g Different

3 HB4ii Not D ifferent

3 HB4I Not Different

4 BHSa Different

4 G protein b eta  subunit homologue Not Different

4 Cellular apoptosis susceptibility protein (CSE1) Different

5 ITGH5 homologue Not Different

5 HB7c Not Different

5 HB7d Not Different

6 HBBa Not Different

Table 5-2 Genes detected in Experiment HB,

5.4 Screening of d ifferences detected  in experim ents BH and HB

Confirmation of differential expression in experiments BH and HB by nordiem analysis was not possible 

because sufficient numbers of DNA-PKcs +/+ and DNA-PKcs -/- MEFs were not available. The firet step in 

the screening process employed here was to investigate if the differences detected in BH and HB showed 

consistent dependency for DNA-PKcs and irradiation status in primary MEFs derived from other DNA-PKcs 

deficient mice. Northern blots were prepared using mRNA isolated from primary SCID MEFs and a wild-type 

control from a different mouse strain. When the 13 differences were probed against these blots it was found 

that the novel gene B H l, LAMA4 and HO-1 displayed consistency with the DNA-PKcs +/+ and DNA-PKcs -/- 

MEFs in differential expression patterns with regard to DNA-PKcs status (figure 5-6).

The northern blots (figure 5-6) also demonstrated that the remaining 10 differences were not consistent in flieir 

expression compared to DNA-PKcs +/+ and DNA-PKcs -/- MEFs. Interestingly, none of the 13 differences had 

altered expression as a result of irradiation status in either wild-type or SCID MEFs. This differs from the 

expression pattern seen in
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the DNA-PKcs +/+ and DNA-PKcs -/- MEFs. These contrasting results might therefore be due to transcriptional 

heterogeneity following DNA damage in different mouse strains. The northern blots shown in figure 5-6 suggest that the 

final difference products derived in experiments BH and HB were the result of transcriptional heterogeneity in different 

mouse strains following ionising irradiation. However, this conclusion would require a control to show that the ionising 

irradiation treatment had worked in the BIOBR and SCID MEFs. This control could have been performed by probing the 

northern blots in figure 5-6 with a known radiation responsive transcript such as p21, MDM2 or GADD45.
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show consistency in cell lines deficient for DNA-PKcs. Further screening was therefore carried out using immortalized 

DNA-PKcs -/- MEFs and the SCID derived cell line SCGRl 1. Immortalised DNA-PKcs -/- MEFs do not express DNA- 
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10c). Likewise the SCID derived SCGRl 1 cell line is deficient for DNA-PK, has no 

DNA-PK activity and is therefore hypersensitive to ionising irradiation (figure 5-5 and 

Blunt, et al., 1995). The controls used in these experiments, immortalized DNA-PKcs +/- 

and NIH-3T3 cells, express DNA-PKcs and consequently are not hypersensitive to 

ionising irradiation (figures 5-7 and 5-10c). Northern analysis using these cell lines 

demonstrated that LAMA4, but not BHI and HO-1, show consistency with regard to 

DNA-PKcs status (figure 5-8a-e). Importantly, only LAM A4 show consistent expression
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Figure 5-8 Northern blots derived from mRNA from unirradiated and irradiated 
immortalized mouse fibroblast cell lines. The cell lines are DNA-PKcs deficient DNA- 
PKcs -/- and SCGRl 1 and DNA-PKcs proficient DNA-PKcs +/- and NIH-3T3. N = 
NHEJ proficient. A. Probing the BH difference products probed against the different 
northern blots revealed that only LAMA4 display a transcription pattern that is consistent 
on DNA-PKcs status. B. Probing the HB difference products against the different 
northern blots demonstrated that they are not consistently dependent on DNA-PKcs status 
for their expression.
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in the NHEJ proficient NIH-3T3 and DNA-PKcs +/- cell lines (figure 5-8d). The low 

levels of BHI and HO-1 in NIH-3T3 show that these genes are not required for NHEJ 

repair. The other 10 differences identified in the BH and HB subtractions again failed to 

show any consistency in their expression pattern with regard to DNA-PKcs status. 

Importantly, none of the 13 genes display altered expression following irradiation in 

either cell line (figures 5-8a-c and 5-8e-f).

5.5 Com plem enting DNA-PKcs -A MEFs

The screening had thus far demonstrated that only one gene, LAMA4, displayed a 

consistent expression pattern in DNA-PKcs deficient and wild-type cells. Immortalised 

DNA-PKcs -/- MEFs were subsequently complemented with wild-type DNA-PKcs in 

order to further investigate the possible link between DNA-PKcs and LAMA4 

transcription. The expression plasmid pME-PK7 contains the entire cDNA for murine 

DNA-PKcs, and has previously been used to restore V(D)J recombination in the DNA- 

PKcs deficient SCID cell line SX9 (Fukumura, et al., 1998). pME-PK7 was prepared as 

described in the methods section. The murine DNA-PKcs cDNA (coding sequence = 

12,387 bp) makes the pME-PK7 plasmid very large (15,416 bp). As a result deletions 

might occur that renders the plasmid unstable. A diagnostic digest using 8 different 

restriction enzymes was therefore performed to confirm that the plasmid was intact. The 

results from this digest indicated that the plasmid had not undergone any rearrangements 

or deletions (figure 5-9).

The immortalised DNA-PKcs -/- MEFs were then complemented by pME-PK7 in two 

separate transient transfections, DNA-PKcs -/- (pME-PK7i) and DNA-PKcs -/- (pME- 

PK7Ü). As a control a p-gal plasmid was also transfected, DNA-PKcs -/- (p-gal). The 

transfections were then incubated for 48 hours to allow expression of DNA-PKcs 

followed by preparation of protein extracts and mRNA. Genotyping the transfections 

using RT-PCR with primers that generate different length PCR products from cDNA 

prepared from DNA-PKcs+/+ and DNA-PKcs -/- cells confirmed that the two pME-PK7 

transfections successfully expressed wild-type DNA-PKcs mRNA (figure 5 -1 Ob). As 

expected, the DNA-PKcs -/- cells that were transfected with the p-gal plasmid did not
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express wild-type DNA-PKcs mRNA (figure 5-10b). Western blot analysis confirmed 

that DNA-PKcs protein was expressed in both positive transfections but not in the control
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Figure 5-9 Diagnostic digests of the pME-PK7 expression plasmid, which has a size of 
15416 bp. The gel picture shows the digest pattern of 8 separate digests using different 
class II restriction enzymes, and the table lists the expected fragment sizes that each of 
these class II restriction enzymes generates from the pME-PK7 plasmid.
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Figure 5-10 Complementing immortalised DNA-PKcs -/- MEFs with wild-type murine 
DNA-PKcs A. p-gal assay of immortalized DNA-PKcs -/- MEFs co-transfected with 
pME PK7 and ppgal-CMU. B. Genotyping immortalised DNA-PKcs -/- MEFs 
transfected with pME-PK7 transfections i and ii and control plasmid ppgal-CMU. (A = 
primer pair MQ2-MQ7 that amplify a 520 bp fragment in DNA-PKcs +/4- and 220 bp 
fragment in DNA-PKcs -/-; B = primer pair MQ2-MQ4592 that amplify a 600 bp in 
DNA-PKcs -I-/-H and 345 bp in DNA-PKcs -/-) C. Western blots using cell extracts 
derived from immortalised DNA-PKcs wild-type NIH-3T3, immortalised DNA-PKcs +/-, 
immortalised DNA-PKcs -/- and immortalised DNA-PKcs -/- MEFs transfected with 
pME PK7 (transfections i and ii) and control plasmid ppgal-CMU. The blot was probed 
with the DNA-PKcs specific MsAg3 antibody. D. Northern blots of immortalised DNA- 
PKcs +/-, DNA-PKcs -/-, DNA-PKcs -/- MEFs transfected with pME PK7 (transfections 
i and ii) and control plasmid ppgal-CMU probed with LAM A4.

experiment (figure 5 -10c). A northern blot was subsequently prepared using mRNA from 

immortalised DNA-PKcs +/- and DNA-PKcs -/- MEFs together with the control and two 

positive transfections. Probing this blot with LAM A 4 demonstrated that there was a 

small but significant increase in LAM A4 transcript in the two pME-PK7 transfections
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compared to the control transfection and the immortalised DNA-PKcs -/- MEFs (figure 5- 

8d). Phosphoimager analysis confirmed that LAM A4 expression is increased in the 

positive transfections relative to the control (table 5-3).

CeU Type LAMA4 expression
DNA-PKcs+ / - 3.32
DNA-PKcs- / - 1
DNA-PKcs - / -  (b -gal) 0.98
DNA-PKcs - / -  (PME-PK7Î) 1.37
DNA-PKcs - / -  (pME-PK7ii) 1.34

Table 5-3 Relative expression levels of LAMA4 measured by phosphoimager. The 
ratios were derived using the levels of LAMA4 expression in untransfected DNA-PKcs 
-/- as the standard.

5.6 Discussion

The work presented in this chapter addressed the question of whether DNA-PKcs 

facilitates NHEJ repair by regulating gene transcription. Previous work has provided 

several lines of evidence that DNA-PKcs might be a modulator of gene transcription. 

First, DNA-PK phosphorylates a plethora of transcriptionally active proteins in vitro 

(table 1-13). Second, DNA-PK has been reported to stimulate RNA Polymerase II 

transcription and inhibit RNA polymerase I transcription (Kuhn, et al., 1995; Labhart, 

1995; Sheppard, et at., 2000; Woodard, et a i,  1999). Third, components of DNA-PK 

have been identified in RNA Polymerase I and RNA polymerase II complexes (Hannan, 

et al., 1999; Maldonado, et al., 1996). Although these observations support the notion 

that one role of DNA-PKcs or DNA-PK is to regulate gene transcription, there has, prior 

to the work presented here, been no comprehensive screen for differential in vivo gene 

transcription between wild-type and DNA-PK deficient.

The reciprocal cDNA RDA subtractions performed here, using representations prepared 

from irradiated primary MEFs derived from DNA-PKcs -/- and their DNA-PKcs +/+ 

littermates, were designed to address the question whether DNA-PKcs modulates the 

transcription in vivo of genes whose altered expression is required for NHEJ repair. 

Because the starting materials in these cDNA RDA experiments were derived from
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primary cells, differential transcription detected in these subtractions could also reflect 

NHEJ-independent, transcription regulation by DNA-PKcs or DNA-PK as part of the 

DNA damage response pathway, or other cellular processes (figure 5-1).

Although differential gene transcription was detected in the DNA-PKcs +/+ and DNA- 

PKcs -/- populations used in the subtractions, further screening revealed that, with the 

exception of LAMA4, the differences detected did not display consistent transcription 

profiles with regard to NHEJ and DNA-PKcs status. Similar to the results obtained in 

chapter 4  of this work, the screening procedure that was employed here demonstrated that 

transcriptional heterogeneity is a problem that can lead to misinterpretation of results 

obtained in experiments designed to screen for differential gene transcription between 

two populations. Although the transcriptomes of seemingly isogenic cell lines are likely 

to be almost identical, the development of highly sensitive methods that screen for 

differential gene expression such as cDNA RDA makes the transcriptional heterogeneity 

that might exist, no matter how small, a potential problem in evaluating data from such 

screens. This problem is especially important to consider when using the newly 

developed technique of micro array analysis. It is therefore very important to employ an 

appropriate screening method to rule out artefacts that arise from transcriptional 

heterogeneity. The confusion that transcriptional heterogeneity might generate is 

exemplified by the recent observations that the p53 target gene bax is induced following 

ionising irradiation in the DNA-PKcs -/- SLIP mouse but not in the DNA-PKcs -/- mouse 

generated by Kurimasa et al (Jhappan, et al., 2000; Kurimasa, et al., 1999b; Wang, et al., 

2000). In this case, Wang et al concluded that DNA-PKcs is up-stream of p53 induced 

bax mediated apoptosis, whereas Jhappan et al concluded that DNA-PKcs is not essential 

for p53-dependent apoptosis via the bax pathway (Jhappan, et al., 2000; Wang, et al., 

2000). One explanation for the discrepancy in these findings is that ionising irradiation- 

induced up-regulation of transcription of certain genes might be mouse strain-specific. 

Such strain-specific transcription might explain why some genes such as iNGS, HKII and 

BH8 were up-regulated following ionising irradiation in the primary DNA-PKcs +/+ 

MEFs but not in primary MEFs derived from the BIOBR DNA-PKcs wild-type strain 

(figures 5-2 and 5-4). Transcriptional heterogeneity has also recently been observed in a 

DNA micro array screen for selected DNA repair genes using transcripts derived from the 

DNA-PKcs deficient M059J and the DNA-PK proficient M059K cell lines (Galloway, et 

al., 2000).
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The only differentially expressed transcript detected in experiments BH and HB that is 

consistently dependent on NHEJ and DNA-PKcs status for its transcription is LAMA4. 

Interestingly, LAMA4 transcripts are expressed in a manner that is independent of 

irradiation status. Therefore, it is unlikely that the active DNA-PK complex regulates 

LAMA4 transcription as a result of its function in NHEJ repair. The results from the 

transfection of wild-type DNA-PKcs into DNA-PKcs -/- fibroblasts support the notion 

that LAMA4 is a putative DNA-PKcs target for positive transcriptional regulation. 

Although LAMA4 transcription levels was measurably higher in the two positive 

transfections compared to controls and untransfected DNA-PKcs -/- MEFs, the 

expression of LAMA4 was not restored to DNA-PKcs +/- levels. The most plausible 

explanation for this is that the transfection efficiency with such a large plasmid construct 

is veiy low. A co-transfection experiment demonstrated that the transfection efficiency is 

< 5% (figure 5-10a). Thus, only a low number of cells are likely to express wild-type 

DNA-PKcs as a result of the transfection. Nevertheless, pME-PK7 is an expression 

plasmid that clearly expresses high levels of mRNA and protein as judged from 

genotyping and western blots. Therefore, the cells that were successfully complemented 

with pME-PK7 are likely to overexpress wild-type DNA-PKcs. However, the small 

fraction of cells that actually expressed wild-type DNA-PKcs might explain why LAMA4 

transcription levels were not restored fully in the positive transfections.

