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Abstract
Unresolved DNA damage can lead to genome instability and carcinogenesis. ATM, a
protein kinase mutated in ataxia-telangiectasia, plays a key role in protecting cells from
deleterious effects of double-strand breaks, replication stress and oxidative stress.

ATMIN is an ATM cofactor and transcription factor, but mechanisms regulating ATMINmediated ATM signalling are unclear. I demonstrate that ATMIN is able to form homooligomers and identify an ATMIN oligomerisation mutant, which shows a clear separation
of functions. ATMIN homo-oligomerisation is required for ATMIN function as a
transcription factor, but is dispensable for its interaction with ATM in basal and canonical
ATM signalling. Additionally, I demonstrate that ATMIN homo-oligomerisation is
necessary for oxidative stress-induced ATM signalling.

ATM is frequently mutated in lung cancer patients, however the biological role of ATM in
the development of lung cancer remains largely unknown. Through this work, I show that
mono- and bi-allelic loss of ATM, or its cofactor ATMIN, accelerates the initiation and
progression of lung adenocarcinoma (LUAD) in a murine cancer model, driven by lungspecific activation of oncogenic KRasG12D and bi-allelic deletion of Trp53. In addition, I
reveal a loss of ATM protein expression in one third of human LUAD biopsies, and a
correlation between low ATM or ATMIN gene expression and reduced overall survival in
lung adenocarcinoma patients.

Oxidative DNA damage represents an inevitable consequence of cellular metabolism
and has been implicated, to varying degrees, in development of different cancer types.
8-oxoG is one of the most prevalent oxidative DNA lesions, but available detection
methods do not allow precise genome-wide mapping of its distribution. This study
introduces ODP-Seq, a novel 8-oxoG detection technique, which has been implemented
as a collaborative project. I also show that potassium bromate-induced intestinal
tumorigenesis in repair-deficient animals could be used as a model to study the role of
oxidative DNA damage in cancer.
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Impact Statement
The work in the first chapter will mainly contribute to the field of DNA damage and ATM
signalling, which, as a whole, aids understanding of cancer pathogenesis and
development of novel cancer treatment strategies. ATM plays a key role in coordinating
the cellular response to various genotoxic stresses. ATM monomers mediate signalling
upon double-strand breaks and stalled replication forks, and disulphide-linked dimers
are responsible for oxidative stress-induced ATM signalling. This work provides the first
evidence that, like ATM, ATMIN can make homotypic interactions and proposes a model,
wherein the equilibrium between ATMIN monomers / oligomers and DNA-bound / free
protein levels regulates distinct ATMIN functions and controls the extent of ATM
signalling. Furthermore, I provide evidence for the key role of ATMIN homooligomerisation in ATM signalling in response to oxidative stress. Based on this research,
a manuscript will be prepared for publication.

Lung cancer is among the most commonly diagnosed human cancers and is the leading
cause of cancer-related deaths. In the present work, I show the prevalence of somatic
ATM mutations and putative homozygous and heterozygous deletions of ATMIN in lung
adenocarcinoma (LUAD) patients and attempt to assess the clinical relevance of genetic
inactivation of these genes on LUAD development. Using a murine model of LUAD, I
show that ATMIN-mediated ATM signalling poses a barrier to proliferation of lung cancer
cells and is required for suppression of lung adenocarcinoma. I also demonstrate that
expression of ATM and ATMIN could serve as a prognostic marker in human lung
adenocarcinoma, which is the most prevalent type of lung cancer.

Oxidative DNA damage, when persistent and unresolved, poses a threat to genome
integrity, and as such has been implicated in the pathogenesis of cancer. The most
prevalent type of oxidative DNA lesion, 8-oxoG, has a strong mutagenic potential and its
accumulation in the genome is considered as a risk factor for some cancer types. In this
work, I introduce ODP-Seq, which was implemented as a collaborative project. This
novel 8-oxoG detection technique, combines the specificity of an 8-oxoG repair enzyme
with high-throughput DNA sequencing and allows mapping of oxidative DNA damage at
a high resolution in any sequenced genome. This technique could be employed for
fundamental studies of spatial distribution of oxidative DNA damage in the genome,
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8-oxoG repair kinetics and molecular pathways responsible for prioritisation of DNA
repair. In addition, ODP-Seq could be employed for investigation of molecular
mechanisms underlying oxidative stress-induced carcinogenesis.

5

Acknowledgement
Naturally there are many people I would like to thank for their support and guidance
during the course of my PhD. First of all, I would like to thank my supervisor, Dr Axel
Behrens for opportunity to contribute to scientific knowledge. I must convey particular
gratitude to him for strong scientific guidance throughout my PhD. I would also like to
thank all the current and past members of Adult Stem Cell laboratory for collaboration,
constructive discussions and advice. Namely, thanks to Dr Atanu Chakraborty for always
being available for a technical advice and scientific discussion and Dr Clive da Costa for
ensuring that the lab runs smoothly. Thanks to Dr Ralph Gruber for allowing me to join
him on the long journey of troubleshooting and endless optimisation during ODP-Seq
development. This project taught me how to persevere in scientific research. I would like
to thank Dr Catherine Cremona and Dr Josue Ruiz for critical reading this thesis.

Thinking back, I owe thanks to Prof Fomichev at BSU, who taught me what a good
experiment is and pointed me towards UK, as a place where one could pursue a research
career. I am indebted to Prof Kenneth Murray and The Darwin Trust of Edinburgh for
providing me with the Scholarship for Underground studies and Summer projects, which
paved the way towards a PhD. I am extremely grateful to Cancer Research UK for
funding and an opportunity to work in a such a well-equipped institute, with the state of
the art technologies. I would like to thank the members of scientific technology platforms
in the LRI and now in the Crick, for sharing their wealth of knowledge and expertise and
providing technical advice. Among these are Dr Richard Stone, Dr Emma Nye, Prof
Gordon Stamp and the Experimental Histopathology STP, Dr Svend Kjaer and Structural
biology STP, Dr Thomas Snoeks and In vivo imaging STP, Flow cytometry STP,
Genomics-Equipment Park, Light microscopy STP, Cell services STP, Peptide
Chemistry and Advanced Sequencing STPs and all the members of BRF for continuous
care of the experimental mice.

I would like to thank Dr Sally Leevers and her team for the support and training
opportunities provided in the PhD programme. I am extremely grateful to my thesis
committee members: Dr Julian Downward and Prof Nicholas Luscombe for valuable
advice, critical comments and suggestions during the course of these studies.

6

Finally, and most importantly, I would like to thank family and friends for a lifetime of love,
understanding and comfort to the occasional struggles in the scientific research. Thank
you to my mother and father, who have been unceasingly supportive and encouraging.
Last but not least, I thank my husband Charlie, for his unconditional love and support,
excellent proof-reading and cooking skills, especially during the writing-up time.

7

Table of Contents
Abstract .............................................................................................................. 3
Impact Statement .............................................................................................. 4
Acknowledgement ............................................................................................. 6
Table of Contents .............................................................................................. 8
Table of figures ................................................................................................ 11
List of tables .................................................................................................... 14
Abbreviations................................................................................................... 15
Chapter 1. Introduction ................................................................................ 18
1.1 DNA damage and genome integrity ................................................... 18
1.1.1 DNA damage and repair .................................................................. 18
1.1.2 The repair of DNA double strand breaks ......................................... 20
1.1.3 PIKK and DNA damage response ................................................... 22
1.2 ATM signalling and ATMIN ................................................................. 25
1.2.1 Ataxia-telangiectasia and ATM ........................................................ 25
1.2.2 The many roles and substrates of ATM .......................................... 27
1.2.3 ATM activation and signalling in response to DSBs ........................ 31
1.2.4 Alternative mechanisms of ATM activation ..................................... 37
1.2.5 ATM activation in response to oxidative stress ............................... 38
1.2.6 ATM signalling in response to replication stress ............................. 39
1.2.7 ATMIN as a novel ATM cofactor ..................................................... 41
1.2.8 Cofactors selectivity in ATM signalling ............................................ 44
1.2.9 ATM-independent role of ATMIN in DNA damage response .......... 45
1.2.10 ATMIN as a transcription factor ....................................................... 45
1.2.11 The role of ATMIN in development .................................................. 47
1.3 The role of ATM signalling in cancer ................................................. 49
1.3.1 ATM mutations in human cancers ................................................... 49
1.3.2 ATM as a potent tumour suppressor ............................................... 51
1.3.3 The tumour promoting functions of ATM ......................................... 54
1.3.4 The dual role of ATMIN-mediated ATM signalling in cancer ........... 56
1.4 Lung cancer ......................................................................................... 58
1.4.1 Lung cancer overview ..................................................................... 58
1.4.2 Lung adenocarcinoma: epidemiology and treatment options .......... 59
1.4.3 Molecular genetics of lung adenocarcinoma ................................... 61
1.4.4 Immunotherapy in the lung cancer treatment landscape ................ 67
1.4.5 Mouse models of LUAD .................................................................. 68
1.5 Oxidative DNA damage and cancer ................................................... 73
1.5.1 Oxidative DNA damage: sources, consequences and repair .......... 73
1.5.2 Oxidative DNA damage in cancer development .............................. 77
1.5.3 8-oxoG detection methods .............................................................. 80
Chapter 2. Materials & Methods .................................................................. 83
2.1 Materials ............................................................................................... 83
2.1.1 Reagents and Consumables ........................................................... 83
2.1.2 Media and Buffers ........................................................................... 86
2.1.3 Oligonucleotides .............................................................................. 92
2.1.4 Antibodies ........................................................................................ 94
8

2.1.5 Plasmids .......................................................................................... 95
2.2 Methods ................................................................................................ 97
2.2.1 Animal work ..................................................................................... 97
2.2.2 Cell culture....................................................................................... 99
2.2.3 Histology ........................................................................................ 102
2.2.4 Molecular biology .......................................................................... 104
2.2.5 Biochemistry .................................................................................. 112
2.2.6 Cell biology .................................................................................... 115
2.2.7 Statistical analysis ......................................................................... 118
Chapter 3. The role of ATMIN in regulating ATM signalling ................... 119
3.1 Introduction to the aim ...................................................................... 119
3.2 Characterisation of AtminK238R/K238R mice ........................................ 120
3.2.1 AtminK238R/K238R mice are viable and fertile .................................... 120
3.2.2 Impaired canonical ATM signalling in the intestine of AtminK238R/K238R
mice…… .................................................................................................. 123
3.3 Characterisation of AtminC183S/C183S MEFs ....................................... 128
3.3.1 A dominant negative effect of ATMIN C183S mutant on Dynll1
transcription .............................................................................................. 128
3.3.2 The effect of ATMIN C183S mutation on canonical and noncanonical ATM signalling. ........................................................................ 131
3.4 The role of ATMIN oligomerisation in ATM signalling ................... 137
3.4.1 Detection of ATMIN oligomeric state by gel-filtration .................... 137
3.4.2 Mapping of the region required for ATMIN homo-oligomerisation . 139
3.4.3 Generation and characterisation of ATMIN knock-out cells .......... 145
3.4.4 ATMIN homo-oligomerisation is required for ATMIN function as a
transcription factor .................................................................................... 148
3.4.5 ATMIN monomers retain affinity to ATM, can mediate basal ATM
activation and inhibit canonical ATM signalling ........................................ 152
3.4.6 Homo-oligomerisation is necessary for ATM signalling in response to
oxidative stress ........................................................................................ 155
Chapter 4. The role of ATM signalling in lung cancer............................. 160
4.1 Introduction to the aim ...................................................................... 160
4.2 Mono- and bi-allelic loss of ATM or ATMIN accelerates lung
adenocarcinoma in KP model................................................................... 164
4.3 Characterisation of KP, Atm∆/∆KP and Atmin∆/∆KP cells ................ 174
4.4 ATM and ATMIN expression in human LUAD ................................. 181
Chapter 5. The role of oxidative DNA damage in cancer ........................ 186
5.1 Introduction to the aim ...................................................................... 186
5.2 Genome-wide mapping of oxidative DNA damage ......................... 187
5.2.1 ODP-Seq: a technique for locating 8-oxoG in the genome ........... 187
5.2.2 Overview and optimisation of FPG assay ..................................... 192
5.2.3 Artefactual DNA oxidation during DNA sonication ........................ 196
5.2.4 The landscape of oxidative DNA damage ..................................... 199
5.2.5 Search for optimal conditions to induce oxidative DNA damage ... 206
5.3 Oxidative DNA damage-induced tumorigenesis in repair deficient
mice ............................................................................................................. 210
5.3.1 Urethane-induced lung tumorigenesis ........................................... 210
5.3.2 Potassium bromate-induced intestinal tumorigenesis ................... 212
9

Chapter 6. Discussion ................................................................................ 217
6.1 The role of ATMIN in regulating ATM signalling ............................. 217
6.1.1 The lessons from initial characterisation of AtminK238R/K238R mice . 217
6.1.2 Homo-oligomerisation and its role in ATMIN function as a
transcription factor .................................................................................... 218
6.1.3 The role of ATMIN homo-oligomerisation in canonical and basal
ATM signalling .......................................................................................... 220
6.1.4 The role of ATMIN homo-oligomerisation in oxidative-stress ATM
signalling .................................................................................................. 222
6.2 The role of ATMIN-mediated ATM signalling in lung
adenocarcinoma ........................................................................................ 225
6.2.1 Acceleration of lung adenocarcinoma development upon loss of
ATM or its cofactor ATMIN in KP model .................................................. 225
6.2.2 Lessons from Atm∆L/∆LKP, Atmin∆L/∆LKP and KP lung tumour cells226
6.2.3 Human relevance .......................................................................... 228
6.3 The role of oxidative DNA damage in cancer.................................. 230
6.3.1 ODP-Seq: overview and scope for improvement .......................... 230
6.3.2 Non-random distribution of oxidative DNA damage in the
genome .................................................................................................... 232
6.3.3 ATM contributes to selective protection of new LINE1 elements
against oxidative DNA damage ................................................................ 233
6.3.4 Oxidative DNA damage-induced intestinal tumorigenesis. ........... 235
Chapter 7. Appendix................................................................................... 236
Reference List ................................................................................................ 237

10

Table of figures
Figure 1 The types of DNA damage and the repair mechanisms involved. ................. 19
Figure 2 The repair of DNA DSBs by HR and NHEJ. ................................................... 21
Figure 3 ATM, ATR and DNA-PK in DNA damage response (DDR). .......................... 23
Figure 4 Schematic illustration of ATM domain organisation. ...................................... 26
Figure 5 The many functions of ATM. .......................................................................... 27
Figure 6 Simplified illustration of ATM-mediated p53 stabilisation and cell cycle control.
.............................................................................................................................. 28
Figure 7 Architecture of the MRN complex tethering the broken DNA ends. ............... 33
Figure 8 Overview of the posttranslational modifications of ATM. ............................... 36
Figure 9 The model of ATMIN-mediated ATM recruitment at stalled replication fork. .. 40
Figure 10 An overview of ATMIN domain organisation. ............................................... 42
Figure 11 Schematic illustration of tumour suppressor genetics. ................................. 52
Figure 12 Pro-tumorigenic functions of ATM signalling. ............................................... 54
Figure 13 EGFR/RAS signalling pathway. ................................................................... 63
Figure 14 KRAS molecular switch. ............................................................................... 64
Figure 15 The tumour suppressors encoded by CDKN2A gene. ................................. 66
Figure 16 The illustration of grading system for murine LUAD mouse models. .......... 71
Figure 17 Causes and consequences of oxidative DNA damage. ............................... 74
Figure 18 The mechanism of oxidative DNA damage repair by GO system. ............... 76
Figure 19 Generation and characterisation of AtminK238R/K238R mice. .......................... 122
Figure 20 Impaired IR-induced ATM signalling in the intestine of AtminK238R/K238R mice.
............................................................................................................................ 125
Figure 21 Elevated DNA damage and impaired 53BP1 foci formation in the intestinal
crypts of AtminK238R/K238R mice. ............................................................................ 127
Figure 22 ATMIN C183S mutation has a dominant negative effect on transcription of
ATMIN target genes. ........................................................................................... 129
Figure 23 ATM signalling in AtminC183S/C183S MEFs. .................................................... 133
Figure 24 Impaired canonical ATM signalling in AtminC183S/C183S MEFs. .................... 135
Figure 25 Native ATMIN exists as an oligomer, rather than a monomer. .................. 138
Figure 26 Zinc fingers are dispensable for ATMIN homo-oligomerisation. ................ 140

11

Figure 27 Identification of the region involved in ATMIN homo-oligomerisation using
peptide spot array and peptide IP. ...................................................................... 142
Figure 28 Identification of ATMIN homo-oligomerisation mutant using genetic mapping.
............................................................................................................................ 144
Figure 29 Generation and characterisation of ATMIN knock-out (KO) cells. ............. 147
Figure 30 Homo-oligomerisation is required for ATMIN function as a transcription factor.
............................................................................................................................ 149
Figure 31 ATMIN homo-oligomerisation mutant is more stable than Wt ATMIN. ....... 151
Figure 32 Homo-oligomerisation is dispensable for ATMIN interaction with ATM and
basal ATM signalling. .......................................................................................... 153
Figure 33 ATMIN homo-oligomerisation is dispensable for blocking canonical ATM
signalling. ............................................................................................................ 154
Figure 34 ATMIN homo-oligomerisation is necessary for ATM activation and downstream
signalling in response to oxidative stress. ........................................................... 156
Figure 35 ATMIN homo-oligomerisation is required for oxidative stress-induced ATM
signalling. ............................................................................................................ 158
Figure 36 ATM mutations and ATMIN copy number alterations are common in LUAD
patients. ............................................................................................................... 163
Figure 37 An overview of experimental strategy and mouse models employed to assess
the role of ATM and ATMIN in murine lung adenocarcinoma. ............................ 165
Figure 38 Mono-allelic and bi-allelic loss of ATM or ATMIN accelerates lung
adenocarcinoma in KP mouse model. ................................................................ 167
Figure 39 ATM or ATMIN-deficient KP tumours have higher proliferation index than KP
tumours. .............................................................................................................. 169
Figure 40 ATM or ATMIN deficiency leads to acceleration of tumour progression in KP
model of LUAD. ................................................................................................... 170
Figure 41 Quantitative monitoring of lung lesions in the mice of indicated genotypes.
............................................................................................................................ 172
Figure 42 Atm∆/∆KP and Atmin∆/∆KP cells proliferated faster than KP cells and had a
higher proportion of S-phase cells. ..................................................................... 176
Figure 43 Increased DNA damage level in Atm∆L/∆LKP and Atmin∆L/∆LKP cells. ......... 177
Figure 44 Evaluation of sensitivity of KP, Atm∆/∆KP and Atmin∆/∆KP cells to DNA damage
inducing agents. .................................................................................................. 179
Figure 45 ATM and ATMIN expression in human LUAD. ........................................... 183
12

Figure 46 Survival analysis in patients with lung adenocarcinoma stratified by ATM and
ATMIN expression. .............................................................................................. 185
Figure 47 The kinetic analysis of catalytically dead K241Q yOGG1 mutant binding to
unmodified and 8-oxoG containing synthetic dsDNA oligo. ................................ 189
Figure 48 ODP-Seq: a novel technique for measuring oxidative DNA damage across the
genome. .............................................................................................................. 191
Figure 49 Overview of FPG assay and its optimisation. ............................................. 193
Figure 50 Technical validation of FPG assay using synthetic dsDNA oligos. ............ 195
Figure 51 Tempol prevents artefactual DNA oxidation during DNA sonication. ......... 198
Figure 52 Accumulation of oxidative DNA damage in heterochromatin and repetitive
elements. ............................................................................................................. 200
Figure 53 The level of oxidative DNA damage in LINE1 elements. ........................... 204
Figure 54 Accumulation of oxidative DNA damage in recently evolved LINE1 elements
upon ATM deficiency. .......................................................................................... 205
Figure 55 Examination of conditions to induce oxidative DNA damage. .................... 208
Figure 56 Mutyh-/- Ogg1-/- mice are not susceptible to urethane-induced carcinogenesis.
............................................................................................................................ 211
Figure 57 Body weight change in the mice of different genotypes in response to
administration of potassium bromate. ................................................................. 213
Figure 58 Mutyh-/- Ogg1-/- mice are highly susceptible to potassium bromate-induced
carcinogenesis. ................................................................................................... 215
Figure 59 The role of ATMIN homo-oligomerisation in target gene transcription. ...... 220
Figure 60 An equilibrium between ATMIN monomers / oligomers and DNA-bound / free
protein levels regulates distinct ATMIN functions. .............................................. 222
Figure 61 A simplified overview of ATM signalling pathways. .................................... 223

13

List of tables
Table 1 Somatic ATM alterations in cancer. ................................................................. 50
Table 2 Summary of histological features and genetic alterations of NSCLC subtypes.
.............................................................................................................................. 59
Table 3 Summary of the most commonly used GEMMs of LUAD and their respective
phenotypes. ........................................................................................................... 70
Table 4 8-oxoG detection methods. ............................................................................. 80
Table 5 List of oligonucleotides. ................................................................................... 92
Table 6 List of RT-Q-PCR primers. .............................................................................. 93
Table 7 List of genotyping primers. .............................................................................. 93
Table 8 List of primary antibodies. ............................................................................... 94
Table 9 List of secondary antibodies. ........................................................................... 95
Table 10 List of mouse lines. ........................................................................................ 97
Table 11 The comparison of 3 genome-wide mapping approaches. ......................... 231

14

Abbreviations
3D

Three dimensional

8-oxoG

8-oxo-Guanine

aa

amino acid

A-T

Ataxia-Telangiectasia

Ade-Cre

Adenoviral vector expressing Cre recombinase

AIM

ATM interaction motif

Aph

Aphidicolin

ATM

Ataxia-Telangiectasia Mutated

ATMi

ATM inhibitor

ATMIN

ATM interacting protein

ATP

Adenosine triphosphate

A.U.

Arbitrary units

BER

Base excision repair

bp

Base pair

cDNA

Complementary DNA

ChIP

Chromatin immunoprecipitation

CNA

Copy number alterations

Cre

Cre recombinase

Crick

The Francis Crick Institute

CRISPR/CAS9

Clustered

regularly

interspaced

repeat/CRISPR-associated 9
CT

Computed tomography

Ct

Threshold cycle

DAPI

4-6-diamidino-2-phenylindole

ddH2O

Double distilled water

DDR

DNA Damage Response

DMSO

Dimethyl sulfoxide

DNA

Deoxyribonucleic acid

dNTPs

Deoxynucleotide triphosphates

DSB

Double-strand break

dsDNA

Double-stranded DNA

15

short

palindromic

EGF

Epidermal growth factor

FACS

Fluorescent activated cell sorting

FCS

Foetal calf serum

FGF

Fibroblast growth factor

g

Gram

GEMM

Genetically engineered mouse model

GFP

Green fluorescent protein

gRNA

Guide RNA

H&E

Haemotoxylin and eosin

HR

Homologous recombination

IHC

Immunohistochemistry

IF

Immunofluorescence

Ig

Immunoglobulin

IP

Immunoprecipitation

IR

Ionising radiation

kb

Kilobase

kDa

Kilodalton

KO

Knock-out

l.e.

Long exposure

LRI

London Research Institute

M

Molar

Mb

Megabase

MEFs

Murine embryonic fibroblasts

mg

Milligram

ml

Millilitre

mM

Milimolar

na

Not available

NBF

Neutral buffered formalin

nd

Not detected

NHEJ

Non-Homologous End Joining

NSCLC

Non-small-cell-lung-cancer

n.s.

Not significant

OGG1

8-oxoguanine DNA glycosylase

16

ODP-Seq

Oxo-DNA pull-down followed by DNA sequencing

P

Phospo

PBS

Phosphate buffered saline

PCR

Polymerase chain reaction

PFA

Paraformaldehyde

PFU

Plaque-forming unit

PI

Propidium iodide

PIKK

Phosphoinositide-3-kinase related kinase

Q-PCR

Quantitative real-time PCR

RNA

Ribonucleic acid

ROS

Reactive oxygen species

SDS

Sodium dodecyl sulfate

SDS-PAGE

Sodium dodecyl sulfate - Polyacrylamide gel

SEM

Standard error of the mean

Seq

Sequencing

SSB

Single-strand break

ssDNA

Single-stranded DNA

STP

Scientific technology platform

s.e.

Short exposure

Ta

Annealing temperature

Tempol

4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl

Tris

Tris(hydroxymethyl)aminomethane

v

Volume

V

Volt

v/v

Volume per volume

w

Weight

WB

Western blotting

WCE

Whole cell extract

Wt

Wild type

w/v

Weight per volume

µg

Microgram

µl

Microlitre

µM

Micromolar

17

Chapter 1 Introduction

Chapter 1.

Introduction

1.1 DNA damage and genome integrity
1.1.1

DNA damage and repair

DNA is the carrier of genetic information required for defining the identity and functions
of the cell, as well as every single process and protein in the cell. Yet DNA molecule is
chemically unstable and intrinsically fragile (Lindahl, 1993). It is estimated that 70,000 to
500,000 lesions accumulate daily in the DNA of every cell (Barnes and Lindahl, 2004,
Hoeijmakers, 2009). DNA can be damaged in many ways. Spontaneous reactions
intrinsic to chemical instability of DNA molecule cause deamination and loss of the DNA
bases (Lindahl and Nyberg, 1972, Lindahl, 1993). Reactive oxygen species and
alkylating agents, generated as by-products during normal cellular metabolism, cause
oxidative and alkylating DNA damage, respectively, and also generate single-strand
breaks (SSB) (De Bont and van Larebeke, 2004). Some DNA lesions arise via processes
involved in DNA metabolism. For instance, DNA mismatches are occasionally introduced
during DNA replication, and double-strand breaks (DSBs) are induced by abortive
topoisomerase activity or collapsed replication forks. DNA damage can also be induced
by environmental factors. For instance, ionising radiation (IR) can induce oxidation of
DNA bases, SSBs and DSBs. Ultraviolet light (UV) from sunlight can induce up to
100,000 DNA lesions per cell per day (namely cyclobutane pyrimidine dimers and (6-4)
photoproducts) (Hoeijmakers, 2009). DNA lesions can block DNA replication and
interfere with transcription, leading to further mutations and large genomic
rearrangements. To counteract the deleterious effects of DNA damage, cells have
evolved mechanisms to repair this damage and restore genomic integrity. Research into
DNA repair mechanisms started with the fundamental work carried out by Tomas Lindahl,
Paul Modrich and Aziz Sancar, with recognition of the importance of work reflected by
award of a Nobel Prize in Chemistry in 2015 (Lindahl et al., 2016).

The wide diversity of DNA lesion types requires the existence of multiple DNA repair
mechanisms (Figure 1).

18

Chapter 1 Introduction

Figure 1 The types of DNA damage and the repair mechanisms involved.
A simplified illustration depicting the common DNA lesions, with respective causal DNAdamaging agents and the repair mechanisms. Key detailed descriptions of the DNA
damage repair processes include (Ciccia and Elledge, 2010, Sancar et al., 2004,
Stingele et al., 2017, Moldovan and D'Andrea, 2009). Base damage resulting from
oxidation, alkylation or deamination is repaired by BER. Intercalating DNA agents insert
themselves between adjacent bases, distorting the DNA helix, and can lead to small
insertions and deletions during DNA replication, resulting in frameshift mutations. The
latter, together with SSBs and mismatches, are repaired by MMR. NER repairs more
complex lesions, such as bulky DNA adducts and UV-induced pyrimidine dimers. The
FA pathway coordinates the repair of DNA interstrand crosslinks via a complex
mechanism with the elements of both NER and HR. DSBs are repaired by NHEJ or HR.
Several repair mechanisms are responsible for removal of DNA-protein crosslinks. The
cross-talk between repair pathways and direct damage reversal mechanisms (employed
for repair of alkylating or UV-induced DNA damage) are not shown.
AP-site – apurinic site; 8-oxoG – 8-oxo-Guanine; SSB – single-strand break; CPD –
cyclobutane pyrimidine dimer; InDel – insertions or deletions; ISC – interstrand
crosslinks; DSB – double-strand break; DPS – DNA protein crosslinks; BER – Base
excision repair; MMR – Miss-match repair; NER – Nucleotide excision repair; FA –
Fanconi Anemia pathway; HR – Homologous recombination; NHEJ – Non-homologous
end joining; NDR – Nuclease-dependent repair; PDR – Protease-dependent repair, DCH
– Direct-crosslink hydrolysis; ROS – Reactive oxygen species.
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While some lesions are repaired by direct lesion reversal, mediated by a single
enzymatic activity; the majority rely on complex multistep repair pathways with multiple
proteins

involved

including

nucleases,

glycosylases,

helicases,

polymerases,

recombinases and ligases. The added complexity is due to the existence of distinct and
complementary pathways for some of the lesions, which can be employed in different
contexts. The most typical example of this phenomenon is the repair of DSBs.

1.1.2

The repair of DNA double strand breaks

Although less frequent than other DNA lesions, DNA DSBs represent one of the most
toxic and deleterious types of DNA damage. Unrepaired persistent DSBs can result in
cell death, whereas unfaithfully repaired DSBs can lead to genomic rearrangements or
loss of genetic material. DSBs occur when the two complementary strands of DNA
double helix are simultaneously broken in close proximity. However, programmed DSB
induction is an essential step during meiosis, V(D)J and class-switch recombination
(Richardson et al., 2004, Bassing and Alt, 2004). DSBs can also arise spontaneously
during DNA replication when replication forks collapse; they can come about from two
SSBs, that are located in close proximity on complementary strands; or they can form
during the repair of other DNA lesions. It is estimated that spontaneous endogenous
DSBs occur at the rate of 50 per cell per cell cycle (Vilenchik and Knudson, 2003). They
can also be induced by exposure to DNA damaging agents, including ionising radiation
(IR), the topoisomerase inhibitor etoposide and radiomimetic compounds, such as
bleomycin.

To counteract the deleterious effects of DSBs, cells have evolved several DSB repair
mechanisms: homologous recombination (HR), non-homologous end joining (NHEJ),
break-induced replication, synthesis-dependent strand annealing, single strand
annealing and microhomology-mediated end joining (Huertas, 2010). Of these, the two
major repair pathways are NHEJ, which is error-prone, and HR, which is largely errorfree. They function in complementary ways to repair DSBs (Figure 2). NHEJ acts by
ligating together the two free DNA ends regardless of the sequence and with no or limited
processing. It is highly efficient, but also prone to errors and frequently results in small
insertions or deletions at the sites of joining. NHEJ can also lead to inversions and
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translocations due to lack of a mechanism to ensure that the broken ends belong
together.

Figure 2 The repair of DNA DSBs by HR and NHEJ.
A simplified illustration of DSB repair via HR and NHEJ mechanisms.
NHEJ: 1. Ku heterodimer (Ku70/Ku80) binds the ends of DSBs and, if necessary,
facilitates the removal of abasic sites nears DSBs. 2. Ku recruits DNA-PKcs (catalytic
subunit of DNA-dependent protein kinase) and DNA-PK holoenzyme promotes DNA-end
tethering. 3. DNA-PK catalyses a series of phosphorylation reactions and NHEJ core
factors (including DNA Ligase 4, XRCC4 and Artemis) are recruited. 4. Finally, the DNA
ends are ligated together.
HR: 1. DNA DSBs are recognised by MRN complex, which recruits ATM. Active ATM
phosphorylates BRCA1 and MRN. MRN and CtIP mediate extensive DNA-end resection,
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that results in the formation of long 3’ ssDNA overhangs (Sartori et al., 2007). ATM and
BRCA1 facilitate DNA end resection. 2. ssDNA is rapidly coated and stabilised by RPA
(Replication Protein A). Next RPA is replaced by RAD51 recombinase, which assembles
in the filament. This is mediated by RAD52 and BRCA2. RAD51 filament invades
homologous duplex DNA and generates a double Holliday junction intermediate. The
latter is resolved to form crossover or dissolved to non-crossover DNA products.
HR involves extensive DNA-end resection, followed by strand invasion and repair using
as a template the equivalent undamaged DNA of a sister chromatid with which it shares
extensive sequence homology. The occurrence of extensive DNA-end resection is
limiting towards the choice of the repair pathway, as this is required for HR, but is
inhibitory towards NHEJ. HR is only feasible after DNA replication, when an identical
sister chromatid is available. Thus, HR predominates during S and G2 phases, whereas
NHEJ is active throughout cell cycle and is a favoured mechanism during G1-phase. The
importance of DSB repair is emphasised by the fact that the repair pathways involved
are complex and highly conserved among eukaryotes.
1.1.3

PIKK and DNA damage response

Given the importance and complexity of DNA repair processes, it is mandatory that DNA
repair is tightly regulated in a spatial, lesion-specific and timely manner, and
appropriately coordinated with the cell cycle progression. Proliferation of cells with
undetected and unresolved DNA lesions leads to accumulation of mutations and
chromosomal rearrangements. This ultimately results in genomic instability, which
represents one of the main hallmarks of cancer (Hanahan and Weinberg, 2011). To
counteract the deleterious consequences of DNA damage, cells have evolved molecular
mechanisms to detect and signal the presence of DNA lesions, to arrest cell cycle
progression and activate the appropriate DNA repair pathways, or to eliminate the cells,
if the damage is unrepairable. The signalling network that detect, signal and repair DNA
lesions is commonly referred to as DNA Damage Response (DDR). Like many signal
transduction pathways, it is primarily coordinated through protein phosphorylation. In
vertebrate cells, DDR is orchestrated by three phosphoinositide-3-kinase-related
kinases (PIKK): ATM (ataxia-telangiectasia mutated), ATR (ATM and RAD3-related
protein) and DNA-PK (DNA-dependent protein kinase) (Blackford and Jackson, 2017).
Given the key roles, their activity must be tightly regulated to avoid aberrant activation in
non-inflicted cells. Indeed, each kinase has a specific cofactor or regulatory protein,
required for recruitment to the DNA damage site and activation. ATRIP (ATR-interacting
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protein) and Ku80 are cofactors for ATR and for DNA-PKcs, respectively (Zou and
Elledge, 2003, Gell and Jackson, 1999, Singleton et al., 1999). ATM has two cofactors:
NBS1 (as a part of MRN complex) and ATMIN, employed in a stimulus-dependent
manner (Falck et al., 2005, Kanu and Behrens, 2007).

Figure 3 ATM, ATR and DNA-PK in DNA damage response (DDR).
DNA-PKcs is recruited and activated by DSBs, bound by its cofactor Ku. DNA-PK
holoenzyme phosphorylates ARTEMIS and XRCC4 and ultimately promotes DSBs
repair via NHEJ. ATM also responds to DSBs and in this relies on its cofactor NBS1.
ATM phosphorylates multiple targets involved in DNA repair, cell cycle checkpoints and
apoptosis. ATR, together with its cofactor ATRIP, responds to ssDNA damage,
phosphorylates CHK1, activating cell cycle checkpoints and DNA repair. There is a
cross-talk between pathways and some of the substrates are shared. For instance,
ARTEMIS is also phosphorylated by ATM; H2AX and p53 are shared between all three
kinases.
Each kinase has a specialised role in DDR (Figure 3). ATM and DNA-PK respond to
DSBs, whereas ATR responds to SSBs, recognising areas of ssDNA. Unlike ATR and
ATM, that have hundreds of substrates, DNA-PK regulate a smaller number of targets
involved primarily in NHEJ (Matsuoka et al., 2007, Burma and Chen, 2004). All three
kinases preferentially phosphorylate downstream targets on a so-called SQ/TQ motif
(Serine or Threonine residue followed by Glutamine) and hence share some substrates
and have some overlapping functions (Kim et al., 1999). Although traditionally, each
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kinase was associated with a specific type of DDR, it is now clear that ATM and ATR
respond to a multitude of genotoxic stresses and coordinate a much wider variety of
cellular processes than initially anticipated.

Put simply, the initiation of malignant transformation occurs when DNA mutations are
acquired in genomic regions functionally involved in regulation of cell proliferation,
differentiation and death. Ultimately, DDR exists to preserve genome integrity and
protect against malignancy by directing cells with persistent unrepaired DNA damage to
either apoptosis or senescence (Bartkova et al., 2005, Gorgoulis et al., 2005). The
fundamental importance of DNA repair and DDR is highlighted by embryonic lethality,
hereditary diseases and cancer syndromes, which are attributed to a mutation of a single
DNA repair gene (Jackson and Bartek, 2009, Ciccia and Elledge, 2010).
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1.2 ATM signalling and ATMIN
1.2.1

Ataxia-telangiectasia and ATM

Ataxia-Telangiectasia (A-T) is a rare hereditary recessive autosomal disorder, of which
symptoms include: lack of voluntary movement coordination (ataxia), dilated blood
vessels (primarily in eyes; ocular telangiectasia), progressive neurodegeneration,
gonadal atrophy and immunodeficiency (Taylor et al., 2015, Rothblum-Oviatt et al., 2016).
Patients also exhibit an increased predisposition to cancer, notably lymphoid
malignancies. The hallmarks of the cellular phenotype of A-T patients include extreme
radiosensitivity, high chromosomal instability, impaired cell-cycle checkpoint activation
and premature cellular senescence (Painter and Young, 1980, Kastan et al., 1992,
Beamish and Lavin, 1994). Although the first case of A-T was described in 1926 and AT was defined as a distinct clinical disease in 1957, it was not until 1988 that the A-T
locus was mapped to chromosome 11 (Lavin, 2008, Gatti et al., 1988). The gene
responsible was subsequently identified by positional cloning and called ATM (AtaxiaTelangiectasia Mutated) (Savitsky et al., 1995a). The human ATM gene is very large. It
is located on chromosome 11q22-23, spanning over 150 kb. It has 66 exons and
encodes 13 kb of transcript (Uziel et al., 1996). To date, 554 unique genetic mutations
have been reported, which spread over the entire length of the gene (Fokkema et al.,
2011). Whilst the classical A-T phenotype results from total absence of any functional
ATM protein due to homozygosity or compound heterozygosity for the ATM-null allele,
milder forms of A-T also exist, which are caused by various low penetrance mutations
that leave residual functional ATM protein (Taylor et al., 2015).

Many A-T symptoms (radiosensitivity, thymic lymphoma predisposition, growth
retardation and infertility) are faithfully recapitulated in Atm-deficient mouse models
(Barlow et al., 1996, Elson et al., 1996, Xu et al., 1996). Generation of the first mouse
models of A-T involved gene targeting by inserting a neo-cassette within an exon (or
replacing an exon with a PGKneo-cassette), thus disrupting the Atm gene and
generating an Atm null allele (Atm-/-). Since then, conditional ATM knock-out mice
(Atmflox/flox) have been generated, which rely on the Cre/loxP system. In this model, exons
of the mouse Atm gene are “floxed” (flanked with 2 unidirectional loxP sites) (Zha et al.,
2008). Cre-recombinase recognises the loxP sites and mediates deletion of the DNA
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sequence contained between them, thus generating the Atm-null (Atm∆/∆ ) allele. As Cre
expression can be controlled by a tissue- or development-specific promoter, it allows
specific deletion of Atm in a particular cell type at a certain developmental stage (Zha et
al., 2011). Overall, mouse models deficient in ATM have been pivotal to the study of AT and the physiological functions of ATM.

ATM is a large protein of 3,056 amino acids. It is a member of PIKK (PI3K-like protein
kinase) family (Savitsky et al., 1995b). ATM kinase is highly conserved in eukaryotes
with a similar domain structure to other PIKKs (Figure 4). The kinase domain is located
towards the C-terminus and is flanked N-terminally by a FAT (FRAP-ATM-TRRAP)
domain and C-terminally by a PRD (PIKK regulatory domain) and FATC (FAT Cterminal) motif (Lempiainen and Halazonetis, 2009). The majority of ATM, including the
entire N-terminus, consists of solenoid HEAT-repeat domains of variable length (Perry
and Kleckner, 2003). In many proteins HEAT repeats mediate protein-protein
interactions; however, their function in ATM remains unclear. A substrate binding motif
is positioned towards the N-terminus of ATM primary amino acid sequence. This is
required for interaction with target proteins, including p53, NBS1 and BRCA1 (Fernandes
et al., 2005). ATM kinase preferentially phosphorylates substrates on a Serine or
Threonine residue followed by a glutamine, the so-called SQ/TQ motif; similar in
mechanism to DNA-PK and ATR (Kim et al., 1999). Various SQ/TQ motifs are present
on ATM itself, suggesting that ATM has autophosphorylation potential.

Figure 4 Schematic illustration of ATM domain organisation.
Schematic representation of ATM protein, depicting its main domains and motifs. SBS –
substrate binding site; NLS – nuclear localisation signal; FAT - FRAP-ATM-TRRAP; PI3K
– phosphoinositide-3-kinase; FATC - FAT C-terminal; PRD - PIKK regulatory domain.
Two research groups have engineered mouse models that express physiological levels
of catalytically inactive (“kinase-dead”) ATM, via introduction of distinct mutations in the
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conserved catalytic loop. Whereas Atm-/- mice are viable, strikingly, AtmKD/KD mice died
during early embryonic development. The conditional mouse model expressing kinasedead ATM showed increased genomic instability in lymphocytes (Yamamoto et al., 2012,
Daniel et al., 2012). These studies indicate that presence of catalytically inactive ATM
has more severe consequences than its entire absence and highlight the importance of
ATM kinase activity in DNA repair and development.
1.2.2

The many roles and substrates of ATM

ATM has been traditionally considered as a nuclear protein, with a central role in
phosphorylating a network of proteins and orchestrating cellular response to DNA
damage. However, emerging evidence suggests that ATM also has cytoplasmic
functions, where it can be involved in insulin signalling, calcium and potassium ion
mobilisation and vesicle trafficking (Yang and Kastan, 2000, Famulski et al., 2003,
Barlow et al., 2000, Lim et al., 1998). ATM kinase has multiple substrates, themselves
involved in various cellular processes ranging from DNA repair and cell cycle control to
regulation of gene expression and glucose uptake (Figure 5). Recent proteomic screens
identified 1077 proteins as potential direct phosphorylation targets of ATM (Matsuoka et
al., 2007, Kozlov et al., 2016). It is therefore unsurprising that characterisation of ATM
substrates and ATM-controlled cellular processes is far from complete.

Figure 5 The many functions of ATM.
A simplified overview of the versatile functions of ATM, ranging from involvement in
cellular homeostasis pathways to regulation of cellular response to genotoxic stresses.
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The first substrate of ATM to be identified was p53 (or TP53) (Banin et al., 1998, Canman
et al., 1998). p53 is a key tumour suppressor gene and has acquired the pseudonym
“guardian of the genome” (Lane, 1992). It is a potent and multi-functional transcription
factor. Among p53 transcriptional targets are pro-apoptotic genes (PUMA, NOXA, BAX),
genes involved in cell cycle arrest (14-3-3σ and CDKN1A, encoding p21) and the death
receptor pathway (KILLER, FAS, PDD) (Fischer, 2017, Menendez et al., 2009). Given
the multitude of p53 responsive genes, p53 is maintained at low levels in unprovoked
cells, mainly through basal transcriptional regulation of the E3 ubiquitin ligase, MDM2,
that targets p53 for degradation. Upon DNA damage, ATM facilitates p53 stabilisation
and activation, through phosphorylation of MDM2 as well as phosphorylation of p53 on
Serine 15 (Maya et al., 2001) (Figure 6) Accumulation of active p53 in the nucleus
ultimately leads to cell cycle arrest (via G1/S checkpoint activation) or apoptosis.

Figure 6 Simplified illustration of ATM-mediated p53 stabilisation and cell cycle
control.
Under normal conditions, MDM2 directs p53 ubiquitination and targets it for proteosomal
degradation. MDM2 also mediates p53 translocation from the nucleus to cytoplasm, thus
limiting it as a transcriptional activator. Upon DNA damage, ATM phosphorylates MDM2,
which suppresses its function in p53 degradation targeting and p53 nuclear export. It
also stimulates MDM2 binding to p53 mRNA, promoting its translation. ATM also
phosphorylates p53, which contributes to its activation and interferes with MDM2 binding.
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p53 acts as transcriptional regulator promoting the expression of its own negative
regulator, MDM2, pro-apoptotic genes and cell cycle inhibitor p21. The latter inhibits
Cdk2-cyclin E, and thus contributes to G1/S checkpoint activation.
Another well characterised ATM substrate is CHK2, a Serine/Threonine protein kinase,
which transduces and amplifies the DNA damage signal through a phosphorylation
cascade. ATM phosphorylates CHK2 on Threonine 68 (T68), amongst other sites, which
induces CHK2 dimerisation and activation (Ahn et al., 2000). Active CHK2, in turn,
mediates phosphorylation of more than 20 substrates, including the DNA repair proteins,
BRCA1 and BRCA2, p53 and the cell cycle regulators, CDC25C and CDC25A. The latter
three substrates contribute to activation of G1/S, G2/M and inter-S phase checkpoints,
respectively. FANCD2 and SMC1 are also involved in the inter-S-phase checkpoint.
They are phosphorylated by ATM in response to DNA damage, further demonstrating a
role for ATM in the control of the inter-S phase checkpoint. This illustrates the complexity
of ATM signalling network, where multiple activated substrates work together towards a
common signalling outcome.

Overall, ATM plays a key role in the regulation and activation of cell cycle checkpoints,
thus coordinating DNA repair with cell cycle arrest and apoptosis. The importance is
further underscored by the cellular phenotype of A-T patients, including radioresistant
DNA synthesis and failure to activate the G1/S or G2/M checkpoints after DNA damage
(Houldsworth and Lavin, 1980, Kastan et al., 1992, Beamish and Lavin, 1994).

ATM also phosphorylates a number of proteins, regulating or directly involved in DNA
repair. Histone variant H2AX is one such protein, which harbours a SQ-motif in the Cterminus. H2AX accounts for approximately 15% of the cellular pool of histone 2A in
mammalian cells. It randomly replaces the canonical H2A within nucleosomes
throughout chromatin (Rogakou et al., 1998). ATM-dependent phosphorylation of H2AX
on Serine 139 yields what is known as gH2AX. This acts as a docking platform for the
recruitment of cohesin and DNA repair proteins, and therefore increases their local
concentration (Xie et al., 2004a). gH2AX also facilitates chromatin remodelling, thus
improving DNA accessibility for repair (Morrison et al., 2004). Although ATM is the major
kinase responsible for H2AX phosphorylation, this histone variant is not an exclusive
ATM target (Burma et al., 2001). The DNA damage kinases, ATR and DNA-PK also
phosphorylate H2AX on a S139 in response to stalled replication forks and IR-induced
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DSBs, respectively (Ward and Chen, 2001, Stiff et al., 2004). gH2AX forms discrete
nuclear foci at the sites of DNA damage.

After DNA is repaired, gH2AX is

dephosphorylated by PP2A phosphatase, and the foci disappear (Chowdhury et al.,
2005). Thus, gH2AX foci can be used as a highly sensitive and specific biomarker for
DNA damage.

Another phosphorylation target of ATM is 53BP1 (p53 binding protein 1) (Anderson et
al., 2001). Similar to gH2AX, 53BP1 acts as a molecular scaffold, with ATM-dependent
phosphorylation being essential for this function (Bothmer et al., 2011). It also plays a
key role in promoting the NHEJ DNA repair pathway rather than HR (Bunting et al., 2010).
Upon DNA damage, 53BP1 rapidly redistributes from a diffuse nuclear localisation into
discrete nuclear foci, often co-localising with gH2AX foci (Martin et al., 2013). Notably,
53BP1 foci formation is ATM-dependent, however the phosphorylation of 53BP1 by ATM
is itself dispensable for the localisation of 53BP1 to the sites of DNA damage (Ward et
al., 2003). 53BP1 foci are often referred to as “DNA repair foci” and 53BP1 facilitates
ATM-dependent DSB repair (Noon et al., 2010).

Although there is redundancy for ATM in DSB repair, it is required for repair of
approximately 15% of all DSBs (Riballo et al., 2004). This subset of DSBs that requires
ATM, exhibits slower repair kinetics. This feature is not due to the increased complexity
of these lesions, rather due to their association with heterochromatin (Goodarzi et al.,
2008). ATM-dependent repair of heterochromatic DSBs works through KAP1 (Kruppelassociated box-associated protein-1). KAP1 is a core component of heterochromatin and
acts a corepressor of gene transcription (Friedman et al., 1996). ATM-mediated
phosphorylation of KAP1 on Serine 824 reduces KAP1 association with heterochromatic
regions and facilitates chromatin relaxation (Ziv et al., 2006).

To summarise, ATM phosphorylates numerous substrates, generating ATM signalling
network with key roles in coordination and regulation of DNA repair, cell cycle
checkpoints, apoptosis, and a diverse array of cellular processes.
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1.2.3

ATM activation and signalling in response to DSBs

In resting cells ATM exists as a noncovalent homodimer that is catalytically inactive
(Bakkenist and Kastan, 2003). The inactive dimeric form of ATM resembles a basal state
of other members of PI3K family, that show strong auto-inhibition of kinase activity (Paull,
2015). This similarity implies that each subunit of the ATM dimer is likely to inhibit the
kinase activity of the other subunit in trans. Until recently, the lack of high resolution
three-dimensional atomic structure of ATM kinase (due to technical challenges in its
crystallisation) has not allowed experimental evaluation of this hypothesis. A recent study
using single particle electron microscopy (EM) presented a low-resolution structure of
the resting state ATM dimer, showing that the active sites were buried and inaccessible
for substrate binding (Lau et al., 2016). Even more recently, Williams and colleagues
reported a Cryo-EM structure of human ATM at 4.4Å, describing the structure of open
and tightly closed ATM dimers (Baretic et al., 2017). The latter likely represents the
inactive basal state of ATM kinase, where the active site is held in the closed
conformation by an interaction with a FAT domain long helical hairpin of another subunit.
Although the structural basis for the autoinhibitory mechanism needs further validation,
the functional importance of autoinhibition is clear; it prevents ATM activation in the
undamaged cells.

ATM is most widely known for its key role in coordinating the cellular response to DSBs.
DSBs are recognised by the MRN complex (Mre11-Rad50-Nbs1, also known as Mre11
complex), which acts as a damage sensor and tethers the broken DNA ends. MRN
complex is highly conserved in eukaryotes and consists of MRE11 (meiotic
recombination), NBS1 (Nijmegen Breakage Syndrome 1, also known as nibrin) and
RAD50, assembled in 2:2:2 ratio (Figure 7) (Trujillo et al., 1998). MRE11 forms the core
of the complex and interacts with both NBS1 and RAD50. Even though no direct
interaction has been observed between NBS1 and RAD50; depletion of a complex
component can result in the reduced protein levels of the other two members, indicating
existence of reciprocal stabilisation (Zhong et al., 2005).

MRE11 is a highly conserved multifunctional protein and a member of the
phosphoesterase superfamily. It contains an N-terminal phosphoesterase domain and 2
DNA binding domains. MRE11 readily forms homodimers and possesses several
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enzymatic activities (Williams et al., 2008). MRE11 has DNA binding capability. It is
involved in DNA unwinding, which is required for ATM activation, and strand-annealing,
which is possibly important for synapsing DNA termini, though generally unclear in terms
of biological significance (de Jager et al., 2001a, Paull and Gellert, 1999, Williams et al.,
2008). MRE11 also exhibits both ssDNA endonuclease and 3’-5’ exonuclease activities,
which appear to be dispensable for ATM activation but required for MRE11 role in DSBs
end processing and repair (Buis et al., 2008).

RAD50 is an ATPase, that has both sequence and structural homology to SMC
(Structural Maintenance of Chromosome) family proteins. RAD50 contains an N-terminal
Walker A nucleotide binding motif and a C-terminal Walker B motif, separated by 2 large
heptad-repeats regions, which form a long and flexible coiled coil domain, terminating in
a CxxC motif, also known as a zinc hook (Hopfner et al., 2002). RAD50 forms an
antiparallel homodimer, where an intermolecular zinc-dependent interaction of the
flexible coiled coils brings together the Walker A and Walker B motifs to generate a
globular ATP-ase/DNA-binding domain (Hopfner et al., 2000, de Jager et al., 2001b).
Overall, the structure of RAD50 enables binding of DNA ends to hold them in a close
proximity.

Unlike the other two components, NBS1 (also called Nibrin) has no reported enzymatic
activity. NBS1 contains 2 BRCT (BRCA1 carboxy-terminal) motifs and 1 FHA (forkhead
associated) motif in the N-terminus, with a MRE11-interacting motif and an AIM (ATMinteracting motif) in the C-terminus (Lloyd et al., 2009). It also has a NLS (nuclear
localisation signal) and mediates the nuclear localisation of the MRN complex. Indeed,
an NBS1 mutant, lacking the MRE11 interacting motif, can itself localise to the nucleus,
whilst the core complex MRE112RAD502 remains in the cytoplasm (Desai-Mehta et al.,
2001). NBS1 acts as a scaffolding protein, where the BRCT domain recognises the SX-T motif with a phosphorylated Serine, and the FAT domain recognises the same motif
with a phosphorylated Threonine (Lloyd et al., 2009, Williams et al., 2009). This role of
NBS1 is important for recruitment of proteins involved in DNA repair and cell-cycle
checkpoints to the sites of DSBs. As a component of MRN complex, NBS1 stimulates
the nuclease and DNA-binding activities of MRE11 and RAD50 (Paull and Gellert, 1999).
Additionally, NBS1 interacts with ATM via AIM, the motif shared with several other PI3Kinteracting proteins, including Ku80 and ATRIP (You et al., 2005, Falck et al., 2005).
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Figure 7 Architecture of the MRN complex tethering the broken DNA ends.
Mre11 homodimers bind DNA termini at a short range. Long range binding that tethers
DNA DSBs over longer distance is mediated by RAD50. Walker A and Walker B motifs
of RAD50 interact with DNA ends, while the flexible coiled-coil domains mediate the zincdependent homo-dimerisation and allows RAD50 to span the two termini of DSBs.
MRE11 interacts with both RAD50 and NBS1.
The first evidence of the involvement of MRN complex in canonical ATM signalling came
from findings that patients with A-T-like disorder(ATLD), whose clinical symptoms are
similar to those of A-T, have mutations in the MRE11 gene (Stewart et al., 1999).
Although the clinical phenotypes of Nijmen Breakage Syndrome, which is caused by
truncating mutations in NBS1, differ from A-T, the cellular characteristics (namely
radiosensitivity, defective checkpoints and chromosome instability) resemble those of AT and ATLD disorders (Varon et al., 1998). MRN complex has several distinct roles in
ATM signalling. The most characterised role involves recruitment of ATM to the sites of
DSBs. MRN complex binds to DNA via multiple interfaces (Figure 7); and the length and
the type of DNA ends affect ATM activation. Thus, optimal ATM recruitment and
activation requires long DNA with blunt ends or short overhangs (Lee and Paull, 2005,
You et al., 2007). Notably, while ATM is recruited to the DSBs, there is emerging
evidence that in fact single stranded DNA is presented to ATM by the MRN complex
(Paull, 2015). The MRN complex promotes ATM monomerisation and relieves
autoinhibition (Lee and Paull, 2005, Lee and Paull, 2004). Furthermore, the MRN
complex acts as a cofactor for ATM catalytic activity and is required for normal ATM
signalling and target phosphorylation (Carson et al., 2003, Uziel et al., 2003). The latter
function of MRN complex is mainly mediated by the C-terminus of NBS1, which contains
the AIM motif (Falck et al., 2005).
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ATM activation in response to DNA DSBs is accompanied by dissociation of the inactive
ATM dimer into monomers, along with intermolecular autophosphorylation of ATM at
Serine 1981 (S1981) (Bakkenist and Kastan, 2003). However, the exact sequence of
events and the cause-effect relationship remains subject to debate. Bakkenist and
Kastan showed that the phosphomimetic mutant of ATM (S1981D) failed to form dimers,
whereas the S1981A mutant had a dominant negative effect on autophosphorylation of
ATM, recruitment to the sites of DSBs and checkpoint activation (Bakkenist and Kastan,
2003).

These

results

underscore

the

functional

importance

of

S1981

autophosphorylation for ATM monomerisation and activation. Since the initial discovery
of an autophosphorylation event, several additional autophosphorylation sites have been
identified and characterised within DNA damage-activated ATM. These include Serine
367 (S367), Serine 1983 (S1983) and Serine2996 (S2996) (Kozlov et al., 2006, Kozlov
et al., 2011). Reconstitution of ATM-deficient human cells with alanine mutants (S367A,
S1893A, S1891A or S2996A) failed to rescue defective ATM signalling and
radiosensitivity, highlighting the physiological importance of these autophosphorylation
events for optimal ATM activation (Kozlov et al., 2006, Kozlov et al., 2011).

Despite the convincing nature of these results, some studies both in vitro and in vivo
brought

about

questions

regarding

the

functional

importance

of

ATM

autophosphorylation. One particular study, using in vitro assays, showed that the
S1891A mutation did not block dimer dissociation or ATM kinase activity (Lee and Paull,
2005). The single-particle EM structure of ATM also argued against the role of S1981 in
ATM activation (Lau et al., 2016). Studies using Xenopus egg extracts have shown that
DNA is capable of promoting ATM activation in the absence of autophosphorylation (You
et al., 2005). Furthermore, a transgenic mouse model, expressing the S1987A mutant
(corresponding to human S1981A) transgene on a null background was phenotypically
normal and showed functional ATM-dependent responses both at the cellular and
physiological level (Pellegrini et al., 2006). Notably, no dominant negative effect was
observed due to S1987A transgene expression in a heterozygous ATM background.
This is in stark contrast with the dominant negative phenotype of S1981A in the original
study (Bakkenist and Kastan, 2003). Furthermore, a triple mutant mouse model
(S367A/S1893A/S1987A; corresponding to human S36A/S1891/S1981) did not have
any apparent phenotype and showed normal ATM activation and downstream signalling
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(Daniel et al., 2008). The contradicting results could reflect species-specific differences.
Another plausible explanation comes from a subsequent study that showed that the
S1981A mutation is dispensable for the initial recruitment of ATM to DSBs, but is critical
for ATM retention at DSBs and phosphorylation of downstream substrates (So et al.,
2009). Overall, S1981 autophosphorylation is widely regarded as a specific and sensitive
biological marker to identify the active form of ATM, despite disputes surrounding its
functional significance and causative role in ATM activation.

Further posttranslational modifications provide additional layers of regulation for ATM
activation (Figure 8). For instance, acetylation of ATM on the Lysine 3016 by KAT5 (also
known as TIP60) is required for ATM activation and downstream signalling; and its
abrogation prevents ATM monomerisation, autophosphorylation and phosphorylation of
the substrates p53 and CHK2 (Sun et al., 2005, Sun et al., 2007). Preceding
phosphorylation on Serine 784 (S784) by CDK5 is required for ATM autophosphorylation
and activation (Tian et al., 2009). In contrast, phosphorylation of ATM by DNA-PK on
multiple sites inhibits the activation of ATM and downstream signalling (Zhou et al., 2017).
While additional phosphorylation sites have been identified in the large-scale proteomics
studies, their functional significance and exact role in the regulation of ATM activation
and downstream signalling are yet to be demonstrated (Matsuoka et al., 2007,
Oppermann et al., 2009, Daub et al., 2008). ATM activation is also regulated by several
protein phosphatases: PP2A (protein phosphatase 2A), PP1g (Protein phosphatase 1g)
WIP1 and PP5 (protein phosphatase 5). Three phosphatases have been shown to
basally interact with ATM under resting conditions to maintain it in an inactive state.
PP2A and PP1g dissociate from ATM upon DSBs, where WIP1 has been shown to
dephosphorylate ATM on S367 and S1981 in vitro (Goodarzi et al., 2004, Peng et al.,
2010, Shreeram et al., 2006). On the other hand, PP5 remains bound to ATM during
DNA damage signalling, with its phosphatase activity shown to be required for ATM
activation (Ali et al., 2004).
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Figure 8 Overview of the posttranslational modifications of ATM.
Schematic representation of ATM, illustrating its main domains, motifs and the sites of
posttranslational modifications. The proteins responsible for these modifications,
including ATM itself, are also illustrated.
The existence of catalytically inactive dimeric ATM and the intricate regulation of ATM
activation ensures that ATM activation and signalling occurs only upon DNA damage. In
response to DSBs, active ATM phosphorylates H2AX either side of the DSB site. gH2AX
recruits MDC1, which upon phosphorylation by ATM serves as a platform for many DDR
proteins and ATM substrates (Stucki et al., 2005). Among these are p53 and CHK2,
involved in the regulation of apoptosis and cell cycle checkpoints, SMC1 and KAP1,
which facilitate DNA repair through effects towards chromatin structure, and 53BP1 and
BRCA1, which guide DSBs repair towards NHEJ or HR processes, respectively. Active
ATM also phosphorylates the components of MRN complex. Thus, ATM phosphorylates
NBS1 on S278, S343 and RAD50 on S635 (Gatei et al., 2000, Lim et al., 2000, Gatei et
al., 2014). These modifications allow the MRN complex to serve as a specific adaptor
and to modulate ATM activity towards specific substrates, namely SMC1 and CHK2.
Phosphorylation of MRE11 reduces its affinity to DNA, which ultimately reduces ATM
levels at DSBs (Di Virgilio et al., 2009). This negative feedback loop was proposed to act
as a mechanism “turning off” the DNA damage response. ATM activation and
downstream signalling in response to DSBs is commonly referred to as canonical ATM
signalling.
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1.2.4

Alternative mechanisms of ATM activation

Whilst most of the studies focus on the canonical ATM signalling in response to DSBs,
there is emerging evidence that ATM can be activated in the absence of DSBs and in an
MRN-independent manner. For instance, constitutive immobilisation of the MRN
complex components or ATM fragment containing the kinase domain with chromatin has
been demonstrated to elicit ATM-dependent DDR (Soutoglou and Misteli, 2008). This
suggests that ATM signalling can occur even in the absence of DNA lesions, provided
that ATM is recruited to the chromatin. In fact, ATM activation can be achieved by
propagating de-condensation of chromatin, through hypotonic shock, or treatment with
chloroquine or the histone deacetylase inhibitor, TSA (trichostatin A), without direct
DSBs induction (Bakkenist and Kastan, 2003). A recent study by Kaidi and Jackson
proposed a mechanism that couples cellular sensing of chromatin compaction
perturbation with ATM signalling (Kaidi and Jackson, 2013). They demonstrated that
TSA-induced chromatin alterations facilitate tyrosine phosphorylation of KAT5 by c-Abl,
which in turn promotes KAT5 binding to the histone mark H3K9me3. This binding induces
KAT5-mediated acetylation of ATM, triggering ATM activation and downstream signalling
(Sun et al., 2009). Consistent with the absence of DSBs, ATM signalling in response to
TSA-induced chromatin perturbations is MRN-independent, however whether it relies on
an alternative ATM binding partner remains to be elucidated.

Notably, ATM can also be activated by DNA SSBs, that form spontaneously or as a result
of the repair of DNA base lesions induced by MMS or H2O2 (Khoronenkova and Dianov,
2015). Under these conditions, ATM activation leads to an S-phase delay, thus
coordinating repair with DNA replication. In addition, hyperthermia (heat shock
treatment) and hypoxia (< 0.1% oxygen) were also found to induce ATM activation,
autophosphorylation and enhance ATM kinase activity (Hunt et al., 2007, Bencokova et
al., 2009, Gibson et al., 2005). In both cases, ATM signalling was MRN-independent and
differed from the classical DDR to DSBs. For instance, while gH2AX and MDC1 formed
foci, reminiscent of canonical ATM signalling, neither 53BP1 nor ATM formed nuclear
foci, instead showing diffuse nuclear distribution under these conditions (Hunt et al.,
2007, Bencokova et al., 2009). ATM can also be activated by exposure to UV in an ATRdependent and MRN-independent manner (Stiff et al., 2006). More recently, ATM
activation in response to UV-induced photo-lesions that block transcription by causing
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stalled RNA-polymerase and the formation of RNA/DNA hybrid structures (R-loops),
have been demonstrated (Tresini et al., 2015). While the exact mechanism of this ATM
activation remains elusive, R-loop-triggered ATM signalling augments alternative
splicing. Finally, basal levels of ATM activity and selective phosphorylation of
downstream substrates have been observed in unchallenged cells, positing the
existence of basal ATM signalling under resting conditions (Kanu and Behrens, 2007).
In summary, these studies indicate that ATM has important cellular roles beyond DSB
signalling.
1.2.5

ATM activation in response to oxidative stress

ATM has also been implicated in the cellular response to oxidative stress. The first
evidence for this came from initial observations that cells from the A-T patients have an
impaired antioxidant response and are more sensitive to treatment with oxidising agents
(Meredith and Dodson, 1987, Yi et al., 1990). Subsequent studies demonstrated that
oxidative stress leads to ATM activation, phosphorylation of downstream substrates,
namely p53 and CHK2, and cell-cycle checkpoint activation (Kurz et al., 2004,
Shackelford et al., 2001). Despite mounting evidence, it was not until 2010 that a study
from Paull and colleagues characterised the molecular mechanism behind ATM
activation upon oxidative damage, which showed that it is remarkably distinct from that
induced by DSBs (Guo et al., 2010b). They demonstrated that ROS (reactive oxygen
species) activate ATM via direct oxidation in the absence of DSBs, therefore
independently of MRN. Notably, in this case, the active form of ATM was not a monomer,
rather a disulphide-cross-linked covalent dimer. Although several disulphide bonds were
mapped, the conserved Cysteine C2291 was shown to be important for ATM activation.
Indeed, a C2291 mutant (C2291L) blocked oxidation-induced ATM activation, but had
no effect on MRN-dependent ATM activation in response to DSBs. The C2291L mutant
was still able to form disulphide-linked ATM dimers and manifested a dominant-negative
effect towards wild type ATM oxidative activation, emphasising the importance of the
intermolecular disulphide bond for ATM activation. This response contrasts to the DSBresponse, whereby active ATM does not form discrete nuclear foci, yet is diffusely
distributed throughout the nucleus, and can only phosphorylate a selection of potential
downstream targets (p53 and CHK2, but not H2AX) (Guo et al., 2010a, Guo et al., 2010b).
While in vitro experiments with recombinant proteins showed that ATM cannot
phosphorylate KAP1 upon H2O2 treatment; cell-based experiments showed otherwise,
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where KAP1 could be phosphorylated in response to oxidative stress in ATM-dependent
manner (Lee et al., 2014, Zhou et al., 2017). Active ATM dimers were also shown to
phosphorylate LBK1 and AMPK in cytoplasm, leading to inhibition of mTORC signalling,
thus lowering ROS levels (Alexander et al., 2010).

In summary, ATM acts as a redox sensor and is directly activated by oxidation. Active
ATM dimer is likely to engage a different subset of targets from a canonical ATM
signalling pathway, however further work is required to gain insights into the
physiological importance of ATM signalling under oxidative stress conditions.
1.2.6

ATM signalling in response to replication stress

Replication stress is defined as the slowing or stalling of DNA replication fork progression
induced by intrinsic or exogenous sources that present a barrier for replication. These
include: DNA lesions, a depletion of deoxyribonucleotide pool, repetitive sequences and
telomeres, secondary DNA structures, R-loops, and fragile sites (Zeman and Cimprich,
2014). Replication stress can also be induced by chemical compounds, such as
aphidicolin, which interferes with replication by inhibiting DNA polymerases a, d, e, and
hydroxyurea, which inhibits ribonucleotide reductase, involved in deoxyribonucleotide
synthesis (Vesela et al., 2017). The cellular response to stalled replication forks is
mediated by ATR, an apical DNA replication stress kinase. ATR is recruited to the
extended tracks of ssDNA coated with RPA (replication protein A) by a cofactor ATRIP.
Upon activation, it phosphorylates downstream targets, including the transducer kinase
CHK1, which ultimately leads to stabilisation of replication forks and delay in cell-cycle
progression (Zou and Elledge, 2003, Liu et al., 2000).

Although, for a long time, ATR has been considered the major kinase mediating cellular
response to stalled replication forks, there is now compelling evidence that ATM is also
involved. Two studies independently demonstrated the requirement of ATM for the
formation of 53BP1 nuclear bodies at sites of unresolved replication intermediates in G1arrested cells, both in basal conditions and upon aphidicolin-induced replication stress
(Harrigan et al., 2011, Lukas et al., 2011). ATM has also been shown to contribute to
maintaining the stability of fragile sites, genomic regions that are particularly sensitive to
replication stress and prone to breakage (Ozeri-Galai et al., 2008). ATM recruitment to
nascent chromatin during DNA replication in response to replication stress induced by
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aphidicolin or hydroxyurea was also demonstrated (Dodson and Tibbetts, 2006, Wu and
Miyamoto, 2008, Olcina et al., 2013). Despite this mounting evidence, the role of ATM
signalling from stalled replication forks has been largely under acknowledged. It was not
until 2014 and beyond, that the molecular mechanism for ATM activation and signalling
in response to replication stress was first characterised (Kanu et al., 2016, Schmidt et
al., 2014). Behrens and colleagues have shown that replication stress-induced ATM
activation is accompanied by autophosphorylation at S1981, phosphorylation of
downstream targets (namely p53, KAP1, SMC1) and 53BP1 foci formation (Kanu et al.,
2016, Schmidt et al., 2014). ATM signalling in response to stalled replication forks was
independent of MRN complex, and required ATMIN, a recently identified ATM cofactor.
Loss of ATMIN led to inability of ATM, but not ATR, to phosphorylate downstream targets.
This resulted in increased chromosomal instability, (indicated by lagged chromosomes),
anaphase bridges and micronuclei (Kanu et al., 2016, Schmidt et al., 2014). Thus, both
ATRIP-mediated ATR signalling and ATMIN-mediated ATM signalling coordinate cellular
response to stalled replication forks. In addition to ATMIN, WRNIP1 (WRN-interacting
protein 1), RAD18 (E3 ubiquitin ligase) and PCNA (a processing factor for DNA
polymerase d) were also required for replication stress-induced ATM-signalling (Kanu et
al., 2016). Based on these results, a model of ATM recruitment to sites of stalled
replication forks by ATMIN, WRNIP and RAD18 complex has been proposed (Figure 9).

Figure 9 The model of ATMIN-mediated ATM recruitment at stalled replication fork.
Upon replication fork stalling, PCNA is ubiquitinated by RAD18. WRNIP interacts with
RAD18 and ubiquitinated PCNA, and thus localises to the sites of replication stalling.
ATMIN interacts with WRNIP and mediates ATM recruitment.
Although not formally demonstrated, it is likely that ATM signalling under these
conditions is mediated by active ATM monomers. This is supported by the observations
that, while formaldehyde-induced replication stress causes rapid activation of ATM
signalling in a MRN-independent manner, high doses of formaldehyde lead to ATM
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inactivation via intermolecular covalent crosslinking and formation of inactive ATM
dimers and multimers (Ortega-Atienza et al., 2016). ATMIN-mediated ATM signalling in
response to replication stress or other cues is often referred to as non-canonical ATM
signalling.

In conclusion, although mostly known for its function in DDR to DSBs, ATM signalling
also has a role in the response to other types of genotoxic stresses, including stalled
replication forks and oxidative stress. Under these conditions, ATM activation and
signalling is independent of MRN complex, leaving open the possibility of involvement of
an alternative ATM cofactor. For instance, non-canonical ATM signalling in response to
replication stress requires the ATM cofactor, ATMIN.
1.2.7

ATMIN as a novel ATM cofactor

ATMIN, also known as ZN822 and ASCIZ, is an essential Zn2+-finger protein with dual
roles as a transcription factor and an ATM cofactor. Human ATMIN gene has 5 exons
and cytogenetically maps to 16q23.2 band of chromosome 16, close to the major fragile
site FRA16D (Bednarek et al., 2001). The ATMIN gene undergoes alternative splicing,
with the main transcript resulting from the splicing of exon 1, part of exon 3, exon 4 and
exon 5, to encode a full-length protein. Alternative transcript variants are predicted to
encode a shorter protein, but only full-length protein has been detected in cells.

A truncated form of ATMIN protein lacking the first two zinc fingers was initially identified
in yeast-two hybrid screen for CHK2 interacting partners and named ASCIZ (ATM/ATRsubstrate CHK2-interacting zinc finger protein) (McNees et al., 2005). The Behrens lab
was the first to describe and characterise the full length ATMIN as a novel ATM cofactor
(Kanu and Behrens, 2007). ATMIN contains several conserved domains, including 4 zinc
fingers (mediating DNA binding), a putative PEST domain (implicated in ubiquitinmediated protein degradation), a total of 20 (6 SQ and 14 TQ) potential consensus
ATM/ATR phosphorylation motifs as well as an ATM-interacting motif (AIM) (Figure 10).
The ATMIN amino acid sequence is highly conserved among vertebrate kingdom and
has a structural and functional homologue in Drosophila (Zaytseva et al., 2014).
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Figure 10 An overview of ATMIN domain organisation.
Simplified representation of ATMIN domain organisation, with key domains and motifs
depicted. ATMIN has 4 zinc-fingers at the N-terminus and transactivation domain (also
known as SQ/TQ domain) at the C-terminus. SQ/TQ-motifs are depicted as yellow
lollipops, DYNLL1 binding sites are illustrated as green lollipops. Putative PEST domain
and AIM (ATM interacting motif) are also depicted. Human ATMIN consists of 823 amino
acids (818 amino acids in mouse) and has a predicted molecular weight of 88.3 kDa.
Both human and mouse ATMIN exhibit atypical electrophoretic mobility with apparent
molecular weight of approximately 113 kDa. ZF – Zinc finger, AIM – ATM-interacting
motif; Mw – molecular weight; Pred. – predicted; Obs. – observed.
Endogenous ATMIN has been shown to form intranuclear foci that co-localise with active
S1981-phosphorylated ATM in basal conditions, upon chloroquine treatment or under
osmotic stress; whereas ectopically expressed tagged ATMIN shows predominantly pannuclear localisation (Kanu and Behrens, 2007, Rapali et al., 2011). ATMIN interacts with
ATM via the ATM-interacting motif (AIM), that is homologous to that of NBS1 and is
located in the C-terminus of ATMIN. This interaction leads to mutual stabilisation of ATM
and ATMIN, with ATMIN protein levels dependent on the presence of ATM and vice
versa, though to a lesser extent (Kanu and Behrens, 2007, Kanu et al., 2010). The latter
is in conflict with the results of Heierhorst and colleagues, which questions ATMIN
requirement for ATM stabilisation (Jurado et al., 2010). Nevertheless, although further
understanding is required, the reciprocal stabilisation of ATM and its cofactor ATMIN
strikingly resemble the mutual stabilisation of the related kinase ATR and its regulatory
cofactor ATRIP (Cortez et al., 2001).

The generation of an Atmin knock-out mouse model, through floxing exon 4 and
subsequent deletion using PGK-Cre line, allowed further characterisation of the role of
ATMIN in ATM signalling. Homozygous knock-out of Atmin is lethal to embryogenesis,
however heterozygotes are viable and fertile and have allowed establishment of MEFs
with homozygous germline deletion of Atmin. Unlike ATM deficient cells, Atmin knock-
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out MEFs were not radiosensitive and had normal ATM activation in response to IRinduced double strand breaks (Kanu and Behrens, 2007). Hence, ATMIN is not required
for canonical ATM activation pathway. ATMIN is also dispensable for ATM signalling in
response to hypoxia and UV DNA damage (Leszczynska et al., 2016, Kanu and Behrens,
2007). Rather, ATMIN was described to have a role in the non-canonical ATM signalling
both in the absence of detectable DNA damage (in basal conditions or upon hypotonic
stress) and in response to replication stress, induced by aphidicolin or hydroxyurea.
(Kanu and Behrens, 2007, Schmidt et al., 2014, Kanu et al., 2016). Since its initial
discovery, replication stress-induced ATMIN-mediated ATM signalling has been
characterised using phosphoproteomics and transcriptomics, yielding the identification
of novel downstream phosphorylation targets, including CRMP2 and gH2AX (Mazouzi et
al., 2016). The latter was traditionally considered to be only phosphorylated by ATM in
response to DSBs. However, a study published this year questions ATMIN requirement
for ATM activation in response to stalled replication forks (Liu et al., 2017a). One
plausible explanation for the conflicting result in the latest study is that the high dose of
the aphidicolin used to induce replication stress can cause stalled replication forks to
eventually collapse, resulting in double strand breaks, canonical ATM activation, and
hence, rendering ATMIN dispensable (Furuta et al., 2003).

ATMIN deficient MEFs show increased sensitivity to oxidative stress and have premature
senescence phenotype when cultured at atmospheric oxygen levels (21% O2) (Kanu and
Behrens, 2007, Jurado et al., 2012a). This defect can be rescued by addition of
antioxidants or culturing the cells at physiological oxygen levels (3% O2) (Kanu et al.,
2010). Altogether, this implies that ATMIN is involved in cellular response to oxidative
stress. However, it is yet unclear whether this reflects ATMIN role in abasic site repair
(see 1.2.9) or as an ATM cofactor. The latter seems more plausible, as ATMIN-deficient
MEFs showed mildly impaired ATM signalling in response to oxidative stress induced by
paraquat (Kanu et al., 2010). However, paraquat not only induces oxidative DNA
damage, but also causes strand breaks, and the ratio of these DNA lesions is cell type
and dose-dependent, making the interpretation of the results more challenging
(Petrovska and Dusinska, 1999). Thus, further research is needed to elucidate whether
ATMIN, indeed, mediates ATM signalling in response to oxidative stress and acts as an
ATM cofactor.
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1.2.8

Cofactors selectivity in ATM signalling

The ATM cofactors, ATMIN and NBS1 (as a component of MRN complex), share
functional similarities and have complementary functions in ATM signalling. Both interact
with ATM via C-terminal AIM and in a stimulus dependent manner. While NBS1 is
essential for ATM activation and signalling in response to DSBs; ATMIN is required for
non-canonical ATM signalling in response to chromatin perturbations and replication
stress. Recent work has provided compelling evidence that ATMIN and NBS1 compete
for ATM binding, hence controlling the ATM pathway choice (Zhang et al., 2012). Thus,
deletion of either cofactor facilitated ATM signalling via the other pathway, while
overexpression had an opposite effect. For instance, ectopic expression of ATMIN
impaired canonical IR-induced ATM signalling in a concentration-dependent manner,
while loss of ATMIN improved proliferative defects and premature senescence of NBS1deficient cells. Although an attractive model explaining stimulus-dependent ATM
pathway choice has been proposed, the molecular mechanisms controlling the switch
between ATMIN - and NBS1 - dependent arms of ATM signalling remained elusive. This
was addressed in the follow-up study by Behrens group (Zhang et al., 2014b). They
showed, that in response to IR, ATMIN becomes ubiquitinated at Lysine 238 (K238) by
the E3 ubiquitin ligase, UBR5. Notably, ATMIN ubiquitination does not lead to its
proteasomal degradation, but instead prevents it from interacting with ATM. Indeed,
UBR5 deficiency or a mutant ATMIN incapable of being ubiquitinated (ATMIN K238R)
allowed ATMIN to remain stably bound to ATM and consequently impaired canonical
ATM signalling. Based on these studies a model has been proposed, where ATMIN
interacts with ATM under basal conditions and competitively inhibits ATM interaction with
NBS1. IR-induced ubiquitination of ATMIN favours its dissociation from ATM, thus
allowing ATM interaction with NBS1 and canonical ATM signalling to occur. Thus, ATMIN
not only mediates non-canonical ATM signalling, but also plays a role in buffering
canonical IR-induced ATM signalling.