The LAMA4, or laminin alpha-4, gene is located on human chromosome 6q21 and 

consists of 39 exons encoding a protein of approximately 18(X) amino acids that is 

differentially expressed in tissues (livanainen, et al., 1995; Liu, et al., 1996; Richards, et 

al., 1997; Richards, et al., 1994). Each member of the laminin alpha chain family, to 

which LAMA4 belong, can form a hetero trimer with one laminin beta and one laminin 

gamma chain. These trimeric large extracellular matrix glycoproteins are known as 

laminins and perform a variety of functions such as tissue survival, the regulation of cell 

proliferation, and cell migration (Colognato, etal., 2(XX); Geberhiwot, et al., 2(X)1). There 

are currently 12 different laminins identified to date. LAMA4 is a known component of 

two of these, laminin-8 and laminin-9 (Miner, et al., 1997). Recent reports have 

implicated laminin-8 in T-cell proliferation through interaction with integrin a6pl, and 

laminin-9 with the presynaptic calcium channel (Geberhiwot, etal., 2001; Sunderland, et 

al., 2(XX)). To date, there have been no observations that link LAMA4 with any type of 

DNA repair. Because LAMA4 is located extracellularly it is a poor candidate facilitator 

of NHEJ repair, which takes place in the nucleus. Instead, the possible link between
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DNA-PKcs and LAMA4 might reflect a role for DNA-PKcs that is distinct from NHEJ 

repair.

LAMA4 was evenly expressed in both irradiated and unirradiated DNA-PK proficient 

cells. This raises several possibilities by which DNA-PKcs might regulate LAMA4 

transcription (figure 5-9). DNA-PKcs might be recruited and activated by sequence- 

specific binding by Ku to transcriptionally active regions (Giffin, et al., 1996). The 

observations that DNA-PK activity is stimulated by the high mobility group proteins 1 

and 2, CID, human heat shock transcription factor 1, and PARP raises the possibility that 

DNA-PKcs might be activated in vivo in a Ku independent manner (Peterson, et al., 

1995a; Ruscetti, etal., 1998; Yavuzer, etal., 1998; Yumoto, etal., 1998). The finding 

that the CID  protein can activate DNA-PKcs in a fashion that does not require double

stranded ends of DNA supports the notion that DNA-PKcs might be activated in vivo in 

the absence of DNA DSBs (Yavuzer, et al., 1998). Another possibility is that DNA-PK 

forms transcriptionally active complexes with other proteins that do not activate the 

kinase of DNA-PKcs.

The reciprocal subtractions described in the previous chapter were carried out following 

DNA damage generated by ionising irradiation in the NHEJ deficient hamster 

immortalised cell line xrs-6 and its NHEJ proficient complemented equivalent, the xrs- 

6(2E) cell line. Whilst these subtractions targeted potential regulation of transcription by 

Ku or DNA-PK during NHEJ repair, the xrs-6 cell line is immortalised and mutagenised 

and therefore is likely to have altered or even lost responses to DNA DSBs compared to 

the in vivo situation in primary cells. Hence, the xrs-6 cell line does not represent a useful 

system to investigate the DNA damage response pathway that occurs in primary cells.

The experiments described in this chapter, on the other hand, investigated the 

transcriptional response following treatment with ionising irradiation in primary DNA- 

PKcs +/+ and DNA-PKcs -/- MEFs. Therefore, although the primary focus for the 

experiments described in this chapter was to identify putative targets of DNA-PKcs 

mediated transcription that facilitates NHEJ repair, the BH and HB subtractions also 

screened for potential gene transcription regulation by DNA-PKcs as part of the DNA 

damage response pathway (figure 5-1).

A role for DNA-PKcs in the DNA damage response pathway is inferred from the 

demonstration that DNA-PKcs is structurally related to the ATM and ATR proteins that
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are central to the DNA damage response pathway, and from the observations that DNA- 

PK phosphorylates proteins that are involved in the DNA damage response pathway 

(tables 1-8 and 1-13). The rapid binding by Ku to DNA DSBs followed by the 

recruitment and activation of DNA-PKcs provides a model in which DNA-PK senses 

DNA damage and then signals this to the cell, which results in the activation of pathways 

that might include altered transcription of DNA damage responsive genes. However, the 

results obtained from the experiments described in this chapter do not lend support to the 

hypothesis that DNA-PK regulates gene transcription via the DNA damage response 

pathway.

In conclusion, the finding that that LAMA4 is a putative target for DNA-PKcs mediated 

positive control in an irradiation independent manner suggests that DNA-PKcs might be 

involved in limited transcription regulation. Apart from LAMA4 the cDNA RDA 

experiments described here did not detect any genes whose transcription is regulated by 

DNA-PKcs in a manner that reflects a requirement for NHEJ repair. Taking the 

parameters and limitations (discussed in section 4.5 and chapter 3) of the method into 

account, the results from the experiments described here, in agreement with the previous 

chapter, suggest that DNA-PKcs or DNA-PK do not have significant impact on regulating 

gene transcription following DNA damage.
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Chapter 6: DNA-PK is not essential for the p53-dependent 
response to DNA Damage by ionising irradiation

6.1 Background

DNA damage caused by ionising irradiation activates the DNA damage response 

pathway. One important component of this response is the tumour suppressor protein 

p53, which is a transcription factor, that following DNA damage, is activated and up- 

regulates the transcription of genes that are involved in cell cycle arrest and apoptosis. 

Activation of human p53 following DNA damage generated by ionising irradiation 

involves phosphorylation of the Ser-15 residue, which corresponds to Ser-18 of mouse 

p53 (Shieh, et a l ,  1997b; Siliciano, et aL, 1997). Once p53 is activated, it translocates to 

and accumulates in the nucleus where it activates transcription of genes such as p21 (also 

known as W afl or C ipl), MDM2, GADD45 and bax (Chen, et aL, 1994a; el-Deiry, et aL, 

1993; Harper, et aL, 1993; Kastan, et aL, 1992; Miyashita, etaL, 1995 and reviewed in 

Ryan, et aL, 2001).

One candidate activator of p53 is DNA-PK which is implied to turn on the p53-dependent 

response to DNA damage by two separate mechanisms. First, DNA-PK phosphorylates 

Ser-15 of human p53 and Ser-18 of mouse p53 (Lees-Miller, etaL, 1990; Lees-Miller, et 

aL, 1992). Second, DNA-PK is reported to phosphorylate the p53 inhibitory protein 

MDM2, thereby preventing the MDM2 protein from interacting with p53 (Mayo, et aL, 

1997; Momand, et aL, 1992). However, the potential link between DNA-PK and p53 has 

been questioned by the observations from several independent studies that the p53 

response to DNA damage by ionising irradiation is intact in the DNA-PK deficient SCID 

mice (Candeias, etaL, 1997; Fried, et aL, 1996; Huang, et aL, 1996a; Nacht, et aL, 1996; 

Rathmell, et aL, 1997). In agreement with these observations are the results from the 

reciprocal cDNA RDA experiments described in chapters 4 and 5 in this thesis, which 

found no evidence for differential transcription of p53 target genes between irradiated 

cells that are proficient or deficient for DNA-PK.

Recently, however. Woo et al reported that DNA-PK is essential for p53 activation 

following DNA damage (Woo, et aL, 1998). Woo et al observed that primary SCID cells 

retain residual DNA-PK activity and that this might explain why the p53 response is
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intact in SCID cells (Woo, et al., 1998). Therefore, they performed a series of 

experiments using the SCID derived cell line SCGRl 1 that has no detectable DNA-PK 

activity. They found that following treatment with ionising irradiation and other DNA 

damaging agents, endogenous p53 in SCGRl 1 cells is incapable of both binding to its 

target sequence in DNA and activating gene transcription (Woo, et aL, 1998). These 

results were in sharp contrast with those obtained in identical experiments using the 

DNA-PKcs proficient cell line NIH-3T3 (Woo, et aL, 1998). Woo et al also performed a 

series of experiments using the human cell lines M059J (DNA-PKcs deficient) and 

M059K (DNA-PKcs proficient) that were derived from the same glioma tumour 

specimen (Allalunis-Tumer, et aL, 1993; Lees-Miller, et aL, 1995). From these 

experiments. Woo et al concluded that both DNA-PK activity and an unknown factor(s) 

are required for the p53-dependent response to DNA damage (Woo, et aL, 1998).

The literature therefore consists of conflicting reports as to whether DNA-PK is up

stream of p53 following DNA damage by ionising irradiation. One problem with the 

studies that have addressed the potential link between DNA-PK and p53 is that they have 

relied on cells that might not be useful models for this type of study: primary SCID cells 

might retain residual DNA-PK activity, the SCGRl 1 cell line is immortalised and might 

therefore have compromised p53-dependent responses, and the DNA-PKcs deficient 

M059J cell line contains low levels of the ATM protein, another candidate for p53 

activation (Chan, etaL, 1998; Woo, et aL, 1998).

To resolve the issue of whether or not DNA-PK is required for p53 activation, it was 

decided, in a collaboration project headed by the laboratories of Michael Hubank and 

Geoffrey M. Wahl, to investigate the potential link between DNA-PK and p53. In 

contrast to previous reports that used cells that might generate questionable results, this 

collaboration used primary MEFs derived from DNA-PKcs -/- mice that lack DNA-PKcs 

and consequently have no DNA-PK activity, and their wild type DNA-PKcs +/+ 

littermates that have normal DNA-PKcs protein and DNA-PK activity (Taccioli, et aL, 

1998).
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6.2 Sequencing the p53 gene of the SCGR11 cell line

Since the conclusions drawn by Woo et al were based on results from experiments that 

included the SCGRl 1 cell line it was decided to determine the status of SC G Rl 1 p53 by 

DNA sequencing. Three PCR primer pairs were designed that amplify overlapping 

fragments that span the entire mouse p53 coding sequence (figure 6-1). These primers 

were subsequently used to amplify the SCGRl 1 p53 coding sequence using SCGRl 1 

cDNA as template. Following PCR, the amplified products were separated on a 1.5 % 

agarose gel followed by gel purification (figure 6-1). The PCR products were then used
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Figure 6-1 Strategy for sequencing mouse p53. PCR primers were designed to amplify 3 
overlapping fragments of the coding sequence of p53. These primers were used to first 
amplify p53 from SCGRl 1 (Gel picture), and then to sequence the gel purified PCR 
products.

as templates for DNA sequencing using the same primers as had been used in the initial 

amplification. Initial sequence analysis of the gel purified PCR products revealed a
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homozygous T-to-G point mutation at nucleotide 572 in the p53 coding sequence (figure 

6,-2 ).
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TGGTGATGGCCTGG( TCCTCCCCAGI ATCTTATCCGGGTGG-'3

NucleoUde 572 In DNA-PKcs -A p53

Figure 6-2 Homozygous T to G transversion in endogenous p53 of the SCGRl I cell line 
that changes codon 191 from CTT to CGT. This point mutation results in the substitution 
of an arginine (positive charge) for a leucine (neutral charge). This mutation is not 
present in endogenous p53 of DNA-PKcs -/- mice.
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The homozygous T-to-G transversion in nucleotide 572 of SCGRl 1 p53 changes codon 

191 from CTT to CGT (NCBI Accession number AF151353). As a result a hydrophilic 

arginine (positive charge) residue is incorporated instead of a hydrophobic leucine 

(neutral charge) residue during translation. Because point mutations can be generated by 

Taq DNA polymerase through misincorporation of nucleotides during PCR a total of six 

different templates, each from separate PCR reactions, that contain nucleotide 572 of the 

p53 coding sequence were sequenced. The T-to-G point mutation was indeed identified 

in all six templates (figure 6-2). By contrast, sequence analysis of three separate PCR 

templates revealed that p53 from DNA-PKcs -/- MEFs does not harbour this mutation at 

nucleotide 572 (figure 6-2).

6.3 The p53 transcriptional resp o n se  following DNA dam age generated 
by ionising irradiation in ceils lacking DNA-PK activity

DNA damage by ionising irradiation results in the p53 dependent up-regulation of p21, 

MDM2 and GADD45. Therefore, if DNA-PK is required for the p53-dependent response 

to DNA DSBs, the up-regulation of these p53 target genes will be abolished in DNA- 

PKcs -/- mice. The relative levels of transcription of these genes in unirradiated and 

irradiated primary MEFs from DNA-PKcs +/+, DNA-PKcs +/- and DNA-PKcs -/- mice 

were therefore investigated by reverse transcription PCR (RT-PCR). The gel loading 

control for these reactions was an amplified portion of ^-tubulin cDNA. An initial RT- 

PCR showed that both p21 and MDM2 were up-regulated in a similar fashion in 

irradiated MEFs from DNA-PKcs -/-, DNA-PKcs +/- and DNA-PKcs +/+ MEFs. This 

result was confirmed in two additional RT-PCR experiments. The final RT-PCR 

experiment also included primers for the GADD45 gene that, like p21 and MDM2, was 

found to be up-regulated after DNA damage in DNA-PKcs -/- MEFs (figure 6-3).

The p53 transcriptional response following the generation of DNA DSBs by ionising 

irradiation in Ku80 and DNA-PKcs mutant cell lines was then investigated by northern 

blotting. This experiment demonstrated that p21 was up-regulated following irradiation 

in a similar fashion regardless of Ku80 or DNA-PKcs status (figure 6-3). As expected, 

there were no detectable levels of p21 or MDM2 in irradiated SCGRl 1 cells. MDM2 did 

not display the same pattern of up-regulation as p21 following DNA damage in the
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hamster lines. A possible explanation for this is that efficient MDM2 transcription might 

require other proteins that are lacking in these immortalised hamster cell lines.