Although ATMIN and NBS1 mediate ATM activation in response to very specific stimuli,
downstream signalling involves ATM-mediated phosphorylation of a similar repertoire of
targets, including p53, CHK2, KAP1 and SMC1. The targets phosphorylated specifically
only upon ATMIN-mediated ATM activation, but not NBS1-dependent ATM signalling,
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are yet to be identified, making it more challenging to evaluate the contribution of distinct
pathways of ATM activation towards a given phenotype.
1.2.9

ATM-independent role of ATMIN in DNA damage response

An early study by Heierhorst and colleagues suggested a role for ATMIN in the repair of
methylated DNA damage (McNees et al., 2005). ATMIN was proposed to form foci at
persistent ss gaps arising from processing of abasic sites and act as a scaffold for Rad51
foci formation. ATMIN foci formation was specific to lesions induced by DNA methylating
or oxidising agents, rather than other types of DNA damage (DSBs, crosslinking, stalled
replication forks) and was not affected by ATM inhibition. ATMIN-deficient cells displayed
reduced Rad51 foci formation and markedly increased DNA damage-induced apoptosis,
which was dependent on a mismatch repair (MMR) endonuclease, MLH1. These results
imply that ATMIN might have ATM-independent roles or act upstream of ATM in DNA
damage response and may link HR and MMR. To address this idea, Taniguchi and
colleagues evaluated the contribution of ATMIN to major DNA damage repair pathways
using the chicken DT40 cell IgV diversification model (Oka et al., 2008a). The loss of
ATMIN did not affect the efficiency of BER-dependent hypermutation or DSB repair by
HR. In contrast with the previous study mentioned, ATMIN knock-out cells showed only
mild sensitivity to methylating DNA damage. This might reflect an interspecies difference
between mammalian and chicken cells. Altogether, this suggests that ATMIN is not a
direct regulator of abasic site formation and HR, but rather involved in the repair of
methylating DNA damage; although, the extent of its contribution and the mechanism
remain elusive.
1.2.10 ATMIN as a transcription factor
Heierhorst and colleagues have described a novel function of ATMIN, acting as a
transcription factor and important in pulmonary organogenesis and survival of developing
B cells (Jurado et al., 2010, Jurado et al., 2012b). ATMIN binds to the promoter DNA
using zinc finger motifs. It has C-terminal transcription activation domain and can act as
a transcription factor for ATF3 and dynein light chain (DYNLL1/LC8) (Kanu N.,
unpublished observations, Jurado et al., 2012a). The transcriptional function of ATMIN
is evolutionarily conserved, as its Drosophila orthologue (dASCIZ or Digitor) activates
expression of the DYNLL1 homologue, Skeletor (Sengupta et al., 2016, Zaytseva et al.,
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2014). DYNLL1 is a highly conserved multifunctional protein, originally discovered as a
light chain of the dynein motor complex (King and Patel-King, 1995). However, it is now
clear that DYNLL1 also has an important role in regulating the dimerisation and
localisation of more than 100 proteins, including numerous transcription factors, and
proteins involved in DNA damage response and apoptosis (Rodriguez-Crespo et al.,
2001). Notably, ATMIN harbours 11 TQT motifs within the C-terminal transcription
activation domain, 10 of which represent functional binding sites for DYNLL1 (Rapali et
al., 2011). DYNLL1 can bind ATMIN and this interaction inhibits ATMIN transcriptional
activity in a dose-dependent manner (Jurado et al., 2012a). This negative feedback loop
provides an elegant mechanism, whereby ATMIN not only activates DYNLL1
transcription, but also regulates the level of free DYNLL1 protein available to bind ATMIN.

Rodriguez-Crespo and colleagues provided insight into the additional physiological
relevance for high-affinity interaction between DYNLL1 and ATMIN. They showed that
overexpression of Cherry-DYNLL1 blocks ATMIN foci formation in response to
methylating DNA damage (Rapali et al., 2011). These results were consistent with the
initial observation that while the core ATMIN domain is required for foci formation, the Cterminal domain facilitates negative feedback regulation (McNees et al., 2005). On the
other hand, Heierhorst and colleagues not only observed co-localisation of ATMIN and
DYNLL1 in DNA damage-induced foci, but also showed that knockdown of DYNLL1
impaired ATMIN foci formation upon treatment with MMS (Jurado et al., 2012a). It is
unclear why the two studies demonstrate seemingly opposite functionality of DYNLL1
towards regulation of ATMIN within the DNA damage response. It is possible that the
observed interference of DYNLL1 with ATMIN foci formation may be an artefact of
transient recombinant protein overexpression or it may be cell type specific occurrence.
It is of particular note that TQT motifs of ATMIN are found within the SQ/TQ cluster of
putative ATM/ATR phosphorylation motifs (Figure 10); although it is unclear, which of
them are bona fide ATM phosphorylation sites and whether these match DYNLL1
binding sites on ATMIN. An attractive hypothesis is that ATMIN phosphorylation in
response to DNA damage can attenuate the interaction with DYNNL1 and hence affect
transcriptional activity. Indeed, for 53BP1, the DYNLL1 binding site is also an IR-induced
ATM phosphorylation site, with the DYNLL1/53BP1 interaction being phosphorylationindependent (Matsuoka et al., 2007, Di Virgilio et al., 2013). These interesting
observations imply functional interplay between ATMIN function in the expression of
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DYNLL1 and the DNA damage response. More research is needed to evaluate this
crosstalk and regulation.
1.2.11 The role of ATMIN in development
Loss of ATMIN results in late embryonic lethality (at around embryonic day 16.5) with
severe developmental defects including complete pulmonary agenesis, severe tracheal
atresia and exencephaly (Jurado et al., 2010). The gestational lethality cannot be
rescued by Trp53 deletion, suggesting the phenotype is not the consequence of
defective DNA damage response in the absence of ATMIN. It also differs fundamentally
from the phenotype of ATM-deficient mice (Barlow et al., 1996, Elson et al., 1996, Xu et
al., 1996), suggesting the phenotype is a consequence of ATM-independent functions of
ATMIN.

The characterisation of Gaspin6 mutant of ATMIN shed light on the underlying reason
for this phenotype. The Gaspin6 mutant of ATMIN (Atmingpg6/gpg6), isolated through an
ENU mutagenesis screen, carries a point mutation (T -> A) in exon 3, leading to a
substitution of a key zinc-chelating cysteine for a serine (C183S) in the third zinc finger
of ATMIN (Ermakov et al., 2009). This missense mutation abolishes DNA binding and
results in a loss of ATMIN function as a transcriptional factor. Atmingpg6/gpg6 mice die in
late gestation (at around E14), with an overall similar phenotype to Atmin-/- mice.
Embryos show downregulation of Dynll1 expression and exhibit exencephaly, edema,
impaired lung morphogenesis, due to defective ciliogenesis, and a modest kidney
polarity effect, due to perturbed Wnt signalling (Goggolidou et al., 2014b, Goggolidou et
al., 2014a). Overall, these results highlight the importance of ATMIN function as
transcription factor in mammalian development.

In order to generate viable animals in which to delete ATMIN and further dissect its role
in development, conditional ATMIN knock-out mouse models with lineage specific Cre
lines were developed. Behrens group showed that specific deletion of Atmin at the proB cell stage (using CD19-Cre; Atminflox/flox) impaired class switch recombination and Bcell maturation (Loizou et al., 2011). ATMIN deletion using interferon inducible (Mx1Cre), hematopoietic-specific (Vav-Cre) or B-lineage specific (Mb1-Cre) Cre lines resulted
in severe B-cell lymphopenia due to defective B-cell development and progressive cell
loss (Jurado et al., 2012b, Anjos-Afonso et al., 2016). Although the severity of the
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phenotype differs between the studies, these results overall suggest that ATMIN is
essential for normal B-cell development.
Conditional deletion of Atmin in nervous system development (Nestin-Cre; Atminflox/flox,
or Atmin∆N/∆N) led to viable and fertile mice, but with reduced lifespan (Kanu et al., 2010).
Notably, Atmin∆N/∆N mice recapitulated many of the symptoms of the Atm knock-out
mouse model (Atm-/-), including growth defects, mild neurodegeneration and reduced
number of dopaminergic neurons. On the molecular level, old Atmin∆N/∆N mice showed
impaired ATM activation and higher levels of DNA damage in the brain compared to
control mice. This leads to the conclusion that ATMIN contributes to ATM signalling in
the central nervous system.
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1.3 The role of ATM signalling in cancer
1.3.1

ATM mutations in human cancers

Since its discovery, ATM has been implicated in cancer. Early evidence linking ATM and
cancer came from the observation that A-T-patients have an elevated risk (approximately,
100-fold) of developing cancer, being particularly prone to lymphoma and leukaemia
(Toledano and Lange, 1980, Taylor et al., 1992, Taylor et al., 1996). At the cytogenetic
level, A-T patients had increased number of translocations, with many of the breakpoint
sites mapping to the genes for T-cell receptor subunits and IgH (immunoglobulin heavy
chain) (Davis et al., 1985). Therefore, ATM was proposed and later experimentally
validated in mouse tumour model to suppress recombination-driven lymphoma (Liao and
Van Dyke, 1999). This is perhaps unsurprising, given the key role of ATM in repair of
DSBs, the generation of which is a programmed event during T and B cell maturation.
Later studies expanded understanding of the tumour-suppressive role of ATM within
other cancers, notably solid tumours, including those of the mammary gland, pancreas,
brain, ovary and bladder (Olsen et al., 2001, Reiman et al., 2011, Hecht and Hecht, 1990).

While A-T is extremely rare (1 case per 50,000 or 100,000 births), the heterozygous
carriers of A-T mutations comprise 1-2% of the general population. Notably, A-T carriers
also have an increased predisposition to cancer (Swift et al., 1991, Thompson et al.,
2005). For instance, female carriers have an overall increased risk of 5- to 9- fold for
breast cancer, with the missense mutations of ATM, which results in expression of
inactive protein, demonstrating a particular high penetrance (Goldgar et al., 2011, Scott
et al., 2002). Germline ATM mutations have also been identified in patients with familial
pancreatic ductal adenocarcinoma (PDAC) (Roberts et al., 2012).

With the advancement of next generation sequencing technologies, enabling the
extensive characterisation of mutational landscapes of many cancer genomes, it has
become apparent that ATM mutations in cancers are even more common than was
originally considered (Table 1). In fact, ATM is one of the most commonly mutated genes
in sporadic cancers (Forbes et al., 2015). Somatic ATM alterations are notably found in
T-cell prolymphocytic leukemia (~45%), mantle cell lymphoma (~41%), pancreatic
cancer (~12%), lung cancer (~10%), prostate cancer (8%) and bladder cancer (~4%)
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(Yuille et al., 1998, Imielinski et al., 2012, Ding et al., 2008, Biankin et al., 2012). ATM is
also frequently mutated in colorectal cancer, where loss of ATM protein expression
correlates with poor prognosis (Seshagiri et al., 2012, Beggs et al., 2012).

Table 1 Somatic ATM alterations in cancer.

Cancer type
Adrenal gland (adrenocortical carcinoma)
Brain (glioblastoma)
Bile duct (cholangiocarcinoma)
Bladder (urothelial carcinoma)
Breast (invasive carcinoma)
Cervical (squamous cell carcinoma)
Colorectal (adenocarcinoma)
Head and neck (squamous cell carcinoma)
Kidney (renal cell carcinoma)
Leukaemia (Chronic Lymphocytic)
Liver (hepatocellular carcinoma)
Lung (adenocarcinoma)
Lung (squamous cell carcinoma)
Lymphoma (mantle cell lymphoma)
Lymphoma (large B-cell lymphoma)
Oesophageal (carcinoma)
Ovarian (serous cyst adenocarcinoma)
Pancreatic (PDAC)
Prostate (adenocarcinoma)
Soft tissue (sarcoma)
Skin (cutaneous melanoma)
Stomach (adenocarcinoma)
Testis (testicular germ cell cancer)
Thyroid (papillary carcinoma)
Uterine (endometrial carcinoma)

Frequency (%)

No of
cases

Mut

88
273
35
238
963
191
220
504
448
506
366
230
178
29
48
184
311
149
492
248
287
393
149
399
242

5.7
1.5
14.3
5.9
2.2
4.7
10.9
3
2.7
6.1
2.5
9.1
4.5
41.4
12.5
10.3
1.1
3.4
4.5
1.2
5.6
9.7
0.7
1.3
11.2

Del

Amp

Alt

1.1
0.8
1.6
4.2
0.9
1.4
0.2

0.8
0.5
0.5

0.5
0.8

0.4
0.2

0.3
1.3

0.8
1.7

1.6
1.1

1.1
4.2

2.1
1.1
0.3

2.2
2.8
3.1
1.3
4

0.8
0.4

0.4

0.8

0.3

1.2

0.4

The mutation and CNA (copy number alteration) data was obtained from the cBioportal
version1.8.3 (Cerami et al., 2012, Gao et al., 2013) and downloaded 09/2017.
Mut – Mutation, Del – Deletion, Amp – Amplification, Alt – Multiple alterations. Deletion
or amplification indicates the copy number status of the gene.
To summarise, germline and somatic ATM mutations, although most common in
hematologic malignancies, occur in a variety of tumours and might have a prognostic
value.
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1.3.2

ATM as a potent tumour suppressor

Overwhelming incidence of ATM mutations in human cancers motivated several
research groups to investigate the role of ATM signalling in vivo, in various genetically
engineered mouse models. Similar to A-T patients, ATM deficient mice have high
susceptibility to cancer, albeit with a different disease spectrum. Whereas B-cell
malignancies are approximately 4 times more common than T-cell malignancies in A-Tpatients (Suarez et al., 2015); Atm knock-out mice exclusively develop thymic T-cell
lymphomas by the age of 4 months, wherein tumour cells show multiple and recurrent
chromosomal translocations (Elson et al., 1996, Barlow et al., 1996). This further
highlights the role of ATM in maintaining the genome integrity in T-cells, but fails to
explain why other malignancies are rarely found in ATM-deficient mouse model and
whether ATM has a tumour-suppressive role in other cell lineages. It is possible that due
to high penetrance of thymomas, Atm knock-out mice do not live long enough, for other
tumours to develop. Indeed, Atm-deficient mice that also lack T-cells (Atm-/- CD3e-/-)
exclusively develop B-cell lymphomas that resemble diffuse large B-cell lymphoma in
humans, which have increased chromosomal instability (Hathcock et al., 2015).
Furthermore, mice with a knock-in for a prevalent human ATM mutation 7636del9
(Atm∆SRI) live longer than Atm-/- mice and have a much lower incidence of thymic
lymphomas up until 40 weeks of age (Spring et al., 2001). These mice develop a variety
of tumours, including B-cell leukemia, ovarian and epithelial carcinomas.

The 7636del9 mutation, commonly found in A-T-patients, results in a loss of 3 amino
acids and manifests in a near-full length ATM protein, albeit lacking kinase-activity. Mice
heterozygous for this mutation (Atm∆SRI/+) also have increased susceptibility to cancer
and develop a range of tumours, including various sarcomas, hepatocellular adenoma,
diffuse large B-cell lymphoma and ovarian tumours (Spring et al., 2002). Notably, their
phenotype differs from that of Atm heterozygous (Atm+/-) mice, which do not have
increased cancer predisposition. This is likely to reflect a dominant-negative effect of this
mutation on ATM signalling, wherein the mutant protein is also capable of interfering with
the function of the wild type protein (Figure 11). A recent study by Zha and colleagues
reported that 72% of cancer-associated mutations of ATM represent missense mutations
enriched in kinase domain, further highlighting the importance of ATM kinase activity for
tumour suppression (Yamamoto et al., 2016).
51

Chapter 1 Introduction

Figure 11 Schematic illustration of tumour suppressor genetics.
For classic tumour-suppressors the so-called “two-hit model” operates, wherein
mutations in tumour suppressors are recessive and require inactivation of both of alleles
(Comings, 1973). When only one allele is mutated, the amount of protein produced from
the remaining wild type allele is sufficient to maintain normal cellular function; the
heterozygotes phenotypically are largely indistinguishable from wild type. In case of
haplo-insufficient tumour suppressor, heterozygotes phenotypically differ from wild type
and can resemble mutant homozygotes; as the amount of the protein produced from the
remaining allele is not sufficient to maintain the normal cellular function. In case of
dominant-negative scenario, mutation not only renders the protein inactive, but also
allows it to interfere with the function of the wild type protein, hence the heterozygotes
phenotypically resemble mutant homozygotes or have an intermediate phenotype.
For simplicity, in classic and haplo-insufficient scenarios, the effect of nonsense
mutations is illustrated. Red dotted line depicts the threshold level of the protein required
for normal function. Blue circle depicts the wild type active protein; yellow half circle
depicts mutant inactive protein.
Taken together, these results imply that ATM signalling protects against not only
haematopoietic malignancies, but also other cancer types. Indeed, bi-allelic loss of Atm
was shown to increase incidence of intestinal adenomas in 2 models of familial colorectal
cancer (Atm-/- ApcMin/+ and Atm-/-Apc1638/+) (Kwong et al., 2008). ATM deficiency also
suppressed apoptosis and accelerated tumorigenesis induced by forced expression of
Myc in mouse models of lymphoma (Atm-/- Eµ-Myc) and squamous cell carcinoma of the
skin (Atm-/- K5-Myc) (Maclean et al., 2007, Pusapati et al., 2006). Recently, 2 groups
independently evaluated the role of ATM signalling in pancreatic cancer using
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KRasG12D-driven mouse model of pancreatic ductal adenocarcinoma, or PDAC,
(p48/Ptf1a-Cre; Kras+/LSL-G12D; Atmflox/flox). In both cases, ATM deficiency accelerated
PDAC development, highlighting its tumour suppressive role in pancreatic cancer
(Russell et al., 2015, Perkhofer et al., 2017). The study from Kleger and Wagner groups
initially attributed the phenotype to increased epithelial-to-mesenchymal transition,
enhanced stemness and impaired NODAL and BMP4 signalling, resulting in higher
numbers of proliferative pre-neoplastic lesions at early stages (Russell et al., 2015).
However, Sosa-Pineda and colleagues observed, upon ATM loss, persistent DNA
damage in both early pre-cancerous lesions and established tumours, as well as an
increased number of chromosomal alterations both in primary PDAC tumours and
metastases upon ATM deficiency (Drosos et al., 2017). A later study by Kleger and
Frappart groups also reported increased chromosomal instability with complex structural
aberrations and even chromothripsis in ATM-deficient murine PDAC (Perkhofer et al.,
2017). Taken together these results suggest that ATM presents a barrier to pancreatic
cancer development via preserving genomic integrity.

Finally, in several studies ATM haplo-insufficiency as a tumour suppressor has been
observed, although it was not extensively studied and characterised. Haplo-insufficiency
refers to a situation where one allele contains a loss-of-function mutation; and the
remaining Wt allele cannot generate a sufficient physiological level of active protein
within the cell (Figure 11) (Berger and Pandolfi, 2011). For instance, Atm heterozygosity
increased the susceptibility to carcinogen-induced mammary tumours and augmented
the incidence of both spontaneous and IR-induced breast cancer in Trp53 heterozygous
mice (Atm+/- Trp53+/-) (Lu et al., 2006, Umesako et al., 2005). Mono-allelic loss of Atm
was also sufficient to accelerate KRasG12D-driven PDAC (Russell et al., 2015, Drosos et
al., 2017). These results exemplify haplo-insufficiency of ATM as a consequence of
dose-dependency within function as a tumour suppressor. On the other hand, Atm
heterozygous mice (Atm+/-) are not cancer-prone and have the same IR-induced tumour
incidence and spectrum as Wt mice (Barlow et al., 1999). However, they exhibit haploinsufficiency regarding reduced survival and premature greying when exposed to IR.
Overall, these results emphasize that ATM plays an important role in preventing
tumorigenesis and in some cases, shows haplo-insufficiency in tumour suppression.
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1.3.3

The tumour promoting functions of ATM

Although traditionally ATM was merely considered to be involved in cancer suppression,
there is now emerging evidence that ATM function in cancer might be more complex. In
addition to its role in checkpoint activation and DDR, ATM was also identified as a
component of key pro-survival and pro-proliferative signalling pathways often activated
in cancer cells, including insulin, AKT and MET pathways (Yang and Kastan, 2000,
Golding et al., 2009, De Bacco et al., 2011). Hence, in some cases, ATM signalling might
have a tumour promoting role (Figure 12).

Figure 12 Pro-tumorigenic functions of ATM signalling.
An overview of potential mechanisms underlying ATM requirement for carcinogenesis.
Many of these are cancer type-specific, while some were observed only in established
tumours and are likely to be important in tumour maintenance and progression, rather
than tumour initiation.
For instance, ATM signalling contributed to hypoxia-induced angiogenesis and tumour
growth in human melanoma xenograft model (Possik et al., 2014). ATM has been shown
to induce epithelial-mesenchymal transition and promote metastasis via coordinating
secretion of Interleukin 8 and other pro-tumorigenic cytokines (Pazolli et al., 2012).
Oxidative stress-induced ATM activation was required to promote Interleukin 8
expression and sustain migration, invasion and lung metastasis of breast cancer cell
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lines (Chen et al., 2015). ATM-mediated activation of AKT was important for survival of
human breast and prostate cancer cells; and pharmacological inhibition of ATM induced
cell cycle arrest and reduced proliferation of cancer cells with elevated AKT signalling (Li
and Yang, 2010). ATM was also required for proliferation, migration and invasion of colon
cancer cell lines (Liu et al., 2017b). Miller and colleagues demonstrated that ATM
signalling promotes the stabilisation of HER2 oncogene, hence contributing to HER2
signalling; with pharmacological inhibition of ATM perturbing growth of HER2-positive
human breast cancer cells both in vitro and in a transgenic mouse model (Stagni et al.,
2015). Importantly, ATM also negatively regulates potent tumour suppressor, ARF. Thus,
in human clinical samples loss of ATM correlates with high ARF protein levels and ATM
inhibition blocks the xenograft growth in an ARF-dependent manner (Velimezi et al.,
2013).

Taken together, these results support an appealing hypothesis, wherein ATM acts a
double-edged sword in cancer, with ATM signalling having a key role in maintaining
genome integrity and anti-cancer barrier at the tumour initiation stage, yet, being required
in already established tumours. However, this was not the case for a common childhood
cancer, neuroblastoma. Stable knock-down of Atm in 3 different human neuroblastoma
cell lines, not only was dispensable, but also accelerated cell proliferation and tumour
growth both in vitro and in xenograft models, respectively (Mandriota et al., 2015).
Similarly, ATM knock-down was shown to induce mammosphere formation of human
breast cancer cell line and promote its ability to form tumours upon orthotopic injection
(Wang et al., 2011). However, the exactly opposite effect of ATM silencing on
mammosphere formation was observed in another study (Antonelli et al., 2017). The
conflicting results are likely to be attributed to different human breast cancer cell lines
used; cancer cell lines can acquire genetic and phenotypic changes while being in culture
and might not accurately replicate the primary tumours.

Notably, in acute myeloid leukaemia (AML) model, ATM-signalling and DDR was shown
to block differentiation of leukemic cells, thereby promoting their self-renewal and
malignant haematopoiesis (Santos et al., 2014). Indeed, chemical or genetic ablation of
ATM and even DNA damage per se (caused by oxidative stress or via introduction of
site-specific nuclease, inducing DSBs) was sufficient to render AML-derived leukemic
cells unable to self-renew and promote their rapid differentiation into mature myeloid
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cells. This study unravelled an unexpected tumour-promoting role for DDR. Thus,
depending on the DNA damage level and the cell type, genetic instability can either
promote terminal differentiation of cancer cells, as was observed for AML, or set the
platform for accumulation of additional mutations and eventual neoplastic transformation,
as in case of B- and T-cell lymphomas.

To summarise, the role of ATM signalling in cancer initiation and progression is complex
and dependent on specific tumour context. At present, it is unclear, what defines whether
tumour suppressive or pro-tumorigenic function of ATM prevails in a particular cancer
type.
1.3.4

The dual role of ATMIN-mediated ATM signalling in cancer

As discussed in 1.2.8, there are two cofactors which mediate ATM activation and
signalling in a stimulus-dependent manner. These are ATMIN and NBS1. Notably, while
NBS1 acts as a haplo-insufficient tumour suppressor and protects against lymphoma
development (Kruger et al., 2007); ATMIN has a dual role in cancer, similar to ATM.
Thus, the B-cell conditional deletion of Atmin using CD19-Cre line (Atmin∆B/∆B) leads to
B-cell lymphoma, with an average onset age of 6 months and a penetrance of
approximately 60% (Loizou et al., 2011). Notably, the timing of ATMIN loss is critical, as
conditional deletion of ATMIN at earlier stages of haematopoiesis in pro-B cells (using
Mb1-Cre line) or haematopoietic stem cells (with Vav-Cre line) results in lymphopenia,
but does not lead to B-cell lymphomas (Jurado et al., 2012b, Anjos-Afonso et al., 2016).
The loss of B-cells in the latter models was attributed to increased BIM-dependent
apoptosis in the absence of ATMIN target gene Dynll1 (Jurado et al., 2012b). Consistent
with ATM-deficient B-cells, Atmin∆B/∆B B-cells had increased genomic instability due to
impaired V(D)J recombination and class-switch recombination (CSR). Pharmacological
inhibition of ATM in ATMIN-deficient cells and control B-cells impaired CSR to the same
extent, suggesting that ATMIN and ATM function in the same pathway to maintain
genetic stability of B-cells. These results further highlight the importance of ATMINmediated ATM signalling for the maintenance of genomic integrity and suppression of Bcell lymphomas.

Genetic inactivation of Atmin in p53-deficient mouse model of glioblastoma (Nestin-Cre;
Atminflox/flox; p53flox/flox or Atmin∆N/∆N; p53∆N/∆N) suppressed carcinogenesis (Blake et al.,
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2016). Gene expression analysis of glioblastoma cells, revealed that ATMIN loss
resulted in suppression of proto-oncogene Pdgfra expression. Notably, akin to Atmin
loss, pharmacological inhibition of ATM also lowered PDGFRa expression levels and
reduced proliferation and tumorigenic potential of glioblastoma cells both in vitro and
upon orthotopic transplantation. Thus, these results emphasise the requirement of
ATMIN/ATM pathway in the progression of p53-deficient glioblastoma through effects on
oncogenic gene expression programmes, thus implicating a tumour-promoting role.
Subsequently, ATMIN was shown to be required for the development of aggressive
Trp53-deficient, Myc-driven B-cell lymphomas (Wong et al., 2016, King et al., 2017). This
tumour-promoting role of ATMIN was manifested through a function as a transcription
factor for DYNLL1, which itself negatively regulates pro-apoptotic protein, BIM (Jurado
et al., 2012b). Thus, in addition to acting as an ATM cofactor, ATMIN also has ATMindependent roles in cancer promotion.

To summarise, ATMIN-mediated ATM signalling has a dual role in cancer: in
suppressing B-cell lymphoma development and promoting p53-deficient glioblastoma.
However, the contribution of ATMIN to the tumour-suppressive and tumour-promoting
functions of ATM in other cancer types is still enigmatic and requires further research.
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1.4 Lung cancer
1.4.1

Lung cancer overview

Lung cancer is one of the most common cancer types with 1.82 million new cases
diagnosed worldwide every year (Ferlay et al., 2015). It is also the deadliest cancer and
accounts for 19.4% of all cancer-related deaths worldwide (1.6 million people die every
year). High mortality rate is attributed to the majority of cases being diagnosed at
advanced disease stage, once metastasis has occurred and treatment becomes more
complicated with less efficacy. Failure to diagnose early is primarily due to the lack of
efficient screening programmes and absence of overt clinical symptoms. The lung is a
complex organ, evolved to optimise exposure of blood to oxygen and hence gas
exchange, with physiology comprising of roughly 2,000 km of airway and 50 m2 of
alveolar membranes (Gridelli et al., 2015). Around 50 distinct cell types, many with
specialised functions, have been identified in the lungs (Effros, 2006). It is therefore not
surprising, that lung cancer is not a single disease entity, but rather represented by many
heterogeneous neoplasia with distinct biology, clinical outcome and treatment options.
Based on these characteristics, lung cancer is divided into 2 major classes: small-cell
lung cancer and non-small-cell-lung-cancer (NSCLC). The latter class accounts for 85%
of lung cancer cases and has a predicted 5-year survival rate of only 17.7% (Ettinger et
al., 2017). NSCLC, itself, can be further subdivided into 3 histological types: lung
adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSCC) and lung large cell
carcinoma (Table 2). While the first two types are more prevalent and have distinct
histological and molecular characteristics. Large cell carcinoma is diagnosed by
exclusion, when the tumours do not exhibit histological features or express biomarkers
characteristic of LUAD or LUSSC.
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Table 2 Summary of histological features and genetic alterations of NSCLC
subtypes.
NSCLC type

Lung
adenocarcinoma

Lung squamous
cell carcinoma

Lung large cell
carcinoma

% of NSCLC cases

50-60%

30-40%

10%

Atypical adenomatous
hyperplasia (probable)

Dysplasia (known)

Neuroendocrine
field (possible)

Mutation

KRAS; EGFR; TP53;
BRAF

TP53; CDKN2A

RB1; TP53

Deletion:

CDKN2A

CDKN2A; PTEN

EGFR; KRAS; MDM2
ALK; RET; ROS1;
NTRK1

PIK3CA
SOX2; PIK3CA;
TP63

MYC

Location

Distal airways

Proximal airways

Distal airways

Histology

Glandular

Squamous

TTF1; Keratin 7; SPC

SOX2; Keratin 5;
p63

Precursor lesion
Genetic alterations

Amplification:
Translocation:

Biomarkers

Diagnosis by
exclusion

The table is compiled based on the information from (Gridelli et al., 2015, Herbst et al.,
2008, Gao et al., 2013, Cerami et al., 2012, Latimer and Mott, 2015).
1.4.2

Lung adenocarcinoma: epidemiology and treatment options

Lung adenocarcinoma currently represents the most common type of lung cancer and
its prevalence is increasing. This increase is mainly attributed to the changes in smoking
habits and cigarette manufacturing, allowing for deeper inhalation, wherein the cigarette
smoke reaches the distal airways of the lungs, terminal bronchioles and alveoli, where
adenocarcinoma mainly develops (Gabrielson, 2006). Cigarette smoke contains
thousands of different chemicals, including 98 hazardous chemicals, with more than 60
classified as carcinogens (Talhout et al., 2011). Among the most potent, are polycyclic
aromatic hydrocarbons, of which the metabolic intermediates can covalently bind to DNA
to produce bulky DNA addicts. If unrepaired and persistent, these lesions can lead to
mutations, mainly GC -> TA transversions. Indeed, lung tumours in smokers have one
of the highest mutational frequency, with approximately 10 mutations per megabase of
coding DNA sequence (Govindan et al., 2012, Kandoth et al., 2013). Accumulation of
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mutations, especially in proto-oncogenes and tumour suppressor genes, can ultimately
lead to cellular transformation and development of malignancies. Although, traditionally
the causal effect of smoking on lung adenocarcinoma has been considered less
influential than on other NSCLC sub-types, there is strong cause-effect evidence for
personal smoking history and the risk of adenocarcinoma (Khuder, 2001, Yang et al.,
2002). Overall, tobacco smoking represents one of the most avoidable risk factors for
cancer, thus lung cancer has traditionally been considered to be self-induced and largely
preventable. At the same time, around 25% of lung cancer cases (15% in men and 50%
in women) occur in never-smokers, with lung adenocarcinoma being the most prevalent
type (Couraud et al., 2012). Contributing factors, in this case, include passive smoking,
occupational hazards from mining and indoor coal burning, radon and asbestos
exposure, and air pollution (Boffetta, 2006, Vineis et al., 2004). Positive family history is
also associated with increased risk of lung cancer. Diagnoses at younger ages or in
several family members is strongly indicative of germline mutations (Matakidou et al.,
2005). Indeed, polymorphisms in the DNA repair genes, involved in base excision repair
(XRCC1) or nucleotide excision repair (ERCC2), have been shown to confer increased
cancer risk in non-smokers (Zhou et al., 2003). In small number of families, germline
mutations in HER2 or EGFR genes have been described as causal of predisposal to
familial lung adenocarcinoma (Yamamoto et al., 2014, Ohtsuka et al., 2011). Although
multiple risk factors have been identified, the association between these and lung
adenocarcinoma risk is weak to modest. The major causes and mechanisms, that can
explain the high incidence of lung adenocarcinoma in non-smokers, remain to be
characterised. Nevertheless, it is likely that a combination of genetic factors and
exposure to environmental carcinogens contributes to lung tumorigenesis.

Lung adenocarcinoma typically occurs at the periphery of the lung and as such its initial
progression is largely asymptomatic. Early symptoms, such as coughing, shortness of
breath, fatigue, upper back and chest pain are more often than not attributed to other
causes. When patients present with more problematic symptoms, such as chronic cough
with blood or severe bone pain, bone fractures and seizures (Latimer and Mott, 2015),
adenocarcinoma has usually progressed to advanced stages, when cancer cells have
already invaded nearby lymph nodes (stage 3) or spread to the distant organs (stage 4).
Diagnosis involves locating of the lesion using imaging techniques: chest radiography,
which has a 4% chance of false negative results, or contrast enhanced computer
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tomography (CT), which is more accurate and allows specific assessment of the size
and location of lesions (Spiro et al., 2007). Given that lung adenocarcinoma commonly
metastasises to the brain, liver and spine, whole-body CT and magnetic resonance
imaging are also performed. The next step involves a biopsy for classification and staging
of the tumour. Lung adenocarcinomas are identified by peripheral localisation, glandular
architecture with a characteristic biomarker expression profile (TTF-1-positive;
p63/Keratin 5-negative immunoprofile) (Rekhtman et al., 2011). Dependent on the stage
of the tumour, the therapeutic strategies include surgical resection, adjuvant and
neoadjuvant therapy. For stage 1 tumours surgical resection is the preferred treatment
option; in case of stage 2 tumours, resection is often followed up with adjuvant
chemotherapy (Group et al., 2010). When there are surgical contraindications,
radiotherapy is employed. Multimodal therapy is recommended for patients with
advanced lung adenocarcinoma, where neoadjuvant chemotherapy precedes resection;
with concurrent or sequential administration of chemotherapy and radiotherapy. The
clinically approved chemotherapeutic agents include cisplatin (platinum-based cytotoxic
alkylating agent), gemcitabine (nucleoside analogue that blocks DNA synthesis),
docetaxol (a taxane-related compound that stabilises microtubules and inhibits cell
division) amongst others (Scheff and Schneider, 2013). The overall prognosis and
treatment outcome is strongly influenced by the stage and etymology of the disease at
diagnosis. Thus, 5-year survival rate reaches 35-50% for the patients diagnosed early
with localised tumours that can be surgically removed, yet only 1% for the patients with
advanced metastatic disease. Regrettably, the median survival of the latter category of
patients is only 10-12 months after diagnosis (Gridelli et al., 2015).
1.4.3

Molecular genetics of lung adenocarcinoma

Comprehensive genetic analysis and molecular profiling of patient-derived tumours have
unravelled a wide range of genetic alterations and elucidated the mutational landscape
of lung adenocarcinoma (LUAD) (Imielinski et al., 2012, Cancer Genome Atlas Research,
2014). These efforts identified a number of driver mutations, including activating
mutations in proto-oncogenes (KRAS, EGFR, BRAF), loss-of-function mutations and
deletions in tumour suppressors (LKB1, TP53, CDKN2A) as well as translocations in
ROS, ALK and RET genes (Takeuchi et al., 2012). A complexity of the lung
adenocarcinoma genome is further illustrated by high mutational burden and recurrent
focal and broad copy number alterations (CNA), reveals a branched evolution history
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culminating in high inter- and intra-tumour heterogeneity (Zhang et al., 2014a). Despite
this, there is a consistency at the molecular level, where common signalling pathways
are recurrently implicated. Among these are EGFR-RAS signalling pathway, cell-cycle
regulation, alternative splicing and oxidative stress response (Cancer Genome Atlas
Research, 2014).

EGFR mutations and copy number amplifications are present in 20% of lung
adenocarcinoma (Amann et al., 2005). EGFR (epidermal growth factor receptor, also
known as HER1) is a member of the HER family of transmembrane tyrosine receptor
kinases. Upon ligand binding (namely, growth factors/mitogens) homo-dimerisation or
hetero-dimerisation with other family members occurs, ultimately leading to activation of
signalling cascades that regulate cell proliferation, survival, migration and angiogenesis
(Figure 13). In cancer cells, EGFR mutations often confer constitutive receptor signalling,
which drives uncontrolled proliferation, confers an ability to evade apoptosis, enhances
migration and facilitates invasion (Siegelin and Borczuk, 2014). The three major
downstream pathways responsible for these effects include: 1) PI3K-AKT pathway that
inhibits apoptosis and promotes cell survival; 2) STAT signalling that coordinates
differentiation and cell proliferation; 3) RAS signalling pathway that controls cell
proliferation.

Mutations in the RAS oncogene family (HRAS, KRAS and NRAS), are frequently
encountered in several malignancies. In particularly, KRAS mutations are the most
common driver alterations in LUAD, with a reported frequency of 35%. They occur in the
early stages of tumour development and are even detectable in precursor lesions,
implying a key role in LUAD biology (Westra, 2000). These mutations predict poor
survival and confer a high risk of cancer recurrence (Villaruz et al., 2013, Mascaux et al.,
2005). KRAS (named after Kirsten rat sarcoma viral oncogene homologue, where it was
originally identified) is a small membrane GTP-ase protein (Tsuchida et al., 1982). It
plays a key role in intracellular signal transduction from growth factor receptors and acts
as a molecular switch by cycling between active GTP-bound state and inactive GDPbound state (Figure 14).
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Figure 13 EGFR/RAS signalling pathway.
A simplified illustration of downstream signalling cascades of EGFR and KRAS. Binding
of growth factors (such as EGF) or other ligands to EGFR induces its homo- and heterodimerisation, autophosphorylation and activation. This triggers activation of STAT, PI3KAKT and MAPK signalling pathways. In EGFR/RAS pathway, EGFR
autophosphorylation induces its interaction with GRB2, that recruits SOS (GEF for RAS).
This ultimately leads to KRAS translocation to the plasma membrane and activation.
Active KRAS triggers a cascade of kinase activations, including RAF and MEK, ultimately
leading to phosphorylation and activation of ERK. Activated ERK translocates to the
nucleus, where it phosphorylates transcription factors. In addition, KRAS also activates
PI3K-AKT pathway directly and indirectly by promoting the release of growth factors,
activating EGFR. While in normal cells, activation of signalling pathways occurs only in
the presence of growth factors, oncogenic mutations or amplifications cause persistent
activation of the signalling cascade.
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Figure 14 KRAS molecular switch.
The illustration of the effect of the oncogenic mutations on the molecular switch between
active and inactive states of KRAS. Inactive KRAS is bound to GDP (guanosine
diphosphate), while active form of KRAS is GTP-bound. Guanine exchange factors
(GEF) catalyse dissociation of GDP and binding GTP (guanosine triphosphate)
molecules and as such activate KRAS. The enzymatic GTPase activity of KRAS involves
an intrinsic ability to bind and hydrolyse GTP into GDP. This returns KRAS to its inactive,
GDP-bound form. This is facilitated by GTPase-activating proteins (GAP), that increase
the rate of GTP hydrolysis. Oncogenic KRAS mutations block the interaction of KRAS
with GAP and impair the intrinsic GTP-ase activity, rendering KRAS constitutively active.
In its active, GTP-bound conformation, KRAS interacts with effector proteins and triggers
activation of downstream signalling pathways. The GTPase activity of KRAS returns it to
the inactive GDP-bound state. This mechanism provides an intrinsic negative-feedback
control of KRAS activity. GTPase-activating proteins (GAP), that enhance the GTP
hydrolytic activity of KRAS, and guanine exchange factors (GEF), that exchange GDP
to GTP, provide additional layers of regulation, ensuring tight control of KRAS activation.
KRAS functions downstream of EGFR and branches to multiple signalling cascades,
ultimately leading to activation of gene expression programme modulating cell
proliferation, differentiation, DNA synthesis and migration (Figure 13).

Oncogenic missense mutations of KRAS lead to the loss of its intrinsic GTP-ase activity
leaving mutant KRAS constitutively active (Figure 14) (Bhattacharya et al., 2015). These
mutations primarily occur in codons 12 and 13, with rarely, codon 61 implicated (Westra,
2000). Mutations in codon 12 are the most frequent (90%) and result in an amino acid
change from glycine (G) to cysteine (C), valine (V) or aspartic acid (D) – KRASG12C,
KRASG12V and KRASG12D (Riely et al., 2008). Notably, EGFR and KRAS mutations are
mutually exclusive due to synthetic lethality and define distinct molecular subtypes of
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lung adenocarcinoma (Unni et al., 2015, West et al., 2012). EGFR alterations
predominantly occur in non-smokers, while KRAS mutations are more prevalent in
smoking-associated cancers (Shigematsu et al., 2005). BRAF, mutated in 7-10% of
tumours, encodes a member of RAF Ser/Thr kinase family that operates downstream of
RAS activation to activate MEK and ERK (Figure 13) (Cancer Genome Atlas Research,
2014). BRAF mutations are mutually exclusive with KRAS and EGFR alterations and
lead to the constitutive activation of the downstream signalling pathway (Naoki et al.,
2002).

Overall,

RAS

signalling

pathway

is

frequently

deregulated

in

lung

adenocarcinoma, with alterations of its components observed in 76% of cases (Cancer
Genome Atlas Research, 2014).

With a rate ranging from 46% to 70%, TP53 is the most frequently mutated gene in lung
adenocarcinoma (Ding et al., 2008, Cancer Genome Atlas Research, 2014). The p53
protein is a tetrameric transcription factor involved in the activation of gene expression
programmes to trigger apoptosis, cell cycle arrest or senescence in response to DNA
damage and other cellular stresses (see 1.2.2). The majority of TP53 alterations are
missense mutations, and are frequently followed by a loss of heterozygosity (LOH)
during the tumour progression (Takahashi et al., 1989). The effect of genetic mutations
manifests in either loss of protein function (amorphic), a dominant-negative effect via
interaction with and inactivation of the wild type p53 (antimorphic), or a gain-of-function
effect via acquisition of new oncogenic properties (neomorphic) (Brosh and Rotter, 2009).
Unlike KRAS mutations, TP53 mutations are never detected in early precursor lesions,
rather acquired at later stages (Horio et al., 1996). This implies the role for p53 tumour
suppressor in lung cancer progression, rather than its initiation. Notably, co-occurrence
of TP53 and KRAS mutations is associated with a higher mutational burden and genetic
instability in lung adenocarcinoma (Skoulidis et al., 2015).

Various alterations of CDKN2A genetic locus are also a frequent event in lung
adenocarcinoma, with deletions and mutations observed in 20% and 4% of cases,
respectively (Swanton and Govindan, 2016). CDKN2A encodes 2 different transcripts
through alternative promoters and alternative splicing. Its protein products, ARF (p19ARF,
or p14ARF in mouse) and p16INK4a are tumour suppressors with independent molecular
functions in the inhibition of G1 to S phase transition (Figure 15) (Chin et al., 1998).
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Figure 15 The tumour suppressors encoded by CDKN2A gene.
A simplified overview of CDKN2A gene products and their role in G1/S checkpoint.
CDKN2A encodes 2 proteins: ARF and p16INK4a. ARF inhibits MDM2-dependent p53
degradation, which ultimately results in p53 stabilisation. Protein p53 activates
expression of p21, potent cyclin-dependent kinase inhibitor, that blocks cell cycle
progression to S phase. p16INK4a inhibits phosphorylation of Retinoblastoma protein (Rb)
by CDK4/6-CyclinD, that is required for G1-S progression in the cell cycle.
One of the most characterised genetic rearrangements in LUAD are ALK gene
translocations (Soda et al., 2007). ALK rearrangements occur in 3-8% of cases (Gao et
al., 2013, Cerami et al., 2012). ALK (anaplastic lymphoma kinase) gene encodes a
tyrosine receptor kinase, which is not expressed in the normal lung tissue (Morris et al.,
1997). ALK fusions (most common being a fusion with EML4) lead to the expression of
constitutively active kinase with high cellular transforming and tumorigenic potential
(Soda et al., 2007). In line with this, expression of EML4-ALK transgene in lung epithelial
cells induced lung adenocarcinoma in mice (Soda et al., 2008).

The identification and characterisation of driver mutations and recurrently affected
signalling pathways has led to the development and implementation of targeted
therapeutic strategies for lung adenocarcinoma. These are designed to interfere with the
signalling pathways specific and essential for cancer cell proliferation and survival (the
concept of oncogene addiction). This reduces cytotoxicity towards cells that are not
dependent on these pathways and, as such, results in improved treatment efficacy and
quality of life compared to systemic chemotherapy, which ultimately has severe side
effects. Therefore, implementation of molecular diagnostics within lung cancers allows
for patient stratification and can influence the treatment decisions. For example, LUAD
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patients with EGFR genetic alterations benefit from targeted molecular therapy with
EGFR tyrosine kinase inhibitors (such as Erlotinib); whereas those with ALK
rearrangements are highly responsive to ALK kinase inhibitors (such as crizotinib)
(Ciardiello and Tortora, 2001). However, the genetic lesions, for which targeted
molecular therapies have been described, are present only in 55% of lung
adenocarcinomas (Gridelli et al., 2015). The treatment of the remaining cases still relies
on conventional therapies, highlighting the need for further research.

In general, studies conducted over the past decades have identified key driver mutations
and altered signalling pathways in lung adenocarcinoma, as well as their correlation with
the overall prognosis and treatment efficiency.
1.4.4

Immunotherapy in the lung cancer treatment landscape

Recent developments in tumour immunology and genetics, characterisation of tumour
microenvironment and discovery of new tumour antigens have paved the way to a
greater understanding of the role the immune system plays in the regulation of tumour
growth. Therapeutic approaches that potentiate the immune system’s response to
cancer cells are known as immunotherapy. Immunotherapy encompasses both
stimulation of the patient’s immune system to recognise tumour antigens by using
immune-stimulants, or cancer vaccines, and modulation of the patient’s immune system
to overcome mechanisms employed by cancer cells to evade the immune response.
Among the most promising targets for immunotherapy are immune checkpoint inhibitors.
Some can suppress T-cell activation by regulating the immunological synapse between
T-cells and antigen-presenting dendritic cells (cytotoxic T-lymphocyte antigen 4 (CTLA4) on the T-cells and B7.1 ligand on the dendritic cell) (Leach et al., 1996). Others can
prevent immune recognition of cancer cells and hamper the effector phase of immune
response, by mediating immunological synapse between T-cells and the tumour cells
(programmed cell death-1 (PD-1) receptor on the surface of T-cells and programmed cell
death receptor ligand-1 (PD-L1) on the cancer cells) (Iwai et al., 2002, Buchbinder and
Desai, 2016). Antibody-directed therapies against these checkpoint inhibitors restore the
capability of the immune system to recognise and eliminate cancer cells. Indeed,
immunotherapy have been successfully used in clinic for melanoma, renal cell cancer
and prostate cancer (Robert et al., 2014, Escudier, 2012, Kantoff et al., 2010).
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Although historically lung adenocarcinoma and other types of NSCLC have been
considered as non-immunogenic malignancies; recent studies have demonstrated that
apparent absence of profound immune responses is, in fact, functional and results from
active mechanisms of immune evasion (Raez et al., 2004). These mechanisms to
escape immune surveillance represent valuable targets for immunotherapy, with some
of them being successfully exploited to develop agents blocking immune-inhibitory
pathways. Among these are 1) monoclonal antibodies directed against PD-1: nivolumab
and pembrolizumab; 2) avelumab and durvalumab, targeting PD-L1 and 3) monoclonal
antibodies, directed against CTLA-4: ipilimumab and tremelimumab (Garon et al., 2015,
Hirsch et al., 2017, Herbst et al., 2018, Gandhi et al., 2018). Some of these have been
evaluated in the pre-clinical settings and are currently in development for clinical use,
whereas others have already been approved for NSCLC treatment as the first- or
second-line treatment as a monotherapy or in combination with chemotherapy. For
instance, pembrolizumab has replaced cytotoxic therapy as the first-line treatment for
patients with advanced lung cancer, where tumours lack sensitising EGFR or ALK
mutations and have ³50% tumour cells expressing PD-L1 (Reck et al., 2016).

Currently, immunotherapy represents the most promising therapy for NSCLC without a
targetable driver mutation. In future, as more druggable mutations are identified,
combinational therapy using targeted therapies and immunotherapies may be a more
efficacious treatment option.
1.4.5

Mouse models of LUAD

A range of mouse models has been generated to recapitulate human LUAD and dissect
the molecular mechanisms involved in disease pathogenesis. These include
spontaneous models of lung cancer in susceptible strains, models in which cancer is
chemically induced by exposure to carcinogens and genetically engineered mouse
models (GEMMs), involving transgenic and knock-out models. Only a small proportion
of wild mice spontaneously develop lung tumours, whereas the susceptibility and
incidence among inbred mouse strains varies greatly. For instance, A/J and 129 strains
are the most sensitive and develop a large number of spontaneous tumours with age;
whereas C57/BL6 are almost completely resistant (Meuwissen and Berns, 2005). These
differences are partially attributed to the polymorphisms in Cdkn2a gene and in the
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second intron of KRas gene; the latter was found to influence KRas expression in
susceptible strains (Malkinson, 1999, Chen et al., 1994, Zhang et al., 2002).
Spontaneous lung tumours in mice resemble human LUAD in morphology,
histopathology and molecular characteristics. However, sporadic nature and long latency,
although reminiscent of human cancer, limits their feasibility for experimental
applications. These limitations are overcome in the models of chemically induced lung
tumours. The use of carcinogens to induce lung cancer stemmed from the anecdotal
observations, that urethane, injected intraperitoneally to anaesthetised mice, increased
the incidence of spontaneous lung adenomas and reduced their latency (Cowen, 1947).
Since then, other compounds, such as polycyclic aromatic hydrocarbons and
nitrosamines, have been employed to evoke LUAD (Vikis et al., 2013). Overall, chemical
carcinogenesis is reproducible and almost always leads to development of lung
adenomas and adenocarcinomas in a dose-dependent manner; yet it is only effective in
susceptible inbred mouse strains. An alternative approach to study LUAD biology in mice
involves the use of xenograft models; where human tumour cells are transplanted
subcutaneously or orthotopically into immunocompromised mice (Richmond and Su,
2008). However, extensive heterogeneity and complex mutational landscape of human
tumours complicates the interpretations of the results obtained with xenograft models
and restricts their application to drug discovery (Sausville and Burger, 2006).

In the recent years, GEMMs (genetically engineered mouse models) have become
powerful approach to model human lung adenocarcinoma in mice. Unlike the
spontaneous and xenograft models, GEMMs provide an opportunity to inactivate wild
type alleles and activate the mutant alleles of genes of interest in a spatial-temporal
manner. A number of driver mutations frequently observed in human LUAD patients
have been utilised, alone or in combinations, in GEMMs and has demonstrated
development of lung cancer with variable penetrance, latency and metastatic potential.
Some of the most relevant and frequently used models are listed in the Table 3. Staging
and classification of lesions in these mouse models proved to be difficult, owing to subtle
differences

between

benign

lesions,

premalignant

adenomas

and

malignant

adenocarcinomas (Nikitin et al., 2004). Therefore, to evaluate the progression of lung
adenocarcinoma in mouse models a specialised grading system has been developed
(DuPage et al., 2009, Jackson et al., 2005). This system is largely based on nuclear
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morphology and classifies lesions accordingly on a scale from 1 to 5, with grade 5
tumours being the most advanced and aggressive (Figure 16).

Table 3 Summary of the most commonly used GEMMs of LUAD and their
respective phenotypes.

Mouse model
KRas+/LA Trp53+/+
KRas+/LA Trp53-/KRas+/LSL-G12D

CC10-CreER
KRas+/LSL-G12D

Sftpc-CreER
KRas+/LSL-G12D
Ccsp-rtTA
Tet-op-KRas4bG12D
Trp53-/- or Cdkn2a-/-

Tumour induction

Phenotypic
characteristics

Reference

Spontaneous
recombination
event,
activating mutant KRas

Adenoma,
adenocarcinoma and
other tumour types

(Johnson
et al.,
2001)

Conditional activation of
mutant KRas after Ade-Cre
administration
Conditional activation of
mutant
KRas
after
tamoxifen administration in
Club cells
Conditional activation of
mutant
KRas
after
tamoxifen administration in
AT2 cells
Conditional activation of
mutant
KRas
after
doxycycline administration

Adenoma,
adenocarcinoma;
Long latency

KRas+/LSL-G12D
Trp53flox/flox

Conditional activation of
mutant
KRas
and
inactivation of Trp53 after
Lenti-Cre administration

KRas+/LSL-G12D
Trp53flox/R270H
or Trp53flox/R172H

Conditional activation of
mutant KRas and Trp53
after Ade-Cre administration

Braf

+/CA

Ccsp-rtTA
Tre-Egfr+/L858R
or Tre-Egfr+/∆L7-S752

Conditional activation of
mutant Braf after Ade-Cre
administration
Conditional activation of
mutant
Egfr
after
doxycycline administration

(Jackson et
al., 2001)

Adenoma

(Xu et al.,
2012)

Adenoma,
adenocarcinoma

(Xu et al.,
2012)

Adenoma,
adenocarcinoma;
Fast tumour growth
Adenoma,
adenocarcinoma;
Accelerated tumour
growth;
Sporadic
metastasis
Advanced
adenocarcinoma,
sinonasal
adenocarcinoma;
Metastasis
Adenoma,
rarely
adenocarcinoma

Adenocarcinoma

(Fisher et
al., 2001)
(Winslow
et al.,
2011)

(Jackson et
al., 2005)

(Dankort et
al., 2007)
(Politi et
al., 2006)

KRasLA – latent KRasG12D allele; LSL - a transcription stop, flanked by two unidirectional
LoxP sites; Ade-Cre – recombinant adenovirus carrying Cre-transgene; tet-op –
tetracycline responsive operon and minimal cytomegalovirus promoter; rt TA – reverse
tetracycline-controlled transactivator; Lenti-Cre – recombinant lentivirus carrying Cre-
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transgene; Braf+/CA – allele designed to express Wt Braf prior to Cre-mediated
recombination and mutant BrafV600E after; Tre – tetracycline responsive element

Figure 16 The illustration of grading system for murine LUAD mouse models.
A) Precursor lesion: a region of adenomatous hyperplasia with enlarged hyperplastic
cells, adjacent to the normal lung (left). B) Grade 1 lesion: cells have uniform nuclei with
no nuclear atypia and form a solid tumour. C) Grade 2 tumours correspond to adenomas
with monomorphic growth in a glandular pattern; cells have enlarged and slightly
irregular nuclei with prominent nucleoli. D) Grade 3 tumours correspond to non-invasive
adenocarcinomas; cells have increased nuclear-to-cytoplasm ration, enlarged,
pleomorphic nulcei with prominent nucleoli. E) Grade 4 tumours: cells have enlarged
pleomorphic nuclei (single arrows); aberrant mitoses (double arrows) and multinucleated
giant cells (triple arrows) are present. F) Grade 5 tumours are invasive
adenocarcinomas: cells exhibit all the cellular characteristics of grade 4 tumours, but
also have high stromal invasion (desmoplasia), surrounding nests of tumour cells.
Adapted from (Jackson et al., 2005). For permission to use see Appendix.
GEMMs enabled numerous studies into the biology of LUAD, which otherwise would not

have been possible. For instance, lineage tracing studies with GEMMs has allowed
identification of the cell of origin in lung adenocarcinoma, characterisation of initiation
and progression of the disease, and definition the molecular mechanisms and
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transcriptional programmes conferring metastatic potential to lung cancer cells
(Rowbotham and Kim, 2014, Jackson et al., 2005, Winslow et al., 2011, Chuang et al.,
2017). Another important direction of research using GEMMs has involved
characterisation of dynamic interactions between tumour cells and stroma within the
microenvironment (DuPage et al., 2011, Akbay et al., 2013).

In addition, murine models of LUAD are employed to investigate response and resistance
mechanisms to chemotherapy, identify novel drug targets and test the efficacy of
immunotherapeutic agents (Belinsky et al., 1993, Lynch et al., 2004, Politi et al., 2010).
Lastly, GEMMs have been invaluable to define the key players in LUAD tumorigenesis
and evaluate the relevance of genetic alterations, frequently observed in human patients,
for lung tumour initiation and progression.

72

Chapter 1 Introduction

1.5 Oxidative DNA damage and cancer
1.5.1

Oxidative DNA damage: sources, consequences and repair

Oxidative DNA damage is an inevitable consequence of cellular metabolism and results
from the reaction of DNA with reactive oxygen species (ROS). ROS, such as singlet
oxygen, hydroxyl radical, superoxide anion and hydrogen peroxide (H2O2), are
constantly generated as by-products of oxidative phosphorylation, in mitochondria, and
other metabolic processes in the cell (Imlay and Linn, 1988, Agnez-Lima et al., 2012). In
addition, environmental and lifestyle factors, such as air pollutants, ionising and solar
radiation, tobacco smoking, heavy metal ions and even certain drugs can lead to ROS
production and oxidative stress (Gracy et al., 1999, Birben et al., 2012). To counteract
and neutralise ROS, cells are equipped with antioxidant defence systems, including
enzymatic and non-enzymatic scavengers. Among the latter ones are glutathione and
Vitamins A, C and E (Birben et al., 2012). Enzymatic antioxidants have specialised
functions. For instance, catalase and superoxide dismutase act on H2O2 and superoxide,
respectively. ROS are highly reactive molecules and have an ability to damage both DNA
bases and the sugar-phosphate backbone and thus can generate a wide variety of DNA
oxidation products. More than a hundred of different types of oxidative DNA lesions have
been described, of which the most identifiably abundant and certainly the most
characterised is 8-oxoG (7,8-dihydro-8-oxo-guanine) (Yu et al., 2016) (Figure 17). 8oxoG is generated with an estimated frequency ranging from 1,000 – 100,000 lesions
per cell per day and as such is extensively used as a biomarker for the extent of oxidative
stress in the cells (Lindahl, 1993, Klaunig and Kamendulis, 2004, Fraga et al., 1990).

Unlike other DNA lesions, 8-oxoG does not block DNA replication (McCulloch et al.,
2009). However, owing to its preferential ability to aberrantly pair with adenine during
DNA synthesis, 8-oxoG is highly mutagenic and can cause G-C to T-A transversions
following two rounds of replication (Moriya, 1993, Shibutani et al., 1991). During
transcription, 8-oxoG is effectively bypassed by RNA polymerase but causes
mutagenesis mostly due to misincorporation of adenine in mRNA opposite to 8-oxoG in
DNA (Bregeon et al., 2009). This erroneous transcription has been shown to lead to
expression of constitutively active RAS oncogene when 8-oxoG is present in codon 61
(a mutation hotspot) (Saxowsky et al., 2008).
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Figure 17 Causes and consequences of oxidative DNA damage.
Reactive oxygen species (ROS) from endogenous sources or induced by exogenous
factors cause oxidation of DNA bases, generating oxidative DNA lesions. Owing to its
low oxidation potential, guanine is particularly vulnerable and is most frequently oxidised
(Neeley and Essigmann, 2006). Oxidation of guanine at C8 position leads to the
formation of 8-oxo-guanine (8-oxoG). Accumulation of 8-oxoG in the DNA has
deleterious effects for the cell, ranging from DNA mutagenesis and microsatellite
instability to gene silencing and erroneous transcription. dR – deoxyribose phosphate
Furthermore, the presence of 8-oxoG in the promoter regions can affect the binding of
transcription factors and therefore impact on gene expression. Sugden and colleagues
demonstrated that the presence of 8-oxoG modulates binding affinity of p50 subunit of
NF-kB to specific target DNA sequence (Hailer-Morrison et al., 2003). Furthermore, a
single 8-oxoG was sufficient to prevent binding of SP1 and AP-1 transcription factors to
their respective promoter sites (Ghosh and Mitchell, 1999, Ramon et al., 1999). 8-oxoG
also

interferes

with

the

methylation

of

adjacent

cytosine

bases

by

DNA

methyltransferases, wherein the extent of inhibition is dependent on the position of 8oxoG (Weitzman et al., 1994, Maltseva et al., 2009). Thus, oxidative DNA damage can
alter DNA methylation patterns, which in turn can lead to aberrant gene expression. In
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addition, oxidative DNA damage was reported to induce mutations and increase the
instability of microsatellite repeat sequences (Jackson et al., 1998), (Zienolddiny et al.,
2000).

To counteract the mutagenic potential and deleterious effects of 8-oxoG, cells have
evolved a three-component enzyme system, commonly referred to as a GO-system
(Michaels and Miller, 1992). In mammals, the key components include a hydrolase,
MTH1, and two glycosylases, OGG1 and MUTYH (Barnes and Lindahl, 2004, Tsuzuki
et al., 2007) (Figure 18). MTH1 (MutT homologue 1, also known as NUDT1) has an
ability to efficiently hydrolyse oxidised deoxoguanosine triphosphate (8-oxo-dGTP),
which promotes its elimination from the nucleotide pool and therefore prevents it from
being incorporated into DNA during DNA replication (Sakai et al., 2002). MUTYH (MutY
homologue, also known as MYH) is a DNA glycosylase that removes adenine that is
mispaired with 8-oxoG, to counteract the mutagenic potential of 8-oxoG (Slupska et al.,
1999). The OGG1 gene undergoes alternative splicing, where the two main splice
isoforms encode the OGG1-1a (thereafter referred to as OGG1) and OGG1-2a enzymes,
responsible for the repair of 8-oxoG in the nucleus and mitochondria, respectively
(Nishioka et al., 1999). OGG1 (8-oxoG DNA glycosylase) is a bifunctional enzyme with
DNA glycosylase and AP lyase activity. It initiates the repair of 8-oxoG by long-patch or
single-nucleotide repair (BER). The latter process is used for repair of the majority of
oxidised lesions (75–90%) (Dianov et al., 1998, Frosina et al., 1996) (Figure 18).

8-oxoG is structurally very similar to guanine, with the only differences being the
presence of oxo-group at position C8 and a hydrogen atom at position C7 (Figure 17).
This minor 2-atom change makes 8-oxoG recognition and repair a difficult task, therefore
requiring high specificity of OGG1. 8-oxoG recognition occurs via a “nucleotide-flipping
mechanism”, wherein OGG1 slides along the DNA and probes the stability of the DNA
duplex, leading to preferential expulsion of 8-oxoG into catalytic pocket of the OGG1
enzyme (Huffman et al., 2005, Bruner et al., 2000). In addition to DNA glycosylase
activity, responsible for the cleavage of the oxidised base and generation of abasic site,
OGG1 has a lyase activity and therefore capable of cleaving the DNA phosphodiester
bond. However, the lyase activity of OGG1 is weak, and although it can be demonstrated
in vitro, it does not catalyse the stand incision in vivo. This is instead mediated by the
APE1 endonuclease (Allgayer et al., 2016).
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Figure 18 The mechanism of oxidative DNA damage repair by GO system.
A simplified illustration of oxidative DNA damage repair, with the key enzymes depicted.
Reactive oxygen species (ROS) induce oxidation of DNA bases both in DNA and in the
free nucleotide pool. MTH1 hydrolyses oxidised deoxoguanosine triphosphate (8-oxodGTP) in the nucleotide pool to corresponding monophosphate, thus preventing its
incorporation in the DNA. OGG1 glycosylase recognises 8-oxoG, present in the DNA
duplex and removes the damaged base generating the abasic site. APE1 endonuclease
binds the abasic site and incises the DNA phosphodiester backbone leaving 3’-hydroxyl
and 5’-deoxyribose phosphate (dRp). Depending on the nature of dRp: intact or oxidised,
76

Chapter 1 Introduction

the repair proceeds via single nucleotide-BER (SN-BER) or long-patch BER (LP-BER).
In SN-BER, DNA polb removes dRp and fills a single-nucleotide gap, leaving a nick that
is ligated by DNA ligase III/XRCC1 complex. However, if DNA replication occurs prior to
8-oxoG repair, 8-oxoG can form non-canonical base pairs with adenine, leading to its
incorporation into newly synthesised DNA. MUTYH glycosylase excises the adenine
mispaired with 8-oxoG and initiates its repair, predominantly via LP-BER. A – adenine,
G – guanine, C – cytosine, T – thymine
The functional bacterial homologue of OGG1, FPG (formamidopyrimidine-DNA
glycosylase) acts as both a DNA glycosylase and AP lyase. It first releases the damaged
base to generate the abasic site, it then cleaves DNA phosphodiester backbone, both
3’ and 5’ of it, leaving a gap of 1 nucleotide (Bailly et al., 1989). Overall, cooperative
action of GO-system, together with BER, counteracts oxidative DNA damage. Therefore,
despite constant generation of ROS, these mechanisms maintain steady-state levels of
8-oxoG in the genome at a low level (~1–10 per million nucleotides) (Gedik et al., 2005,
Beckman et al., 2000).

Importantly, 8-oxoG repair mechanisms can contribute to repression of gene expression.
Khobta and colleagues demonstrated that the extent of 8-oxoG mediated transcriptional
arrest positively correlates with OGG1 expression level (Kitsera et al., 2011). This was
not influenced by the location of an oxidative DNA lesion in the transcribed strand, rather
the sequence context (Allgayer et al., 2013). Indeed, the degree of transcriptional
inhibition appeared to depend on the efficiency of OGG1-mediated 8-oxoG repair in a
particular sequence context. Altogether this suggests that 8-oxoG-mediated gene
repression occurs as a consequence of 8-oxoG repair, as it interferes with transcription
(Allgayer et al., 2016).

To summarise, accumulation of 8-oxoG in the genome can have detrimental
consequences for the cell including transcriptional and DNA mutagenesis. It is therefore
kept in check by DNA repair enzymes
1.5.2

Oxidative DNA damage in cancer development

Large-scale sequencing of whole cancer genomes combined with sophisticated
computational and mathematical analyses revealed that different cancer types have
distinct combinations of mutations. These reflect the mutational processes manifested
during cancer development and basally throughout the lifetime of the individual
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(Lawrence et al., 2013, Alexandrov et al., 2013). For instance, lung cancers show high
frequency of G–C to T–A transversions, which might reflect 8-oxoG driven mutagenesis
(Lawrence et al., 2013). However, this mutation is also attributed to exposure to
polycyclic aromatic hydrocarbons and the generation of bulky guanine adducts. The
former process is supported by results of a case control study that established a positive
correlation between reduced enzymatic activity of the 8-oxoG repair enzyme, OGG1,
and increased risk of lung cancer (Paz-Elizur et al., 2003). In line with this, the
chromosomal region 3p25, to where OGG1 gene is mapped, is frequently lost in lung
cancer. Additionally, OGG1 polymorphisms are associated with heightened susceptibility
to lung cancer (Lu et al., 1997, Sugimura et al., 1999).

Bi-allelic pathogenic mutations in MUTYH cause MUTYH-associated polyposis (MAP),
a hereditary cancer syndrome that poses a lifetime risk of colorectal cancer ranging from
43% to 100% (Mazzei et al., 2013, Al-Tassan et al., 2002, Nielsen et al., 1993). Notably,
tumours from MAP patients have high frequency of GC-TA transversions, detected in
APC and KRAS, genes heavily implicated in colorectal cancer (Lipton et al., 2003).
Finally, steady-state levels of 8-oxoG have been estimated to be 100 times higher in
tumours compared to normal tissue (van Loon et al., 2010). Taken together, these results
suggest a causal role for oxidative DNA damage in the development of particular cancer
types. On the other hand, high levels of oxidative DNA damage might represent the
consequence of tumorigenesis, resulting from the increased metabolism of established
tumours.

To experimentally address whether oxidative DNA damage is a cause or consequence
of cancer, mice deficient in 8-oxoG repair have been generated and characterised.
Surprisingly, mice deficient in only one component of GO-system had no overt cancer
predisposition or other adverse phenotype. Three independent groups have analysed
the tumour incidence in Ogg1-/- mice, with only one reporting increased number of
spontaneous lung tumours at the age of 18 months; even though, Ogg1-/- deficiency led
to accumulation of 8-oxoG in the genome and increased frequency of GC-TA mutations
(Minowa et al., 2000, Klungland et al., 1999, Sakumi et al., 2003). No difference in
survival was observed between wild type and Mth-/- mice, although some of the mutant
mice eventually developed tumours in liver and lung at the age of 18 months (Tsuzuki et
al., 2001a, Tsuzuki et al., 2001b). Similarly, Mutyh-/- mice were phenotypically normal,
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with only one report of increased incidence of spontaneous intestinal tumours at the age
of 18 months (Sakamoto et al., 2007, Xie et al., 2004b). However, these mice were
extremely susceptible to oxidative stress-induced intestinal tumorigenesis, unlike the
wild type or Ogg1-deficient mice (Sakamoto et al., 2007), (Arai et al., 2006). In line with
this, MUTYH deficiency accelerated intestinal tumorigenesis in ApcMin/+ mice (Sieber et
al., 2004).

To address the possibility of functional redundancy between 8-oxoG repair enzymes,
double knock-out (dKO) mouse models were analysed. Interestingly, despite increased
accumulation of oxidative DNA damage, Mth1/Ogg1 did not show increased cancer
predisposition (Sakumi et al., 2003). In contrast, Mutyh/Ogg1 dKO mice (Mutyh-/-Ogg1/-

) had reduced survival and were cancer-prone, with high incidence of lung adenomas

(31.4%), lymphomas (37.1%) and ovarian tumours (21.7%) (Xie et al., 2004b). At the
DNA level, Mutyh/Ogg1 dKO mice displayed elevated levels of oxidative DNA damage
and increased frequency of spontaneous mutations (Russo et al., 2004). G–C to T–A
transversions at Ras codon 12 were identified in 75% of the lung tumors, but not in the
adjacent normal tissues or in lungs from healthy littermates (Xie et al., 2004b). Thus, the
mechanism of lung tumorigenesis in this mouse model is likely to rely on aberrant Kras
activation that results from 8-oxoG mediated mutagenesis in DNA. However, it is unclear
whether this pathway of tumorigenesis holds true for other cancer types (prevalent in 8oxoG repair deficient animals) and how oxidative DNA damage drives lung
tumorigenesis in the remaining 25% of tumours. Taken together, these data suggest that
MUTYH and OGG1 have a tumour suppressive role in vivo and act in a synergistic
manner, as mice deficient in either repair enzyme rarely develop cancer. Recently,
Mth1/Ogg1/Mutyh triple knock-out mice were generated and reported to have increased
levels of 8-oxoG, higher germline mutation rate, shortened lifespan and increased
tumour incidence (Ohno et al., 2014).

To summarise, evidence from 8-oxoG repair-deficient GEMMs strongly suggests a
causal role for oxidative DNA damage in cancer development and an important role for
GO-system components in tumour prevention.
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1.5.3

8-oxoG detection methods

Oxidative DNA damage has been implicated in cancer, ageing and neurodegenerative
disease. The most common oxidative DNA lesion, 8-oxoG is widely used as a sensitive
and specific biomarker of oxidative stress. Altogether this underlies the requirement for
accurate, specific detection and quantification. The available 8-oxoG detection
techniques can be broadly divided into three groups: 1) methods enabling measurement
or estimation of total levels of 8-oxoG in the DNA; 2) locus-specific detection methods
and 3) genome-wide mapping approaches (Table 4).

Table 4 8-oxoG detection methods.
Detection
method

8-oxoG per
106 bp

Principle

Limitations

Total

HPLC-ECD

GC-MS

1.7–32

Hydrolysed
DNA
is
separated
on
chromatographic
column
and 8-oxoG is measured
using EC detector

Artefactual
oxidation
during DNA preparation
and processing

100–330

Volatile DNA bases are
generated, separated by GC
and analysed by MS

Artefactual
oxidation
during
DNA
preparation, processing
and derivatisation

HPLC-MS/MS

22.8

FPG-modified
comet assay

0.5

FPG-mediated
alkaline
elution

0.24

FPG-mediated
nick
translation

0.08

FADU-FPG

0.23

HPLC separation of digested
DNA and MS detection,
allowing for simultaneous
identification
and
quantification of different
DNA lesions
The length or intensity of the
comet tail indicates the DNA
damage level
The rate of elution of DNA
through
the
pores
of
membrane filter correlates
with damage levels
The
incorporation
of
modified nucleotide in the
DNA mediated by DNA
polymerase 1 indicates the
DNA damage level
The extent of alkaline
induced DNA unwinding
directly correlates with the
damage level
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Artefactual
oxidation
during DNA preparation
and processing
Semi-quantitative
Indirect
Variability

Indirect
Accuracy depends on
the
efficiency
and
specificity of the repair
enzymes

Indirect
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ELISA

69.2

Imaging
techniques

Detection
method

Colorimetric immunoassay
with monoclonal antibody
In situ imaging based on
immuno-detection of 8-oxoG

8-oxoG
location

Principle

Lack of specificity
Cross-reactivity with G
in DNA
Lack of specificity
Cross-reactivity with G
in DNA, 8-oxoG in RNA
Limitations

Locus-specific

Fpg-assay

Telomeres

Comet-FISH
with specific
probes

Nontranscribed
strands

SMRT
In situ
detection on
metaphase
spread

Recombinatio
n hotspots
SNPs

8-oxoG
ChIP-on chip

Gene deserts
LADs

8-oxoG
ChIP-Sanger
Sequencing

Chromosome
16

Q-PCR based quantification
of FPG-sensitive lesions
Lack of co-localisation of
strand-specific FISH probes
in the comet tail indicates
DNA damage
Genome-wide

Indirect
Accuracy depends on
the amplification
efficiency of primers
Indirect
Semi-quantitative

Kinetic variation events
indicate the presence of 8oxoG

Indirect
High error rate
Yet to be applied to
biological samples

Immuno-detection with 8oxoG antibody on
metaphase spread

Low resolution
Lack of specificity
Cross-reactivity with G

ChIP with monoclonal 8oxoG antibody, followed by
hybridisation to microarray
ChIP with monoclonal 8oxoG antibody, followed by
Sanger sequencing

Low resolution
Lack of specificity
Cross-reactivity with G
Low resolution
Lack of specificity
Cross-reactivity with G

An overview of commonly-used 8-oxoG detection techniques. To present the results in
common units the following conversions were used: 1 8-oxoG/105 G = 4 8-oxoG/106 bp;
1 fmol 8-oxoG/µg DNA = 0.52 8-oxoG/106 bp (Collins et al., 1997).
HPLC-ECD - high performance liquid chromatography-electrochemical detection; GCMS – gas chromatography-mass spectrometry; HPLC-MS/MS - high performance liquid
chromatography-tandem mass spectrometry; FADU – fluorimetric detection of alkaline
DNA unwinding; SMRT – single-molecule real-time sequencing; LAD – lamin-associated
domains; bp – base pairs; G – guanine.
The information in the table is based on (Collins et al., 1993, Herbert et al., 1996, Collins,
2000, Schadt et al., 2013, Collins et al., 2004, Collins et al., 2014, Muller et al., 2013,
Ravanat, 2012, O'Callaghan et al., 2011, Guo et al., 2013, Gedik et al., 2005, Ohno et
al., 2006, Yoshihara et al., 2014, Akatsuka et al., 2006, Clark et al., 2011).
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As illustrated in the Table 4, the estimates of steady-state 8-oxoG levels in the DNA vary
greatly and can range from several hundreds to fewer than 1 lesion per million of bases,
depending on the experimental approach used. In general, HPLC and massspectrometry based approaches tend to overestimate the damage level due to
artefactual oxidation of DNA during the preparation steps (Ravanat, 2012). On the other
hand, enzymatic methods of detection measure the number of SSBs, rather than 8-oxoG,
therefore demonstrating an indirect readout (Collins et al., 1993). Accuracy is entirely
dependent on the efficiency and specificity of the enzyme under given reaction
conditions and at the concentration used. Furthermore, several oxidised lesions, in close
proximity, will produce only one SSB upon excision, thus leading to the underestimation
of the total 8-oxoG levels (Collins et al., 2004).

Although not without its limitations, HPLC-MS/MS is considered a “gold standard”
method for global measurement of oxidative DNA damage as it allows for absolute
quantification and unequivocal identification of 8-oxoG, especially when care is taken to
avoid oxidation artefacts. Among the techniques enabling measurement of 8-oxoG in
specific sequences of interest, FPG assay represents the most powerful approach. It is
accurate, sensitive and cost-effective; providing quantitative 8-oxoG estimation
(O'Callaghan et al., 2011). Most of the available techniques for genome-wide analysis of
8-oxoG distribution rely on immunological detection using monoclonal or polyclonal
antibodies against 8-oxoG (Ohno et al., 2006, Yoshihara et al., 2014). Considering there
is known cross-reactivity of these antibodies with guanine, the specificity of 8-oxoG
detection warrants critical scrutiny (Yin et al., 1995). Furthermore, the utility of generated
8-oxoG distribution maps is limited because of the low resolution in the Mb (mega base)
or Kb (kilo base) range (Yoshihara et al., 2014, Akatsuka et al., 2006). Therefore, novel
techniques allowing for high-resolution mapping of 8-oxoG in the genome are in demand.
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Chapter 2.