RT-PCR

S S WWW
^ ^a. a. a.i 2 àQ O O

>.Ü

f - î

M(0(0(A(A(0^Q u u o u u u^ ^  ̂  ^ ^ ^
Q. a  Q. Q. Q. Q.

Z  Z  Z  Z  Z  Z  
O  O  Q  O  O  O

1 1  
7 S
Z  Q.

B 3  Tubulin 
B p 2 1  
B Ü  MDM2 
C a  GADD45

+RT -RT

B
NORTHERN BLOTS

>. >, O O
>. >.
Ü ÜO Tt 
«2 p
m m 
X  X  8  §

cr oc

o
o

a

>> o o o o
S S O o o ' t o

6 Ô
o

? 7
2

9
X X 9 CO S2 2 2
Ü o > :> X X X g g

p 2 1

G-Phos

MDM2

Figure 6-3 Transcription of p53 target genes following ionising irradiation. A. RT-PCR 
using cDNA template derived from unirradiated and irradiated primary DNA-PKcs +/-r, 
DNA-PKcs +/- and DNA-PKcs -/- MEFs primers for GADD45, MDM2 and p2l genes, 
and a -R T  control using the same primers. B. Transcription of p2l and MDM2 in 
unirradiated and irradiated samples derived from Ku80 mutant xrs-4 and xrs-5, Ku80 
complemented xrs-5-(-Ku80, DNA-PKcs deficient V3 and SCGRl I and wild-type CHO- 
Kl and NIH-3T3 cell lines. With the exception of NIH-3T3 and SCGRl I that are mouse 
fibroblast cell lines all the cell lines are derived from hamster

6.4 Results from our collaborators

Concurrent work by the other laboratories in this collaboration (summarised in figure 6-4)
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Figure 6-4 Results from our collaborators. The work was carried out using primary 
mouse embryonic fibroblasts derived from DNA-PKcs 4 -/-I - , DNA-PKcs -f / -  and DNA- 
PKcs -/- mice and the SCID derived fibroblast cell line SCGRl I. IR = ionising 
irradiation. IR = ionising irradiation. LLnL = N-Acetyl-Leu-Leu-Norleucinal, a 
proteosome inhibitor. pAb421 = anti-p53 antibody Ab421. The people involved in the 
work presented in this figure were Gretchen S. Jimenez, Michelle Beeche and Geoffrey 
M. Wahl (Gene Expression Laboratory, The Salk Institute, La Jolla, California, USA) 
and Shin'ichi Saito, Kazuyasu Sakaguchi and Ettore Appella (Laboratory of Cell Biology, 
National Cancer Institute, National Institute of Health, Bethesda, Maryland, USA).

support the observations described in sections 6.2 and 6.3. SCGRl 1 cells, like primary 

MEFs derived from p53 -/- mice, do not arrest in G 1/S following treatment with ionising 

irradiation. In contrast, primary MEFs derived from DNA-PKcs 4-/4-, DNA-PKcs 4-/- and
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DNA-PKcs -/- mice respond to DNA damage generated by ionising irradiation by 

arresting in G 1/S. Furthermore, ionising irradiation treatment leads to phosphorylation of 

p53 Ser-18, p53 stabilisation and nuclear translocation in both DNA-PKcs +/+ and DNA- 

PKcs -/- cells. p53 in SCGRl 1, on the other hand, is stable and present in large amounts 

even in cells that have not been treated with ionising irradiation. Finally, it was 

demonstrated that endogenous p53 of both DNA-PKcs +/+ and DNA-PKcs -/- MEFs 

binds to oligonucleotides containing its target sequence following treatment with ionising 

irradiation.

6.5 D iscussion

The collaborative work presented here was initiated in response to a recent report which 

concluded that DNA-PK is required for p53 activation following DNA damage generated 

by ionising irradiation (Woo, et aL, 1998). In contrast to previous studies, we took a 

direct approach to address whether DNA-PK is an essential up-stream activator of p53 by 

investigating the p53-dependent response in irradiated primary MEFs derived from mice 

that are null for DNA-PKcs and therefore lack detectable levels of DNA-PKcs protein 

and DNA-PK activity (Taccioli, et aL, 1998). The findings presented here demonstrate 

that the p53-dependent response to DNA damage by ionising irradiation is intact in DNA- 

PKcs -/- MEFs. Following treatment with ionising irradiation, endogenous p53 of DNA- 

PKcs -/- MEFs is phosphorylated on Ser-18, stabilises, accumulates in the nucleus, binds 

to its target sequence in DNA, and up-regulates transcription of its target genes. 

Furthermore, DNA-PKcs -/- MEFs have a fully functional G 1/S arrest in response to 

DNA damage generated by ionising irradiation. In fact, DNA-PKcs -/- MEFs display a 

higher ratio of G 1/S arrest compared to DNA-PKcs +/+ and DNA-PKcs +/- MEFs, a 

characteristic that probably reflects the presence of unrepaired DNA DSBs.

The results generated by this collaborative project therefore provide evidence that DNA- 

PK is not a required up-stream activator of the p53-dependent response to ionising 

irradiation. This conclusion is supported by independent characterisation of the p53- 

dependent response in two separate DNA-PKcs -/- mouse models. When cells derived 

from the DNA-PKcs -/- mouse generated by Kurimasa et al, are treated with ionising 

irradiation, endogenous p53 is phosphoiylated at Ser-18, accumulates, binds to its target 

sequence, up-regulates the transcription of p21 and MDM2 and induces normal G 1/S
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arrest (Araki, et al., 1999; Burma, et al., 1999; Kurimasa, et al., 1999b). Another DNA- 

PKcs -/- mouse model that has been used to investigate the link between DNA-PK and 

p53 is the SLIP mouse (Jhappan, et al., 1997; Jhappan, et al., 2000). Jhappan et al found 

that following treatment with ionising irradiation cells from the SLIP mouse arrest in 

G 1/S and that endogenous p53 of SLIP mice accumulates followed by normal up- 

regulation of the p53 target genes p21 and bax (Jhappan, et al., 2000). The p53- 

dependent response to DNA damage generated by ionising irradiation is thus intact in 

three separate DNA-PKcs -/- mouse models. These findings are supported by 

observations using other DNA-PK deficient backgrounds. Endogenous p53 of the DNA- 

PKcs null cell line SX9 is phosphorylated at Ser-18 and accumulates following DNA 

damage by ionising irradiation (Araki, et al., 1999). Furthermore, cells derived from 

Ku70 -/- and KuSO -/- mice, that lack the DNA-PK complex, display intact cell cycle 

arrest following treatment with ionising irradiation (Gu, etaL, 1997b; Nussenzweig, et 

al., 1996). As demonstrated here, the p21 gene is also up-regulated following ionising 

irradiation in immortalised hamster KuSO and DNA-PKcs deficient cell lines. Taken 

together, these observations provide convincing evidence that DNA-PK, and 

consequently DNA-PK activity, is not essential for p53-dependent transcriptional 

response to DNA damage generated by ionising irradiation.

Woo et al based their conclusion that DNA-PK is required for p53 activation on 

experiments that included the observations that when SCGRl 1 cells are treated with 

ionising irradiation, SCGRl 1 p53 fails to bind to its target sequence in DNA, and as a 

consequence, cannot up-regulate gene transcription (Woo, et al., 1998). The work 

presented here further investigated the p53-dependent response to DNA damage 

generated by ionising irradiation in SCGRl I cells. We first confirmed the findings of 

Woo et al that endogenous p53 of the SCGRl 1 cell line is incapable of binding to its 

target sequence in DNA, and that it is transcriptionally inactive. We then extended the 

findings by Woo et al by demonstrating that SCGRl 1 cells, like p53 -/- MEFs but in 

sharp contrast to DNA-PKcs -/- MEFs, fail to arrest in G 1/S after treatment with ionising 

irradiation. Furthermore, it is here demonstrated that, unlike p53 of DNA-PKcs -/- and 

DNA-PKcs +/+ MEFs, endogenous p53 of SCGRl 1 is present in high levels in the 

nucleus of unirradiated cells. These observations suggest that SCGRl 1 cells express a 

mutant p53 protein that is stable but incapable of interacting with its target sequence in 

DNA (Woo, et al., 1998). DNA sequencing demonstrated that the SCGRl 1 p53 coding 

sequence harbours a homozygous T to G transversion at nucleotide 572, which changes
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codon 191 from CTT to CGT and results in the replacement of a leucine -  an electrically 

neutral, hydrophobic residue with arginine - a long, positively charged hydrophilic 

residue. Codon 191 of mouse p53, which corresponds to codon 194 of human p53, is part 

of a region of the p53 DNA binding domain that does not directly interact with the DNA 

molecule (Cho, et a l ,  1994). Therefore, this leucine to arginine substitution at codon 191 

is likely to generate a conformational change in the SCGRl 1 p53 protein that may render 

it incapable of interacting with its target sequence in DNA. Such a conformational 

change might also explain why p53 of SCGRl 1 cells, in contrast to cells that express 

wild-type p53 protein, is constitutively present in high concentrations in the nuclei of 

unirradiated cells. The demonstration that endogenous p53 of SCGRl 1 contains a 

homozygous T to G transversion at nucleotide 572, has also been independently 

confirmed by the laboratory of Dr. Masumi Abe (Araki, et a l ,  1999). This mutation has 

also been identified in several human cancers (Hemandez-Boussard, et a l ,  1999). Taken 

together, these observations provide evidence that the reason why the p53-dependent 

response to ionising irradiation in SCGRl 1 cells is deficient because the SCGRl 1 p53 

protein is mutated. The SCGRl 1 cell line is therefore not a useful model for studying the 

link between DNA-PK and p53.

The results presented here together with several other lines of evidence suggest that a 

better candidate kinase for the p53-dependent response to DNA damage is the ATM 

protein which is defective in patients with the AT disorder. The ATM protein, like DNA- 

PK, phosphorylates human p53 at Ser-15 in vitro (Banin, et a l ,  1998; Canman, et a l ,  

1998; Khanna, et a l ,  1998). Cells derived from AT patients show a significant reduction 

and delay in phosphorylation of Ser-15 of p53 following treatment with ionising 

irradiation (Siliciano, et a l ,  1997). The demonstrations that phosphorylation of p53 Ser- 

15 following treatment with ionising irradiation are increased after expression of wild- 

type ATM protein in AT cells, and that expression of an ATM anti sense construct in 

wild-type cells impairs the kinetics of p53 Ser-15 phosphorylation in wild-type cells 

provide strong evidence that ATM is responsible for in vivo phosphorylation of p53 Ser- 

15 in response to DNA damage generated by ionising irradiation (Khanna, et a l ,  1998). 

Furthermore, even though cells derived from AT patients have normal DNA-PK activity, 

they are incapable of arresting normally in G 1/S following ionising irradiation treatment 

(Jongmans, et a l ,  1996; Kastan, et a l ,  1992). In addition to inducing ionising irradiation 

induced G 1/S arrest by directly phosphoiylating Ser-15 of p53, the ATM protein is also 

implicated to regulate p53 mediated G 1/S arrest via two other mechanisms. First, ATM
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is reported to initiate a signal transduction pathway by phosphorylating the Chk2 kinase, 

which in turn, phosphorylates Ser-20 of the p53 protein, a phosphorylation which might 

prevent the MDM2 protein from interacting with p53 (Chaturvedi, et aL, 1999; Chehab, 

et aL, 2000). Second, ATM might also regulate p53 mediated G 1/S arrest by 

phosphorylating MDM2 (Khosravi, et aL, 1999).

Another protein kinase that is implicated in activating p53 following ionising irradiation 

is the ATR protein that phosphorylates Ser-15 of p53 (Hall-Jackson, et aL, 1999; Lakin, 

et aL, 1999; Tibbetts, et aL, 1999). ATR is difficult to investigate because there are no 

viable knockout models (Brown, et aL, 2000; de Klein, et aL, 2000). However, using an 

antisense approach, Tibbets et al, provide evidence that ATR is responsible for the later 

stages of Ser-15 phosphorylation following DNA damage by ionising irradiation 

(Tibbetts, et aL, 1999). Thus, whereas ATM is involved in the immediate 

phosphorylation of Ser-15 of p53, this result suggests that ATR is responsible for 

maintaining the p53 response.

In summary, the findings presented here demonstrate that the p53-dependent response 

following DNA damage is intact in DNA-PKcs -/- MEFs. Therefore, DNA-PK is not 

essential for the p53-dependent response to DNA damage. Instead, the available evidence 

suggests that the ATM and ATR protein kinases are responsible for p53 activation 

following DNA damage by ionising irradiation.
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Chapter 7: Conclusions

DNA DSBs generated by ionising irradiation activates the NHEJ repair mechanism. Five 

essential components of mammalian NHEJ have been identified: XRCC4, DNA ligase 

IV, Ku70, Ku80 and DNA-PKcs. In vitro reconstitution of mammalian NHEJ repair has 

also demonstrated the requirement of at least one unknown factor (Baumann, et aL, 1998; 

Lee, et aL, 2000). The three proteins Ku70, Ku80 and DNA-PKcs interact to form the 

catalytically active DNA-PK complex, whose kinase activity is required for NHEJ repair 

(Kienker, et aL, 2000; Kurimasa, et aL, 1999a). Despite extensive efforts in recent years 

to elucidate DNA-PK and its subunits their exact in vivo role(s) during NHEJ repair are 

unresolved. A number of studies have implicated Ku and DNA-PK in the regulation of 

gene transcription. Therefore it is possible that one of the role(s) of Ku and DNA-PK 

during NHEJ is to modulate the expression of genes whose altered transcription is 

required for the NHEJ repair process. In addition, DNA-PK has also been implicated to 

modulate gene transcription via the DNA damage response pathway.

The experiments described in this thesis took a direct approach to investigate whether one 

of the roles Ku, DNA-PKcs or the active DNA-PK complex is to facilitate NHEJ repair 

by regulating gene transcription. Following the generation of DNA damage by ionising 

irradiation to activate NHEJ repair, reciprocal subtractions were carried out in two 

different DNA-PK deficient systems. The first system consisted of the immortalised 

NHEJ deficient hamster Ku80 mutant xrs-6 cell line and its NHEJ proficient Ku80 

complemented equivalent xrs-6(2E). These experiments therefore targeted potential 

differential transcription as a result of Ku or DNA-PK activity. In the second system, 

reciprocal cDNA RDA experiments were performed using primary MEFs derived from 

NHEJ deficient DNA-PKcs -/- mice and their NHEJ proficient DNA-PKcs +/+ littermates 

to investigate whether DNA-PKcs or DNA-PK regulates gene transcription.

Differential gene transcription was detected and confirmed in the tester and driver 

population in both the xrs-6 and the DNA-PKcs -/- systems. Subsequent screening 

revealed that, with the exception of LAMA4, these transcriptional differences did not 

display a transcriptional expression pattern that is consistent with Ku80 or DNA-PKcs 

status. The observation that considerable transcriptional heterogeneity exists between 

two populations with minimal genetic variability, therefore, enforces the importance of
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employing a prudent screening approach in order to avoid the identification of false 

positives as genuine transcriptional targets. This is an especially important consideration 

to take into account when employing sensitive techniques such as cDNA RDA or DNA 

micro array technology to investigate differential transcription between two populations.

The work presented here provides evidence that the extracellular matrix protein LAMA4 

is regulated positively by DNA-PKcs in a manner that is not influenced by an irradiation 

dose of 4 Gy followed by 4 hours incubation at 37 °C. LAMA4 was found be expressed 

at the transcriptional level by all DNA-PKcs proficient and de regulated in all DNA-PKcs 

deficient cell lines examined. These observations together with the finding that LAMA4 

gene transcription was partially restored in two separate transient transfections of wild- 

type DNA-PKcs cDNA into immortalised DNA-PKcs -/- MEFs, makes LAMA4 a 

putative candidate for DNA-PKcs mediated regulation. Although, these observations 

provide evidence for DNA-PKcs mediated regulation of gene transcription it is difficult 

to see how the LAMA4 protein could be required for the NHEJ repair process. Rather, 

this finding might reflect a NHEJ independent function of DNA-PKcs.

Apart from up-regulation of LAMA4 transcription, the work presented here does not find 

evidence for Ku, DNA-PKcs or DNA-PK mediated regulation of gene transcription. It is, 

however, important to interpret these findings in light of the limitations of the method 

used here. The statistical analysis of the theoretical limitations of cDNA RDA by Ms. 

Jenny Regan shows that 14 % of transcripts fail to generate amplifiable fragments in a 

representation. Therefore, the theoretical probability for cDNA RDA to fail to detect one 

differentially expressed transcript is p = 0.14, two transcripts p = 0.02 and three or more 

transcripts p < 3.0 x 10 ̂ . Furthermore, the cDNA RDA experiment described in chapter 

3 suggests that, although cDNA RDA detects differential gene transcription, small-scale 

up-regulations of gene transcription might escape enrichment in successive rounds of 

subtraction. Therefore it is not possible to rule out a minor effect on up-regulation or 

down-regulation of gene transcription exerted by Ku and DNA-PK following DNA 

damage by ionising irradiation.

Another important parameter to take into account when interpreting the data generated by 

the cDNA RDA experiments described in this thesis is the dose of ionising irradiation and 

the incubation time used following irradiation treatment prior to isolation of starting 

materials for cDNA RDA. The work presented here consistently used a dose of 4 Gy of
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ionising irradiation followed by an incubation time of 4 hours to allow for transcription to 

proceed prior to isolation of starting materials for cDNA RDA. Approximately, 30-40 % 

of NHEJ proficient cells recover from the DNA damage generated by 4 Gy of ionising 

irradiation, whereas only 0-2 % of NHEJ deficient Ku80 and DNA-PKcs mutant cell lines 

recover from this damage. Thus, 4 Gy of ionising irradiation effectively activates NHEJ 

in a manner that enables a large portion of wild-type cells to make a full recovery, 

whereas almost all NHEJ deficient cells fail to recover. The incubation time of 4 hours 

following the generation of the DNA damage was chosen because NHEJ repair is 

activated and most damage repaired within this time (Kemp, et aL, 1984; Iliakis, et aL, 

1992; Candeias, et aL, 1997; Nevaldine, et aL, 1997; Ouyang, et aL, 1997; Woo, et aL, 

1998; DiBiase, et aL, 2000). It is possible that Ku or DNA-PKcs regulate gene 

transcription at early or late phases of NHEJ repair in a manner that would be difficult to 

detect following 4 hours of incubation time. Therefore, a suggestion for future work 

would be to investigate the transcriptional response in cells that are deficient for Ku or 

DNA-PKcs at different doses of ionising irradiation and time points than 4 hours 

following ionising irradiation.

Taking the limitations of the method into account, it is therefore not possible to interpret 

the data from the cDNA RDA experiments presented in this thesis as evidence that Ku, 

DNA-PKcs or the active DNA-PK complex do not regulate gene transcription of genes 

whose altered expression is required for NHEJ repair. Instead the evidence described 

here suggests that Ku, DNA-PKcs or the active DNA-PK complex do not significantly 

affect gene transcription as part of their function in NHEJ repair.

The work presented here also demonstrates that the p53 response is intact in primary cells 

derived from the DNA-PKcs -/- mouse model generated by Taccioli et al (Taccioli, et aL, 

1998). The p53 response following ionising irradiation is also fully functional in the 

DNA-PKcs -/- mouse models generated by Kurimasa et al and Jhappan et al (Araki, et 

aL, 1999; Burma, et aL, 1999; Jhappan, et aL, 1997; Jhappan, et aL, 2000; Kurimasa, et 

aL, 1999a). These observations, and the demonstrations here and by others that aspects 

of the p53 response is intact in various other cells that lack DNA-PK activity, therefore 

provide convincing evidence that DNA-PK is not required for the p53-dependent 

response to DNA damage generated by ionising irradiation (Araki, et aL, 1999; Gu, et aL, 

1997b; Nussenzweig, etaL, 1996).
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Taken together, the results presented here therefore demonstrate that in the cellular 

response to DNA damage generated by ionising irradiation DNA-PK is not essential for 

activation of the p53-dependent response, and suggest that Ku, DNA-PKcs or the active 

DNA-PK complex do not facilitate NHEJ repair by exerting a significant effect on gene 

transcription, but instead perform other functions that are directly confined to the NHEJ 

repair process itself.
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Appendix

A.1 Publications generated  by th is  Ph D project

This PhD project has generated one poster and two publications.

Poster

Bryntesson Fredrik., Jenny C. Regan, Maria I. Torres-Arzayus, Penny A.
Jeggo, Guillermo E. Taccioli and Michael Hubank “Evidence for Limited 
Transcriptional Modulation by DNA-PK following Ionizing Radiation”
Presented at the American Society For Microbiology Conference on DNA 
Repair and Mutagenesis, Hilton Head, South Carolina, USA, Friday 5 
November 1999.

Publications (Joint first and first author)

Jimenez, G. S., F. Bryntesson, M. I. Torres-Arzayus, A. Priestley, M. Beeche, S. 
Saito, K. Sakaguchi, E. Appella, P. A. Jeggo, G. E. Taccioli, G. M. Wahl, and M. 
Hubank (1999) DNA-dependent protein kinase is not required for the p53- 
dependent response to DNA damage. Nature 400:81-3

Bryntesson, F., J. C. Regan, P. A. Jeggo, G. E. Taccioli, and M. Hubank (2001) 
Analysis of gene transcription in cells lacking DNA-PK activity. Radiat Res 
156:167-76

Publications (Book Chapter)

Hubank, M„ Bryntesson, F„ Regan, J.C., Sehatz, D.G. (2001) Cloning of apoptosis-rela 
genes by representational difference analysis of cDNA. In: Apoptosis; Methods and 
Protocols. Ed. Brady, H. Humana Press, Totowa, NJ, USA. (Part of the “Methods in 
Molecular Biology” series of guides) In Press.
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UamsKC to DNA in the cdl activates the tumour suppressor 
protein p53 (ref. I), and failure of this activation leads to genetic 
instability and a predisposition to cancer. It is therefore crucial 
lo understand the signal transduction mechanisms that connect 
DNA damage with p53 activation. The enzyme known as DNA- 
dependent protein kinase (DNA-PK} has been proposed to be an 
essential activator of p53 (refs 2, 3), but the evideiKe for its 
involvement in this pathway is controversial’̂ . We now show that 
the p53 response is fully functional in primary mouse embryonic 
fibroblasts lacking DNA-PK; irradiation-induced DNA damage in 
these defective fibroblasts induces a normal response o f p53 
accumulation, phosphorylation of a p53 serine residue at position 
IS, nudmr localization and bindmg to DNA of p53. The upregulation 
of p53-tafget genes and cell-cycle arrest also occur normWly. The 
DNA-PK-deficient cell line SCGRl 1 contains a homozygous 
mutation in the DNA binding domain of p53, which may explain 
the defective response by p53 reported in this line’. Our results 
indicate that DNA-PK activity is not required tor cells to mount a 
p53 dependent response to DNA damage.

D N A -P K '■ prim ary m ouse em bryonic fibroblasts (MF.Fs) were 
derived from a m ouse Itarbouring a targeted d isruption  o f  the 
catalytic subunit of DNA-PK which causes loss o f  the  kinase 
activity'. The phenotype o f these MEFs is radiosensitive, as are 
the phenotypes of S O D  (severe com bined im m unodeficient) m ice 
and o f high-passage num ber transform ed lines derived from  these 
mice, such as SCGRl 1 (Fig. la ). A lthough it is unclear wbe titer there 
is a residual DNA-PK function in SCID-derived cells, DNA PK  
MEFs have no DNA-PK activity or any detectable DNA-PK protein 
by western Wotting'. If DNA-PK were required for p53-m ediated 
cell-cycle arrest in resjtonse to DNA damage, then D N .\ damage 
should no t induce a cell cycle arrest in DNA-PK ' cells. However, 
like wild-ty|ve cells, irradiated DNA-PK MEFs accum ulate in G I

phase as a result o f  cell-cycle arrest (Fig. lb); we also found that 
irradiated DNA-PK"'" MEFs have a higher G l/S  ratio than DNA/ 
PK*'* o r + /-  cells irradiated with the same dose, probaWy because of 
the persistence o f  unrepaired double-stranded DNA breaks. DNA- 
PK " MF.Fs also undergo arrest of the cell cyde in resjxinse to  the 
antim etabolite PAI-A (n-(phosphunacetyl)-L-aspartate) or the 
m icrotubule-depolym erizing agent cWcemid (data no t show n). In 
contrast, p53"'“ MEFs and SC G R ll cells con tinue to  cycle after 
DNA d an ii^e  (Fig. Ib).

We next investigated the stabilization o f p53 and its m obilization 
to the nucleus after diffcrent types o f  DNA damage. Using indirect 
im m unofluorescence to  track the subcellular localization of p33 in 
wild ty;ie and  DNA-PK MEFs, we found sim ilar rates o f  nuclear 
accum ulation and a com parable duration o f  nuclear localization 
after y irradiation or treatm ent w ith actinom ycin D in both cdl 
tyjvc-s (Fig. 2A, and  data not shown). By u in tras t, SGGR11 cells 
contained large am ounts of nuclear p53 even in untreated cells, 
which is indicative of the presence o f m utant, staWe p53 (Fig. 2A).

p53 is phosphorylated at highly conserved am ino term inal serine 
residues in response to DNA dam age " Phosphorylation o f  p53 at 
serine 15 reportedly blocks binding o f the p53 inhibitor MDM2, 
preventing Af/)Af2-mediated degradation of p53. This stabilized 
p53prote in  can then transactivate its targ rl genes ''. The structurally 
related kinases ATM, ATR and DNA-PK all phosplxirylale p33 at 
Ser 13 in vitro'*. However, phos[ihorylation o f  Ser 13 and accum u
lation of p53, m onitored  by im m unoprécipitation after either 
ultraviolet or y-irradiation, occurred to the sam e extent in DNA- 
PK ' and wild type MEFs (Fig. 2B, C, and data not shown!. We 
conclude that DN.A-PK is therefcire dispensiWe for the nuclear 
accum ulation o f p33, phosjihoryfation of Ser 13, and stabilization 
of p33 tliat occur in resfHinse to DNA damage.