Materials & Methods

2.1 Materials
2.1.1

Reagents and Consumables

The reagents and consumables were purchased from the companies listed below or
obtained from the Francis Crick Institute and Cancer Research-UK London Research
Institute (LRI) Central Services:
0.5 ml, 1.5 ml, 2 ml tubes
100bp DNA ladder
1 kb DNA ladder
1 ml, 5 ml, 50 ml syringes
5 ml, 10 ml, 25 ml serological pipettes
15 ml, 50 ml tubes
18G, 19G needles
6 cm, 10 cm, 15 cm diameter dishes
25 cm2 ,75 cm2, 150 cm2 flasks
6-well plate (flat bottom)
12-well low attachment plates
12-well, 24-well, 96-well plate (flat bottom)
96-well plate (non-sterile)
Acetic acid
Accutase
Adenovirus
Advanced DMEM/F12
Agarose
Ammonium persulfate
Ampicillin
Anti-FLAG M2 Magnetic beads
Aphidicolin
ATM inhibitor
Benzonase nuclease
BrdU
B27 supplement
Bovine serum albumin
Bromophenol blue
Calcium Chloride
Calf Intestinal Phosphatase (CIP)
Cell strainer (45 μm Nylon)
Cell strainer (70 μm Nylon)
Collagenase type IV
Coverslips

Eppendorf (Cambridge, UK)
Life Technologies (NY, USA)
Life Technologies (NY, USA)
BD Plastipak (Oxford, UK)
Corning (Corning, USA)
Corning (Corning, USA)
BD Microlance (Oxford, UK)
Corning (Corning, USA)
Corning (Corning, USA)
BD Falcon (Oxford, UK)
New England Biolabs (NEB, Hitchin, UK)
BD Falcon (Oxford, UK)
Nunc (Rochester, USA)
Fisher Scientific (Loughborough, UK)
Sigma-Aldrich (Poole, UK)
Gene Transfer Vector Core (Iowa, USA)
Life Technologies (NY, USA)
Bioline (London, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Calbiochem (Darmstadt, Germany)
Novagen/Millipore (Watford, UK)
Sigma-Aldrich (Poole, UK)
Life Technologies (NY, USA)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
New England Biolabs (NEB, Hitchin, UK)
BD Falcon (Oxford, UK)
BD Falcon (Oxford, UK)
Sigma-Aldrich (Poole, UK)
Menzel-Glaeser
(Braunschweig,
Germany)
Sigma-Aldrich (Poole, UK)
Corning (Corning, USA
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Fisher Scientific (Loughborough, UK)

Corning Costar reagent reservoirs
CryoVial
Crystal Violet solution
Cycloheximide
Cuvettes
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DAPI
ddH2O
dNTPs
DirectPCR Lysis Reagent
Dimethyl sulfoxide (DMSO)
Disodium tetraborate
DMEM
Donkey serum
DTT
DyeEx® 2.0 Spin Kit
Dynabeads M-280 Strepavidin
ECL Western Blotting Detection Reagents
EDTA
EGTA
EGF (human)
Eosin Y
Ethanol
Ethidium Bromide
Expand high fidelity PCR system
FACS tubes
FGF-basic (human)
Formaldehyde
Fluorescent Mounting Medium
Foetal calf serum
FPG
GentleMACS™ C Tubes
GoTaq PCR DNA Polymerase
Glutathione High Capacity Magnetic Agarose
beads
Glycerol
Glycine
Harris Hematoxylin (Shandon)
Histo-Clear
Hyaluronidase
Hydrochloric acid
Hydrogen peroxide
Industrial methylated spirit (IMS)
Isoflurane
Isopropanol
Illustra TM GFX TM DNA Purification kit
Insulin human
Kanamycin
Lipofectamine-2000
Lithium chloride
LB medium
L-Glutamine
L-Glycine
Marvel skimmed milk powder
Magnesium Chloride
β-mercaptoethanol
Methanol
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Sigma-Aldrich (Poole, UK)
LRI/CR-UK, Crick (London, UK)
Deoxyribonucleotides
Viagen Biotech (Los Angeles, USA)
Sigma-Aldrich (Poole, UK)
AppliChem (Darmstadt, Germany)
Life Technologies (NY, USA)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
QIAGEN (Crawley, UK)
Life Technologies (NY, USA)
GE Healthcare (Little Chalfont, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
PeproTech (London, UK)
Sigma-Aldrich (Poole, UK)
Fisher Scientific (Loughborough, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Becton Dickinson (Oxford, UK)
PeproTech (London, UK)
Sigma-Aldrich (Poole, UK)
DAKO (Ely, UK)
PAA (Yeovil, UK)
New England Biolabs (Vancoover,
Canada)
MACS Miltenyi Biotec (Surrey, UK)
Promega (Southampton, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Fisher Scientific (Loughborough, UK)
Fisher Scientific (Loughborough, UK)
Sigma-Aldrich (Poole, UK)
Fisher Scientific (Loughborough, UK)
Sigma-Aldrich (Poole, UK)
LRI/CR-UK (London, UK)
Piramal, (PA, US)
Fisher Scientific (Loughborough, UK)
GE healthcare
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Life Technologies (NY, USA)
Sigma-Aldrich (Poole, UK)
LRI/CR-UK (London, UK)
Life Technologies (NY, USA)
Sigma-Aldrich (Poole, UK)
A1 Laboratory Supplies Ltd (Enfield, UK)
LRI/CR-UK, Crick (London, UK)
Sigma-Aldrich (Poole, UK)
Fisher Scientific (Loughborough, UK)
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N-2 supplement
Neutral buffered formalin
Nitrocellulose transfer membrane
Nucleofactor transfection reagent
NP-40
Opti-MEM
Paraffin wax
Paraformaldehyde
PBS

Life Technologies (NY, USA)
LRI/CR-UK (London, UK)
Whatman
Lonzo AG
Sigma-Aldrich
Life Technologies (NY, USA)
Tissue Tek (Basingstoke, UK)
Sigma-Aldrich (Poole, UK)
Life Technologies (NY, USA)
LRI/CR-UK, Crick (London, UK)
Life Technologies (NY, USA)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Invivogen (San Diego, USA)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Melford Laboratories (Ipswich, UK)
Bio-Rad (Hemel Hempstead, UK)
National Diagnostics (Hessle, UK)
QIAGEN (Crawley, UK)
QIAGEN (Crawley, UK)
GE Healthcare (Little Chalfont, UK)
New England Biolabs (NEB, Hitchin, UK)
Sigma-Aldrich (Poole, UK)

Penicillin/Streptomycin
Phenylmethylsulfonyl fluoride (PMSF)
Poly-L-ornithine
Ponceau S
Potassium Bromate
Potassium Chloride
Primocin
Propium Iodide
Protease Inhibitor
Proteinase K
Protein Assay Dye Reagent
Protogel (30%)
QIAGEN Plasmid Maxi Kit
QIAprep Spin Miniprep Kit
Rainbow markers
Restriction endonucleases
Ribonuclease
RIPA buffer
RNase-Free Dnase Set
Rneasy Mini-kit
RPMI
Sodium Azide
Sodium Bicarbonate
Sodium Chloride
Sodium Deoxycholate
Sodium Dodecyl Sulphate
Sodium Fluoride
Sodium Orthovanadate
Sucrose
Superfrost Ultra Plus slides

QIAGEN (Crawley, UK)
QIAGEN (Crawley, UK)
Life Technologies (NY, USA)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
LRI/CR-UK, Crick (London, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
New England Biolabs (NEB, Hitchin, UK)
Sigma-Aldrich (Poole, UK)
Menzel-Glaeser
(Braunschweig,
Germany)
Life Technologies (NY, USA)
Life Technologies (NY, USA)
New England Biolabs (NEB, Hitchin, UK)
Qiagen (Crawley, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
Sigma-Aldrich (Poole, UK)
(NY, USA)

Superscript III cDNA synthesis kit
SYBR Green
T4 DNA ligase
Taq PCR Core Kit
TEMED
Tempol
Trichostatin A (TSA)
Triton X-100
Tris
Trisodium Citrate
Trypan Blue
Trypsin Life Technologies
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Tween-20
Ultra-low attachment plates
Urethane
Vi-Cell™ sample vial
X-ray film, Fuji
Xylene

2.1.2

Sigma-Aldrich (Poole, UK)
Corning (Corning, USA)
Sigma-Aldrich (Poole, UK)
Beckman Coulter (High Wycombe, UK)
Fisher Scientific (Loughborough, UK)
LRI/CR-UK, Crick (London, UK)

Media and Buffers

Advanced DMEM/F12 complete A
Advanced DMEM/F12

46.830 ml

Penicillin/Streptomycin (10,000 U/ml)

500 µl (1% v/v)

N2 supplement (100x)

500 µl (1x)

B27 supplement (50x)

1 ml (1x)

FCS

1 ml (2%)

Insulin (10 mg/ml)

50µl (10 µg/ml)

EGF (100 µg/ml)

10µl (20 ng/ml)

FGF-basic (100µg/ml)

10 µl (20 ng/ml)

Primocin (50 mg/ml)

100µl (100 µg/ml)

Advanced DMEM/F12 complete B
Advanced DMEM/F12

47.980 ml

Penicillin/Streptomycin (10,000 U/ml)

500 µl (1% v/v)

N2 supplement (100x)

500 µl (1x)

B27 supplement (50x)

1 ml (1x)

EGF (10 mg/ml)

10 µl (20 ng/ml)

FGF-basic (10 mg/ml)

10 µl (20 ng/ml)

Blocking buffer (IF/IHC)

final concentration

Bovine serum albumin

1%

Donkey serum

10%

Triton X-100

0.4%

PBS

89.6%
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Buffer 500
HEPES (pH 7.5)

50 mM

Sodium deoxycholate

0.1%

EDTA

1 mM

NaCl

500 mM

Triton X-100

1%

Sodium azide

0.02%

Cell lysis buffer
RIPA buffer

1x

NaF

50 mM

Na3VO4

1 mM

β-glycerophosphate

1 mM

Protease inhibitor cocktail

1% (v/v)

PMSF

1 mM

Citrate buffer
Trisodium citrate

2.94 g

HCl (0.2 M)

18 ml

ddH2O

up to 1 l

Decrosslinking buffer
SDS

1%

Sodium bicarbonate

0.1 M

ddH2O

up to 1 ml

DMEM (complete medium)
DMEM (+ 4.5 g/l glucose, + l-glutamine,

445 ml

+ pyruvate)
FCS

50 ml

1% (v/v) Penicillin/Streptomycin

5 ml

(10,000 U/ml)
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DNA extraction buffer
DirectPCR Lysis Reagent

95 µl

Proteinase K (10 mg/ml)

5 µl

EDTA-PBS
EDTA

30 mM

PBS endotoxin free

up to 50 ml

FACS buffer
PBS endotoxin free

490 ml

FCS

10 ml (2% v/v)

FPG storage buffer (pH 8)
Tris-HCl

20 mM

Glycerol

50%

NaCl

50 mM

BSA

200 µg/ml

EDTA

0.5 mM

Freezing buffer
DMEM (complete medium)

50% (v/v)

FCS

40% (v/v)

DMSO

10% (v/v)

IP buffer
SDS buffer

20 ml

Triton dilution buffer

10 ml

LiCl/detergent wash
Tris-HCl (pH 8.0)

10 mM

Sodium deoxycholate

0.5%

EDTA

0.5 M

LiCl

250 mM
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NP-40

0.5%

Sodium azide

0.02%

Lysis buffer
1M Tris (pH 8)

5 ml

0.5 M EDTA

20 ml

5 M NaCl

2 ml

20% SDS

50 ml

ddH2O

up to 1 l

Mixed micelle wash buffer
Tris-HCl (pH 8.1)

20 mM

NaCl

150 mM

EDTA

5 mM

Sucrose

5%

Triton X-100

1%

SDS

0.2%

Sodium azide

0.02%

ODP binding buffer

final concentration:

Tris-HCl (pH 8.0)

25 mM

KCl

150–300 mM

BSA

0.5%

Tween-20

0.1%

DTT

1 mM

ODP elution buffer
Reduced glutathione

50 mM

ODP binding buffer

up to 10ml

Phosphate buffered saline (PBS)

final concentration:

KCl

3 mM

NaCl2

136 mM
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Na2HPO4 * 2 H2O

8 mM

KH2PO4

15 mM

Protein loading buffer (Laemmli buffer) final concentration:
Tris-HCl (pH 6.8)

63 mM

SDS

2% (w/v)

Glycerol

10% (v/v)

Bromophenol blue

0.0025% (v/v)

b-mercaptoethanol

2.5% (v/v)

Tris-EDTA buffer (pH 8.0)
Tris base (pH 8.0)

10 mM

EDTA

1 mM

Tween-20

0.05%

Tris-EDTA buffer (pH 7.5)
Tris-HCl (pH 7.5)

10 mM

EDTA

1 mM

6% Resolving Gel
ddH2O

13.2 ml

30% Acrylamide mix

5.0 ml

1.5 M Tris (pH 8.8)

6.3 ml

10% SDS

250 µl

10% Ammonium persulfate (APS)

250 µl

TEMED

20 µl

8% Resolving Gel
ddH2O

10.6 ml

30% Acrylamide mix

5.3 ml

1.5 M Tris (pH 8.8)

6.3 ml

10% SDS

250 µl

10% Ammonium persulfate (APS)

250 µl
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20 µl

TEMED

SDS buffer
Tris-HCl (pH 8.1)

50 mM

NaCl

100 mM

EDTA (pH 8.0)

5 mM

SDS

0.5%

Sodium azide

0.02%

1% SDS solution
10% SDS

1 ml

H 2O

9 ml

10x SDS-PAGE Running buffer
Tris

300 g

Glycine

1400 g

20% SDS (v/v)

250 ml

ddH2O

up to 10 l

1x Semi-dry transfer buffer

Final concentration:

Tris

25 mM

Glycine

192 mM

Methanol (v/v)

20%

SDS (v/v)

0.01%

5% Stacking Gel
ddH2O

6.8 ml

30% Acrylamide mix

1.7 ml

1.5 M Tris (pH 8.8)

1.25 ml

10% SDS

100 µl

10% Ammonium persulfate (APS)

100 µl

TEMED

10 µl
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50x TAE buffer
Acetic acid

57.1 ml

Na2EGTA x 2 H2O

37.2 g

Tris (0.2M)

242 g

ddH2O

up to 1 l

20x Tris buffered saline Tween-20
(TBS-T)
NaCl (5M)

3l

Tris (1M; pH 7.5)

2l

Tween-20

200 ml

ddH2O

up to 10 l

Triton dilution buffer
Tris-HCl (pH 8.6)

100 mM

NaCl

100 mM

EDTA (pH 8.0)

5 mM

Triton X-100

5%

Sodium azide

0.02 %

2.1.3

Oligonucleotides

All the oligonucleotides, used for this study, were synthesised by Sigma Aldrich (UK).

Table 5 List of oligonucleotides.
Name

Oligonucleotide sequence (5’-3’)

hATMIN-ex1-gRNA-1F
hATMIN-ex1-gRNA-1R
hATMIN-ex1-gRNA-2F
hATMIN-ex1-gRNA-2R
hATMIN-ex1-gRNA-3F
hATMIN-ex1-gRNA-3R

CACCGTGGATCAGCTCCCCCGCCGG
AAACCCGGCGGGGGAGCTGATCCAC
CACCGCGTCGGGCTCACCTGCAGG
AAACCCTGCAGGTGAGCCCGACGC
CACCGCCTGCAGGTGAGCCCGACG
AAACCGTCGGGCTCACCTGCAGGC
GAACGAAAGAGAAATTGAAACCAGGCTTCATCGTTGTC
8-Oxo
GCAGACCTGGTGGATACCGGGCTTCATCGTTGTC
8-Oxo
GCAGACCTGGTGGATACCGTTTCCCTCATTGGATTCT
GC
GTCCTCCTTTGAGATCCCTGAGGCTTCATCGTTGTC8-OxoG

2x8-oxoG_Adapter_A
2x8-oxoG_Adapter_Y
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RevComp_Adapter_A

RevComp_Adapter_Y

Wt_Adapter_A

Wt_Adapter_Y

CAGACCTGGTGGATACCGGGCTTCATCGTTGTC8-OxoGCA
GACCTGGTGGATACCGATCACAACGATCAGACAACAACA
GCAGAATCCAATGAGGGAAACGGTATCCACCAGGTCTGC
GACAACGATGAAGCCCGGTATCCACCAGGTCTGCGACAA
CGATGAAGCCTGGTTTCAATTTCTCTTTCGTTC
TGTTGTTGTCTGATCGTTGTGATCGGTATCCACCAGGTCT
GCGACAACGATGAAGCCCGGTATCCACCAGGTCTGCGAC
AACGATGAAGCCTCAGGGATCTCAAAGGAGGAC
GAACGAAAGAGAAATTGAAACCAGGCTTCATCGTTGTCG
CAGACCTGGTGGATACCGGGCTTCATCGTTGTCGCAGAC
CTGGTGGATACCGTTTCCCTCATTGGATTCTGC
GTCCTCCTTTGAGATCCCTGAGGCTTCATCGTTGTCGCAG
ACCTGGTGGATACCGGGCTTCATCGTTGTCGCAGACCTG
GTGGATACCGATCACAACGATCAGACAACAACA

Table 6 List of RT-Q-PCR primers.
Gene
ATMIN
DYNLL1
GAPDH
Actin
Atmin
Dynll1

Primer Sequence
F. TGGCCTGGAATACGATGGA
R. GACATGCGCAGAGCTGCA
F. CACTCACTGACGTGGGTAGC
R. TCGGTCGCACATGGTTAC
P1. AGCCACATCGCTCAGACAC
P2. GCCCAATACGACCAAATCC
P1. TCTTTGCAGCTCCTTCGTTG
P2. ACGATGGAGGGGAATACAGC
P1. CAAGCACTCGGTGTCAATGG
P2. CACAGTGCGCAGGCATCT
P1. CTCTGCTCCACGGTAACCAT
P2. TGTTGTACTTCTCCAACGCC

Table 7 List of genotyping primers.
Amplified alleles
AtmWt / Atmflox / Atm∆
AtminWt / Atminflox /
Atmin∆
AtminWt / AtminK238R
KRasWt / KRasLSL-G12D
/ KRasG12D
Trp53Wt / Trp53flox /
Trp53∆

Primer Sequence
P1. ATCAAATGTAAAGGCGGCTTC
P2. CATCCTTTAATGTGCCTCCCTTCGCC
P3. GCCCATCCCGTCCACAATATCTCTGC
P1. TCAGCATCTTCTCCAGAGAGACAG
P2. CACATGTGTACAGCACATTCATTG
P3. CTCAGGGTACACATACTATGCTTGC
P1. TAAGCAGCTCCAATCCACCC
P2. CTAAGTGCACAGTACCGGCT
P1. GTCTTTCCCCAGCACAGTGC
P2. CTCTTGCCTACGCCACCAGCTC
P3. AGCTAGCCACCATGGCTTGAGTAAGTCTGCA
P1. CACAAAAACAGGTTAAACCCAG
P2. CCATGGCTTGAGTAAGTCTGC
P3. GAAGACAGAAAAGGGGAGGG
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2.1.4

Antibodies

Table 8 List of primary antibodies.
Primary antibody

Species

Application
(Dilution)

Supplier,
Catalogue number

53BP1

Rabbit,
polyclonal

IF (1:400)

Santa Cruz (CA, USA), sc22760

β-Actin-HRP

Mouse

WB (1:5,000)

Abcam (Cambridge, UK),
ab49900

Mouse,
monoclonal
Rabbit,
monoclonal
Rabbit,
monoclonal
Rabbit,
polyclonal
Rabbit,
monoclonal
Mouse,
monoclonal
Mouse,
monoclonal
Rabbit,
polyclonal
Goat,
polyclonal
Mouse,
polyclonal
Mouse,
monoclonal
Mouse,
monoclonal
Mouse,
monoclonal
Rabbit,
polyclonal
Rabbit,
polyclonal

WB (1:1,000)

ATM
ATM
pS1981-ATM
ATMIN
ATMIN/ASCIZ
BrdU
Chk2
pThr68-Chk2
GFP
GFP
Flag-HRP
Flag M2
pS139-H2AX
KAP-1
pS824-KAP-1
Ki67

Santa Cruz (CA, USA), sc23931

WB
(1:1,1000)

Abcam (Cambridge, UK),
ab32420
Epitomics (California, USA),
2152-1
Sigma (Poole, UK),
HPA066900
Chemicon (Watford, UK),
AB3271

FACS (1:50)

Becton Dickinson, cat no. 347580

WB
(1:1,1000)
WB
(1:1,1000)
WB
(1:1,1000)

Upstate (Watford, UK),
05-649
Cell signalling (Hitchin, UK),
2661
Abcam (Cambridge, UK),
ab6673
CRUK (London, UK),
3E1
Sigma (Poole, UK),
A8592
Sigma (Poole, UK),
F3165
Upstate (Watford, UK),
05-636
Abcam (Cambridge, UK),
ab10484
Bethyl Labs (Montgomery, USA),
A300-767A

IHC (1:200)
WB
(1:1,1000)
IHC (1:100)

WB (1:1000)
WB
(1:1,5000)
WB
(1:1,1000)
IF (1:400)
IHC (1:1,000)
WB (1:1,000)
WB (1:1,000)

Rabbit,
polyclonal

IHC (1:125)

DAKO (Ely, UK)

MPM2

Mouse,
monoclonal

FACS (1:200)

Millipore (Watford, UK),
16-220

MYC

Rabbit,
polyclonal

WB (1:1,000)

Sigma (Poole, UK),
C3956

p53

Mouse,
monoclonal

WB (1:1,000)

Cell Signalling (Hitchin, UK),
2524S
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pS15-p53

Rabbit,
polyclonal

WB (1:1,000)

Cell signalling (Hitchin, UK),
9284

RPA2/32

Rat,
monoclonal

IF (1:200)

Cell signalling (Hitchin, UK),
2208

Tubulin (α)

Mouse,
monoclonal

WB (1:1,000)

Abcam (Cambridge, UK),
ab7291

TTF-1

Rabbit,
monoclonal

IHC (1:300)

Abcam (Cambridge, UK),
ab76013

Table 9 List of secondary antibodies.
Secondary
antibody
Alexa Fluoro 488,
anti Rabbit
Alexa Fluoro 488,
anti Mouse
Alexa Fluoro 488,
anti Rat
Alexa Fluoro 546,
anti Rabbit
Alexa Fluoro 594,
anti Mouse
Alexa Fluoro 647,
anti Mouse
Alexa Fluoro 647,
anti Rabbit
Biotinconjugated
anti-Rabbit
Biotinconjugated
anti-Mouse
HRP-conjugated
anti-Goat
HRP-conjugated
anti-Mouse
HRP-conjugated
anti-Rabbit

2.1.5

Application
(Dilution)
IHC-IF (1:400)
IF (1:400)
IHC-IF (1:400)
IF (1:400)
IHC-IF (1:400)
IF (1:400)
IHC-IF (1:400)
IF (1:400)
IHC-IF (1:400)
IF (1:400)
IHC-IF (1:400)
IF (1:400)
IHC-IF (1:400)
IF (1:400)

Supplier,
Catalogue number
Life Technologies (NY, USA),
A21206
Life Technologies (NY, USA),
A21245
Life Technologies (NY, USA),
A21208
Life Technologies (NY, USA),
A10040
Life Technologies (NY, USA),
A21203
Life Technologies (NY, USA),
A31571
Life Technologies (NY, USA),
A31573

Donkey
anti-Rabbit

IHC (1:250)

Jackson (Newmarket, UK),
711-066-152

Donkey
anti-Mouse

IHC (1:250)

Jackson (Newmarket, UK),
715-066-150

Species
Donkey
anti-Rabbit
Donkey
anti-Mouse
Donkey
anti-Rat
Donkey
anti-Rabbit
Donkey
anti-Mouse
Donkey
anti-Mouse
Donkey
anti-Rabbit

Mouse
anti-Goat
Goat
anti-Mouse
Mouse
anti-Rabbit

WB: (1:10,000)
WB: (1:10,000)
WB: (1:10,000)

Jackson (Newmarket, UK),
205-032-176
Jackson (Newmarket, UK),
115-035-174
Jackson (Newmarket, UK),
211-032-171

Plasmids

The ATMIN construct was cloned into pCMV-Tag2B (Stratagene), yielding N-terminally
Flag-tagged ATMIN, under control of pCMV promoter, with NeoR/KanR resistance
cassette, conferring resistance to kanamycin, neomycin and G418. In addition, ATMIN
construct was cloned into pEGFP-C3 (Clontech) to generate GFP-tagged ATMIN and
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into pCMV-Myc-N (Clontech) to generate Myc-tagged ATMIN. The various ATMIN
fragments, point and deletion mutants were generated using standard cloning
procedures and PCR-based site-directed mutagenesis. Annealed oligos, containing the
gRNA sequence, were cloned into pX330 vector (Zhang lab).
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2.2 Methods
2.2.1

Animal work

2.2.1.1 Animal husbandry
All the mice used in the study were housed in the Biological Resource Units, located
either at Francis Crick Institute or London Research Institute. Mice were culled by
Schedule 1 Methods according to the Animal Scientific Procedures Act 1986 (revised in
1997). Cervical dislocation followed by exsanguination through severing of major blood
vessel was used to sacrifice mice for primary cells isolation. For all other experiments
animals were culled by CO2 asphyxiation, followed by cervical dislocation. All the
experimental procedures performed were in accordance with Home Office guidelines
and approved by the Francis Crick Institute Animal Ethics Committee.
2.2.1.2 Mouse lines
Table 10 List of mouse lines.
Mouse Line
ATM

flox/flox
∆/+

Atmin
Atminflox/flox
Atmingpg6/+
AtminK238R/K238R
KRasLSL-G12D/+
Mutyh-/Ogg1-/p53flox/flox

Reference
(Zha et al., 2008)
(Kanu and Behrens, 2007)
(Kanu et al., 2010)
(Goggolidou et al., 2014b)
This thesis
(Jackson et al., 2001)
(Xie et al., 2004b)
(Klungland et al., 1999)
(Marino et al., 2000)

All the mice were genotyped using Transnetyx Inc. (Cordova, USA). The genotype of the
experimental mice was corroborated by secondary genotyping using ear or tail snips
collected after sacrificing the mice.
2.2.1.3 Intra-tracheal virus delivery
Mice of 6-8 weeks of age were used for experiment and anesthetised via placing the
animal into the induction chamber. The isoflurane dose was dependent on the weight of
the mice and was in the range of 2-2.5% (O2 at 2 L/min). Once the anaesthesia was deep
enough to achieve regular breathing, the mice where placed on the platform and
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intubated upon insertion of the catheter into the trachea and administered Ade-Cre virus
(2.5×107 PFU per mouse). After the intubation, mice were returned to the cage and
closely monitored until full recovery.
2.2.1.4 µCT image acquisition and processing
The SkyScan-1176, a high-resolution low-dose X-ray scanner, was used for 3D
microcomputed tomography (µCT). Mice were anesthetised with isoflurane in an
induction chamber. The isoflurane dose was dependent on the weight of the mouse and
was in the range of 2–2.5% (O2 at 2 L/min). Once the anaesthesia was deep enough to
support regular breathing, the mouse was transferred to the animal bed inside the
scanner. Once the respiratory rate of the mouse was stable and between 0.8–1.2 breaths
per second, in vivo µCT images were acquired at a standard resolution (35 µm pixel
size), with a 0.5 mm aluminium filter, using list mode of 8 frames and a rotation step of
0.7°. The raw scan data was sorted into the end expiration bins using RespGate
(respiratory gating software) based on the position of diaphragm. 3D reconstruction was
performed using NRecon software. 3D data sets were examined using Data Viewer
software; the volume of individual lung lesions was calculated using CT-Analyser
software.
2.2.1.5 Potassium bromate-induced tumorigenesis
Mice of 7–8 weeks of age were provided with freshly-prepared potassium bromate in
drinking water at 2 g/l for drinking “ad libitum” for 16 weeks. In addition to normal food,
mice were provided with milk powder. Water consumption and weight of the mice were
monitored twice a week. In accordance to Home Office guidelines, mice were culled
upon 20% weight loss or at the end of experiment.
2.2.1.6 Urethane-induced tumorigenesis
Mice of 7–8 weeks of age were weighed and intraperitoneally injected with urethane (1
mg/g of body weight) or with vehicle PBS (control mice). Given that urethane is a general
anaesthetic, the mice were placed on the heat pads and closely monitored (every 15
minutes) until full recovery. In accordance to Home Office guidelines, mice were culled
at the end of experiment (16-weeks post-injection).
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2.2.1.7 Mice irradiation and isolation of intestinal tissue
Mice were irradiated at the indicated doses using a Cs137 Gamma irradiator and culled
2 hours post irradiation by cervical dislocation followed by exsanguination. The intestine
was carefully dissected out and placed into a Petri dish with cold PBS on ice. The
caecum was discarded, while the colon and small intestine were flashed with cold PBS
to remove the contents. Small intestine (cross-sectioned into 3 segments) and colon
were placed into a gut roller on a filter paper and slit open longitudinally. For H&E and
IHC, the intestine was fixed in 10% neutral buffered saline (NBF) overnight and
transferred into 70% ethanol the following day. The fixed intestine was used for “swissroll” preparation. For Western blotting, sb2 (jejunum) and sb3 (ileum) segments were cut
into ~1 cm sections. The sections were placed in 50 ml falcon tubes with ice-cold PBSEDTA buffer and incubated for 2–3 hours at 4°C with regular vortexing. This leads to
separation of crypts and villi from the muscular layer. After the remaining tissue was
removed, the supernatant (containing crypts and villi) was applied to a 70 µm cell strainer
to separate villi and crypts. Villi-enriched fraction, retained on the filter, and cryptsenriched fraction (flow through) were transferred to new falcon tubes and centrifuged at
1,800 rpm for 10 minutes at 4°C. The pellet was washed once with PBS, then either used
immediately or stored at -80°C for future use.
2.2.2

Cell culture

2.2.2.1 Generation and culture of primary mouse embryonic fibroblasts (MEFs)
The pregnant female was culled at 13.5 days post coitum by cervical dislocation followed
by exsanguination. The uterus was carefully dissected out and placed into the chilled
PBS in a Petri dish. The embryos were removed (with placenta and yolk sac discarded)
under dissecting microscope and transferred to a new Petri dish with PBS for further
dissection. The head of the embryo was placed into 1.5 ml eppendorf, stored at -20 and
subsequently used for DNA extraction and genotyping. The internal organs were
discarded, and remainder of the embryo was transferred to 1.5 ml eppendorf containing
0.5 ml of DMEM complete medium. Under the primary tissue culture hood embryo was
first mechanically dissociated with scissors, and then passed 8–10 times through 1 ml
syringe and 18-gauge needle to create a single cell suspension. The suspension was
transferred into a well of 6-well plate, containing 2 ml of DMEM complete media. MEFs
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were cultured in a humidified incubator at 37°C, 5% CO2 and 3% O2. Every three days
MEFs were trypsinised and passaged 1:3.
2.2.2.2 Isolation of primary lung tumour cells
The mouse was culled at 14 weeks post intra-tracheal delivery of Ade-Cre-GFP virus by
cervical dislocation followed by exsanguination, according to the Home Office guidelines.
The lungs were dissected out carefully and each lung lobe was immediately placed in 4
ml of AdMEM/F12 complete A (see 2.1.2) into GentleMACSTM C tubes and subjected to
automated homogenisation using GentleMACS dissociators at Tumour 2 mode, followed
by addition of 300 U/ ml collagenase IV and hyaluronidase 300 U/ ml and incubation for
20 minutes at 37°C and with constant shaking. Homogenised lungs were subjected to
further dissocation at Tumour 3 mode, followed by addition of DMEM (complete medium),
supplemented with Primocin and centrifugation at 1,000 rpm for 5 minutes. The pellet
was resuspended in AdMEM/F12 complete A and cells were plated onto ultra-low
attachment plates and placed in a humidified incubator at 37°C, 5% CO2 and either 3%
O2. 96 hours later the media was replaced with AdMEM/F12 Complete B (see 2.1.2) and
cells were replated on a standard tissue culture plates.
2.2.2.3 Cell lines
HCT-116, 293A and 293T cells were obtained from the London Research Institute and
Francis Crick Institute Cell Services. Cell lines were grown in DMEM complete medium
(see 2.1.2). Cell lines were maintained in a humidified incubator at 37°C, 5% CO2 and
either 3% O2 or 20% O2.
2.2.2.4 Passaging, freezing and thawing of cells
Cell lines were routinely passaged twice a week at 1:5 or 1:10, suspension cells were
sub-cultivated at 100,000 cells/ml, MEFs were passaged at 1:3. For cell passaging,
medium was aspirated, cells were washed once with pre-warmed sterile PBS and
incubated in 0.25% (w/v) trypsin/PBS at 37°C for 2–5 minutes. After incubation, the cells
were collected in a falcon tube with DMEM complete medium (see 2.1.2) and centrifuged
at 1,000 rpm for 5 minutes. The cell pellet was resuspended in the medium pre-warmed
to 37°C and transferred into a tissue culture flask. For cell freezing, confluent cells were
trypsinised, then resuspended in complete medium and centrifuged at 1,000 rpm for 5
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minutes. The supernatant was aspirated and the cell pellet was resuspended in 3 ml of
freezing buffer (see 2.1.2) and was aliquoted at 1:3 ratio into 2.0 ml CryoVials. CryoVials
were immediately stored at -80°C and the following day transferred to liquid nitrogen tank
for long term storage. For cell thawing, the CryoVial was quickly transferred into 37°C
water bath. Thawed cell suspension was immediately mixed with a complete medium
pre-warmed to 37°C and centrifuged at 1,000 rpm for 5 minutes. The supernatant was
discarded, while cell pellet was washed once in a complete medium, and transferred into
a tissue culture flask.
2.2.2.5 Cell culture treatments
All cell culture treatments were performed 24 hours after cell plating, wherein optimal
seeding density was determined experimentally prior to the assay.
Irradiation: cells were irradiated at the indicated doses using Cs137 Gamma Irradiator
and harvested 30 minutes after irradiation.
Oxidative stress: to induce oxidative stress cells were treated with 5 mM potassium
bromate or 100 µM H2O2 for 1 hour at 20% O2 and harvested immediately after treatment,
unless indicated otherwise. Both reagents were prepared immediately prior to use.
Replication stress: to induce replication stress, sub-confluent cells were treated with
Aphidicolin at 0.2 µM for 24 hours or at concentration 2 µM for 2 hours.
Drug treatments: ATM kinase inhibitor was used at 10µM final concentration, with 16
hours pre-treatment. Protein synthesis inhibitor (cycloheximide) was used at a final
concentration of 10 µg/ml for the indicated time. When the drug used was dissolved in
DMSO, DMSO containing medium was added to control cells for the duration of
treatment.
2.2.2.6 Cell viability
Seeding density was optimised for each cell type to perform the assay in 24-well plate
format. Following cell culture treatments (see 2.2.2.5), medium was carefully aspirated
and cells were gently rinsed twice with PBS, prior to addition of fresh medium, followed
by culturing for 72 hours. The viability of cells after concentration- or dose-dependent
treatments was determined using standard assays: crystal violet assay (for MEFs and
primary lung tumour cells) and trypan blue exclusion assay (for HEK293 cells).
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Crystal violet assay is based on the ability of crystal violet dye to bind DNA and proteins
only in viable adherent cells, having washed away cells that detach upon cell death. For
the crystal violet assay, viable cells were fixed with methanol, by overlaying cells with
100% methanol for 5 minutes, following aspiration of medium and rinsing with PBS.
Methanol was carefully aspirated and 500 µl of crystal violet solution added to each well
of 24-well plate. After incubation at room temperature for 10 minutes, the wells were
thoroughly rinsed in distilled water and air dried overnight. Following imaging of the
plates, 100 µl 1% SDS solution was added to each well for 10-minute incubation on a
shaker at room temperature. The absorption was measured spectrophotometrically at
570 nm in 96-well plates. Cell viability was calculated as follows: Viability(X) = (A570(X)A570(Blank))/(A570(Control)- A570(Blank))*100, where A570(X) and A570(Control) are mean
absorptions at 570nm of 3 biological replicates for treated and control cells, respectively.
A570(Blank) is a mean absorption of 3 technical replicates for wells without cells (used to
define the background in the technique).
The principle of trypan exclusion assay is based on the inability of trypan blue dye to
enter live cells with intact cell membranes. Hence, when imaged in the Vi-CellTM cell
viability analyser, live cells have bright centre with dark blue exterior, while dead cells
are fully stained with trypan blue. For trypan blue assay, culture medium was aspirated
and retained in a 1.5ml tube, cells were washed once with pre-warmed sterile PBS and
incubated in 0.25% (w/v) trypsin/PBS at 37°C for 2–5 minutes. Following incubation, cells
were collected to the 1.5ml tube containing medium from origin well and centrifuged at
1,000 rpm for 5 minutes. The cell pellet was resuspended in 500 µl of fresh 37°C prewarmed medium and transferred into the Vi-Cell sample vial, before analysis using the
Vi-CellTM cell viability analyser.
2.2.3

Histology

2.2.3.1 Tissue fixation and processing
The tissues were collected immediately after sacrificing the mouse, fixed in 10% NBF
solution overnight and transferred into 70% ethanol on the following day. The fixed
tissues were dehydrated and embedded in paraffin wax in embedding cassettes. 4µm
thick sections were cut on a manual microtome (RM2235 Leica) and mounted on
Superfrost Ultra Plus charged slides, followed by incubation in the oven to enhance
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adherence. All the embedding and sectioning of the tissue were performed by
Experimental Histopathology STP.
2.2.3.2 Haemotoxylin and eosin (H&E) staining
Haematoxylin and eosin (H&E) staining is based on the differential affinity of the
compounds for particular cellular structures. Haematoxylin, a dark blue compound,
stains basophilic structures, including nucleic acids and ribosome, blue. Conversely
eosinophilic structures, including proteins, are stained pink by eosin. Therefore, in H&E
stained sections the nucleus appears blue and cytoplasm pink. To perform the staining,
the following steps were performed at room temperature. Paraffin-embedded tissue
sections were dewaxed by two 10-minute incubations in xylene. Sections were rehydrated by a series of 3-minute incubation steps - twice in 100% ethanol, once in 95%
(v/v) ethanol, once in 80% (v/v) ethanol, once in 50% (v/v) ethanol and finally twice in
ddH2O. Nuclear staining was performed by incubating sections in Harris’s haematoxylin
for 5 minutes, followed by washes under running water for five minutes. Washed sections
were differentiated for 5 seconds in 1% (v/v) acid alcohol (1% HCl/ 70% (v/v) ethanol)
then washed under running water for 5 minutes. Cytoplasm staining was performed by
incubating the sections in 1% (w/v) eosin Y for five minutes and washing under running
water for 5 minutes. Finally, sections were dehydrated by two 3-minute washes in 70%
(v/v) ethanol then two in 100% (v/v) ethanol. Sections were cleared with two three-minute
immersions in xylene then mounted using DPX mounting medium (DAKO). All H&E
stainings were performed on H&E stainer by Experimental Histopathology facility.
2.2.3.3 Immunohistochemistry
For protein detection in the embedded tissues, thin sections were obtained and rehydrated as in 2.2.3.2. Next, antigen retrieval was performed to expose the masked
epitopes. Citrate buffer was pre-heated at full power in a microwave for 5 minutes, then
the sections were submerged in it and microwaved for a further 10 minutes. Sections
were cooled to room temperature, then the endogenous peroxidase activity was blocked
by a 10-minute incubation in 1.6% H2O2/PBS (v/v), followed by three 3-minute PBS
washes. Unspecific binding was blocked by 30 minutes room temperature incubation in
Blocking Buffer. The sections were then incubated for one hour or overnight in primary
antibody. Sections were washed 3 times in PBS (5 minutes per wash). Washed sections
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were incubated with biotin tagged secondary antibodies, diluted in 1% (w/v) BSA/PBS
for one hour at room temperature. Next, sections were washed a further 3 times in PBS
(5 minute per wash) and subsequently incubated in diaminobenzidine/H2O2 (DAB
solution) for 3 to 5 minutes. The staining reaction was terminated by washing the sections
in ddH2O. If desired, sections were counterstained in Mayer’s haemotoxyin for 5 minutes.
The sections were dehydrated by washing twice in 70% (v/v) ethanol then twice in 100%
ethanol. Prior to mounting, sections were cleared with two three-minute immersions in
xylene then mounted using DPX mounting medium (DAKO).
2.2.3.4 Immunofluorescence
For immunofluorescence analysis, thin sections were first re-hydrated and subjected to
antigen retrieval, as described for immunohistochemistry (2.2.3.3). A barrier was drawn
around the tissue section using a hydrophobic pen. Tissue sections were subjected to
immunofluorescence staining as described in (2.2.6.4).
2.2.3.5 Histological analysis
The identification and grading of mouse lung adenocarcinoma was performed with the
help of experienced consultant pathologist Professor Gordon Stamp.
2.2.4

Molecular biology

2.2.4.1 Isolation of genomic DNA for genotyping
Murine tail snip or small piece of embryo head were used for genotyping. DNA was
extracted by incubation in 95 µl of DirectPCR lysis reagent supplemented with 5 µl of
Proteinase K (10 mg/ml) at 56°C overnight. The following day the enzyme was
inactivated by incubation at 85°C for 45 minutes. After cooling down, the samples were
vortexed briefly and centrifuged at 5,000 rpm for 5 minutes (Eppendorf Centrifuge 5415
D). The supernatant with extracted DNA was stored at -20° or used for genotyping PCR
(2 µl).
2.2.4.2 Isolation of high purity genomic DNA
Murine tissue sample or cells, collected from confluent 150 cm2 flask or 15 cm diameter
dish, were used for DNA extraction. The cell pellet was resuspended in 500 µl of lysis
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buffer (2.1.2) supplemented with 25 µl of Proteinase K (10 mg/ml) and incubated at 55°C
overnight. The following morning, 200 µl of saturated NaCl was added to the sample.
The combined solution was mixed at 1,400 rpm on a shaker (Eppendorf Thermomixer
compact) for 5 minutes and centrifuged at room temperature at 13,200 rpm for 10
minutes (Eppendorf Centrifuge 5415 D). 700 µl of supernatant was transferred to a new
eppendorf and mixed with 500 µl of isopropanol. After 2-minute mixing at 1,400 rpm, the
sample was centrifuged at 13,200 rpm for 10 minutes. The supernatant was discarded,
while the pellet was washed with 1 ml of 70% ethanol and air-dried at room temperature.
The dried pellet was dissolved in 100 µl of TE buffer (pH 7.5) and incubated for 30
minutes at 37°C on a shaker. DNA concentration was measured using NanoDrop
Spectrophotometer (Thermo Scientific) and the DNA sample was stored at -20°C for
future use. When the downstream applications involved measurement of oxidative DNA
damage (HPLC-MS, Fpg assay or Oxo-Dip), a modified version of this protocol was used.
All the buffers and solutions used were supplemented with antioxidant Tempol at 200
µM; overnight incubation was performed at 37°C.
2.2.4.3 Molecular cloning
Polymerase chain reaction (PCR) was performed using Expand High Fidelity PCR
System (Roche), according to manufacturer’s instructions. Briefly, 2 reaction mixes of
the following composition have been prepared:
Mix 1
dNTPs mix (10mM)
Forward primer (5 µM)
Reverse primer (5 µM)
DNA
ddH2O

1 µl (200 µM)
1 µl (300 nM)
1 µl (300 nM)
40 ng
up to 25 µl

Mix 2
Expand High Fidelity buffer (10x)
Expand High Fidelity enzyme mix
ddH2O

5 µl (1x)
0.75 µl (2.6 U/reaction)
up to 25 µl

2 reaction mixes were combined in a thin-walled PCR tube, gently vortexed to produce
a homogeneous mix and briefly centrifuged. The samples were placed into the thermal
block cycler, and PCR was performed using the thermal profile below:
1) Initial denaturation
2) Denaturation within cycle
3) Annealing

94 °C for 2 minutes
94 °C for 15 seconds
Ta °C for 30 seconds
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4) Extension within cycle
5) Repeat cycles 2-4
6) Final extension

72 °C for 45+ seconds
19 times
72 °C for 10 minutes

Annealing temperature (Ta) extension time within cycle were dependent on the primer
melting temperature and PCR product size, respectively.

PCR products and vectors were digested in the following reaction mix at 37°C overnight.
CutSmart* (10x)
Restriction enzyme 1
Restriction enzyme 2
DNA
ddH2O

2 µl (1x)
0.8 µl
0.8 µl
1 µg
Up to 20 µl

*Double digests were set up in a CutSmart Buffer or a NEB buffer, that results in the
most activity of both enzymes.
Restriction endonuclease reaction was stopped by heat-inactivation (incubation at 65°C
or 80°C for 20 minutes) or running the reaction on an agarose gel. Vectors were
dephosphorylated to prevent self-ligation by incubation with Calf intestinal phosphatase
(5 U per pmol of DNA ends) at 37°C for 2 minutes. The reaction was stopped by heatinactivation at 80°C for 2 minutes or running the reaction on an agarose gel (see 2.2.4.6).
The band corresponding to digested vector was cut out and purified using Gel Band
Purification kit (GE Healthcare), according to manufacturer’s instructions.

Ligation was performed using molar ratios of 1:3 or 1:5 vector in the following reaction:
T4 DNA Ligase Buffer (10x)
Vector DNA
Insert DNA
T4 DNA Ligase
ddH2O

2 µl (1x)
0.02 pmol
0.06 pmol or 0.1 pmol
1 µl
Up to 25 µl

The ligation reaction was incubated at room temperature for 2 hours, followed by heatinactivation for 10 minutes. T4 DNA Ligase, restriction enzymes and buffers were
obtained from NEB.
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2.2.4.4 Bacterial transformation and isolation of plasmid DNA
DH5a bacteria and NEB 10 bacteria (New England Biolabs) were used to amplify
plasmid DNA and DNA ligation reactions, respectively. An aliquot of competent bacteria
was first thawed on ice in 1.5 ml eppendorf and then incubated with 50 ng of DNA on ice
for 30 minutes. The bacteria were heat-shocked for 30 seconds at 42°C on a heatblock
(Eppendorf Thermomixer compact) and placed on ice for 2 minutes. After an addition of
1 ml of pre-warmed LB medium, the bacteria were first grown for 1 hour at 37°C to allow
for expression of antibiotic resistance gene present on bacteria and then 100µl spread
on a selective agar plate. The plates were incubated at 37°C overnight. The following
day, individual colonies were picked, streaked on a plate or inoculated in selective
medium for overnight culture. Plasmid DNA was isolated from pelleted bacteria using a
Plasmid Maxi Kit or Plasmid Mini Kit, according to manufacturer’s protocol.
2.2.4.5 Genotyping PCR
Genotyping PCR was performed with 2 µl of the isolated DNA (see 2.2.4.1) using a
thermocycler. The genotyping mixture of 25 µl was prepared as follows:
Coral Load PCR Buffer (10x)
Q soluiton (5x)
dNTP mix (10 mM each)
Forward primer (5 µM)
Reverse primer (5 µM)
Delta primer (5µM) (optional)
Taq polymerase (5 U/µl)
DNA
ddH2O

2.5 µl (1x)
5 µl (1x)
0.5 µl (0.2 mM each)
1 µl (0.2 µM)
1 µl (0.2 µM)
1 µl (0.2 µM)
0.1 µl (0.5 U/reaction)
2 µl
Up to 25 µl

The following PCR programme was used:
1) Initial denaturation
2) Denaturation within cycle
3) Annealing
4) Extension within cycle
5) Repeat cycles 2-4
6) Final extension

94 °C for 3 minutes
94 °C for 30 seconds
Ta °C for 30 seconds
72 °C for 1 minute
34 times
72 °C for 10 minutes

Annealing temperature (Ta) was dependent on the primer. The list of primers can be
found in the
Table 7.
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2.2.4.6 Agarose gel electrophoresis
PCR products and restriction digest fragments were resolved on a 0.7–2% (w/v) agarose
gel. The gel was prepared by dissolving the respective amount of agarose in 1x TAE
buffer by heat treatment, followed by addition of 0.5 µg/ml ethidium bromate after cooling
down and pouring into the mould with appropriate comb. The electrophoresis was run at
100 V until the clear separation was achieved and DNA ladder was used as a reference
of a band size. Resolved DNA fragments were visualised under UV light using a UV
Transluminator (UVP).
2.2.4.7 DNA sequencing
DNA sequencing was performed using Sanger technology in the collaboration with the
LRI Equipment Park. 10 ng of PCR product or 300 ng of bacterial plasmid was used in
the following reaction mix:
BigDye Terminator Reaction Mix
Sequencig primer (3.2 µM)
DNA
ddH2O

8 µl
1 µl
10/300 ng
up to 20 µl

Sequencing reaction conditions were as follows:
1) Denaturation
2) Annealing
3) Extension

95°C for 3 minutes
55°C for 30 seconds
60°C for 4 minutes

Prior to capillary electrophoresis, the reaction product was purified using DyeEx 2.0 spin
kit to remove fluorescent dNTPs, according to the manufacturer’s instructions. The
sequencing data were analysed using ApE 2.0.19 Plasmid Editor.
2.2.4.8 Oligonucleotide annealing
The list of oligonucleotides used for oligonucleotide annealing reactions can be found in
the Table 5. The following reaction mix was used:
Oligonucleotide 1, 100µM
Oligonucleotide 2, 100µM
T4 Ligase Buffer, 10x
T4 Polynucleotide Kinase, 10 U/µl
ddH2O

1 µl
1 µl
1 µl
0.5 µl
6.5 µl

Oligonucleotide annealing reaction conditions were as follows:
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1)
2)
3)
4)
5)

37°C for 10 minutes
95°C for 5 minutes
Ramp rate 0.1°C/sec to 70°C
37°C for 10 minutes
Ramp rate 0.1°C/sec to 25°C

2.2.4.9 ChIP (Chromatin immunoprecipitation)
The adherent cells from two confluent 15 cm culture dishes were used for ChIP. The
cells were washed once with PBS and fixed with 1% formaldehyde/PBS solution at room
temperature for 10 minutes. The fixation was stopped by addition of 2 M glycine to a final
concentration of 0.125 M and incubation for 5 minutes at room temperature. The plates
were rinsed twice with cold PBS and harvested in SDS buffer. The samples were stored
at -80°C or used for ChIP. After thawing, the samples were centrifuged at 1,300 rpm for
13 minutes and the pellet was resuspended in IP buffer (1.3 ml or 2.6 ml, depending on
the size of the pellet) in a 15 ml falcon tube. The chromatin was sheared to an average
length of 500–1,000 bp by sonication for 5 cycles 30 seconds ON/1 minute OFF using
Bioruptor (Diagenode). The sonicated chromatin was transferred to a 2 ml eppendorf
and centrifuged at 20,000 g for 30 min. 25 µl aliquot of supernatant was added to 95 µl
of decrosslinking buffer and incubated at 65°C overnight at 900 rpm, followed by on
column purification using GE Healthcare kit. The purified DNA was resolved on 2% (w/v)
agarose gel to check whether desired sonication has been achieved. In the meantime,
the sonicated chromatin was pre-cleared by incubation with beads equilibrated in IP
buffer at 4°C for 3 hours on a rotating wheel. The protein content of pre-cleared
chromatin was measured using Bradford assay. For each ChIP sample, 1 mg chromatin
was diluted to 500 µl in IP buffer. 5 µl aliquot was used as 1% input, while the rest was
incubated with primary antibody or IgG control at 4°C overnight on a rotating wheel. In
the meantime, the beads were blocked in Tris-EDTA buffer with 0.5 mg/ml BSA overnight
with continuous mixing. The following morning, the blocked beads were washed 3 times
in cold IP buffer and 30 µl of beads was added per ChIP sample. After 3 hour incubation
at 4°C, the samples were centrifuged for 1 min at 1,200 g at 4°C. The supernatant was
carefully removed and the beads were washed 3 times with 1 ml of mixed micelle wash
buffer, 2 times with 1 ml of Buffer 500, 2 times with 1 ml of LiCl/detergent solution and
once with 1ml of Tris-EDTA buffer (pH 8.0). Finally, 100 µl and 95 µl of decrosslinking
buffer and was added to the beads and each 1% input sample, respectively, for overnight
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incubation. The samples were column purified and eluted in 100 µl TE buffer, according
to manufacturer’s protocol. The DNA was stored at -20° or used for Q-PCR.
2.2.4.10 ODP (OxoDNA pull-down)
OxoDNA pull-down (ODP) allows for enrichment for 8-oxoG containing genomic DNA
and was performed in triplicates. High-purity genomic DNA was subjected to mechanical
shearing using the Covaris ultra-sonicator, as per manufacturer’s instruction with the aim
to achieve an average fragment size of 200 bp or 600 bp for ODP-Seq and ODP-Q-PCR,
respectively. The average fragment size of the samples was confirmed by agarose gelelectrophoresis (2.2.4.6). To reduce non-specific DNA binding, 10 µg of sonicated
genomic DNA was incubated with 0.9 µl of recombinant GST in 500 µl of binding buffer
for 1 hour at 4°, followed by addition of 15 µl of magnetic glutathione beads (equilibrated
in Binding buffer) and further incubation for 1 hour at 4°C. The supernatant was isolated
(by removing magnetic beads using a magnetic rack) for subsequent combination with
either 3 µl of recombinant GST-OGG1-K241Q or 0.9 µl GST (control) for overnight
incubation at 4°C on a rotating wheel. The following day, 20µl of magnetic glutathione
beads (prior equilibrated in binding buffer) were added to each sample, followed by
incubation for 2 hours at 4°C. Finally, a series of washes were performed using 500µl
binding buffer at each step. This involved one brief wash, two 10-minute washes on the
rotating wheel, one 30-minute wash on the rotating wheel, and one brief wash. DNA was
eluted by incubation with elution buffer for 30 minutes at 37°C and then 1 hour at 65°C.
The DNA-containing supernatant was incubated with 10 µl of Proteinase K at 55°C
overnight, followed by on-column purification (GE Healthcare). The isolated DNA was
stored at -80°C or immediately used for Q-PCR or library preparation for sequencing.
2.2.4.11 RNA isolation and cDNA synthesis
Total RNA was isolated from a cell pellet using RNeasy Mini kit and the RNase Free
DNase set was used for on-column DNA digestion, according to manufacturer’s
instructions. RNA concentration and purity was determined using a NanoDrop
Spectrophotometer (Thermo Scientific). Immediately after extraction, RNA was stored at
-80°C or used for cDNA synthesis.
750 ng of RNA was used as a template for cDNA synthesis with Superscript III FirstStrand cDNA synthesis kit, according to manufacturer’s protocol. Random hexamers
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were used to prime cDNA synthesis and a negative reaction (without Reverse
Transcriptase) was performed for each sample to check for genomic DNA contamination.
The synthesised cDNA was diluted 1:10 with ddH2O and stored at -20°C.
2.2.4.12 Quantitative real-time PCR
2 µl of DNA or diluted cDNA was used for Q-PCR reaction. Each reaction was performed
in triplicates in a 96-well plate. The following reaction mix was used:
Forward primer (10 µM)
Reverse primer (10 µM)
Express SYBER®GreenER
cDNA (diluted 1:10) or DNA
ddH2O

0.5 µl
0.5 µl
12.5 µl
2 µl
9,5 µl

Primers were designed using the Universal ProbeLibrary Assay Design Center (Roche)
or PrimerBlast. For gene expression analysis primers spanning exon-exon junction were
selected, when feasible. The list of primers used can be found in the Table 6. During QPCR reaction, the PCR product was detected in real-time by measuring the fluorescence
resulting from SYBR Green binding to newly synthesised double-stranded DNA during
each cycle. The measurements were recorded on a real-time thermocycler (ABI7500,
Applied Biosystems) and the data were analysed using SDS software (Applied
Biosystems). Threshold cycle (Ct) value was determined by setting the threshold within
linear region of the amplification plots. A ∆Ct calculation was performed to measure the
relative amount of cDNA of target genes compared to a control housekeeping gene. For
Q-PCR analysis in ChIP assays, starting amount of DNA was measured using a standard
curve generated from a serial dilution of input DNA of known concentration. For Fpg
assay, ∆∆Ct calculation was performed to identify the fold difference of Fpg-treated
samples compared to mock-treated samples.
2.2.4.13 FPG assay
FPG cleavage reaction was performed at 37°C for 16 hours, followed by inactivation of
FPG enzyme by incubation at 60°C for 5 minutes. The following reaction mixture was
used, unless stated otherwise:
Genomic DNA
NEB buffer (10x)
BSA (10mg/l)
FPG / FPG storage buffer
Oligo*

250 ng
1x (5 µl)
100 µg/ml
8 U/1µl
10 amol
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ddH2O

Up to 50 µl

* indicates an optional component.
In the Mock samples, 1µl of FPG storage buffer was added instead of FPG enzyme
2.2.5

Biochemistry

2.2.5.1 Protein extraction
Cells were washed once with cold PBS, detached using a cell scraper into 1 ml (6-well
plate) or 3 ml (10 cm dish) of cold PBS and centrifuged at 1,000 rpm for 5 minutes. The
pellet was resuspended in 100 µl of cell lysis buffer (2.1.2) and incubated for 20 minutes
on ice. The whole cell extract (WCE) was sonicated with 7 second pulse at 25% power
on a sonicator (MSE Soniprep SANYO), followed by centrifugation at 4°C for 15 minutes
at 13,200 rpm. The supernatant was transferred into a new eppendorf and either stored
at -20°C or used for downstream applications.
2.2.5.2 Bradford assay
Bradford assay with Protein Assay Dye Reagent (Bradford reagent, Bio-Rad) was used
to determine protein concentration of samples. 1 µl of sample was added to 96-well plate
containing 200 µl per well of Bradford Reagent, diluted 1:5 in ddH2O. The absorption was
measured spectrophotometrically at 595 nm in triplicates and the protein concentration
of the sample was determined with the reference to standard curve. The standard curve
was generated by measuring the absorption at 595 nm of a 2-fold serial dilution of 1.0
mg/ml BSA in diluted Bradford Reagent and plotting absorption value against protein
concentration.
2.2.5.3 SDS-PAGE and Western blot
The samples of WCE were mixed with Protein loading buffer in 4:1 ratio and boiled at
100°C for 10 minutes on a heat block (Techne Dri-Block DB-2D). 8 ml of resolving gel
solution of desired percentage was prepared and poured immediately into assembled
glass plates for vertical electrophoresis (BioRad). After gel polymerisation, stacking gel
solution was poured on top and the comb of desired format (BioRad) was immediately
placed in between the glass plates. Once polymerised, the handcast gels were
assembled in electrophoresis chamber, the comb was removed and the chamber was
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filled with 1x SDS-PAGE Running buffer. The samples and Rainbow marker were loaded
on the gel and resolved at 100V for an appropriate time. The gel was transferred onto a
PVDF membrane (Amersham) using Trans-Blot Turbo system (BioRad), according to
manufacturer’s instructions. Prior to transfer the membrane was washed once in
methanol and equilibrated in Transfer buffer. After transfer, the membrane was
incubated with 5% (w/v) skimmed milk or 5% (w/v) BSA in TBS-T for 1 hour at room
temperature to prevent unspecific binding, followed by overnight incubation with primary
antibody. The following morning, the membrane was washed 3 times for 15 minutes with
TBS-T at room temperature on a shaker, followed by incubation with secondary antibody
(diluted 1:10,000 in TBS-T) for 45 minutes at room temperature. Membrane was washed
further three times with TBS-T, dried using blotting paper (Whatman) and incubated for
5 minutes with ECL Western blotting detection reagent.
2.2.5.4 Co-immunoprecipitation
Cells were harvested 48 hours after transfection, WCE was prepared (see 2.2.5.1) and
the protein content was quantified using Bradford assay (see 2.2.5.2). For each coimmunoprecipitation reaction 1mg of WCE was diluted in a cell lysis buffer (see 2.1.2) to
a final volume of 500 µl. 50 µl was removed prior to immunoprecipitation and used as
10% input. An aliquot of anti-Flag M2 magnetic beads (15µl) was washed three times
with ice-cold lysis buffer. For all steps involving the pipetting of beads, 200 μl tips with
the tips cut off were used to avoid shearing the beads. Each wash step comprised
resuspending of the beads in 100 µl lysis buffer by gentle inversion three to five times
and was performed on a magnetic separation rack. After the final wash the beads were
resuspended in 15μl of lysis buffer and added to the each WCE sample. Samples were
incubated overnight, at 4oC, on a rotating wheel. The captured immunocomplexes were
washed three times with 200 µl of lysis buffer per wash. After the final wash, pelleted
immunocomplexes were resuspended in a 1:4 dilution of Protein Loading Buffer.
Samples were boiled for ten minutes at 1000C on a heat block prior to gel loading.
Co-IP experiments assessing ATMIN interaction with ATM were performed as described
above, except that 1) WCE extract preparation involved bensonase treatment step
instead of sonication; 2) 2mg of WCE was used for each co-immunoprecipitation
reaction; 3) captured immunocomplexes were washed only once with Lysis buffer.
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2.2.5.5 Peptide immunoprecipitation
Peptides were synthesised by the Peptide Chemistry STP and purified on reverse phase
column. Lyophilised peptides were solubilised with deionised water, with the pH adjusted
to accommodate the estimated pI of the peptide.
Peptide name

Sequence

ATMIN 37-64
ATMIN 135-158
ATMIN 205-242
ATMIN 241-260
ATMIN 258-288
ATMIN 287-310
ATMIN 319-338

Ac-PPESRLQGSRPRPARARAAAPVPPAREL-eahx-Bio
Ac-PRGPDRPFSQFSLVKQHFMKMHAE-eahx-Bio
Ac-IYRTGHEIPAEHRDPPSKKRKMESYLQNQKLSSKTTEP-eahx-Bio
Ac-EPLSDQAAPRQDAAEPDAPE-eahx-Bio
Ac-DAPEVKPAASLEDSCSAHTKKQSVATPPRCPQ-eahx-Bio
Ac-PQKLLLPKPKVALVKLPVMQFSPV-eahx-Bio
Ac-SSAQPVVLGVDHSSAAGTVH-eahx-Bio

For each peptide immunoprecipitation reaction, 500µg of WCE was diluted in cell lysis
buffer to a final volume of 500µl and incubated with 16mM of peptide for 2 hours at 4 oC.
Subsequently, 15µl of streptavidin magnetic beads, equilibrated in cell lysis buffer, were
added to each sample and subjected to a further 30-minute incubation at 4 oC, followed
by 4 brief washes with cell lysis buffer and elution in a 1:4 dilution of Protein Loading
Buffer. Samples were boiled for ten minutes at 1000C on a heat block prior to gel loading.
2.2.5.6 Peptide spot array
Peptide spot arrays were synthesised on a cellulose membrane by Peptide Chemistry
STP using Intavis Multipep Peptide Synthesiser. The membranes were blocked with 5%
(w/v) skimmed milk in TBS-T for 1 hour at room temperature to minimise unspecific
binding. The membranes were probed with 1mg of WCE from cells, overexpressing MycATMIN or empty Myc-vector (control). After an overnight incubation at 4 oC, three 15minute washes with TBS-T buffer were performed. The membranes were incubated with
anti-Myc antibody for 3 hours at room temperature, followed by three 15-minute washes
with TBS-T buffer, a 1 hour incubation with secondary antibody at room temperature and
finally, three 15-minute washes with TBS-T buffer. Membranes were dried using blotting
paper (Whatman) and incubated for 5 minutes with ECL Western blotting detection
reagent to detect spots with bound full-length Myc-ATMIN.
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2.2.5.7 Gel-filtration
Size exclusion chromatography was performed by injecting affinity purified Flag-ATMIN
and molecular weight standards onto equilibrated Superose 6 10/300 GL prepacked
column. The column was calibrated, by measuring the void volume (Vo) of the column.
The elution volume (Ve) of each of the molecular standards was determined from the
peaks at A280 chromatogram. Given the low concentration of Flag-ATMIN, the elution
volume was inferred from assaying the elution fractions by Western blotting (see 2.2.5.3).
Kav coefficient was determined using the formula, Kav(X) = (Ve(X)- Vo)/(Vc- Vo), where Vc
is the total geometric volume of column. Kav values of molecular standards were plotted
against the logarithms of corresponding molecular weights. Given the linear relationship
of Kav values of proteins and the logarithms of their molecular weights, the calibration
curve was used to infer the molecular weight of Flag-ATMIN from its Kav coefficient.
2.2.6

Cell biology

2.2.6.1 Cell transfection
Cells were transfected with Lipofectamine-2000 according to manufacturer’s protocol.
The day before transfection cells were plated in 10 cm dishes or 6-well plates at an
appropriate density to achieve 60-70% confluence on the day of transfection. 10 cm
dishes and 6-well plates were transfected with 10-16 µg and 1 μg plasmid DNA,
respectively, and unless stated otherwise. Appropriate combinations of plasmid DNA for
each transfection were prepared at room temperature in 15 ml falcons and diluted to 1
ml in serum-free Opti-MEM. A master mix containing 50 μl (10 cm dish) Lipofectamine2000 diluted to 1 ml Opti-MEM per transfection was concomitantly prepared. Both tubes
were incubated at room temperature for five minutes, then combined and incubated for
a further 20 minutes. After this, the transfection complex was diluted with Opti-MEM to a
final volume of 3 ml (6 cm) or 8ml (10 cm dish). Cells were washed once in PBS prior to
transfection complex addition. After four to six hours the complex was aspirated from the
cells. Cells were washed once with PBS and then complete media was added to the
dishes.
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2.2.6.2 Luciferase reporter assay
The luciferase assay was performed in a 24-well format, with optimal cell density
determined experimentally. 24 hours after plating, the cells were transiently transfected
with a total of 1µg DNA, which included firefly luciferase ATF3 reporter (pGL3-ATF3),
renilla luciferase internal control and ATMIN/empty vector constructs in 5:1:14 ratio.
Additional controls for leaky transcription of luciferase gene were run, with an empty
pGL3 vector replacing pGL3-ATF3 in the DNA mix. Luciferase activity was measured
using the Dual-Luciferase Reporter Assay System (Promega), 24 hours post-transfection,
according to manufacturer’s protocol. Firefly luciferase activity was normalised to renilla
luciferase activity; the relative luciferase activity in the cells transfected with an empty
vector was set as 1.
2.2.6.3 Cell cycle analysis by FACS
Cell cycle analysis was performed by quantitation of DNA, using propidium iodide (PI),
the dye which binds stoichiometrically to the DNA. Given that the level of fluorescence
is proportional to the amount of DNA present within cell, G1 (n) and G2 (2n) phase cells
could be identified. Pulsing with BrdU, a synthetic analogue that is incorporated in the
newly synthesised DNA during DNA synthesis, was used to identify S phase population.
Staining with MPM2 antibody, which recognises phospho-epitopes of proteins
specifically phosphorylated during mitosis, was used to identify mitotic cells.
For BrdU pulsing, cells were incubated with 10 µM BrdU in complete DMEM for 30
minutes. To avoid losing mitotic cells, the medium was carefully collected from the cells
into a falcon tube. Cell lines were harvested for FACS by trypsin treatment, then
resuspended in the collected medium and centrifuged at 4oC for five minutes at 1,500
rpm. The pellet was resuspended in 4 ml sterile PBS and centrifuged a second time.
After supernatant aspiration the pellet was resuspended in 500 μl 70% (v/v) ethanol
(Fisher Scientific), pre-chilled to 4oC. This cell-fixing and permeabilisation step was
performed by adding 500 μl 70% (v/v) ethanol dropwise to cells, whilst vortexing the cells
at a 45 angle. Cells were washed twice in PBS, by 5-minute centrifugation at 2,000rpm.
The cell pellet was treated with 50 μl Ribonuclease (stock 100 μl/ml) to ensure only DNA,
and not RNA, is stained. Finally, 200 μl of 50 μg/ml propidium iodide (PI) was added and
incubated for 30 minutes at room temperature in the dark. For BrdU and MPM2 analysis
cells were washed twice in PBS, by 5-minute centrifugation at 2,000 rpm then re116

Chapter 2 Materials and Methods

suspended in 2 M HCl, then left at room temperature for 20 to 30 minutes with mixing at
intervals. Then, the cells were washed twice more in PBS then once in PBS-T. Next, the
cell pellet was incubated with 2 μl anti-BrdU antibody (Sigma) in the dark for 20 minutes.
After one wash in PSB-T, cells were stained with 50 μl secondary antibody for 20 minutes
in the dark, followed by additional washes steps and staining with MPM2 and PI.
Fluorescence-activated cell sorting measurements were performed using a Fortessa C
Flow Cytometer and FACSDiva software. Analysis was carried out using FlowJo (Tree
Star) software. A FACS plot of forward scatter versus side scatter was used to select
cells and gate-out the obvious debris. Pulse processing plots (forward scatter area vs
forward scatter height; PI area versus PI height) were used to gate on single cells to
exclude cell clumps and doublets. PI histogram was used to discriminate between the
different cell cycle phases. A FACS plot of PI signal versus BrdU signal was used to gate
on BrdU-positive S-phase cells. A FACS plot of PI signal versus MPM2 signal was used
to gate on MPM2-positive mitotic cells and MPM2-positive cells. The number of cells in
each phase of the cell cycle was quantitated by drawing gates around each population.
All the FACS analysis was carried out in collaboration with the LRI FACS facility.
2.2.6.4 Immunofluorescence (IF)
IF on cultured cells. Sterile coverslips were placed into the wells of 24-well plate and
coated with poly-L-ornitin diluted 1:10 in disodium tetraborate and placed in the tissue
culture incubator for 24 hours.105 cells were plated in triplicates and grown for further 24
hours to adhere onto the coverslips. Cells were washed once with ice-cold PBS, then
fixed in 200 µl 4% (w/v) paraformaldehyde (PFA) for 7 minutes on ice. After fixation, cells
were washed three times with PBS and incubated with 200 µl blocking buffer (see 2.1.2)
for one hour at room temperature. Following overnight incubation with primary antibody,
diluted 1:400 in the Blocking buffer, cells were washed three times with PBS. Secondary
antibody and DAPI, diluted 1:400 and 1:1,000, respectively, in blocking buffer, were
added to coverslips for 45 minutes, in dark. Finally, coverslips were washed three times
in PBS, dipped into ddH2O and then mounted in DAKO fluorescent mounting medium on
a slide.
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2.2.7

Statistical analysis

Statistical evaluation was dependent on the experimental design and the statistical test
used is indicated in the figure legend. A p-value of 0.05 was considered statistically
significant.

118

Chapter 3 Results

Chapter 3.

The role of ATMIN in regulating ATM

signalling
3.1 Introduction to the aim
ATM plays a key role in protecting cells from the deleterious effects of DSBs, replication
and oxidative stress. The importance of ATM in safeguarding genome integrity is
underpinned by patients with ataxia-telangiectasia, a hereditary neurodegenerative
disorder, of which symptoms (including immunodeficiency, radiosensitivity and
increased cancer predisposition) are attributed to inactivating mutations in the ATM gene
(see 1.2.1). ATM is a Serine/Threonine kinase and belongs to the PIKK family. Upon
stimulus-dependent activation, ATM phosphorylates multiple downstream substrates,
thereby triggering crucial signalling pathways and orchestrating the cellular response to
a particular genotoxic stress (see 1.2.2).

ATM signalling exists in canonical and non-canonical forms. The canonical ATM pathway
in response to DSBs is mediated by the MRN complex. This mode of ATM activation has
been a subject of extensive research for many years and therefore is very well
characterised at the molecular level (see 1.2.3). ATM can also be activated in the
absence of DSBs, in an MRN-independent manner (see 1.2.4-1.2.6). Despite mounting
evidence in support of alternative modes of ATM activation, little is known about the
underlying molecular mechanisms. Our lab has identified an alternative ATM binding
partner, ATMIN (Kanu and Behrens, 2007). This protein mediates non-canonical ATM
signalling in response to relaxation of chromatin structure and replication stress, with a
potential to interfere with canonical ATM activation (see 1.2.7 and 1.2.8). ATMIN also
acts as a transcription factor for activation of several target genes, namely ATF3 and
DYNLL1 (see 1.2.10). It is unclear exactly how the two distinct ATMIN functions are
regulated and what determines which function prevails in different cellular contexts.

One aim of my PhD thesis was to dissect the role of ATMIN in the regulation of canonical
and non-canonical ATM pathways and to gain mechanistic insights into ATMIN-mediated
ATM signalling.
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3.2 Characterisation of AtminK238R/K238R mice
3.2.1

AtminK238R/K238R mice are viable and fertile

Given the plethora of ATM substrates and their important cellular functions, ATM
activation and signalling must be tightly controlled (see 1.2.3). ATM activation is
regulated in a stimulus-dependent manner by the cofactors, NBS1 (in the MRN complex)
and ATMIN. ATMIN and NBS1 directly compete for ATM binding, thereby directing ATM
pathway choice (Zhang et al., 2012). A recent work from our group shed light on the
molecular mechanism underlying the switch between different signalling conditions
(Zhang et al., 2014b). This mechanism involves ATMIN ubiquitination by UBR5 in
response to presence of DSBs. This results in dissociation of the ATMIN-ATM complex
(present under basal conditions), allowing canonical, MRN-dependent signalling to occur.
A target residue for IR-induced ubiquitination is the conserved Lysine 238 (K238).
Mutation of this lysine to an arginine (K238R) abolishes IR-induced ubiquitination of
ATMIN, rendering it constitutively bound to ATM. At a cellular level, this mutation
manifests in defective canonical ATM signalling, thus increased radiosensitivity and
impaired checkpoint activation in response to DNA damage.

In order to evaluate the physiological consequences of K238R mutation in vivo,
AtminK238R/K238R mice were generated and characterised. A point mutation was introduced
in the 4th exon of Atmin gene by a CRISPR/Cas9-mediated gene editing approach
(Figure 19A). This was done in collaboration with Dr Natalia Moncaut in the Transgenic
Services STP of the LRI. CRISPR/Cas9 (clustered regularly interspaced short
palindromic repeat/CRISPR-associated 9) genome editing tool is based on the bacterial
CRISPR immune system and employs a site-specific nuclease, Cas9, to facilitate gRNAtargeted site-specific DNA cleavage (Mali et al., 2013). A gRNA (guide RNA) directs
Cas9 to the target locus in the genome by sequence complementarity. Once recruited,
Cas9 introduces a DSB, which can be utilised to introduce a point mutation or another
sequence modification of interest via homology-directed repair (Cong et al., 2013). At
the same time, this DSB can be repaired via error-prone NHEJ, resulting in small
insertions and deletions. While this could be beneficial in genome editing and is often
exploited for targeted gene disruption, it is highly undesirable when the aim is to generate
a mouse with a point mutation in the genome. To exclude this possibility, the sequence
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around the targeted site was examined by deep sequencing of genomic DNA isolated
from founder mice (Figure 19A).

Sequence analysis revealed no insertions, deletions or additional random mutations in
the flanking regions of the desired point mutation. The founder mice derived from
CRISPR/Cas9-mediated genome editing can be highly mosaic, with a variety of different
mutations reflecting off-target effects of Cas9 (Oliver et al., 2015). Therefore, the
generated founder mice were backcrossed with Wt C57/BL6 mice. All the founder mice
showed successful germline transmission and the individual offspring mice (F1
generation) were used to establish 3 independent founder lines, with 2 of them
characterised in detail and used in follow-up studies.
Intercrossing AtminK238R/+ mice led to generation of AtminK238R/K238R mice following a
normal Mendelian distribution in 2 independent founder lines (Figure 19B).
AtminK238R/K238R pups were indistinguishable from the Wt littermates. These results
suggest that ATMIN ubiquitination on the K238 residue is not required for normal
embryonic development. Intercrossing AtminK238R/K238R mice was also successful,
indicating that AtminK238R/K238R mice are fertile. There was no significant difference in
survival between Wt, AtminK238R/+ and AtminK238R/K238R mice, even in the long-term (over
100 weeks) (Figure 19C). Notably, when AtminK238R/K238R mice were sacrificed, no
tumours were observed in all the organs examined, including lung, heart, liver, spleen,
thymus, kidneys and intestine. Microscopic examination also showed the absence of
precancerous lesions in all the analysed tissues of both AtminK238R/K238R and Wt mice. To
summarise, AtminK238R/K238R mice, generated using CRISPR/Cas-mediated gene
targeting, were viable, fertile and had no overt survival or cancer phenotype.
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Figure 19 Generation and characterisation of AtminK238R/K238R mice.
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A) A schematic illustration of the strategy used to introduce a point K238R mutation into
the Atmin gene locus and generate AtminK238R/+ mice. A single gRNA (targeting the locus
of interest), Cas9 and ss donor oligo (containing a single missense mutation in the codon
238 and a silent mutation disrupting the restriction enzyme site) were microinjected into
the C57/BL6 zygotes. The injected embryos were transferred to pseudo-pregnant
females. The obtained pups were screened using PCR-RFLP to identify those from
successfully targeted clones. These founder mice were backcrossed to C57/BL6 genetic
background and the offspring were carefully analysed for the targeted site sequence. To
this end, their genomic DNA was isolated and the locus around the gRNA target site was
PCR amplified. The PCR product was cloned into the plasmid and sequenced (Left). The
results of the target locus analysis of a representative mouse are presented as
electropherograms of direct sequencing results. The colour coded nucleotide sequences
of the targeted locus are depicted for Wt and K238R alleles of the Atmin gene, with a
point mutation as indicated. Right) Specific Transnetyx probes to the Wt and K238R
alleles were designed, allowing for accurate and rapid genotyping. CRISPR/Cas9
injection, embryo transfer and PCR-FLRP screening was performed by Dr Natalia
Moncaut. PCR-RFLP – PCR-Restriction Fragment Length Polymorphism.; gRNA – guide
RNA; Lys – Lysine; Arg – Arginine. B) Table illustrating genotypic distribution from the
AtminK238R/+ for 2 founder lines, with the number of mice per genotype and total number
of mice indicated. Ratio – genotypic ratio Wt : AtminK238R/+ : AtminK238R/K238R (calculated
as number of mice of the injected genotype divided by the total number of mice). C)
Survival analysis. Kaplan-Meier curve for Wt mice (black), AtminK238R/+ (blue) and
AtminK238R/K238R (red). At least 6 mice per genotype were monitored for 100 weeks after
birth. Mice were euthanized upon observation of deteriorating health conditions,
according to the Home Office guidelines.

3.2.2

Impaired canonical ATM signalling in the intestine of AtminK238R/K238R mice

ATMIN K238R mutation has been shown to abrogate canonical ATM signalling upon
both transient expression in HEK293 cells and lentiviral reconstitution of Atmin∆L/∆L MEFs
(Zhang et al., 2014b). Yet, both experimental approaches relied on a strong, constitutive
promoter to drive expression of ATMIN K238R mutant, which unlikely reflects
physiological expression levels. Given the absence of apparent phenotype of
AtminK238R/K238R mice, I sought to evaluate the effect of expression of endogenous ATMIN
K238R point mutant on IR-induced ATM signalling. Firstly, AtminK238R/K238R and Wt mice
were subjected to full body irradiation (Figure 20A). Notably, the small intestine
represents one of the most radiosensitive organs in the body (Hauer-Jensen, 1990); this
increased sensitivity to radiation is mainly attributed to high cell turnover rate and rapid
proliferation of intestinal stem cells residing within the crypts. Therefore analysis
focussed on the intestinal crypts. Careful isolation of the crypts and immunoblotting
allowed for analysis of ATM pathway activation. Importantly, the IR dose was validated
as sufficient to induce ATM pathway activation through observation of IR-induced
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phosphorylation of KAP1 S824 and p53 S15 in intestinal crypts of Wt mice (Figure 20B).
Parallel analysis also revealed a complete abrogation of IR-induced ATM signalling in
the intestinal crypts of AtminK238R/K238R mice, indicated by absent phosphorylation of these
downstream ATM substrates (Figure 20B). Immunohistochemistry analysis revealed a
significant increase in the number of gH2AX foci, signifying DSBs, in the small intestine
of AtminK238R/K238R mice in comparison to the Wt mice (Figure 20C, Figure 21A). This
elevated number of DSBs, observed 2 hours after irradiation, was hypothesised to reflect
inefficient DSB repair in ATMINK238R/K238R mice. To address this, 53BP1 foci formation in
the irradiated mice was evaluated. 53BP1 is a well-known DDR factor with a key role in
DSB repair. It forms discrete foci at DNA lesions, where DNA damage signalling has
been propagated (Martin et al., 2013). Immunofluorescence analysis revealed a reduced
number of 53BP1 foci in ATMINK238R/K238R mice in comparison to Wt mice (Figure 20D,
Figure 21B).

To summarise, ATMIN K238R expression at physiological levels was sufficient to exert
an inhibitory effect on ATM signalling in response to IR-induced DSBs.
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Figure 20 Impaired IR-induced ATM signalling in the intestine of AtminK238R/K238R
mice.
A) Schematic illustration of the experimental approach undertaken. Wt and
ATMINK238R/K238R 8 weeks of age were irradiated at the dose of 12 Gy and culled 2 hours
later. The small intestine of irradiated and control mice was carefully isolated and used
for downstream analysis including Western blotting of whole cell extracts (WCE)
prepared from intestinal crypts, IHC and IF on the sections from “swiss rolls”. IHC –
immunohistochemistry; IF – immunofluorescence. B) A representative Western blot
illustrating the phosphorylation status of ATM substrates in the intestinal crypts of mice
of indicated genotypes. WCE prepared from intestinal crypts of control and irradiated
mice were resolved on 8% SDS-PAGE gel followed by immunoblotting with indicated
antibodies. Densitometry calculations are normalised against total protein and calibrated
to a ratio against Wt untreated sample=1. C) Dot plot illustrating quantitative analysis of
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gH2AX-positive cells in the intestinal crypts. Each dot represents a single crypt and
indicates a proportion of gH2AX-positive cells within the crypt as % of total number of
cells in the crypt. At least 60 crypts from 3 mice per genotype were imaged and
quantified. D) Dot plot illustrating quantitative analysis of 53BP1 foci in the intestinal
crypts of the indicated mice. Fixed sections were immunofluorescently stained with
antibody against 53BP1; nuclei were counterstained with DAPI. Each dot represents a
single nucleus and indicates an average number of foci per nucleus. At least 30 crypts
from 3 mice per genotype were imaged and quantified. C and D) Horizontal line indicates
the arithmetic mean value, significance estimated by Mann-Whitney U non-parametric
test. K/K – AtminK238R/K238R
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Figure 21 Elevated DNA damage and impaired 53BP1 foci formation in the
intestinal crypts of AtminK238R/K238R mice.
Wt and AtminK238R/K238R 8 weeks of age were left untreated (control) or irradiated at the
dose of 12 Gy and culled 2 hours later. Intestinal samples were prepared using “swiss
roll” technique; fixed sections were subjected to IHC or IF staining. A) Representative
images of gH2AX staining on the intestinal crypts, isolated from control and irradiated
mice of the indicated genotypes. B) Representative images of 53BP1 staining on the
intestinal crypts, isolated from control and irradiated mice of the indicated genotypes.
Fixed sections were immunofluorescently stained with antibody against 53BP1; nuclei
were counterstained with DAPI.
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3.3 Characterisation of AtminC183S/C183S MEFs
3.3.1

A dominant negative effect of ATMIN C183S mutant on Dynll1 transcription

ATMIN is a dual function protein; in addition to acting as an ATM cofactor and regulating
ATM signalling, it also acts as a transcription factor for target genes such as DYNLL1
and ATF3 (see 1.2.7 and 1.2.10). Little is known about the interplay and regulation of
these distinct functions of ATMIN. However, the physical overlap between putative ATM
phosphorylation sites and DYNLL1 binding sites in ATMIN amino acid sequence suggest
the existence of functional interplay (Figure 10). Recent work from Norris and colleagues
reported a Atmingpg6/+ (also known as AtminC183S/+) mouse model and described the effect
of this point mutation on the embryonic development (Goggolidou et al., 2014b,
Goggolidou et al., 2014a). ATMIN C183S mutation disrupts the 3rd zinc finger, rendering
ATMIN non-functional as a transcription factor, thus unable to activate expression of
DYNLL1 (Figure 22A). I aimed to characterise ATM signalling in this mouse model in
order to address the possibility of functional interplay between the different roles of
ATMIN.