O nce in the  nucleus, p 3  binds to  specific DNA sequences in 
prom oters and enhancers of genes that are involved in cell cycle 
arrest and ap ip to s is '. It has been (ircposed that p33 m ust be

100 - o -  DNA-PK +. ♦ 
DNA-PK - I -  

-O - SCGRll
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DNAPKV* DNAPK*-/- DNAPK-.'- p53-V- SCGRll

Rgura 1 Cell-cycle arrest response of DNA PK MEFs following irradiation, 
a  DNA PK cells show a evel of radcsensitrvity tnat is identical to that of 
SCGRll cells. The results reoresent the rnean » s.d. of 3 indeperxJent 
exoenments b  Using dual-parameter mcrofluonrnetry. G1, S or G2.'M of rase 
was assessed  on >1Q000 collecteo cells per sample Fluorescence-actn/ated 
ceil sorting (FACS) analysis was performed at least twice for each treatment and 
the results reoresent tfre rnean of tn eG l/S  phase ratio * s.d.
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Hgura 2 Axumulation ax l localization of o63 ototein. A p5J localization n  
untiBated DNA PK IvfFFs !a),4 h afTer6Qvr''ra<3iaf'Of (•>). untreeteo wild type 
MEFs(e), 4n  after 6 Oy y  irradiation (d), untieatea SCGRll ceils I*), and p53 
MEFstreateoVKitti actinomycinD for 4 h (f) B. ImmjnoprecipitBtionofp53 protein 
from yyil* type and DftAPK MEFs C.immunootecipitationfoliovyedOyweslern 
blotting with antrpfiospftoserine 1b antibody (top, upper band. 52K), and control 
tjlotted with A04P1 (bottom). Tfte antrpnospnoserine-15 blot contains a 
nonspeoftc band at bOK

modiHcd by DNA-PK to  b ind cflicientlv to  DNA*, bu t we find that 
endogenous p33 binds to a specific DNA target oligom er equally 
well in extracts prepared from irradiated DNA-PK . + / -  or +/+ 
cells (Fig. 3a). In contrast, p53 in nuclear extracts from  irradiated 
S tX îR Il cells does not bind to  this p53 consensus site. We next 
tested whether DNA- PK activity affected the transactivation of p53 
target genes Analysis using the polymerase chain reaction with 
reverse transcription (RT-F^R) revealed that the p53 target genes 
p2 I, ItA P IU S  and M D M 2  were all uprcgulated in irradiated DNA- 
PK ' prim ary MF.Fs to  the same extent as in wild-type MEFs 
(Fig. 3b). We conclude that the entire p53 response is intact in 
DNA-PK MEFs.

In contrast to  DNA-PK '  MEFs. the m utant line SCG Rll 
showed no detectable p53 response in any of our experiments; 
also, there is no p53-m ediated upregulatiiui o f  p21 in response to  
irrad iation '. We examined the p53 transuctivationul response in a 
range o f  transform ed fibroblast lines carrying m utations in DNA- 
PK or in its Ku80 subunit*"'*. p21 and, to  a lesser extent, M P M 2, were 
indue edby-y irradiation in all cell lines, regardless of the ir DNA-PK 
plienotype, w ith the exception o f the SCGRll cell line (Fig. 3b). 
Sequencing o f  p53 in SCGR 11 identified a hom ozygous T-to-G  
transversion at nucleotide 572 in the D N A -hnding region of p53, at 
wliich an arginine is substituted for a leucine at codon 191. This 
corresponds to a m utation in hum an p53 (at codon 194) that has 
been identified in leukaemias, lym phom as and cancers o f  the lung, 
breast and oesophagus'" T he p53 sequence in DNA-PK MEFs was
wild-type.

The m u tan t p53 found in S C G R ll cells is stable, nuclear, and 
transeriptionaUv inadive (Figs 2, 3); these cells can support trans
criptional activation when transfected with wild type p63 (D. Lane, 
personal com m unication). These results cast doubt upon the idea 
tha t DNA-PK is necessary for p53 activation in these cells', although 
Woo el id detect sj>ecific binding o f  p53 from  both w ild-type and 
SCGRl I cells to  DNA, apparently in a DNA-PK dependent 
m anner This discrepancy w ith our findings may be expbined if 
the pAb42l antibody needed for binding in these experim ents can 
stabilize a non-physiological interaction between an irradiation- 
modified form o f  wild-tyj->e o r m utan t p53 and  its DNA target 
sequence. In the  case o f SCGRl 1, this m odification m ust induce a 
conform ational change in its non binding m u tan t p53 to a form

I i
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MO M2 m "  w
Flgur»3p53birYclingandtrans0ctvationinDNA PK ' MEFs a. GeEshift Bpaiysis 
cjf p63 binding to a p63 specific oligonucleotide template All leactions were 
incubated w tn pAp421 b. Activation of pB3-depenaent target genes by y  
irradiation. Se mi-quantitative RT PCR was performed using tubuHn as a control 
p f  a ndGAD045 were upregu lated mall groups in response to irraoration,
c. Northern blot analysis of irradiated transformed lines

capable of binding  DNA. The positioning  o f the m utated am ino 
acid away from  the DNA binding su rb ce  o f  the molecule would 
allow this. However, although this raises interesting questions about 
the way in which p53 pho&phorybtion influences binding activity, it 
is clear that even if such D NA-PK-dependent m odification occurs 
in v/i'o, it is not required for p53 activation.

There is o ther evidence against a role for DNA-PK in the 
activation of p53. If p53 is dow nstream  of DNA-PK in the signalling 
pathway, there should be no requirem ent for selection irf a p53 
m utation in SC G R ll. N either D N A -PK - nor Ku deficient mice 
have a p 5 3 '' phenotype, and there does not ap(iear to be a failure of 
DNA-dam age-induced cell-cycle arrest in these m ic e '" '" .  Further 
m ore, cells deficient in ATM kinase, which still contain functional 
DNA-PK, do  not arrest effectively after DNA dam ;^c , arguing 
against a redundant role for DNA PK in the p53 response'* It
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is m ore likely that the ATM and  ATR kinases are better candidates 
for aitivatiny p53, althnugli DNA-PK may operate differently in 
humans. We conclude that DNA PK does not act upstream  o f p53 in 
the DNA-dam age-response pathway. □

Method*
MEF*, c # *  Wn** a n d  re * g * n t* . DNA KK ' , - / + a n d W +  primary MEFs were 
^ n m y |i« d  and cu ltured  kir a m axim um  o f  ses en passages in  KPMI m edium  
with 10% RZS. I m M  2-m ercaptoethanol and antibiotics, o r  in  1>MEM 
m ed ium  with 10% R :S  and  an tib io tics. D N A -Pk detective tibroblast lines, 
xrs4, xrs5. xrs6 (ham ster KuSO m utan ts). V3 (ham ste r DNA-PK m u tan t) 
and SC'RGII (m o u se  DNA-PK m u tan t), together with contro ls xrsS iK u  
(xrs5 com plem ented  w ith w ild  type KiiltO), w ild-type ce Ils G H D K  I (ham ster), 
p53 ' MEFs a n d  3T3 (m ouse) cells, were grow n in  DM EM with 10% K2>. 
I g lu tam ine, NFAA and an tih io tics Cells were -y irradiated at rix ira  tem 
perature al a dose rate of 2 Gy m in” ' w ith a “ C o  -y in a d ia to r  UV-C (25 I m  ')  
rad ia tion  was adm inistered  at a dose rale o f  4 .4) m '”s”*. Calpain inh ib itor I 
(I.Lnl.; sigm a) was used a t 20tcM  for 4 h. .Actinomycin D (Sigma) was used at 
.MOngml '
S urv ival. MEFs that h ad  been -y irradiated were plated on  a feeder laser o f  
lethally irradiated cells and th e  surviving colonies were co u ia ed  ten days later. 
C a#  c y d a  a n a ly s is .  Cells from a t  least two independently  derived em bryos 
were used for D N A -P K '" , + /-  and - I -  MEFs. Log phase cells were irradiated 
with I Gy o r f» Gy y rad ia tion  a n d  incubated  for 24 h. Cells were fixed in 70% 
ethanol an d  double stauied with B rD l' -PI as described", 
h n m u n o f lu o ra sc a n c s . O i l s  were irradiated on their coverslips. fixed in  
1:1 acetivie n iethanol an d  stauied w ith anti p53 an tibody Ab42l (CalHiochem  
Ab-1), frilkiwed by f  I IC  coniugated p ia t  anti m ouse secondary (Boehringer 
M annheim ) an d  Hoescht 33258 (Sigm a) Im ages were cap tu red  using a Mix 
objective an d  the D eltavision system.
f rn m u n o p rsd p fta t io n . ( e l l  ex tracts w ere p repared  an d  western blotted as 
d esc n lie d " , excepit that nxiuse p53 was collected by centrifugation with 
pi.Ab421 -agarose  beads. A lhnity  p u n lied  rabbit pohxlonal an tibod ies agauist 
a hu m an  pveptxle con ta in ing  pihospshixybteil serine 15 were prepared  as 
descn lied"
G M -s liifta ssay . Nuclear extracts were p repared  4 h after 6 Gy y -irra d ia lio n '' 
Ih e  final DNA bind ing  re ac tuals con ta ined  KXIm.M KCl, 20m.M HEPES, pH 
7.6, I itlM D l l ,  10% glycerol, 100ng salm on sperm  DNA, an d  0.1 ng -y-'-P 
end labelled p53 consensus o r  m u tan t double stranded o lignnuclentide (Santa 
C rue Hmtechnolop^ ). Samples were incubated  frir 30 n u n  at ro o m  tem perature 
and then  few a further 15 m in  after addition  o f 0.5 p g  Ab42l to  supiershiA p5.3- 
DN.A com plexes. 2 ng  (20 (old ex c e» ) o f  unlabclled consensus oligonucleotide 
was added as a com petito r where indicated. Sam ples were ru n  o n  a 5% Ir is - 
borate-E D T A  polyacrylam ide gel.
RT-PCR. DN A  PK - I - ,  t / -  and t / +  .MFFs were irradiated w ith  4 Gy an d  
incubated  at 3 7 1  fo r 4 h Total cellular RN.A was prepared using  the TRIZOI. 
(G ibco) m ethod. Residual genom ic L>NA was rem oved with DNase and  mRN.A 
was Isolated using  OligrXex (Q lA G EN ). F irst-strand cDNA was prepared using 
random  hexam er prim ers. G on tm l reactions w ith o u t reverse transcrip tase gave 
no  signal cD NA was used as tem plate in  PGR reactions with the SiHowing 
prrm cr sets. p21 5 ' G (X iT G G G (m X :A ( AGTGAGG 3 ' an d  5 ' AAATGTGT- 
G A (R R :T G G T T :nX :C  3 ' (am plified  fragm ent size, 371 bp ), M D M 2 5 '- 
GGAfX:GG.AAAAGGAGA(GTrA(A, 3 and S' C rG G (T rG (T r(R :T G (T (R : 
IA ((-3 ' (am plified  fragm ent size. 5 l2 b fi) an d  G A IX )45 5 -AGAGGAGAA- 
GAGG(i.AAAGGAT(k3' and 5'-.AlGCGGiGAGiGATGrrGATl'.TtXl-3’ (248 bp). 
T u b J in  5'-GAGA('.TGT(R;G.AAG(:AGATGG-3' and S'CT.AGGGAAGCA- 
GATt;TGGT.AG-3’ (61 2 bp ) was used as a co rtro l.
N o n fw rn  b lo t a n a ly sis , ( è l l  lines were irrad iated  w ith 4 Gy o f -y irrad iatum  
and incubated  for 4 h before mRN.A was p re p are d  Total RN.Awasisnlated using 
the TRIZOL (G ibco) m ethod a n d  mRN.A was prepared using an (TIigotex 
suspension (Q iagen). Probes frir p 2 l, M P M 2  and GAD IM S  were prepared  by 
K l P( K from  m ouse RNA and labelled with ' ‘P -dC I P
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The crystalline state is considered to be incompatible with life. 
However, in living systems exposed to severe environmental 
assaults, the sequestration of vital macromolecules in intracellu
lar crystalline assemblies may provide an efficient means for 
protection. Here we report a generic defence strategy found in 
Exhrrichia colt, involving co-crystallization of its DNA with the 
stress induced protein D ps't We show that when puribed Dps 
and DNA interact, extremely stable crystals form almost instan
taneously, within which DNA is sequestered and effectively 
protected against varied assaults. Crystalline structures with 
similar lattice spacing* are formed in £  coli in which Dps is 
slightly over expressed, as well as in starved wild type bacteria. 
Hence, DNA-Dps co-crystallization is proposed to represent a 
binding mode that provides wide-range protection o f DNA by 
sequestration. The rapid induction and large-scale production of 
Dps in response to stress, as well as the presence of Dps homo
logues in many distantly related bacteria, indicate that DNA 
protection by biocrystallization may be crucial and widespread 
in prokaryotes.

Under conditions o f  either oxidative or nutritional stress, £  coli 
produces high levels o f th e  nonspecific D KA-binding protein 
D p ’ *, which effectively protects DNA against oxidative agents

N .\T t 'R F | wit -trtll I n H Y  I W jw w w iv i l i i
f l S ©  1 9 9 9  M a c m illa n  M a g a z in e s  L td
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Bryntesson, F., Regan, J. C., Jeggo, P. A., Taccioli, G. E. 
and Hubank, M. Analysis o f Gene Transcription in Cells 
Lacking D.NA-PK Activity. Radiat Res. 156, 167-176 (2001).