As alluded, the ability of ATMIN to transcriptionally regulate DYNLL1 is crucial for
embryonic development. As a consequence, homozygous AtminC183S/C183S mice, similar
to Atmin∆/∆, are embryonically lethal (Goggolidou et al., 2014b, Goggolidou et al., 2014a).
This phenotype hinders the molecular characterisation of AtminC183S/C183S cells.
Therefore, timed breedings of AtminC183S/+ mice were set up and MEFs (mouse
embryonic fibroblasts) isolated from E13.5 mouse embryos. The genotypes of MEFs
were determined by real time genomic PCR with specific probes to Atmin gene using the
Transnetyx service. At least 3 MEF lines per genotype, derived from independent timed
matings, were used for characterisation. As expected, transcriptional analysis revealed
~5-fold decrease in Dynll1 expression in the AtminC183S/C183S MEFs (hereafter, referred to
as C/C MEFs) in comparison to the Wt cells (Figure 22B). The level of Dynll1 transcript
in C/C MEFs was comparable to that of Atmin∆/∆ cells (hereafter, referred to as ∆/∆
MEFs). Given that Dynll1 expression is comparably reduced in C/C MEFs and ∆/∆ MEFs,
yet Atmin transcript abundance in C/C MEFs is similar to that in ∆/+ MEFs, which display
Dynll1 expression at Wt levels, one can conclude that homozygous point mutation
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C183S completely abolished ATMIN transcription factor activity (Figure 22C). These
results were in line with the published data (Goggolidou et al., 2014b).

Figure 22 ATMIN C183S mutation has a dominant negative effect on transcription
of ATMIN target genes.
A) A schematic illustration of ATMIN protein organisation showing key domains and
motifs. ZF- zinc finger; PEST –putative PEST domain, implicated in protein degradation;
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AIM – ATM interacting motif. B and C) A bar chart illustrating the results of transcriptional
analyses of Dynll1 and Atmin expression in the MEFs of the indicated genotypes. mRNA
abundance was quantified by RT-Q-PCR. Relative expression levels were normalised to
b-Actin. Atmin transcript was detected using primers specific to sequences in exon 4 of
Atmin gene, which is deleted in Atmin∆/∆ cells, hence these cells show no Atmin mRNA.
C/C – C183S/C183S; C/+ – C183S/+. D) A bar chart illustrating the changes in ATF3
expression in HEK293 cells. HEK293 cells were transiently transfected with an empty
vector, Flag-ATMIN Wt or Flag-ATMIN C183S and 48 hours after harvested for RT-QPCR analysis. Relative expression levels were normalised to TUBULIN. E) A bar chart
illustrating the results of ATF3 luciferase reporter assay. HEK293 cells were cotransfected with ATF3 firefly luciferase reporter, renilla luciferase (transfection control)
and indicated constructs. 24 hours post transfection luciferase activity was analysed in
the cell lysates. Firefly luciferase activity was normalised to renilla luciferase activity; the
relative luciferase activity in the cells transfected with an empty vector was set as 1. Wt
+ Vector – co-transfection of Flag-ATMIN Wt and empty vector in 1:3 ratio. Wt + C183S
– co-transfection of Flag-ATMIN Wt and Flag-ATMIN C183S in 1:3 ratio. B-E) The values
are arithmetic mean of technical triplicates of 3 biological replicates +/- SEM. The
statistical significance was evaluated using Student’s T-test. Pairwise comparisons are
indicated by horizontal line colour coded accordingly.
The expression of Atmin and Dynll1 in AtminC183S/+ MEFs (hereafter referred to as C/+
MEFs), Atmin∆/+ MEFs (hereafter referred to as ∆/+ MEFs) and Wt MEFs was also
assessed. Surprisingly, despite expressing sufficient levels of Atmin transcript, as prior
explained, C/+ MEFs showed a 3-fold decrease in Dynll1 expression when compared to
∆/+ MEFs (Figure 22B and C). These results suggest a dominant negative effect of
C183S mutation on ATMIN’s function as a transcription factor. Corroborating results
were observed upon ectopic expression of Wt ATMIN and C183S ATMIN in HEK293
cells. Whilst a transient transfection of Wt ATMIN construct could cause a 3-fold increase
in the level of ATF3 target gene expression compared to empty vector-transfected
control cells, C183S ATMIN resulted in ~3-fold decrease in ATF3 expression compared
to control cells (Figure 22D); similar to the relative difference seen between Wt and C/+
MEFs (Fig 21B). In order to investigate this further, I performed a luciferase reporter
assay. In this assay, firefly luciferase reporter gene was placed under the control of the
ATF3 promoter. Given that luciferase activity is approximately proportional to steadystate levels of transcript (Smale, 2010), it can be used as a read-out for ATMIN ability to
regulate transcription of the endogenous ATF3 gene. As expected, ectopic overexpression of Wt ATMIN produced a ~3.8-fold increase in luciferase activity compared
to background level in control cells (Figure 22E). Ectopically expressed C183S ATMIN
could again reduce transcription attributed to endogenous ATMIN (Figure 22E). One
plausible explanation for this dominant negative effect is that C183S ATMIN sequesters
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the Wt ATMIN in an inactive complex, thus preventing it from binding to promoters to
activate transcription. To further address this, I tested whether C183S could suppress
the potentiating effect of exogenous Wt ATMIN. Co-transfection of C183S with Wt indeed
suppressed luciferase reporter activation by exogenous Wt ATMIN (Figure 22E). Overall,
these experiments demonstrate a dominant negative effect of the inactivating point
mutation in the third zinc finger (C183S) towards ATMIN functionality as a transcription
factor and point towards homotypic interactions and dimerisation between ATMIN
molecules (see 3.4).
3.3.2

The effect of ATMIN C183S mutation on canonical and non-canonical ATM
signalling.

Genotoxic stresses represent a major threat to cellular viability; and cells with impaired
DDR response are particularly sensitive. For instance, ATM plays a key role in the DDR
to DSBs and the cells from A-T patients are extremely radiosensitive. I, therefore,
evaluated the sensitivity of Wt MEFs and ATMIN C/C MEFs to IR and replication stress,
using a crystal violet viability assay. This assay is based on the propensity of crystal
violet dye to bind DNA and proteins only in viable adherent cells, having washed away
cells that detach upon cell death. IR induces a variety of lesions, with the most abundant
being DSBs, and therefore is widely used as a method for induction of canonical ATM
signalling. To address the physiological consequences of increased DSBs, I irradiated
Wt MEFs and C/C MEFs and assessed their viability 72 hours post-treatment. C/C MEFs
were more radiosensitive than control cells (Figure 23A). Replication stress can be
chemically induced upon exposure of cells to aphidicolin, an inhibitor of polymerase a,
and thus of DNA replication. Notably, C/C MEFs showed the resistance to aphidicolininduced replication stress compared with Wt MEFs (Figure 23B). In line with this, C/C
MEFs showed enhanced replication stress-induced ATM signalling, as demonstrated by
higher phosphorylation of the ATM substrate KAP1 (Figure 23C). On the contrary, IRinduced phosphorylation of KAP1 was significantly reduced in C/C MEFs (Figure 23C),
corroborating the survival data. These results indicate that ATMIN C/C MEFs have
impaired canonical ATM signalling in response to double strand breaks. To further
validate this, I examined the IR-induced formation of 53BP1 and gH2AX foci in these
cells (Figure 24A). The latter foci are widely used as a biomarker of DNA damage and
are believed to represent DSBs foci in a 1:1 manner. 53BP1 foci are also formed at the
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sites of DSBs and are often referred to as “DNA repair foci” (Noon et al., 2010). As
expected, ATMIN C183S mutation led to an impaired formation of 53BP1 foci in response
to IR-induced DSBs (Figure 24A-B). 53BP1 foci in C/C MEFs also exhibited weaker
fluorescence intensity compared to Wt cells (Figure 24C). Notably, there was no
statistically significant difference in the number or intensity of gH2AX foci between Wt
and C/C MEFs (Figure 24 D and E), indicating a similar extent of DSB induction between
these cells.

To summarise, ATMIN DNA-binding mutant MEFs were more sensitive to IR and more
resistant to aphidicolin treatment than control cells. At the molecular level, they showed
impaired canonical ATM signalling in response to IR-induced double strand breaks and
enhanced ATM signalling in response to replication stress, induced by aphidicolin.
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Figure 23 ATM signalling in AtminC183S/C183S MEFs.
A and B) (Right) A graphical representation of the results of a crystal violet assay. Cell
viability was calculated using the following formula: % viable cells = 100*(A(sample_X) A(blank))/(A(sample_control) - A(blank)). A – absorbance value, X- control or treatment,
sample – Wt or C/C. (Left) Representative images of crystal violet staining. Equal
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numbers of primary Wt and C/C MEFs were seeded at low density in triplicates. 24 hours
later the cells were irradiated (at the dose of 0.8 Gy) or treated with aphidicolin (at 2 µM
concentration). 72 hours later the cells were stained with crystal violet and the viable
stained cells were lysed for spectrophotometric measurement of absorbance. A) and B)
Left panels. The values are arithmetic mean of technical triplicates of 3 biological
replicates +/- SEM. Statistical significance estimate by Student’s T-test. C) A
representative western blot illustrating the phosphorylation status of the ATM substrate
KAP1 in MEFs of indicated genotypes. Wt and C/C MEFs remained untreated, or were
irradiated or subjected to aphidicolin-induced replication stress and harvested. WCE
were resolved on an 8% SDS-PAGE gel and membranes immunoblotted for P-S824KAP1, KAP1, and ACTIN (used as a loading control). Densitometry calculations for
phospho-levels are normalised to total protein and calibrated to Wt+Aph sample = 1. C/C
– C183S/C183S.

134

Chapter 3 Results

Figure 24 Impaired canonical ATM signalling in AtminC183S/C183S MEFs.
Wt and C/C MEFs were irradiated with a dose of 0.8 Gy and fixed 30 minutes postirradiation. The time point was chosen based on the fact that the number of gH2AX foci,
and hence, DSBs peak at 30 minutes post IR (Tu et al., 2013). Fixed cells were stained
by indirect immunofluorescence using antibodies against 53BP1 and gH2AX; nuclei were
counterstained with DAPI. A) Representative images showing 53BP1 and gH2AX foci
formation in Wt and C/C MEFs. Scale bar 5 µm. B) Dot plot illustrating quantitative
analysis of 53BP1 foci per nucleus. C) Dot plot illustrating the fluorescence intensity of
53BP1 foci in the MEFs of indicated genotypes. D) Dot plot illustrating quantitative
analysis of gH2AX foci per nucleus. E) Dot plot illustrating the fluorescence intensity of
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gH2AX foci in the MEFs of indicated genotypes. B-E) Each dot represents one nucleus
and indicates the average number of foci (B and D) or a sum of the foci intensities per
nucleus (C and E). Three independent experiments were performed with at least 100
nuclei imaged and quantified. Horizontal line indicates the arithmetic mean value,
significance estimated by Mann-Whitney U non-parametric test. A.U. – arbitrary units.

136

Chapter 3 Results

3.4 The role of ATMIN oligomerisation in ATM signalling
3.4.1

Detection of ATMIN oligomeric state by gel-filtration

Characterisation of ATMIN C/C MEFs revealed a strong dominant negative (antimorphic)
effect of this inactivating point mutation on ATMIN functionality as a transcription factor.
The simplest explanation for the observed antimorphic effect of this mutation is that the
mutant might sequester the Wt ATMIN into an inactive complex. In this way, the point
mutation not only renders the protein inactive, but also allows it to interfere with the
function of the wild type protein. This scenario would require the existence of physical
oligomeric interaction between the two ATMIN molecules. Therefore, I sought to
investigate the ability of ATMIN to homo-oligomerise. Although various biochemical and
biophysical techniques could be used to address this question; many would require a
recombinant protein of high purity, which was not available for ATMIN. Gel-filtration
chromatography (also known as size-exclusion chromatography) separates the proteins
and protein complexes based on molecular size and can be used to determine the
molecular weight of protein. This technology employs porous beads packed in a column
for protein separation, wherein the speed of the protein migration through the column
correlates with its molecular size. Thus, large, high molecular weight proteins are
completely excluded from the pores, move fast and elute first from the column. On the
other hand, small, low molecular weight proteins permeate the pores of the beads, move
slowly through the column and are thus eluted last. When combined with Western
blotting, gel-filtration can not only be used with recombinant proteins, but can also be
employed for separation of whole cell lysates or affinity purified protein complexes, given
the sufficient concentration of the protein of interest in the sample. To this end,
ectopically expressed Flag-ATMIN was affinity purified from transiently transfected
HEK293 cells and subjected to gel-filtration chromatography alongside molecular weight
standards. Gel-filtration chromatography was performed in collaboration with Dr Svend
Kjaer (Structural biology STP, Crick). Given the low concentration of ATMIN, the direct
comparison of its elution profile to that of protein standards was not feasible. Therefore,
the obtained elution fractions were assayed for the presence of ATMIN by Western blot
analysis with antibodies against Flag and ATMIN (Figure 25A).
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Figure 25 Native ATMIN exists as an oligomer, rather than a monomer.
A) A representative Western blot of fractions from a gel-filtration experiment. Flag-ATMIN
was ectopically expressed in cells, affinity purified from whole cell lysate and subjected
to gel filtration chromatography with Superose 6 columns. Gel filtration was performed
in collaboration with Dr Svend Kjaer (Structural biology STP, Crick). The obtained
fractions were resolved on 8% SDS-PAGE and membranes were immunoblotted with an
antibody against Flag. The affinity-purified Flag-ATMIN input for gel filtration is in the first
lane. The elution fractions, the elution position for void (protein aggregates) and size
markers: aldolase (158 kDa) and thyroglobulin (670 kDa), are indicated. kDa – kilodalton
B) A calibration curve for the estimation of molecular weight by gel-filtration
chromatography. Molecular weight of the protein standards indicated by filled dots;
calculated molecular weight of ATMIN indicated by open circle, with sizes stated. Dotted
horizontal and vertical lines indicate Kav and Log Mw for ATMIN, respectively. Kav –
constant (partition coefficient); Mw – molecular weight. C). A representative Western blot
of selected fractions from a gel filtration experiment. Elution fractions were resolved on
an 6% SDS-PAGE gel and the membranes were immunoblotted with the indicated
antibodies. Input is shown in the first lane and represents the whole cell lysate prior to
affinity purification.
Careful analysis of gel filtration chromatogram, elution profile of protein standards and
elution volume of ATMIN, inferred from immunoblotting, allowed to calculate the
molecular weight of affinity-purified Flag-ATMIN (Figure 25B). This led to a molecular
weight estimate of the most prevalent form of ATMIN as 377 kDa (kilodalton). The
predicted molecular weight of ATMIN monomer is 88 kDa, and that of a tetramer would
therefore be 352 kDa, close to the value derived from gel-filtration experiment. On the
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other hand, electrophoretic migration of ATMIN reveals an observable molecular weight
of 113 kDa. In this case, the predicted molecular weight of a tetramer would be 452 kDa,
with a trimer at 339 kDa being more similar to gel-filtration estimation of 377 kDa. Given
the inferred oligomeric state of ATMIN, I assessed the purity of selected elution fractions.
None of the known ATMIN interacting partners, of that I analysed (ATM and CHK2), were
detected in the elution fractions containing Flag-ATMIN (Figure 25C). To summarise,
ATMIN was shown to predominantly exist as a homo-oligomer, rather than a monomer,
however the exact oligomeric state of ATMIN needs further clarification.
3.4.2

Mapping of the region required for ATMIN homo-oligomerisation

The homotypic interaction of ATMIN was further studied in co-immunoprecipitation
experiments with ectopically expressed proteins. In this overexpression system, Flagtagged ATMIN co-immunoprecipitated Myc-tagged ATMIN (Figure 26A). This implies
that ATMIN forms homo-dimers or higher order oligomers, corroborating the gel-filtration
data. I then sought to map the regions mediating the homotypic interaction and identify
the dimerisation/oligomerisation mutant of ATMIN. ATMIN has DNA-binding ability, and
as such it contains 4 C2H2-type zinc fingers motifs in the N-terminus. C2H2-type zinc
finger motifs are usually about 30 amino acid in size and contain 2 highly conserved
cysteines (C) and 2 highly conserved histidine residues (H), responsible for coordinating
the zinc atom. Zinc fingers typically function as interaction modules, capable of binding
DNA, proteins or small molecules and are classified into groups on a structural basis
(Krishna et al., 2003). Although, DNA binding is considered the main role performed by
C2H2 zinc fingers, structural studies suggest alternative functions in mediating proteinprotein interactions (Fox et al., 1999). Firstly, I characterised the C183S ATMIN mutant,
with an inactivating point mutation in the third zinc finger motif of ATMIN. Interestingly,
ATMIN C183S, retained the ability to form dimers (Figure 26B). Proteins with multiple
C2H2 zinc fingers have multiple binding capabilities. For instance, IKAROS has 6 C2H2type zinc fingers, where the first 4 are responsible for DNA binding and the last two are
required for dimerisation (Payne, 2011). Hence, I made additional zinc finger mutants of
ATMIN by mutating coordinating cysteine or histidine residues, having identified them on
the basis of being highly conserved in multiple sequence alignments. The mutants were
initially validated using luciferase reporter assay, all showing dominant negative effects
towards transcriptional activation (Figure 26C).
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Figure 26 Zinc fingers are dispensable for ATMIN homo-oligomerisation.
A, B and D) A representative Western blot illustrating the results of coimmunoprecipitation experiments. HEK293 cells were transiently transfected with
indicated constructs. Whole cell lysates were used for Flag-immunoprecipitation followed
by western blotting with indicated antibodies. C – Cysteine; S – Serine; H – Histidine; QGlutamine. C) A bar chart for ATF3 luciferase reporter assay. HCT116 cells were cotransfected with ATF3 firefly luciferase reporter, renilla luciferase (transfection control)
and indicated constructs. 24 hours post transfection luciferase activity was analysed from
cell lysates. Firefly luciferase activity was normalised to renilla luciferase activity and
calibrated to empty vector=1. Values are arithmetic mean of technical triplicates of 3
biological replicates +/- SEM, significance estimated by Student’s T-test. Pairwise
comparisons were performed; for graphical simplicity reasons, one p-value is shown.
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Neither single zinc finger mutants (Figure 26D), nor compound zinc finger mutants (data
not shown) could impair ATMIN homo-dimerisation. These results suggest that zinc
fingers in ATMIN are dispensable for homo-dimerisation, but rather non-redundantly
required for DNA-binding and therefore on ATMIN’s function as a transcription factor. At
present, it is unclear whether disruption of zinc fingers has any effect on the formation of
higher order ATMIN homo-oligomers. This requires further research.

In the meantime, peptide spot array and genetic mapping experiments were employed
to identify the dimerisation/oligomerisation interface. Peptide spot array represents a
powerful tool for investigation of protein-protein interactions and is based on the parallel
synthesis of large numbers of peptides with defined amino acid sequences. The peptides
are typically 15–20 amino acids in length and span the entire protein sequence of interest
with a frame shift of 1–3 amino acids between successive sequences. This allows
specific identification of the amino acid sequence involved in interaction with the protein
used to probe the array. A peptide spot array for ATMIN was designed and synthesized
in collaboration with the Peptide synthesis STP (LRI). This array was probed with
extracts from cells ectopically expressing Myc-tagged Wt ATMIN, followed by
immunoblotting with anti-Myc antibody (Figure 27A). Careful analysis of the data,
involving elimination of false-positive hits, allowed identification of four amino acid
stretches, involved in homotypic interaction. All of these were located within the Nterminal region of ATMIN (Figure 27B). In order to validate these putative dimerisation
regions, corresponding peptides as well as ‘negative control peptides’ were synthesised
by the Peptide synthesis STP (LRI) and used in peptide IP experiments. Two peptides
spanning amino acids 205-288 of ATMIN showed binding to Wt Flag-ATMIN (Figure
27C). The first 10 amino acids of this region are present in the 4th zinc finger domain,
including coordinating His residues, and so are likely to adopt a different conformation in
the full length ATMIN protein. This highlights the main disadvantage of peptide spot array
and peptide IP experiments, as the observed binding at the peptide level may not
faithfully represent the interaction of the respective regions at the protein level.
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Figure 27 Identification of the region involved in ATMIN homo-oligomerisation
using peptide spot array and peptide IP.
A) Schematic illustration of the peptide spot array analysis. Peptide spot array of ATMIN
was synthesised on a cellulose membrane wherein the spots contain 20-mers shifted by
2 amino acids, altogether spanning the full length of ATMIN. This was done in
collaboration with Peptide chemistry STP (LRI). Peptide spot arrays were incubated with
extracts of cells overexpressing full length Myc-ATMIN or empty Myc-tag vector and
probed with Myc antibody. The Myc-tag vector was a control for non-specific binding.
Presence of a black dot on the Myc immunoblot indicates binding of the respective 20142
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mer to the full length ATMIN. B) Schematic illustration of the peptide spot array results.
Amino acid stretches identified as interacting with Wt ATMIN are depicted as black lines
with a red number and their location in the full length ATMIN is indicated. ‘Negative
control’ regions which showed no interaction with full length Wt ATMIN in peptide array
are depicted as black lines with a blue number on. C) Validation of the peptide spot array
results using peptide IP. Wt full length Flag-ATMIN was overexpressed in cells; WCE
was used for peptide IP experiments with indicated peptides. Numbers refer to the
peptides illustrated in B. Biotinylated peptides were synthesised in the Peptide synthesis
STP (LRI). – indicates the IgG control; l.e. – long exposure; s.e. – short exposure.
In parallel with the peptide spot array, genetic mapping was performed. GFP-tagged
fragments of ATMIN were generated (Figure 28A) and used in Co-IP experiments with
the full length ATMIN protein. The 214–354 amino acid (aa) fragment of ATMIN
(fragment G) showed the strongest interaction with full-length ATMIN (Figure 28B). Thus,
two different approaches identified overlapping regions sufficient for ATMIN homodimerisation. This minimal region (214–354 aa), sufficient for ATMIN homotypic
interaction, was mapped to the N-terminus of ATMIN and was located C-terminal to the
zinc

fingers.

In

order

to

test

whether

this

region

is

essential

for

dimerisation/oligomerisation, a deletion mutant lacking 214–354 amino acids (FlagATMIN del G) was generated and characterised (Figure 28C). Flag-ATMIN del G did not
co-immunoprecipitate full length Myc-ATMIN, upon ectopic expression in cells, whereas
Flag-ATMIN could (Figure 28C). Thus, the deletion mutant of ATMIN (ATMIN del G) had
reduced ability to homo-dimerise or form higher order oligomers. It is important to note
that the deletion of a 140-amino acid region may affect protein conformation and result
in a non-functional protein. Also, ATMIN del G lacks the K238 residue, which is
ubiquitinated upon IR by UBR5. Thus, the phenotype of oligomerisation mutant could be
difficult to distinguish from that of the ubiquitination mutant in respect to their effect on
ATM signalling. Therefore, additional deletion mutants of ATMIN lacking smaller
fragments within the minimal region were made and tested for their ability to dimerise or
form higher order oligomers (Figure 27D). Two new dimerisation/oligomerisation mutants
were identified, further specifying the region of importance: ATMIN del257–354 (ATMIN
del G3) and ATMIN del271–354 (ATMIN del G4). Given a smaller deletion size in the
latter mutant, it was used for the follow-up studies.

143

Chapter 3 Results

Figure 28 Identification of ATMIN homo-oligomerisation mutant using genetic
mapping.
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A) Schematic illustration of the full-length Flag-ATMIN and GFP-tagged ATMIN
fragments used in B. Blue and green filled circles depict Flag-tag and GFP-tag,
respectively. B) Representative Western blot illustrating the results of coimmunoprecipitation experiment. Full length Flag-ATMIN and indicated GFP-ATMIN
fragments were overexpressed in cells. WCE was used for Flag-immunoprecipitation,
followed by western blotting with antibodies against GFP and Flag. C and D, upper panel)
Schematic illustration of the deletion mutants of ATMIN. C and D, lower panel)
Representative western blot illustrating overexpression Co-IP experiments. The
indicated constructs were ectopically expressed in HEK293 cells, after 48 hours cells
were harvested and WCE used for co-immunoprecipitation with anti-Flag magnetic
beads, followed by Western blotting with the indicated antibodies. Co-IP – coimmunoprecipitation.
3.4.3

Generation and characterisation of ATMIN knock-out cells

Having defined the region required for homotypic interaction, I sought to test the
physiological importance of ATMIN homo-oligomerisation. This would require an
experimental system that allowed for direct functional comparison of Wt ATMIN and its
oligomerisation mutant - Atmin del G4 (hereafter, referred to as ATMIN Dim for
dimerisation/oligomerisation mutant). To this end, clonal ATMIN knock-out (KO) cell lines
were generated using CRISPR/Cas9-mediated gene editing. Single guide RNAs (gRNA)
were designed to target the 1st exon of ATMIN gene to avoid the expression of truncated
ATMIN proteins. The optimum target sites and respective gRNAs were selected using
CHOPCHOP web tool on the basis of their effectivity (the ability to mediate the efficient
DNA cleavage) and specificity (the likelihood of off-target site binding) (Labun et al.,
2016). Thus, top 3 ranked gRNAs were selected (with one of them targeting the 1st exon
splice site) and each cloned into CRISPR/Cas9-GFP vector. HEK293 cells were
transiently transfected with the px330-ATMINgRNA-GFP vectors and 36 hours later
fluorescence-activated cell sorting (FACS) was employed to isolate GFP-positive cells.
Single cell sorting was unsuccessful. Therefore, sorted cells were plated at low density,
in order to subsequently pick individual colonies originating from single cells and screen
for the loss of ATMIN expression by RT-Q-PCR and Western blotting. From this initial
screen three clones were identified, with one of them selected for further analysis and
characterisation. Sanger sequencing of the targeted locus within ATMIN gene in this
clone revealed the presence of a frameshift deletion (Figure 29A). In line with the
sequencing data, ATMIN KO cells showed complete loss of ATMIN expression both on
the mRNA (probably due to nonsense mediated decay) and protein level (Figure 29B
and C). Transcriptional analysis also revealed significantly decreased expression of the
ATMIN target gene DYNLL1 (Figure 29D). As expected, ATMIN KO cells showed
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enhanced canonical ATM signalling in response to DSBs induced by IR, as
demonstrated by increased phosphorylation of ATM substrate P-S824-KAP1 (Figure
29E).

To summarise, clonal ATMIN KO cell line was generated by CRISPR/Cas9-mediated
gene editing and displayed a phenotype consistent with genetic inactivation of ATMIN.
This cell line could be employed for functional characterisation of oligomerisation mutant
of ATMIN.
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Figure 29 Generation and characterisation of ATMIN knock-out (KO) cells.
A) A schematic illustration showing the location of gRNA in ATMIN gene locus, as well
as depicting the sequence of this locus in control and ATMIN KO cells. Black, filled
rectangles depict the exons encoding the main ATMIN isoform, with wide and narrow
rectangles representing the coding and non-coding exon sequences, respectively. Black
open rectangles indicate the alternatively spliced exons that are not present in this
isoform. B and D) Bar chart illustrating the results of transcriptional analysis of ATMIN
and DYNLL1 expression in ATMIN KO and control cells. mRNA was quantified by RTQ-PCR. Relative expression levels were normalised to TUBULIN. Values are arithmetic
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mean of technical triplicates of 3 biological replicates +/- SEM, with significance
estimated by Student’s T-test. C) A representative Western blot illustrating ATMIN
protein level in the indicated samples. WCE from ATMIN KO and control cells were
resolved on an 8% SDS-PAGE gel and the membrane was probed with the indicated
antibodies. E) A representative Western blot illustrating the phosphorylation status of
KAP1 in untreated and irradiated cells. ATMIN KO and control cells were left untreated
or irradiated at the dose of 2.5 Gy and harvested 30 minutes after. WCE were resolved
on an 8% SDS-PAGE gel and membrane immunoblotted with the indicated antibodies.
Densitometry values normalised to indicated proteins and calibrated to untreated
sample=1.

3.4.4

ATMIN homo-oligomerisation is required for ATMIN function as a
transcription factor

In order to evaluate the functional importance of ATMIN homo-oligomerisation, ATMIN
KO cells were reconstituted with Flag-ATMIN Wt or Flag-ATMIN Dim mutant (Figure 30A)
and the transcription of DYNLL1 examined. Flag-ATMIN Wt could rescue DYNLL1
expression in ATMIN KO cell line (Figure 30 B, left panel), whereas Flag-ATMIN Dim
was significantly less efficient in restoring DYNLL1 expression, despite comparable
expression between Wt Atmin and Atmin Dim (Figure 30 B, right panel). This observation
could reflect the inability of ATMIN monomers to bind the target gene promoter.
Alternatively, ATMIN oligomerisation could be dispensable for promoter recruitment, yet
essential for transcriptional activation. In order to discriminate between these two
hypotheses, I performed chromatin immunoprecipitation (ChIP) to assess DYNLL1
promoter binding of Wt ATMIN and ATMIN Dim. The ChIP experiment could demonstrate
that Flag-ATMIN Wt bound the DYNLL1 promoter, but not a DYNLL1 intronic region,
whereas Flag-ATMIN Dim was unable to bind DYNLL1 promoter, as indicated by
enrichment at background levels (Figure 30C). Altogether this suggests that ATMIN
homo-oligomerisation is essential for promoter binding and ATMIN transcription factor
functionality.
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Figure 30 Homo-oligomerisation is required for ATMIN function as a transcription
factor.
A) Schematic illustration of Wt ATMIN (Flag-ATMIN Wt) and its deletion mutant (FlagATMIN Dim) used in B and C. B) A bar chart illustrating the results of transcriptional
analysis of DYNLL1 and Atmin expression in the ATMIN KO cells reconstituted with FlagATMIN Wt, Flag-ATMIN Dim or an empty vector. mRNA was quantified by RT-Q-PCR.
Relative expression levels were normalised to GAPDH. nd – not determined. C) Bar
chart illustrating the enrichment of immunoprecipitated DNA regions from Flag-ATMIN
Wt and Flag-ATMIN Dim ChIP. The indicated constructs were ectopically expressed in
HEK293 cells, after 24 hours the cells were subjected to in situ formaldehyde crosslinking and harvested. ChIP with anti-Flag antibody or IgG (immunoglobulin G) control.
The enrichment of DYNLL1 promoter or intron (negative control) DNA regions was
determined using Q-PCR and presented as a % of input chromatin used in IP. B and C)
Values are arithmetic mean of technical triplicates of 3 biological replicates +/- SEM,
significance estimated using Student’s T-test.
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In order to exclude the possibility of rapid degradation of ATMIN oligomerisation mutant,
I characterised the steady-state levels of Flag-ATMIN Wt and Flag-ATMIN Dim upon
ectopic expression in cells. Despite comparable transcript abundance, higher levels of
Flag-ATMIN Dim protein were observed (Figure 31A). To investigate this further and
assess the stability of these proteins, I employed cycloheximide time-course assay.
Cycloheximide prevents translational elongation and, hence, inhibits protein synthesis.
The assay involves addition and continued incubation with cycloheximide, followed by
Western blotting analysis of cells harvested at indicated time points, and allows
monitoring of protein degradation over time. As evident from cycloheximide experiment,
Flag-ATMIN Dim was degraded slower and had a longer half-life than Wt protein (Figure
31B). This suggests that ATMIN oligomerisation mutant is more stable than Wt ATMIN.
In summary, despite being more stable than Wt ATMIN, ATMIN oligomerisation mutant
was unable to bind the target gene promoter and act as transcription factor.
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Figure 31 ATMIN homo-oligomerisation mutant is more stable than Wt ATMIN.
A) Bar chart illustrating the expression levels of Atmin. HEK293 cells were transiently
transfected with increasing amounts of Flag-ATMIN Wt or Flag-ATMIN Dim plasmid
DNA. 48 hours later cells were harvested and ectopic ATMIN expression was analysed
on mRNA level (by RT-Q-PCR) and on a protein level (by an immunoblotting with antiFlag antibody). Actin was used as a loading control, to which densitometry value were
normalised. B) Analysis of ATMIN protein stability by cycloheximide time-course assay.
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HEK293 cells were transiently transfected with Flag-ATMIN Wt or Flag-ATMIN Dim
constructs and after 48 hours treated with cycloheximide. The cells were harvested at
indicated time points; WCE were resolved on 8% SDS-PAGE gel and the membrane
probed with indicated antibodies. Upper panel) A representative Western blot illustrating
the changes in ATMIN protein levels. B) A line chart representing a quantification of three
cycloheximide time-course experiments performed on independently transfected cells.
The values are arithmetic mean of 3 biological replicates +/- SEM.

3.4.5

ATMIN monomers retain affinity to ATM, can mediate basal ATM activation
and inhibit canonical ATM signalling

Having characterised the role of ATMIN homo-oligomerisation in target gene regulation,
I sought to test the physiological importance of ATMIN homo-oligomerisation in the
context of ATM signalling. In order to compare the affinity of Wt ATMIN and ATMIN Dim
mutant to ATM, I performed Co-IP experiments with ectopically expressed Flag-tagged
ATMIN and endogenous ATM. Notably, Flag-ATMIN Dim mutant retained affinity to ATM
(Figure 32A), implying that homo-oligomerisation was dispensable for ATMIN/ATM
interaction under resting conditions. Initial characterisation of ATMIN KO cells revealed
impaired basal ATM signalling, as demonstrated by decreased phosphorylation of its
downstream substrate KAP1 in resting cells (Figure 29E and Figure 32B). This suggests
that ATMIN is required for basal ATM activation and phosphorylation of a subset of its
downstream substrates, in line with the published observations (Kanu and Behrens,
2007). Under resting conditions, both Flag-ATMIN Wt and Flag-ATMIN Dim upon ectopic
expression in ATMIN KO cells were able to greatly enhance basal ATM activity and KAP1
phosphorylation (Figure 32C). These results suggest that ATMIN oligomerisation is
dispensable for basal ATM signalling.

In order to evaluate the role of ATMIN homo-oligomerisation in canonical ATM signalling,
IR-induced 53BP1 foci formation was used as a read-out for efficient ATM activation and
signalling. Overexpression of Wt ATMIN significantly impaired IR-induced 53BP1 foci
formation (Figure 33A) and reduced the number of irradiated cells with 5 and more
53BP1 foci / nucleus (Figure 33B). This illustrates the ability of ectopically expressed
ATMIN to block canonical ATM signalling, corroborating the so-called cofactor
competition model (see 1.2.8). Similarly, ectopic expression of ATMIN Dim mutant led to
inhibition of IR-induced ATM signalling, as demonstrated by an overwhelming incidence
of irradiated cells lacking 53BP1 foci in the nucleus (Figure 33). Overall, ATMIN
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monomers retained affinity to ATM and were able to mediate basal ATM activation and
block canonical ATM signalling.

Figure 32 Homo-oligomerisation is dispensable for ATMIN interaction with ATM
and basal ATM signalling.
A) A representative Western blot illustrating the results of co-immunoprecipitation
experiments. HEK293 cells were transiently transfected with indicated constructs. WCE
were used for Flag-immunoprecipitation followed by western blotting with the indicated
antibodies. B) A representative Western blot illustrating the phosphorylation status of
ATM substrates in the resting cells. WCE from untreated cells were resolved on an 8%
SDS-PAGE and the membrane probed with the indicated antibodies. B) A representative
Western blot illustrating the phosphorylation status of ATM and downstream substrates
in resting cells. 48 hours prior to harvest, ATMIN KO cells were transiently transfected
with the indicated constructs. WCE were resolved on a 6% SDS-PAGE gel and the
membrane probed with the indicated antibodies. B and C) Densitometry values
normalised to indicate total protein and calibrated to untreated control=1(B) or ATMIN
KO=1 (C).
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Figure 33 ATMIN homo-oligomerisation is dispensable for blocking canonical ATM
signalling.
HEK293 cells were transiently transfected with empty vector, Flag-ATMIN Wt or FlagATMIN Dim. After 48 hours, the cells were irradiated with a dose of 2.5 Gy and fixed 30
minutes post-irradiation. Fixed cells were stained by indirect immunofluorescence with
antibodies against 53BP1 and Flag; Nuclei were counterstained with DAPI. A)
Representative images showing 53BP1 foci formation in the cells ectopically expressing
indicated constructs. Scale bar 2.5 µm. B) Bar chart illustrating quantification of 53BP1
foci formation in these cells. Based on the number of 53BP1 foci per nucleus, the cells
were divided into three groups: no (no 53 BP1 foci), 1-4 (cells with 1-4 foci per nucleus)
and 5 and more (cells with 5 and more foci per nucleus). Three independent experiments
were performed and at least 100 nuclei were imaged and quantified. Values are
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arithmetic mean of 3 biological replicates +/- SEM, significance estimated by Student’s
T-test.

3.4.6

Homo-oligomerisation is necessary for ATM signalling in response to
oxidative stress

In addition to basal, canonical and non-canonical ATM signalling, ATM can also be
activated in response to oxidative stress. This mode of activation involves direct
oxidation of ATM and formation of covalently-linked active ATM dimer, in the absence of
DSBs and independently from MRN complex. ATMIN, itself, is involved in cellular
response to oxidative stress, with a preliminary indication for its requirement for ATM
signalling induced by chronic oxidative stress (Kanu et al., 2010). Given that ATMIN KO
cells reliably recapitulated the known consequences of genetic ATMIN inactivation or
silencing (Figure 29), these cells were used to evaluate the requirement of ATMIN in
ATM signalling in response to oxidative stress. To this end, ATMIN KO and control cells
were treated with increasing concentrations of a potent oxidant H2O2 for 15 minutes
(Figure 34A) or 1 hour (data not shown) and analysed by Western blotting. ATM autophosphorylation and phosphorylation of the downstream substrates: p53 and CHK2 were
used as a read-out for efficient activation of ATM signalling. Treatment with increasing
concentrations of H2O2 results in impaired ATM activation and downstream signalling in
response to oxidative stress in ATMIN KO cells. This was most evident when the cells
were treated for 15 min with 50 μM H2O2 (Figure 34A). This suggests that ATMIN is
required for ATM signalling in response to oxidative stress. To investigate this further
and to assess the role of ATMIN homo-oligomerisation in oxidative stress-induced ATM
signalling, ATMIN KO cells were reconstituted either with Wt Flag-ATMIN or Flag-ATMIN
Dim and subjected to acute oxidative stress. Notably, the impaired redox ATM signalling
in ATMIN KO cells could be rescued by ectopic expression of Wt ATMIN, but not ATMIN
oligomerisation mutant (Figure 34B).
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Figure 34 ATMIN homo-oligomerisation is necessary for ATM activation and
downstream signalling in response to oxidative stress.
A and B) A representative Western blot illustrating the phosphorylation status of ATM
and downstream substrates in cells subjected to oxidative stress. A) ATMIN KO and
control cells remained untreated or treated with increasing concentrations of H2O2 for 15
minutes and harvested. WCE were resolved on an 8% SDS-PAGE and membranes
immunoblotted for P-S1981-ATM, ATM, P-T68-CHK2, CHK2, P-S15-p53, p53 and
TUBULIN (loading control). Densitometry values are normalised to total protein or tubulin
as indicated and calibrated to untreated control sample=1. B) As above, except that 48
hours prior to H2O2-induced oxidative stress, ATMIN KO cells were transiently
transfected with Flag-ATMIN Wt, Flag-ATMIN Dim or an empty vector. Densitometry
values are normalised to total protein or ACTIN as indicated and calibrated to FlagATMIN Wt=1.
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In order to evaluate the physiological consequences of impaired ATMIN-mediated ATM
signalling in response to oxidative stress, the sensitivity of ATMIN KO and control cells
to acute oxidative stress was assessed. To this end, trypan blue exclusion test of cell
viability was performed. This assay is based on the ability of live cells with intact cell
membranes to prevent Trypan blue dye from entering the cell. Hence, the live cells will
have clear cytoplasm, while dead cells will be stained with Trypan blue. ATMIN KO cells
were more sensitive to H2O2 treatment than control cells, corroborating biochemical data
(Figure 35A). While Wt ATMIN could rescue the sensitivity of ATMIN KO cells to 0.1 mM
H2O2, the oligomerisation mutant failed to confer resistance to this oxidative stress
challenge (Figure 35B). On a molecular level, Flag-ATMIN Dim mutant exhibited reduced
ability to interact with ATM upon H2O2-induced oxidative stress (Figure 35C). This implies
that ATMIN oligomerisation is required for efficient interaction with ATM upon acute
oxidative stress. In line with this, H2O2 treatment greatly enhanced ATMIN dimer
formation (Figure 35D). The effect of acute oxidative stress on formation of higher order
oligomers is yet to be determined. In summary, homo-oligomerisation was necessary for
ATM signalling in response to oxidative stress. Thus, ATMIN monomers were unable to
efficiently interact with ATM and mediate ATM activation and signalling in response to
acute oxidative stress. On a cellular level, this manifested in their inability to confer
resistance to oxidative stress.
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Figure 35 ATMIN homo-oligomerisation is required for oxidative stress-induced
ATM signalling.
A and B) Bar plot illustrating the changes in cell viability in response to H2O2-induced
oxidative stress. Cell viability values were normalised to a respective untreated control.
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Values are arithmetic mean of 3 biological replicates +/- SEM, significance estimated by
Student’s T-test. A) Equal numbers of ATMIN KO and control HEK293 cells were seeded
at low density in triplicates. 24 hours later the cells were treated with increasing
concentrations of H2O2 for one hour, washed twice with PBS prior to addition of growth
medium. 72 hours later the cell viability was determined using Trypan blue exclusion
test. B) As above, except that 24 hours prior to H2O2 treatment, ATMIN KO cells were
transfected with indicated constructs. C) A representative Western blot illustrating the
affinity of Flag-ATMIN Wt and Flag-ATMIN Dim to ATM under resting conditions and in
response to oxidative stress. Following transient transfection with indicated constructs,
HEK293 cells remained untreated or were treated with 100 µM of H2O2 for 1 hour. WCE
was used for Flag immunoprecipitation. The samples were resolved on 6% SDS-PAGE
and the membranes were immunoblotted with indicated antibodies. D) A representative
Western blot illustrating the results of co-immunoprecipitation experiments with ectopic
proteins. HEK293 cells were transiently transfected with indicated constructs, remained
untreated, or after 24 hours treated with 0.2 µM Aphidicolin for 24 hours, or after 48 hours
treated with 100 µM of H2O2 for 1 hour prior to harvest. WCE was used for Flag
immunoprecipitation followed by western blotting with indicated antibodies.
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Chapter 4.