The DNA-dependent protein kinase (DNA-PK), comprised 
of the Ku70/Ku80 (now know n as G 22p l/\rcc5) heterodimer 
and the catalytic subunit DNA PKcs (now known as Prkdc), 
is required for the nonhomologous end joining (NHEJ) path
way of DNA double-strand break repair. The mechanism of 
action o f DNA-PK remains unclear. We have investigated 
whether DNA-PK regulates gene transcription in vivo after 
DN A damage using the subtractive hybridization technique of 
cD.N.A representational difference analysis (cDNA RDA). Dif
ferential transcription, both radiation-dependent and inde
pendent, was detected and confirmed in primary mouse em
bryo fibroblasts from DNA-PKcs^ and DNA-PKcs*'* mice. 
We present evidence that transcription o f the extracellular 
matrix gene laminin alpha 4 (Lamad) is regulated by DNA- 
PK in a radiation-independent manner. However, screening 
of both primary and immortalized DN'A-PKcs-dcficient cell 
lines demonstrates that the majority of differences were not 
consistently dependent on DNA-PK status. Similar results 
were obtained in experiments using KU mutant hamster cell 
lines, indicating heterogeneity of transcription between closely 
related cell lines. Our results suggest that w hile DNA-PK may 
be involved in limited gene-specific transcription, it does not 
play a major role in the transcriptional response to DNA 
damage. C WOI by R analU a RfMwcb S m M ,

INTRODUCTION

DNA dam age poses a m ajor threat to m ulticellu iar or
ganism s, because it can lead to genom ic instability and can 
cer. T here are m any different types o f  chem ical dam age to 
DN A , w hich can result in a variety o f  lesions. DNA double- 
strand breaks (D SB s) are potentially  lethal lesions that re
sult from  dam age by exogenous agents such as ionizing 
radiation, and potentially  by reactive oxygen species arising 
as by-products o f  cellu lar m etabolism . DNA D SBs also oc
cur during program m ed DNA rearrangem ent in V(D)J re-

' Author to whom correspondence should be addressed at Department 
of Molecular Haematology and Cancer Biology, Institute of (Thild Health, 
University College. London. 30 Guildford Street, London WCIN I EH. 
United Kingdom: e mail: nrhubankiu ich.ucl.ac.uk.

com bination , a process by w hich im m unoglobulin  and T- 
cell receptor genes are assem bled in the  m am m alian im
m une system  to generate B- and T-cell antigen specificity. 
To m aintain genom ic stability, cells have e v o lv ^  a com 
plex response to  DNA dam age involving a num ber o f  path
w ays that control D NA repair, transcription, cell cycle  ar- 
irs t,  and apoptosis ( /) .

In h igher eukaryo tic  cells, the nonhom ologous end-jo in
ing (NIIEJ)^ pathw ay is the predom inant m echanism  for 
repairing DNA DSBs ( ’ ). O ne com ponent o f  the NHEJ 
apparatus is the  nuclear D N A -dependent protein kinase 
(DN.A-PK), w hich is com posed o f  the heterodim cric Ku 
protein and the cataly tic subunit D N A -PK cs (now  known 
as Prkdc) (3). Ku is com prised o f  the tw o subunits Ku7() 
(now  know n as G 2 2 p l)  and K u80 (now  know n as Xrcc5) 
and binds with great affinity in a non-sequence-specific 
m anner to double-strand DNA ends and various d isconti
nuities and secondary  structures o f  DNA (4). O nce bound, 
Ku is a lso  able to translocate a long the D NA m olecule (4), 
T he o ther com ponent o f  D N A -PK , D N A -PK cs, is a large 
460-kD a scrinc-threoninc protein kinase that is structurally  
related to the phosphatidylinositol 3 (PI3) kinases (.^). Sev
eral o ther PI3 kinase fam ily m em bers such as ATM  and 
ATR are involved in the cellu lar response to DN.A dam age
U ) .

The exact role(s) o f  D N A -PK  and the identity o f  its in 
vivo targets in the cellu lar response to DNA DSBs remain 
unclear. C ells that are disrupted  for e ither subunit o f  DNA- 
PK are characterized by hypersensitivity  to ionizing  radia
tion and an inability to undergo V(D)J recom bination (6 
9). S tudies using cell lines defective fo r either KuSO or 
D N A -PK cs have dem onstrated that both the D NA DSB re
pair defect and im paired V (D)J recom bination could be re
stored by  com plem entation  w ith w ild-type KuSO o r DNA- 
PK cs (10  12). It has been established that Ku binds to dou
ble-strand ends o f  DN A  after the generation o f  DNA DSBs.

 ̂Abbreviations used: ATM, ataxia telangiectasia mutated: cDN.A RDA. 
representational difference analysis o f cDNA: DN.A-PK. DNA-dependent 
protein kinase: DN.A-PKcs. DN A-dependent protein kinase catalytic sub
unit. now known as Prkdc; DPI. DP2, DP3, first, second and tliird dif
ference products; HO 1, heme oxygenase 1. now known as Hmoxl; 
Lama4 (LAM.A4), laminin a4; NHEJ. nonhomologous end joining; 
SCID. severe combined immunodeficient.
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O nce bound lo DNA, Ku is then able to recruit D N A -PK cs 
and activate  the kinase, w hich is a requirem ent for N IIE J 

U . 14). A num ber o f  in vitro  substrates o f  DN A -PK  
have been dem onstrated, including pro teins involved in 
gene transcription such as Fos, Jun, M yc, estrogen receptor, 
Trp53, R N A  polym erase II, serum  response factor, S p l, 
T bp and T FIIB  (now know n as G tf2b) {15-24). D N A -PK  
has been  reported to inhibit transcription by RNA poly
m erase I, and to stim ulate  RNA polym erase II transcription 
{25 28). K u70 and K u80 have been show n to associate 
w ith R N A  polym erase I, and all three subunits o f  D N A -PK  
have been detected in an RNA polym erase  II com plex {29, 
30). M oreover, in addition to its w ell-characterized  se
quence-independent affinity for DNA, Ku has a lso  been 
reported to act as a sequence-specific transcription factor 
for a num ber o f  genes including hum an collagen type IV 
genes. H.\p70 and P 4 5 0 c I7  (now  known as C \p 2 c l8 ) , and 
sm all nuclear RNAs (snR N A s) (31-34). Interestingly, there 
is a lso evidence that sequence-specific binding by Ku re
cru its D N A -PK cs to transcription regulatory  regions, w here 
it becom es activated (35). The above evidence therefore 
suggests that one o f  the  roles o f  D N A -PK  in the cellular 
response to DNA DSBs m ay be  to m odulate gene transcrip
tion.

We dem onstrated previously that D N A -PK  is not re
quired for the Trp53-dependcnt response to DNA dam age 
{36). Here we have investigated Trp5.3-independent tran
scription afier exposure to ionizing radiation in cells lack
ing D N A -PK  function, lo  address this question, we em 
ployed the PC R -coupled subtractive hybridization tech
nique o f  cD N A  representational difference analysis (cD N A  
R D A) (37). cD N A  RDA is a highly sensitive technique that 
detects differences in gene transcription betw een tw o pop
ulations. The advantage o f  this technique is that no  prior 
know ledge o f  potential d ifferences in gene transcription be
tw een the  tw o populations is required. cD N A  RDA has 
been em ployed successfully  to identify a num ber o f  differ
entially  expressed transcripts including target genes o f  hor
m ones, targets o f  transcription factors, and transcriptional 
changes associated w ith cancer (38-40).

M ice harboring a targeted disruption for the catalytic 
subunit. DN A -PK cs, lack Rmctional D N A -PK , and as a 
consequence cells derived from these m ice are highly sen
sitive to DNA DSBs (9). Prim ary m ouse em bryo fibroblasts 
from these D N A -PK cs^ m ice and their w ild-type litter
m ates w ere  exposed to ionizing radiation to generate DN.A 
D SBs, w hich activate the k inase function o f  D NA-PK, and 
w ere then subjected to  cD N A  RDA. We detected 13 dif
ferences in gene transcription betw een these tw o popula
tions. However, subsequent screening using both prim ary 
m ouse em bryo  fibroblasts and im m ortalized cell lines de
ficient for D N A -PK  revealed that, w ith the exception o f  
lam inin alpha 4  (L am a4), these d ifferences w ere not con
sistently  dependent on D N A -PK  for their expression. C om 
plem entation  o f  im m ortalized D N A -PK cs *̂ m ouse em bryo 
fibroblasts with w ild-type D N A -PK cs led to a sm all in

crease in Lama4 transcription, thus establish ing  tliis gene 
as a putative target gene for D N A -PK -m ediated transcrip
tional regulation. D espite its correlation w ith DN A -PK  sta
tus, expression o f  Lama4 w as not found to  be altered  by 
irradiation.

We also perform ed cD N A  RD A  to exam ine  K u-dcpen- 
dent transcription in irradiated ham ster K u80 m utant xrs-6 
cells and its com plem ented equivalent xrs-6(2E). We iden
tified several reproducib le d ifferences in gene transcription 
betw een these cells, but screening using a range o f  KuSO 
m utant and D N A -PK cs-deficient cells again revealed that 
neither KuSO nor D N A -PK  is required for the  expression 
o f  these genes.

MATERIALS AND METHODS

Cell Lines and Cell Culture

All fibroblast cell lines and primary and immortalized mouse embryo 
fibroblasts were cultured in DM EM (Gibco). W #  fetal calf serum ( 15% 
for mouse embryo fibroblasts), supplemented with L-glutamine, nones
sential amino acids, and antibiotics. The htxoblast cell lines used were 
DNA-PK wild-type NIH 3T3 (mouse) and CHO-KI (hamster), and the 
following mutants; hamster KuSO-defectrve xrs-4. xrs-5 and xrs-6; mouse 
DNA PKcs defective SCG Rll. and hamster DNA-PKcs-defective V3. 
Tlte .xrs-6-2E. xrs-6-2B and xrs-5+ Ku80 cells were derived from their 
parent mutants by complementation with hill-length hamster KU80 
(XRCC5) cDN.A; .\rs-6-Hisp80 cells are complemented with a VAC en
coding the human KLKO {X8CC5) gene. Primary mouse em tryo fibro
blasts from DNA-PKcs-'-, DNA-PKcs' ',  BIORR and SCID mice were 
passaged no more than five times biefore inadiation and isolation of RN.A. 
Immortalized mouse embryo fibroblasts from DNA-PKcs^ and DNA- 
PKcs’' mice were established by the standard 3T.3 protocol (41).

Irradiation o f  Cells and Sur\’lvaJ Assays

Cells were grown in 6-cm culture dishes until they were 80"i confluent 
and were irradiated with 4 Gy at a dose rate of 0.09 Gy s ' using a y- 
ray source ("'Cs). Cells were then incubated for 4 h at 3T C  to allow 
transcription to proceed. For each experimenl an aliquot of cells W3s 
removed and assayed for radiation survival as measured by colony for
mation.

Preparation o f  RNA and cDNA and Northern Analysis

Total RNA was prepared from irradiated and nonirradiated cells for 
use on northern blots or for preparation of cDN A for cDNA RDA. Cells 
were lysed In situ using Trizol reagent (Gibco). and total RN.A was pre
pared. mRNA was ttien isolated with Oligotex tseads (Qiagen). For north
ern blots, 2-5 pg of mRN.A was loaded per lane and blotted onto a 
GeneScreen membrane. Probes for representation and northern blots were 
latseled by random pnmer extension in the presence of ["PjdCTP (> l  I 
TBqmAf, ICN). Hybridization and washing of blots were carried out 
following standard procedures. mRN.A for use in cDNA RDA of the 
primary mouse embryo fibroblasts was first treated witit RNase-ffee DN
ase I (Roche) to remove residual genomic DN A Double-stranded cDN.A 
was prepared and assessed as described previously (42).

cDNA RDA

cDNA RDA was performed in two ways, depend mg on the quantity 
of starting material available. DNA-PKcs^ primary mouse embryo fibro
blasts and the homozygous wild-type control cells were grown (<5 pas
sages) in 25-cnP flasks until they were 80“i  confluent (approximately 4 
X 10’ cells per flask). Cells were irradiated and incufrated as above, and
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n r ; .  I. Siratci!> lor ^ iiN rad io n  o f  radiation-iloponikiii gciK s in pnm arv  m ouse o m h ry o  lih rohiasis from  w ild-tvpo  m ouse cm h ry o  hhroblasls h \ 
cD N A  RDA M ouse em bryo  fibroblasts wort* yenoraicd from  D N A -PK cs m ice aiul llicir \sikl-ly |N ' lilic rinales. cD N A  w as (srcparcil. and  cD N A  RDA 
w as fN-rlorincil as described  in I lie M aterials and M ethods

niRS'A  and  cD N A  w ere prepared c D S A  RD A  w as p erK 'nned  iisinv a 
p ro lo o 'l adaptcsl to r use w ith sm all quan tities ol m aterial ( - /’ i Detailetl 
protoL-ols are a\ ailab le by e-m ail Irom tlie autliors on request I lie fibro
blast cell lines ( v s - 5 .  xrs-b. xrs-5 ^ KuSit and x rs -b -2 k | w ere grow n and 
irradiated as above RN A  and cD N A  w ere prepared, aixl tw o o r  tfiree 
rounds ol c l )N .\  RD A w ere perloriiNxl at a  tester-to-driver ra tio  o l I Ilk) 
liv  tile lirst d ille reiK v prixluet (D P I) . I RtXI for the second d ilferenee  
pnxluet iD P 2). and I lO.IXKl at the third d ifference pnxluct iD P l)  as 
described  previously (-/J)

( 'liminf! iw J  S ttfin 'iid n f! o t IM IIin ’itct’ P nh ltn  ts

SecoiKl o r third diH erence p ro d u its  w ere d igested  with /)/;/ill. gel 
purilied. and c lo iv J  into pH luescript KS + II (S tra lagene) Plasm id DN.A 
w as prejvired using n nn ip rep  co lum ns (<,)iagen) and seq n e ix e d  with an 
AIM D yedcoxy T erm inator f y c K  Sequencing  apparatus (A pplied  If rosy s- 
teins) Siiflicient c lones iusually 10) w ere isolaleil Ifom each  band to 
ensure tivii tlx- m ajor species had been i dent died (ind ica ted  by the p ies  
eiK c o f  m ultip le identical ch ines) R esulting sequences w ere com pared  to  
the ( len lfan k  database using the If last program  {4J)  All previously un- 
refH'rteil g en e  seq tx n ces  and ckn x 's  ( H i l l .  Ffll2a. If ll5 a . If 1151. l ilfd g . 
I Ilf 5a. W K b2. % Kbfo are ava ilab le fr itn  the au tho rs  on request

T n m s k n io n s  iw J  ITc.iftvn B h m in g

Iransfcctions w ere ea rned  out using the TuCiene (R oche) m ethod fol
low ing the m anu lac tu rer's  recom m endatm ns Die pLisiiuds used  in these 
transfections w ere p M T -P K ' (w ild-type m u riiv  D N A -PK cs) and  p |f-  
gal( Ml {44\ A lter tn inslcction  cells w ere incubateil tor 4R h at ,f7 C .

95 ’ .I air 5“ ii ( '( ) , .  p rio r to  p repara tion  o f  total RN.A and  cell ex tracts, f  ell 
ex tracts w ere prepared as described  previously ( / / )  Tor geno lyp ing , an 
aliquot ol total RNA was rem oved Irom each translection  and treated 
w ith  D N ase to  rem ove residual g enom ic  DN.A {41) T irst-strand cDN.A 
syndicsis w as then carried  out (ien o ty p in g  o f  each  translec tion  w as sub- 
seqix-ntly o u r ie d  out as ik-scribed elsew here  ( V) I he protein concen tra
tion in each o f  tire cell ex trac ts  w as d e te m iu v d  using the If rail ford Assay 
(IfioR ad i Tor W estern blotting. 100 p g  o f  cell ex tract per sam ple was 
reso lved  on a 6"i. SDS-P.ACjI- gel and translernx l to a lly hond-t.' ex tra 
( A m crsham i m em brane lYolein tran sle r w as exa tnm ed  using  Ponceau S 
Solution (S igm aI The membraiK* w as incubated with the DN A -PK cs an 
tibody Ms.Ag.f and visuah/cxl using IX I. reagents i.Anx-rslunni

RKSl I IS

lila it ifk  u lion  of l)if(crcn liu l t n  nc Traiiscriplion  in 
P rim ary  l)\.i-P K cs^ '^  a n J  D S .l-P K cs^ '*  Mou m ' lim h ryo  
l  ih roh iasis iisiiifi c l ) \ .  i RDA

\Vc tnxesliuatcd vvhcthci DN.\-1*K a d s  as a tiiodiilator 
o f  gctK‘ expression by compart ti g transcription in in ad i a ted 
prim ary mouse em bryo libroblasls from I)N .\-l’Kes and 
D N .\-I’Kes^ * mice (I ig I ) I he first experiment. D ll. was 
designed to detect |votential |sositive taiyets o f  DNA-l'K- 
mediatcd gene regulation We perlivrmed a c l)N .\  U l).\ ex
periment using l)N  \ - l ’Kcs^'* (4 fîy ) as tester and !)N .\- 
I’K es'^ (4 (iv ) as driver I hree rounds o f subtraction were
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K K ;. 2. d ) N A  KDA tn prim ary inmisc- im ihryo  hhrnhla^B  ln>m D N A - 
PKc.s' ' and  l ) \ A - l ’K cs m ice l'anci a DiH'i’rence p rn d in ls  Irniii d ) N  A 
R !)A  cxporm icnl B ll w Ik tc  DN A -PK cs‘ * (nniK-d Iho losk-r pt'piilalioii 
and D N A -P K cs IIk- d r i \o r  ps'piiLnlion Ih re c  rounds ol siihlraciioii al 
le s te r  d river ra lios ol I: l(K) ( D PI». 1 XIK) ( l)P 2 ). and 1 IH .IX tO iD P.ticen- 
e raled  l lv  In u l  d ifleren ee  p roduels Panel h  C toneil dilTerenee produels 
Iront e x p e n n v n l Mil protxxl ajtainsl am plilkx l represenia llons yeiterakxl 
Iront Ihe saine m ouse ern h rv o  lib roblasis use\l iii cD N A  RDA l ive ol 
llte d ille ren e es . 1(111. HH2a. B ll2 a . Kl 151 and  K llS. represeni novel 
penes I he rem ain ing  lou r penes a ie  im illeihle m ine oxide synlliase 
(iN O S. now know n as .\Vi.v2i. lam inin a lpha 4 (L am a4). hexokina.se lype 
II I//A 7/I and Ik-iiv oxygenase  I iftO-I) I -  I es 1er and I) -  driver 
P anel c: D ilTerenec prtsduels from  expenm en i HU. w here DN.A-PKcs 
m ouse em hryo lihrobttsls lonnevi llie populaiion lesier and D N .V PK cs' • 
m ouse e m h ry o  lihrohiasis Ihe driver populaiion D PI was peneraled  al a 
I 100 les ier driver ralio  and  final d ilie re m v  p roduels (D P2) hy a ksslet 
d riv er ra tio  of IX uii, Panel d: D iflerenees in suhtraetuxi I IK. the tw o 
novel genes HH4g and H it5 a  ami Ran ( i  lP a se  and ce llu lar apoptosis 
suseepiih ility  pro tein  I ( S K I ) ,  prohed against lepre 'seniain 'iis generakx) 
from D \ A  PK es^ and D N .A -PR cs' ' m ouse e inh ryo  lih rohiasis I =  
tes ter and D =  driver

earned out to generate tiiuil dilïcreiiee produels (Hi!
XV hieh were uel-purilied and elotted into pBluescripl KS II 
1 1 ig 2a) I'orty-one clones were sequenced, these were 
Idtind lo represeni 10 genes lo  mie out false positives in 
the suhtraction, we prohed these 16 genes against represen
tations generated Irom the same cells (reverse northern 
blots) We Idiind that 0 o f  the genes showed elevated ex
presse »n 111 irradiated DN.A-PKcs*^^ mouse em hryo tihro- 
hlasts compared to irradiated DNA-PKcs mouse em hryo

tihrohlasts (I ig 2h) lo u r  o f  the genes were known previ
ously linducihle nitric oxide synthase (éVON. now known 
as AV».v2). hexokinase II (//Â2). iMnui4 and heme oxygenase 
I (H O -l. now known as !lm iix l) \  Seven o f  the nine dif
ferences (all except III 12 and Iaihhj4) showed evidence o f 
radiation induction m wiId-type cells

In a second experiment. I III. we screened for genes that 
w ere potentially regulated negatively hy DNA-PK. and thus 
would he expressed to a higher degree in mouse em hryo 
tihrohlasts from l)N .\-P K cs^  mice com pared to l)N .\-  
PKcs^ " mouse em hryo lihrohlasts I wo rounds o f cDN A 
RDA were perldniied using DNA-PKcs cells as tester and 
D N .\-PK  * cells as driver to generate final difference 
products (DP2) (I ig 2c) Subséquent screening o f  2S 
clones revealed enrichment o f  15 genes in DP2 As ex
pected. one o f  the genes detected was Ihe nco  gene, w hich 
was Used to generate the DNA-PKcs mice and theiefore 
serves as a useful internal control in this suhtraction (V) 
We also detected IX S and 28 S rR N .\ in l)P2 rKNA is a 
frequent contam inant m cDN.A RDA experim ents where 
few differences are present We then prohed the remaining 
12 genes against reverse northern blots I his screen re
vealed that 4 genes were expressed to a higher degree in 
irradialcxi D N .\-PK cs m ouse em hryo lihrohlasts com 
pared to irradiated DN.\-PKes*^'^ mouse em hryo lihrohlasts 
(I Ig 2d) I wo ol Ihese were genes that had not heen de- 
scrihed previously

In summary. 11 differences were confirmed in the cDNA 
R D .\ experiment (V up-regulated and 4 down-regulated in 
w ild-type cells relative to D N '.\-i’K-null cells) I he major
ity ol differences showed radiation-de|vendent expression in 
this experiment

.S, reeum g of Difference f'ltu luels Ik ie e le tf in t'riinory  
D S'.l-P K es^  oihf /).V .I-/W f.s* * \foiise I'.mtvyo 
/  ihrohtiisis

It IS our experience from previous cD N .\ RDA studies 
that theie is considerable transcriptional heterogeneity be
tween seemingly isogenic cells. I he recent finding that /fax 
IS induced after exposure to loni/m g radiation in DNA- 
PKcs SI IP mice hut not in other l)N .\-P K cs mice high
lights this problem ( 4 \  4f)} lo determine which o f the 
differences detected in the subtract tons were consistently 
dependent on DN A-PK lor their expression, we prohed the 
difference products against northern hlots generated using 
mRNA from primary m ouse em hryo lihrohlasts derived 
from severe com bined immunodeficiency (S( ID) mice and 
from a vvild-ty|v control from a different strain (Mlt)RR) 
S( ID mice harbor a nonsense mutation m the < -term inus 
o f the gene encoding DN A-PKcs. resulting m DNA-PK de- 
liciency and impaired kinase activ ity (/2 . 47  2D) We found 
that the novel gene l ih f ,  l.nnuD  and UO~l showed a dif
ferential expression pattern in these cells, whereas the re
maining III differences did not display the expression pat
tern seen m the primary DN.VPKcs^ ’ and DNA-PKcs
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Ihc ubuiincd iVoin tlio I)NA-l*Kcs niicc, and may re
lied  heten'geneity in the Iransenplunial response to |)N A  
dam age between diitereni mouse strains

We reasoned that it ///;/ . I . u m a 4  and I I O - I  were targets 
o f l)NA-l*K required for NIIHJ. then the disrupted expres
sion patterns seen in the prim ary S( II) mouse em bryo ti- 
broblasts should be conserv ed in im m ortali/ed cells show 
ing the sam e phenotype We therefore probed these genes 
against iK'rthern blots prepared from D N A -l'kes^  mouse 
em bryo fibroblasts and Irom the SC'ID-denved S ( '( iR II  
cell line I he controls used in these experiments, the im
mortalized DN.'Vl’K es’ m ouse em bryo lihrohlasts and the 
NIH ’ lA cells, express w ild-type l)N .\- l’Kes (I ig 4e) and 
do not display the radiosensitive phenoty|se that eharaeter- 
i/e s  the D N A -l'K es mouse em bryo fibroblasts and the 
S( ( IR 11 line (data not shown) O ur results dem onstrate 
that n i l  I and !.uma4 expression are deregulated m both 
DNA-PK delieient cell lines IIO-I transcription is dereg
ulated in the DNA-PKcs cells, but. with the exception o f 
two transcript sizes, not in the S( tiR I I cell line (I ig ,V) 
Again, none of the genes were induced by radiation I he 
remaining 10 diflerenees detected in the IHI and 1114 sub
tractions showed no consistent expression pattern with re
gard to D N A -l’Kcs status when probed against irradiated 
and nonirnidiated D N A - P K c s . DNA-PKcs . NIH VI 4 
and S( (iR I I cells (data not shown) We then probed K ill.  
I ama4 and HO-1 against a northern blot prepared Irom the 
repair-proticieni lines NIH 4 f^  and immortalized DNA- 
PKes* mouse em bryo lihrohlasts. Our results show that 
t.iini(i4 IS transcribed at comparable levels m both cell lines, 
whereas 14111 and IIO-I are barely expressed in NIH 4 | 4 
cells (I Ig  4dl It IS therefore ftossible to exclude an essen
tial role for HI 11 and lit I I m NIH I I he lindmg that 
l.iiniii4 is expressed by all the DNA-PKcs vv ild-type cells 
tested and is deregulated m all Ihe DN.\-PK cs-delicient 
cells exam ined suggested that I ama4 may be a putative 
candidate lor D N P K c s-m e d la le d  transcription

Actm

H < ;. .1. Screen  in^ o f  JilT eiences J e le c le J  in I tie lUI .in J  1114 su b lra t- 
luMis Panel a N orthern hlois cencTatcsl from  irradiated and nonirradiated 
prim ary nioii.see m b ry o  lil>robla.st.s from  [4IOI4R iDN.X-PK w ild-type) and 
SL ID ( l)N .\-l*k -de tic ic iit) . probed  w ilti llie d iIferenecs produc ts detected  
in expcTimenl 1411 Panel b As in panel a. but probed w ith the dilfcTcnce 
p n stiic ts  detected m subtrac tion  1114 Panel c D ifference p roducts 14111. 
I aina-t and t i o - l  probed against irrad iated  and no n in ad ia ted  im m orta l
ized D N A -P K cs . D N A -PK cs and  S t (IR I I fibroblast exit lines Panel 
d N orltiern analysis o f  14111. t.am a4  and  11(1-1 using nonirrad iated  NIH 
4 1 4  ce lls  and im m o itah /ed  D N A -PK  ' ttbroblast cell lines

mouse em bryo fibroblasts (I ig 4a and h) l i l i l . Iann i4  and 
IIO -I showed slightly altered tiunscriptton patterns eotii- 
pared to the D N .\-PK es*^ and D N.VPKcs '̂  mouse em 
bryo libroblasls (compare I'lgs 2b and 4aI

None o f the dilTerences showed radiation induction m 
either the I4IOI4R or the S( ID mice I his contrasts with

ConipU'mi.-iitiiiion o l liiiniortali:eJ D S.-t-rK cs Moii.\e 
Hmhryo I'ihrnhinsts wiih U'iUI-Typc M itnnc l) \ .i-P K c s

Having established that I)NA -l'K cs |totenttally up-regu
lates I.tiitiii4 mRNA expression, we proceeded to com ple
ment the immortalized DNA-PKcs mouse em bryo fibro
blasts with w ild-type m tin ne DNA-PKes I he expression 
vector pM I-P K 7 . which contains a functional murine /).V.|- 
I ’Kcs (I'rkdc) gene, was transiently Iranstecled in two sep
arate transfections {44) As a control, we transfected a (4- 
gal-conlaining plasmid (I ig 4a) Alter Ihe transfections, the 
cells were incubated tor 4X h lo allow expression o f DN.A- 
PKcs prior to preparation o f  cell extracts and mRN.A (ie 
notyping the transfections showed that pAII -PK7 expressed 
DNA-PKcs at the mRN.A level in both transfections (I ig 
4b). and Western blotting dem onstrated that the expressed 
mRN.A was translated into DN.A-PKcs protein (f ig  4c) We 
then prepared northern blots from the transfections We
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H C  -I. ( unipleinonlalioii o f im m orta lired  D N A -PK cs m ouse cm  

t>r\ii Mbroblasls « i ih  w ilJ-ly p c  m iiruw  D S A -l’Kcs (I’r k d c  I'hc expres
sion \  c e  lor p M P -P K '. w hich ca rrie s  a luncliona! 12 5 kh cD N A  lor wi Id- 
type m urine D N A -PK es. w as Iransfected in tw o se p a ra le  expenm en is  into 
im in o rta li/e d  D N A -PK cs m ouse einh ryo  fibroblasts to  generate DN'A- 
I'K es ip M L -P K 7 ii aiKl D S A -P K c s  ip M li- l'K ^ ii)  In a eonlrol exper
im ent. the im n io rta h /ed  D N A -P K cs m ouse em bryo fibroblasts w ere
transleeted  w ith tlw |i-g a l p lasm id  p |i-^al< .'M l' |D N A -P K es |U -e a l) | 
l\ in e l  A Iransfection  efticieiKA o f  pM P-PK "' eo -lransfected  w ith pft- 
g a l( M l Panel H, C eno typ ing  ol the translec tions lien o ty p u ig  w as car
ried out as desert bed in the M aterials and M ethods A — prim er pair 
\ l(^ 2  and  \l(,>45‘>2. and 11 -  p rim er pair M Q 2 and  M t.l’’ Panel I  W est
ern blot analysis ol the tnuisleetions and tlx- inunortali/ed  D N A -PK cs . 
D N A -P K cs and N il I i n  ce ll lines usinp the D N A -PK cs a n tik x ly  
M sA g l P aiv l D I ama-l p robed  against a norlhern  blot prepared from  
im iiio rta li/ed  D N A -P K es ' . D N A -PK es- . tlx  co n tn d  and the tw o w ild- 
lype tra iis led io n s

round iIkiI H ill and llO -i exptvsston were nol a I le ted tn 
the- iransfceitons [data nol showni llowoxcr, L a n u i 4  niRNA 
expression showed a small but const stent increase tn btdh 
l)N \ - l ’Kcs translections compared to the control transfec
tion and the untransfected DNA-PKcs ' mouse em bryo fi
broblasts (Fig 4dl Phosphorlm ager quanlilication of

I am a4 expression revealed a 50"o incivase in Kith DNA- 
PKcs transfections A lthough the degree o f up-regulation is 
small. It represents only a partial restoration o f  DNA-PK 
function tn the transfected [sopulation D SA -P K c\ [Prkdt ) 
cDNA is 12 5 kb long and was dilTtcult to express suc
cessfully tn a high proportion o f  the cells used tn the tran
sient transfection Dsmg a co-t ran sleeted marker, we esti
mated the transfection e flk iency  to be 5"o (Fig 4 A) 'Die 
signals detected by nortliern and western blotting (Figs 4H 
and C ) therefotv represent oxerexpresston o f DNA-PKcs in 
a relatively low num ber o f  the cells, tat her than an even 
expression level throughout the population I his may ex
plain w hy I.aiiniA mRNA levels are not fully restored I he 
fact that we detect a small, but m easurable and reproduc
ible. up-regulation in Lamn4 mRNA expression tn Ivoth 
transfections im plies that DNA-PKcs ts a possible candi
date for |vosittve regulation o f l.a/mi4 mRNA expression

l /m / i  v/v of (icnc TninscrijUion i n  KiiSO M i i K i i i i  anJ  
\o n u u l  l.incs

Since Kl I has Iveen reported to function as a transcription 
factor without the involvement o f  DNA-PKcs. we also ex
amined the postirradiation transcription in KUHO-defective 
( I K )  cell lines using cD NA  RDA lo m inim i/e  genetic 
variability between Kl .XO-expressing and nonexpressing 
lines, we used Kith a KI XO mutant line, xrs-b, and the 
same line com plem ented with the hamster KL 'Sil  ( V/f( ( 5) 
gene. xrs-b(2l ) We did not ex |v c t to clone Kl 'X(l itself in 
these experim ents, because xrs-b cells express a nonfunc
tional KDSO transcript W hen xrs-fi cells were used to de
rive the tester population (with the aim ol detecting tran
scripts ii[vivgulated 111 xrs-6 cells), we did not identify any 
teproditctble differences in transcripticm other than rRNA 
fragments that were regarded as talse |v«»sitives In the re
ciprocal experim ent, we targeted Kl XO-dependent tran
scripts by using the complemented line xrs-6(21 ) as the 
tester Five genes were detected which were expressed by 
xrs-(i(2l ) cells but not by xrs-6 cells. We also identilied the 
neotiiycin resistance gene, which is part o f  the expression 
vector used to establish the complemented \rs -K 2 F ) line 
I Xtensive screening using northern blots with mRNA from 
Kl'SO- and DNA-PK-deficient cell lines revealed that these 
five genes were rcproduciblv expressed by xrs-6(2l I cells 
but not by xrs-6 cells, but no consistent dependence o f  their 
expression on KDXO or DNA-PK could be identified (Fig 
5 and data not shown)

In these experim ents, apart from rRNA. which we con
sider to Iv  a contam inant, we did not identify any o f the 
genes previously cloned in the mouse em bryo fibroblast 
subtraction We also note that the differeiittally expressed 
genes failed to show consistency in their expression 
am ongst the various xrs-6-derived lines used Flie most 
plausible explanation for this is that the gene expression 
pattern has been altered in the various xrs-6 [wpulations 
since this cell line was established Most importantly, we
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I KL 5. cD N A  RDA iii iiraJm icd  h u n N c r KI KO im iiani c o lb  
aiki Ihoir cK mplom oiibtl o q u i\ak .iil j  I he genes p ro lcin-l) rosine
phosphatase (S l l l ’ l ( i  \[)D 45-v ( R6. P ro lv lcarb ix y p ep tid asc  II. ;uii1 tw o  
unknow n genes. W K h2 and W k h n . w ere probed against nortliern h in ts 
d e n ie d  Iront ham ster Kl sn -  and D N A -l'K -Je lic ien t cell lines

did lU'l delect any transcripts that arc altered tn a KUSO- 
or l)N .\- i’K-dcpcndcnt lashion a lter indiictton ol l)N .\ 
DSHs In stitnniary, \vc lotind no indication that either KD- 
or n N .\ - l ’K -deivndenl jicnc iranscnption is rei|uired lor 
restoration o l 'N I il J in C IK l lines

m s t  I 'S M O N

loni/inu  radiation generates l)N .\ DSMs and results in 
activation ol DN.A-I’K I'hc active i ) N \ - l ’K complex then 
lacililates NIII I ivpair and may activate other cellular rc- 
sjionscs to l)N .\ DSRs I xiensive research in recent years 
has gieatly enhanced I'ur understanding o l'lhe  components 
ol l)N .\-l'K  Ihnvcver, their exact ro le |s) in the hi viu i 
response to 1)N.\ l)Sl3s remains unclear A number ol stud
ies h a \e  suggested that KU and 1)N.\-I*K may be m odu
lators ol gene transcription Iherelore, one |xitential role 
lor the com|V)iients ol DN.VPK could be to regulate the 
gene transcription that may be required lor NIII-J or other 
responses to l)NA damage

V\e took a direct approach to address this question Pri
mary cells were exposed to loni/ing radiation, and post ir
radiation transcription was analyzed by cDNA Kl>.\ We 
detected and lerilied  dilTerential gene transcription in 
I)N .\- i’R cs and DN.A-PKcs* ’̂ mouse em brvo libroblasls.

liowexer, screening o f  separately generated prim ary mouse 
em bryo fibroblasts derived from another strain o f  mouse 
(lilDUK) and Irom S( II) mice, which also lack DNA-PKcs 
function, revealed that only three ol the ditfereiKes showed 
consistent deregulation in prim ary D N.\-PKcs-deficient 
cells W hile these three genes were also deregulated in im
mortalized cells, two were expressed at very low levels in 
NIII'.l-proftcient NIII 3 13 cells, suggesting that they are 
not required for any detectable function o f  D N .\-PK  O f all 
the genes identified, only I m i i u i 4  showed a consistent ex
pression pattern that correlated with DNA-PKcs status 
Laniii4 showed some evidence o f up-regulation after tran
sient transfection o f DNA-PKcs into immortalized DNA- 
PK-null mouse em bryo fibroblasts, suggesting that it may 
be a hone /idc transcriptional target

We also used cDNA PDA to exam ine pre- and posiir- 
mdiation transcription in hamster Kl Nil mutant xrs-6 cells 
and in their com plem ented equivalent xrs-6(2l ) .\gain. 
while we identified genuine dilTerences between the cells, 
none o f these were found to be either consistently de |vn- 
deiit on K l '. or required for the D N .\ dam age response 

O ur findings suggest that neither Kl ' nor DN A-PK plays 
a m.ijor role in gene transcription aller D N ,\ damage It is 
im |virtant. however, to be aware ol the technical limitations 
o f cDNA RDA Statistical analysis by our group has dem 
onstrated that cDN.A R D .\ can theoretically detect N6",, o f 
expressed mammalian tiaiiscripts In addition, we have 
found that genes up-regulated with a dilferential expression 
o f more than three- to fivefold m DP2 and more than live
to eightfold from DP3 are detectable by cD N .\ R D .\ Also, 
in a control subtraction o f primary w ild-ty |ie mouse em bryo 
fibroblasts tie lore and after irradiation, we were able to 
identify the Iip.x3-inducible gene M Jni2 (JR. I ll and M il. 
unpublished results) Iherelore. while we cannot rule out 
minor effects on gene transcription exerted by DN.\-I*K or 
Kti after DNA damage, it would he suqvrismg if  many 
genes escaped detection We also cannot rule out a species- 
or tissue-specific involveiiK-nt o f  DN.A-PK in the transcrip
tional res|Xinse to dam age, because our experim ents ex
amined only mouse and ham ster fibroblasts Despite these 
limitations, our findings aie in line with a recent cD N .\ 
expression array study carried out on human glioblastoma 
cell lines delicient for DNA-PK {51} Ihese investigators 
found few diflerences between M(I5')J (D N .\-PK  deficient) 
compared to Mt)5‘)K (DNA-PK wild-type) cells, and also 
noticed considerable transcriptional heterogeneity I hey 
were able to con linn relatively small, radiation-independent 
changes in expression in only two repair-associated genes 
(replication factor I and ligase III) out o f  nearly 60U genes 
on the arrays l.unui4 was not on the arrays they studied 

O ur results lend limited support to the idea that DNA- 
PK may regulate transcription in a DN.A dam age-indepen
dent fashion ( om plem entation o f  immortalized DNA- 
PKcs^ cells with wild lype DN.MPKcs resulted in small 
but detectable increases I.tini(i4 mRN A lev els How ever, 
we were unable to return I.a/ihi4 levels to wild-type levels
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It is difiicu it to  see a requirem ent for LMtna4 in NHHJ, 
a lthough conceivably  it may inHuence survival after dam 
age. Lam a4 is an extracellu lar m atrix protein that is a com 
ponent o f  lam inin 8 and lam inin 9 (52). T he lam inins are 
a fam ily o f  large glycoproteins with structural roles and 
functions in the regulation o f  cell proliferation, cell m igra
tion, and tissue survival (53. 54). Recent reports have im 
plicated  lam inin 8 in T-ccll proliferation through interaction 
w ith integrin o 6 ( il  (54). If  i.am a4 is a target for radiation- 
independent DN.A-PK-mediated transcription, then this 
m ay reflect a cellu lar role for D N A -PK  d ifferent from 
N U PJ and V (D)J recom bination.

O verall, our data support the hypothesis that the ro les o f  
Ku and D N A -PK  in N U EJ are confined to the repair pro
cess itself. In this m odel, Ku acts as a sensor o f  DNA DSBs 
and recruits D N A -PK cs to the site o f  dam age. The kinase 
activity o f  DN.A-PK is required for NHI J ,  and recent find
ings that o ther com ponents o f  N H EJ such as X R C C 4 and 
DNA ligase IV are phosphorylated by D N A -PK  in vitro 
suggests that D N A -PK  m ight function as a regulator o f  the 
N l l lü  m achinery i t s e l f (J3. 14. 55. 56). A long these lines, 
it is interesting to note that all subunits o f  D N A -PK  also 
undergo autophosphorylation  in  vitro, which results in the 
dissociation o f  Ku and D N A -PK cs and inactivation o f  
DN A -PK  (57). O ther possible roles for D N A -PK  in NHI-J 
include protection o f  double-stranded ends from exonu- 
c leolytic  degradation, jux taposition ing  o f  tw o DNA strands 
to facilitate ligation, and providing accessibility  for the  re
pair m achinery  to the dam aged site by rem odeling o f  chro
m atin and o r by rem oving o ther nuclear pro teins (2, 5H 
60).

O ur results have im plications for the interpretation o f  
results obtained in screens for diflcrcntial gene transcrip
tion. We show that a considerable transcriptional hetero
geneity  exists even in cells w ith m inim al genetic variability. 
Such d ifferences m ay confuse the identification o f  genuine 
transcriptional differences, and an appropriate screening 
procedure is therefore required. H eterogeneity in the ex
pression o f  Bax  after exposure  to  ionizing radiation has 
been reported in two separate D N A -PK ^ m ice, and there
fore enforces the use o f  com prehensive controls before in
terpreting such experim ental data (46, 47). This is an es
pecially  im portant consideration for the interpretation o f  re
sults obtained using the rapidly developing technology o f  
cD N A  m icroarrays.

In conclusion , w e have investigated the postirradiation 
transcriptional response in D N A -PK cs- and Ku80-deficient 
cells. We do  not find evidence that e ither Ku or D N A-PK 
has a significant im pact on transcription after DNA dam age. 
O u r finding that Lania4  is a putative candidate for D NA- 
PK -m ediated transcription in a radiation-independent m an
ner raises the possibility  that D N A -PK  m ight have roles in  
vivo in addition to N H EJ and V (D )J recom bination.
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