The role of ATM signalling in lung cancer

4.1 Introduction to the aim
Lung cancer is among the most commonly diagnosed cancers and is the leading cause
of cancer-related deaths (Ferlay et al., 2015). Lung adenocarcinoma (LUAD) represents
the most frequent type of lung cancer and prevalence is further increasing (see 1.4.2).
Sequencing studies and comprehensive genetic analysis identified major genetic drivers
of LUAD, including activating mutations in proto-oncogenes and inactivating mutations
in tumour suppressors (see 1.4.3). Relevance of many of these genetic alterations and
the role of respective genes in LUAD biology have been directly addressed in mouse
models. Yet, the biological role of many other identified genes in LUAD development and
progression provides many open questions. Among them is ATM, a DDR kinase with a
dual role in cancer (see 1.3). It is mostly known as a tumour suppressor; however,
emerging evidence suggests a more complex role in cancer, exemplified by tumourpromoting ATM functions (see 1.3.3). Whole genome and exome sequencing studies
identified ATM as being one of the most commonly mutated genes in lung
adenocarcinoma, with an estimated frequency ranging from 8% to 10% (Ding et al., 2008,
Imielinski et al., 2012, Cancer Genome Atlas Research, 2014). In line with this,
integrative analyses of publicly available cancer genome sequencing data revealed
truncating and missense ATM mutations present in 9% of LUAD patients (Figure 36A).
Notably these somatic ATM alterations co-occurred with missense mutations in KRAS
gene (Figure 36B). This underscores the potential clinical relevance of genetic
inactivation of ATM in KRAS-driven lung adenocarcinoma. On the contrary, somatic
mutations in an ATM cofactor, ATMIN, were only observed in 2 out of 230 cases. Notably,
the ATMIN gene maps close to the WWOX gene, which spans the major fragile site
FRA16D (Figure 36C). The latter represents an unstable genetic region, extremely
susceptible to breakage and genomic rearrangements upon mild replication stress
(Bednarek et al., 2001). Importantly, homozygous deletion of WWOX gene have been
frequently observed in lung adenocarcinoma patients (Paige et al., 2000). Given the
close proximity of ATMIN gene to WWOX gene, I sought to analyse the frequency of
somatic copy number alterations (CNA) of ATMIN gene among LUAD patients. Akin to
the WWOX gene, ATMIN CNA were detected in 53% of LUAD patients, with deep and
shallow deletions, representing a putative homozygous and heterozygous loss, detected
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in 34% of cases (Figure 36D). Notably, there was a significance co-occurrence between
WWOX and ATMIN deletions among LUAD patients (Figure 36E).

Despite this convincing data, indicating the prevalence of ATM mutations and ATMIN
copy number alterations in lung adenocarcinoma; the biological role of ATM and ATMIN
in initiation and progression of lung cancer, as well as the clinical relevance of these
genetic alterations, remains largely unknown. As work on this thesis commenced, the
only study attempting to address these questions (only with respect to ATM) employed
conditional KRas-driven mouse model of LUAD, combined with germline homozygous
or heterozygous Atm deletion (KRasV12/+; Atm-/-) (Efeyan et al., 2009). In this study, all
the KRasV12/+; Atm-/- mice succumbed to thymic lymphomas at an early age, precluding
a detailed characterisation of the role of ATM in lung adenocarcinoma initiation and
progression. However, the characterisation of mice that developed lung lesions revealed
no major difference in tumour incidence, with only a modest increase in Grade 3 tumours
upon Atm depletion. This implies a limited role for ATM in suppression of lung
adenocarcinoma. Yet, germline deletion of Atm does not faithfully recapitulate the
spontaneous nature of lung carcinogenesis. With the exception of glioblastoma (Blake
et al., 2016), the biological role of ATMIN has only been explored in hematopoietic
malignancies. Overall, further research is needed on the role of these proteins in LUAD
development and progression.

To this effect, one of the aims of my thesis was to investigate the role of ATMIN-mediated
ATM signalling in lung adenocarcinoma.
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Figure 36 ATM mutations and ATMIN copy number alterations are common in
LUAD patients.
A and D) OncoPrint, visualising distinct genetic alterations in the indicated genes across
a set of LUAD cases (n=230). The percentage of cases with the displayed alterations is
indicated on the right. The underlying analysis was performed using the sequencing and
copy number alterations data from TCGA database in BioPortal. (Gao et al., 2013,
Cerami et al., 2012). (Last accessed September, 2017). Only sequenced tumours were
used for analysis. Genetic alterations were defined using Advance Oncoprint Language.
Missense driver mutations were annotated on the basis of known biological effect,
prevalence and prognostic information. Copy number alterations were defined as
follows: Gain – high-level amplification; Amplification – low-level amplification; Deep
deletion – deep loss, potential homozygous deletion; Shallow deletion – shallow loss,
potential heterozygous deletion. D, right panel) For ATMIN and WWOX genes only Deep
and Shallow deletions are displayed and considered in calculations. C) Genome browser
view, illustrating the genomic locations for ATMIN and WWOX genes on chromosome
16, generated as a snapshot from IGV (integrative genomic viewer). The proximity
between 2 genes and their location relative to chromosomal bands are indicated. The
latter is depicted in red (ATMIN) and orange (WWOX). B and E) The results of pairwise
association analysis for indicated genetic alterations of genes from A and D (right panel).
Statistical significance was estimated using Fishers exact test. Statistically significant
association is shown in red. Log Odds Ratio indicates the strength of association
between genetic alterations, with negative and positive values representing mutual
exclusivity and tendency towards co-occurrence, respectively. Co-occurrence –
tendency towards co-occurrence; mutual exclusivity – tendency towards mutual
exclusivity.
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4.2 Mono- and bi-allelic loss of ATM or ATMIN accelerates lung
adenocarcinoma in KP model
On the basis of observed co-occurrence of ATM and KRAS in human LUAD (Figure 36
A and B) I sought to investigate the role of ATM signalling in KRAS-driven lung
adenocarcinoma. The most commonly used GEMM that faithfully recapitulates human
lung adenocarcinoma has been developed by the Tuveson laboratory and harbours a
conditional allele of oncogenic KRas, engineered in the endogenous locus (Jackson et
al., 2001). The activation of KrasLSL-G12D/+ allele is controlled by transcriptional termination
STOP cassette, flanked by unidirectional loxP sites (loxP-STOP-loxP, or LSL). The
presence of this LSL cassette upstream of oncogenic Kras G12D mutation, prevents the
expression of oncogenic Kras in the absence of Cre (Figure 37A). Upon introduction of
Cre recombinase, loxP site recombination leads to excision of the STOP cassette and
expression of oncogenic Kras at endogenous levels. Cre expression may be driven by
cell-specific promoter or achieved upon infection of cells with Cre-expressing viruses.
The latter permits a reduction in the number of crosses required to generate the mouse
of desired genotype. To this end, lentiviral and adenoviral Cre-expressing vectors have
been developed. Notably, infection efficiency of adenoviral vectors is higher than that of
lentiviral vectors (100% versus 30%). Furthermore, adenoviral vector does not integrate
into the genome; thus, allowing for transient Cre expression and avoids potential
genotoxic effects associated with continuous expression of Cre-recombinase in vivo
(Hameyer et al., 2007). Therefore, adenoviral Cre-expressing vectors (thereafter referred
to as Ade-Cre) have been employed in this study. KrasLSL-G12D/+ model has a long latency
and as such does not recapitulate some of the aspects of aggressive human lung
adenocarcinoma. The latter can be achieved upon concomitant genetic inactivation of
the tumour suppressor Trp53 (Jackson et al., 2005). Hence, compound KrasLSL-G12D/+;
Trp53flox/flox GEMMs were employed in this thesis (Figure 37A). In this model, Ade-Cre
simultaneously drives the expression of oncogenic Kras and the deletion of both Trp53
alleles.
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Figure 37 An overview of experimental strategy and mouse models employed to
assess the role of ATM and ATMIN in murine lung adenocarcinoma.
Schematic representation of the genetic alleles and mouse models used. 5 experimental
groups were generated: KrasLSL-G12D/+; Trp53flox/flox (KP), Atmflox/+ ; KrasLSL-G12D/+;
Trp53flox/flox (Atmflox/+KP), Atmflox/flox ; KrasLSL-G12D/+; Trp53flox/flox (Atmflox/floxKP), Atminflox/+ ;
KrasLSL-G12D/+; Trp53flox/flox (Atminflox/+KP) and Atminflox/flox ; KrasLSL-G12D/+; Trp53flox/flox
(Atminflox/floxKP). Lung-specific Cre expression and Cre-dependent recombination was
achieved upon intra-tracheal delivery of Adeno-Cre virus. After conditional lung-specific
activation and deletion of the indicated alleles, the mice are referred to as follows: KP,
Atm∆L/+KP, Atm∆L/∆LKP, Atmin∆L/+KP and Atmin∆L/∆LKP. Black circle indicates IRES
(internal ribosome entry site between CRE and GFP open reading frames). Black arrows
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indicate loxP sites and an asterisk indicates the exon with G12D mutation. B) Schematic
representation of the experimental strategy used. Mice at 6 – 8 weeks of age were used
for the experiment. Cre-expressing virus was administered by intra-tracheal intubation.
After a 10 week latency period mice were culled and lungs analysed. C) Representative
images illustrating histological analysis of lung lesions in KP mice, generated 10 weeks
after Cre administration. Left) H&E (Haematoxylin and eosin) staining at low (upper
panel) and high (lower panel) magnifications. Right) TTF1 immunohistochemistry (IHC)
staining at low (upper panel) and high (lower panel) magnifications. Scale bar, 100 µm
and 50 µm, at low and high magnification images, respectively.
Ade-Cre virus can be delivered to the lungs via intranasal instillation or intra-tracheal
intubation. The former approach led to a high variability in the tumour burden in lungs
(data not shown). Therefore, intra-tracheal Ade-Cre administration was employed
throughout this study to induce lung tumours. This was performed in collaboration with
Dr Christopher Moore (Downward laboratory, Crick).

In order to investigate the role of ATM and ATMIN in lung adenocarcinoma, I employed
conditional loxP-flanked Atm and Atmin alleles, which were individually crossed into
KrasLSL-G12D/+; Trp53flox/flox model, yielding the experimental mice of 5 different genotypes
(Figure 37A). Ade-Cre administration via intra-tracheal intubation led to generation of KP,
Atm∆L/+KP, Atm∆L/∆LKP, Atmin∆L/+KP and Atmin∆L/∆LKP (see legend to Figure 37). After a
10 week latency period, the mice were culled and lungs isolated (Figure 37B). The
histological analysis of lungs, revealed the presence of lesions, resembling human lung
adenocarcinoma in morphology and expression of the TTF1 biomarker (Figure 37C), in
line with published data (Jackson et al., 2005). In order to compare the tumour burden
in the mice of indicated genotypes, the proportion of transformed lung area (as a
percentage of total lung area) and tumour incidence were quantified on the basis of H&E
and TTF1 immunostaining of consecutive lung sections. Importantly, loss of either ATM
or ATMIN led to an overall increase in the lung tumour burden (Figure 38A),
demonstrated by a significantly larger relative transformed area (Figure 38B) and
increased number of individual lung lesions (Figure 38C), in comparison to KP mice.
Notably, this trend was observed both upon mono-allelic and bi-allelic deletion of ATMIN
or ATM (Figure 38).
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Figure 38 Mono-allelic and bi-allelic loss of ATM or ATMIN accelerates lung
adenocarcinoma in KP mouse model.
Mice of the indicated genotypes were instilled with Ade-Cre virus via intra-tracheal
intubation; this was done in collaboration with Dr Christopher Moore (Downward
laboratory, Crick). After a 10 week latency period, mice were sacrificed, lungs isolated
and analysed. Histological analysis and identification of lung lesions was performed on
the basis of H&E and TTF1 staining. A) Representative images of H&E sections
illustrating the tumour burden in the lungs isolated from mice of indicated genotypes.
Scale bar, 1000 µm. B) Dot plot illustrating the results of histological analysis. Y axis
represents relative transformed lung area as a percentage of total lung area. C) Dot plot
illustrating the number of lesions detected in lungs of mice of indicated genotypes. B and
C) Each dot represents individual mouse; mean is indicated by red horizontal line. At
least 9 mice per genotype were analysed. Averaged values were estimated for
significance by Mann-Whitney U non-parametric test. Ns – non-significant.
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Immunohistochemistry staining of tumour cells for the Ki-67 antigen can assess
proliferation index of KP, Atm∆L/+KP, Atm∆L/∆LKP, Atmin∆L/+KP and Atmin∆L/∆LKP tumours.
Ki-67 is a nuclear antigen that represents a classic marker for cellular proliferation as it
is expressed in cycling cells but not quiescent cells. Ki-67 staining showed increased
number of actively proliferating cells in ATM and ATMIN-deficient KP tumours, compared
to KP tumours (Figure 39). These results suggest that ATMIN-mediated ATM signalling
can potentially act as an additional barrier for the proliferation of KP lesions.

In order to evaluate the role of ATM and ATMIN in progression of lung adenocarcinoma,
lung lesions were carefully examined and assigned a grade, using the classification
system devised by Jackson and colleagues (Jackson et al., 2005) (Figure 16). Tumour
grading was performed by an experienced pathologist (Prof Gordon Stamp). Notably
loss of ATM or ATMIN resulted in a markedly more severe tumour phenotype (Figure
40). The effect was most prominent in Atm∆L/∆LKP and Atmin∆L/∆LKP mice, with an overall
increase in high-grade G3 adenomas and G4 adenocarcinomas and a decrease in the
low-grade tumours compared to KP mice (Figure 40A, B). These results suggest that
loss of ATM or ATMIN can accelerate LUAD progression in the KP GEMM.
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Figure 39 ATM or ATMIN-deficient KP tumours have higher proliferation index than
KP tumours.
Lung sections were immunologically stained for Ki-67; this was done in collaboration with
Experimental Histopathology Laboratory (Crick). Quantification of Ki-67 staining was
performed using StrataQuest software (TissueGnostics). A) Bar chart, illustrating
proliferation index of lung tumours from mice of indicated genotypes. At least 30 tumours
from 3 mice per genotype were quantified. Bar chart shows mean +/- SEM. Averaged
values were estimated for significance by Mann-Whitney U non-parametric test. B)
Examples of Ki-67 staining in the lung tumours from the indicated mouse genotypes.
Scale bar, 20 µm.
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Figure 40 ATM or ATMIN deficiency leads to acceleration of tumour progression
in KP model of LUAD.
H&E sections were analysed and lung lesions were assigned a grade, ranging from G1
to G4, according to classification by Jackson and colleagues (Jackson et al., 2005).
Tumour grading was performed by an experienced pathologist (Prof Gordon Stamp). A)
Stacked bar chart illustrating the quantification of lung lesions according to the tumour
grade in mice of indicated genotypes. Y-axis represents a proportion of lesions with the
indicated grade as a % of total number of lesions per mouse. At least 200 lung lesions
from 5 different mice per genotype were analysed. Values are mean +/- SEM B)
Representative images, illustrating the tumour grading system. Grade 1: cells with
uniform nuclei form a solid tumour. Grade 2: cells have slightly enlarged nuclei with
prominent nucleoli. Grade 3: cells are characterised by increased nuclear-to-cytoplasm
ratio and have pleomorphic nuclei with prominent nucleoli. Grade 4: In addition to the
above cellular characteristics, multinucleated cells and aberrant mitosis are present.
Upper and lower panels represent low and high magnification images, with scale bars,
50 µm and 20 µm, respectively.
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Finally, I used in vivo micro-computed tomography (µCT) imaging to monitor the
development of lung lesions over time in KP, Atm∆/+KP, Atm∆/∆KP, Atmin∆/+KP and
Atmin∆/∆KP mice. The large difference in the density between air-filled lungs and soft
tissues provides an inherent contrast that is sufficient for high-resolution µCT imaging.
Following Ade-Cre administration, mice were scanned every 2 weeks, up until sacrificing
at 8-weeks post-intubation, (Figure 41A). The raw scan data was retrospectively gated
and sorted post-acquisition according to the phase of respiratory cycle to avoid artefacts
associated with rapid breathing of mice. After sorting, the projection images were used
for 3D reconstruction of the lungs. This was displayed by 3 orthogonal plane images,
colour-coded in accordance with the density of the tissue. On the basis of difference in
the density of air-filled normal lung tissue and solid tumours, lung lesions can be
identified (Figure 41B). However, analysis was arduous due to X-ray absorption and
density of the lesions being remarkably similar to that of blood vessels and heart. To
ensure correct identification of lung lesions and to avoid the type 1 error (false positive),
the following criteria were used: 1) the lesion has a round shape at all three orthogonal
plane images; 2) the lesion remains in the same position in the consecutive slices 3) the
lesion shows an increase in the overall size over time. Following visual identification, the
volume of each lesion was measured, with 0.1 mm3 used as a cut-off. Lesions below the
cut-off were excluded from the analysis. The differences in the volume and number of
individual lung lesions, as well as in a total lesion volume between the mice of different
genotypes were used to assess the development of LUAD (Figure 41C). Notably, in all
time points examined, KP mice had the smallest number of lesions and the lowest total
lesion volume among all the genotypes (Figure 41D and E). This implies that ATM or
ATMIN deletion leads to elevated tumour initiation. In summary, mono-allelic and biallelic loss of ATM or ATMIN accelerates initiation and progression of lung
adenocarcinoma in KP mouse model.
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Figure 41 Quantitative monitoring of lung lesions in the mice of indicated
genotypes.
A) Schematic illustration of the experimental approach used. Following Ade-Cre
administration into lungs of mice, lesion development was monitored by serially imaging
mice (at indicated time points). High-resolution low-dose X-ray scanner was employed
for in vivo imaging of mice. µCT (Micro-Computed Tomography) lung scans were
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acquired at a 35µm pixel size resolution. Raw scan data was sorted using respiratory
gating software (RespGate) and used for 3D reconstruction using NRecon. The results
of 3D reconstruction were displayed by three orthogonal planes and carefully examined
by slice-by-slice scrolling through the reconstructed lung space in DataViewer. B) A
representative image of reconstructed µCT scan data illustrating a lesion in the mouse
lung, 8 weeks post-intubation. Coronal (upper panel), transverse (lower left panel) and
longitudinal (lower right panel) µCT images are colour-coded according to the density of
the tissue, with white colour indicating high-density structures (i.e. bones) and black
colour indicating low-density structures (i.e. airways). A lung lesion is indicated by white
arrow. C) Dot plot illustrating the total number and volume of individual lesions in the
mice of indicated genotypes, 8 weeks post-intubation. Columns represent individual mice
(n=3 per genotype). Each dot represents an individual lesion, colour-coded according
the respective mouse genotype. Black dotted line depicts a cut-off value for the lesion
volume, traditionally used for tumour identification in µCT studies to estimate tumour
response to the therapy. D) A line chart illustrating the changes in the number of lung
lesions in the mice of indicated genotypes over time. E) A line chart illustrating the
changes in the total volume of lesions in the mice of indicated genotypes over time. At
least 3 mice per genotype were scanned and analysed. Values are arithmetic mean +/SEM.

173

Chapter 4 Results

4.3 Characterisation of KP, Atm∆/∆KP and Atmin∆/∆KP cells
Having established the role of ATM and ATMIN in lung adenocarcinoma development, I
sought to investigate the molecular mechanisms involved. To this end, I isolated lung
tumour cells and established primary clonal lung tumour cell lines from KP, Atm∆L/+KP,
Atm∆L/∆LKP, Atmin∆L/+KP and Atmin∆L/∆LKP tumours (Figure 42A). The genotype of
generated cell lines was validated using Transnetyx genotyping. This confirmed the
efficient Cre-mediated recombination of the genetic alleles as well as the presence of Wt
Atm and Wt Atmin alleles in the Atm∆L/+KP and Atmin∆L/+KP cells, respectively. Among
all the genotypes, KP cells showed the slowest proliferation (Figure 42B and C),
corroborating the in vivo data. To further characterise this, I performed cell cycle analysis
of KP, Atm∆L/∆LKP and Atmin∆L/∆LKP cells using flow cytometry. Cell cycle progression
involves a period of growth or quiescence (G1 or G0 phase), DNA synthesis and DNA
replication (S phase), a second period of growth and preparation for mitosis (G2 phase)
and finally entry into mitosis (M phase). Cell cycle progression can be analysed by FACS
measurements of DNA concentration using propidium iodide (PI), a fluorescent DNAintercalating dye. This analysis allows one to distinguish between cells in G1 phase (with
2n, diploid DNA content), G2/M phase (4n, double-diploid DNA content) and S phase
(between 2n and 4n) (Figure 42C). More accurate identification of S-phase cells can be
achieved by BrdU staining in combination with PI. BrdU (5-bromo-2-deoxyuridine) is a
thymidine analogue, that can be incorporated into the DNA during DNA synthesis.
Whereas BrdU staining is used to identify S-phase cells, MPM2 antibody, which
recognises mitosis-specific phosphoproteins, is used to identify M-phase cells. To this
end, I pulsed KP, Atm∆L/∆LKP and Atmin∆L/∆LKP cells with BrdU and determined the
proportion of cells in each stage of cell cycle by FACS analysis of PI-stained DNA content,
BrdU and MPM2. FACS profiling revealed an increase in the proportion of Atm∆/∆KP and
Atmin∆/∆KP cells in S phase compared with KP cells (Figure 42E), in agreement with the
increased proliferation rate (Figure 42C). Interestingly, Atmin∆/∆KP cells exhibited a
dramatic increase in the number of cells with greater than 4n DNA content (Figure 42D).
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Figure 42 Atm∆/∆KP and Atmin∆/∆KP cells proliferated faster than KP cells and had
a higher proportion of S-phase cells.
A) Establishment of primary clonal lung tumour cell lines of the indicated genotypes.
Following Ade-Cre administration and 14-week latency period, the mice were sacrificed
and lung tumour cells isolated (see 2.2.2.2). The established primary lung tumour
cultures were subjected to FACS to obtain clonal lung tumour cell lines, the genotype of
which was confirmed using Transnetyx genotyping. B and C) Line plot illustrating the
difference in cell proliferation between genotypes. Equal numbers of cells of indicated
genotype were seeded at low density in triplicate. Subsequently, cells were collected at
different time-points and cell numbers were counted. D) PI histogram was used to
determine the percentage of cells with DNA content >4n. E) A pie chart of cell cycle
analysis data, illustrating the distribution of cells of indicated genotypes between different
cell cycle stages and including the cells with DNA content more than 4n (>4n). D and E)
24 hours after plating, the cells were incubated with BrdU for 30 minutes, detached from
culture vessels and immediately fixed with 70% ethanol, dropwise with vortexing. The
fixed cells were incubated with antibodies against BrdU and MPM2, stained with PI and
analysed by FACS. After gating on live cells, single cells were gated to exclude doublets
and cell clumps from the downstream analysis. The proportion of cells in each stage of
cell cycle was determined by analysis of DNA content (by PI staining), BrdU and MPM2positive cells. The representative data from three independent experiments is presented.
I next characterised the level of endogenous DNA damage in KP, Atm∆L/∆LKP and
Atmin∆L/∆LKP cells. The extent of DSBs and ssDNA, indicating stalled replication forks,
was evaluated by immunofluorescence staining of Ser139 γH2AX and replication protein
A (RPA), respectively. Notably, both Atm∆L/∆LKP and Atmin∆L/∆LKP deficient cell lines
exhibited higher levels of endogenous DNA damage, indicated by increased number of
gH2AX and RPA foci in comparison to KP cells (Figure 43). Although gH2AX is a classic
marker of DSBs, ATM-dependent phosphorylation of H2AX has been also observed in
response to replication stress (Mazouzi et al., 2016). Furthermore, collapse of stalled
replication forks can lead to DSB generation, ultimately resulting in gH2AX foci formation.
Similarly, repair of oxidative DNA damage can lead to generation of SSBs and even
DSBs, when there is close proximity of oxidative DNA lesions on separate strands of
DNA. Thus, it is unclear what response to genotoxic stress is impaired in Atm∆L/∆LKP and
Atmin∆L/∆LKP cells and, hence, what leads to increased basal levels of DNA damage.
However, the phenotypic resemblance of Atm∆L/∆LKP and Atmin∆L/∆LKP implies the
affected pathway involves ATMIN-mediated ATM signalling. The latter has been shown
to be important for cellular response to replication stress and oxidative stress (see 3.4.6)
(Kanu et al., 2016, Kanu et al., 2010).
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Figure 43 Increased DNA damage level in Atm∆L/∆LKP and Atmin∆L/∆LKP cells.
A) Representative images showing RPA foci and gH2AX foci formation in cells of
indicated genotypes. Scale bar, 5 µm. B) Dot plot illustrating quantitative analysis of RPA
foci per nucleus. C) Dot plot illustrating quantitative analysis of gH2AX foci per nucleus.
A-C) Fixed cells of indicated genotypes were stained by indirect immunofluorescence
with antibodies against RPA2/RPA32 and gH2AX; nuclei were counterstained with DAPI.
Each dot represents one nucleus and indicates the average number of foci. Three
independent experiments were performed and at least 50 nuclei were imaged and
quantified. Horizontal line indicates the arithmetic mean value, significance estimated by
Mann-Whitney U non-parametric test.
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In order to evaluate the physiological consequences of impaired ATM signalling in the
presence of genotoxic stress, the viability of KP, Atm∆L/∆LKP and Atmin∆L/∆LKP cells in the
presence of DNA damage inducing agents was evaluated. Atm∆L/∆LKP cells displayed
greatly increased radiosensitivity, in agreement with the key role of ATM in the DDR to
DSBs (Figure 44A). Surprisingly, both Atm∆L/∆LKP and Atmin∆L/∆LKP cells showed
increased resistance to aphidicolin-induced replication stress in comparison to KP cells.
This was observed over a range of concentrations with varying levels of significance
(Figure 44B). This finding was somewhat unexpected given the known role of ATMINmediated ATM signalling in cellular response to replication stress (Kanu et al., 2016).
With respect to oxidative stress, the presence of ATMIN and, to a lesser extent ATM,
was only limiting to maintain cell viability at a 5 mM H2O2 dose (Figure 44C).
In summary, Atm∆L/∆LKP and Atmin∆L/∆LKP showed increased proliferation, elevated
percentages of cells in the S-phase of cell cycle and higher levels of endogenous DNA
damage. While only Atm∆L/∆LKP were extremely radiosensitive; both Atm∆L/∆LKP and
Atmin∆L/∆LKP cells displayed increased resistance to replication stress and a mild
decrease in cell viability upon oxidative stress.
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Figure 44 Evaluation of sensitivity of KP, Atm∆/∆KP and Atmin∆/∆KP cells to DNA
damage inducing agents.
A) Bar plot illustrating the changes in cell viability in response to IR-induced DSBs B) Bar
plot illustrating the changes in cell viability in response to aphidicolin-induced replication
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stress. C) Bar plot illustrating the changes in cell viability in response to H2O2-induced
oxidative stress. A-C) Equal numbers of cells of indicated genotype were seeded at low
density in triplicates. 24 hours later the cells were irradiated, treated with increasing
doses of aphidicolin for 24 hours or with increasing concentrations of H2O2 for one hour.
In the latter two cases, after treatment, cells were washed twice with PBS prior to addition
of growth medium. 72 hours later the cell viability was determined using Trypan blue
exclusion test. Cell viability values were normalised to a respective untreated control.
Values are arithmetic mean of 3 biological replicates +/- SEM, significance estimated
using Student’s T-test. For the reasons of simplicity, only significant p-values are
indicated.
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4.4 ATM and ATMIN expression in human LUAD
In a mouse model of LUAD, loss of ATM or its cofactor ATMIN accelerated lung cancer
initiation and progression. In order to evaluate the human relevance of these findings, I
investigated the expression of ATM and ATMIN proteins in lung adenocarcinoma
patients using a human tissue microarray (TMA) (US Biomax). The TMA used in this
study contained 48 cases of LUAD and matched adjacent normal lung tissue. IHC
staining of the TMA sections with antibodies against ATM and ATMIN was performed in
collaboration with Experimental Histopathology STP (Crick). The stained TMA sections
were carefully analysed and blindly scored on the basis of intensity of the staining and
percentage of positive staining (Figure 45). Analysis of normal lung tissues showed that
91% of cases had moderate (2) or high (3) scores, indicating abundant ATM expression
(Figure 45A). While only 1 out of 48 (2%) normal lung samples had no detectable ATM
protein, indicated by a negative score (0); 16 out of 48 (over 33%) LUAD cases showed
complete loss of ATM protein expression (Figure 45A). Akin to ATM, 90 % of normal lung
samples had abundant ATMIN expression, indicated by moderate or high scores, and
only 1 out of 48 (2%) sample showed complete loss of ATMIN expression. In LUAD,
ATMIN protein expression was lost in 5 out of 48 (~10%) cases; and a low ATMIN
expression was observed in 17% of biopsies (Figure 45B).

I then sought to evaluate the clinical outcome, associated with the loss or low levels of
ATM or ATMIN expression. To this effect, I analysed the survival of lung cancer patients
stratified by ATM or ATMIN expression. Survival analysis revealed that LUAD patients
with low ATM expression had a significantly reduced survival (median, 68.67 months)
compared to the patients with high ATM expression levels (median survival, 136.33
months) (Figure 46A). Akin to ATM, low ATMIN expression was associated with poor
prognosis (median survival of 63 months); whereas high ATMIN expression was
associated with increased survival (median, 125.77 months). In order to investigate
whether this trend in results could be extrapolated from other lung cancer types, I
expanded the analysis to pan-lung cancer and lung squamous cell carcinoma (LUSC)
patient cohorts. Lung cancer patients with low ATM or ATMIN expression also had a
reduced survival, albeit to a lesser extent than LUAD patients (Figure 46B). In stark
contrast to LUAD, there was no significant difference in overall survival of LUSC patients
stratified by ATM or ATMIN expression (Figure 46C).
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Figure 45 ATM and ATMIN expression in human LUAD.
A) Immunohistochemical staining (left panel) and quantification (right panel) of ATM
protein expression in human lung sections of tissue microarray (TMA). Left panel)
Representative images, illustrating the scoring of ATM immunohistochemistry on LUAD
and adjacent normal lung tissue. Right panel) Stacked bar chart illustrating quantification
of ATM protein expression in LUAD and adjacent normal tissue sections. B)
Immunohistochemical staining (left panel) and quantification (right panel) of ATMIN
protein expression in human lung sections of tissue microarray (TMA). Left panel)
Representative images, illustrating the scoring of ATMIN immunohistochemistry on
LUAD and adjacent normal lung tissue. B) Stacked bar chart illustrating the quantification
of ATMIN protein expression in LUAD and adjacent normal tissue sections. Antibody
optimisation and immunohistochemical staining was performed in collaboration with
Experimental Histopathology STP (Crick). 48 patient sets (LUAD + normal lung tissue)
were analysed. Visual scoring and computer-aided image analysis using StrataQuest
software (TissueGnostics) were utilised to assign scores, as follows: 0 (negative), 1
(weak), 2 (moderate) and 3 (strong). Scale bar, 50 µm. Statistical significance estimated
by Chi-square test.
To summarise, ATM and ATMIN, albeit to a lesser degree, were frequently lost in human
LUAD. Low expression of ATM and ATMIN correlated with a reduced survival period of
LUAD patients, and as such could be used as a prognostic marker in LUAD.
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Figure 46 Survival analysis in patients with lung adenocarcinoma stratified by
ATM and ATMIN expression.
Kaplan-Meier plots visualising the association between ATM (left panel) or ATMIN (left
panel) expression and survival. High and low expression groups are indicated in red and
blue colours, respectively. The analysis of publicly available transcriptomics and survival
data was performed using KM plotter and lung cancer microarray database (2015
release) (Gyorffy et al., 2013). Patient cohorts were divided into 2 groups (high and low)
based on the ATM (left panel) or ATMIN (right panel) gene expression and using a
median cut-off. HR – hazard ratio, represents the ratio of hazards between the 2 groups.
HR=1 (no difference); HR>1 (survival is higher in low expression group); HR<1 (survival
is lower in low expression group). Logrank p-value indicates statistical significance. A)
Survival analysis in LUAD patients (n = 720). B) Survival analysis in lung cancer patients
(n = 1963). C) Survival analysis in LUSC patients (n = 524).
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The role of oxidative DNA damage in

cancer
5.1 Introduction to the aim
Persistent and unrepaired oxidative DNA damage represents a major threat to genome
integrity, and as such has been implicated in the pathogenesis of neurodegenerative
diseases and cancer. Among oxidative DNA lesions, 8-oxoG is one of the most abundant
and well-characterised (Lindahl, 1993). Its accumulation in the DNA and mutagenic
potential is counteracted by GO-system (see 1.5.1). This consists of 3 DNA repair
enzymes in mammals: OGG1, which recognises 8-oxoG and initiates its excision;
MUTYH, which excises adenine mispaired with 8-oxoG; and MTH1, which eliminates
oxidised guanine from the free nucleotide pool (Barnes and Lindahl, 2004, Tsuzuki et al.,
2007).

Evidence from 8-oxoG repair-deficient GEMM models strongly suggests an important,
albeit functionally redundant, role for key GO-system components in tumour prevention.
Corroborated by genetic associated studies, it posits a causal role for oxidative DNA
damage in development of particular cancer types (including lung cancer and MUTYHassociated polyposis) (see 1.5.2). The possible mechanisms could involve 8-oxoGmediated-DNA mutagenesis, erroneous transcription, aberrant DNA methylation and
effects on gene expression resulting from 8-oxoG accumulation at the promoters or gene
bodies (see 1.5.1). These could ultimately lead to expression of constitutively active
oncogenes and silencing of tumour suppressors. However, the relative contribution of
these mechanisms and their downstream targets in different cancer types are unknown.
The investigation of these demands an analysis of cancer genomics and transcriptomics
data in the context of oxidative DNA damage landscape in cancer genomes. Since its
discovery in 1984, major efforts have been devoted to development of reliable 8-oxoG
detection techniques (see 1.5.3). Thus, HPLC-MS/MS and FPG assay provide accurate
measurement of global and locus-specific levels of oxidative DNA damage, respectively.
When the work on this thesis commenced, there was no reliable method allowing for
genome-wide analysis of 8-oxoG distribution. Hence, we aimed to develop a new
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technique, capable of mapping oxidative DNA damage at high-resolution and on a
genome-wide scale.

5.2 Genome-wide mapping of oxidative DNA damage
5.2.1

ODP-Seq: a technique for locating 8-oxoG in the genome

Given the absence of high-resolution genome-wide 8-oxoG detection methods, ODPSeq (OxoDNA Pull-down followed by next generation DNA Sequencing) was developed
by Dr Ralph Gruber, a postdoctoral fellow in our group, in a collaboration with Dr Anna
Poetsch, a postdoctoral fellow in the Luscombe group, who established a computational
pipeline for the analysis of raw generated data. This novel technique involves the
detection and enrichment of oxidised DNA fragments, followed by high-throughput DNA
sequencing and bioinformatics analyses, ultimately revealing the distribution of oxidative
DNA damage in the genome. Owing to the high resemblance of 8-oxoG to G, with only
a 2-atom difference between them, the detection of 8-oxoG represents a challenge. This
challenge is further heightened by the fact that steady-state levels of 8-oxoG in the
genome are low (see 1.5.1). Moreover, dsDNA itself is a poor immunogen, which further
prevents generation of highly specific 8-oxoG antibodies. Indeed, the commercially
available antibodies against 8-oxoG often display cross-reactivity with unmodified G in
the DNA, as well as 8-oxoG in the RNA. In contrast, 8-oxoG repair enzymes are highly
specific and selective. They are capable of discriminating between oxidised G and nonmodified bases to locate 8-oxoG in DNA. Furthermore, they detect 8-oxoG present
specifically in DNA, underpinned by the ability for OGG1 to only recognise 8-oxoG
present in a DNA duplex. OGG1 mediates rapid excision of 8-oxoG base from the DNA,
thus limiting its applicability for selective enrichment of oxidised DNA. Based on the
catalytic mechanism, Boiteux and colleagues identified the highly conserved residue
critical for catalytic activity, through mutating it in the yeast OGG1 (yOGG1). They
characterised the catalytic activity, DNA binding properties and affinity to oxidised DNA
substrate of the mutant yOGG1 proteins (Girard et al., 1997). Mutation of this highly
conserved lysine 241 to glutamine (K241Q), completely abolished both DNA glycosylase
and AP lyase catalytic activities of OGG1. Notably however, this mutation did not affect
the ability to recognise and selectively bind 8-oxoG-containing DNA (Guibourt et al.,
2000).
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In order to assess the feasibility of using catalytically-dead yOGG1 in ODP-Seq for
selective isolation and enrichment of 8-oxoG DNA, a recombinant GST-tagged OGG1
K241Q protein was produced by Dr Svend Kjaer (Structural biology STP, Crick), and
subsequently characterised for DNA binding affinity and selectivity by binding kinetics
experiments (Figure 47). As evident from the Octet sensograms catalytically dead OGG1
was capable of binding both oxidised and non-oxidised DNA duplexes (Figure 47A and
B). Importantly, its binding affinity to synthetic dsDNA oligo containing a single 8-oxoG
was almost 10 times higher than to the oligo lacking this modification (Figure 47C and
D). Furthermore, the off-rate dissociation constant was 35-fold lower for 8-oxoG
containing oligo compared to the unmodified oligo (Figure 47C), indicating slow
dissociation of yOGG1 K241Q mutant from 8-oxoG containing oligo.

Overall these results are consistent with the previous studies by the Boiteux group
(Guibourt et al., 2000, Girard et al., 1997) and suggest that the catalytically-dead mutant
of yOGG1 strongly and selectively binds to 8-oxoG containing dsDNA duplex, otherwise
quickly dissociating from the dsDNA that lack the modification. These properties, namely
the ability of K241Q OGG1 to make stable complexes with 8-oxoG containing DNA
duplexes underpins the specificity and selectivity of ODP-Seq (Figure 48A). In order to
confirm the feasibility of using recombinant GST-tagged K241Q OGG1 to selectively
enrich for oxidised DNA and optimise the conditions, ODP-Q-PCR was performed by
spiking fragmented synthetic dsDNA oligos containing two 8-oxoG (positive control) and
oligos, lacking these modification (negative control) (Figure 48B). The nucleotide
sequence of the oligos was carefully selected to avoid sequence similarity with human
DNA, with 5’ and 3’ ends of each oligo containing specific adaptor sequences that allow
for discrimination and efficient amplification during Q-PCR. After an extensive
optimisation of ODP protocol, performed by Dr Ralph Gruber, the optimal conditions
were identified resulting in approximately 5-fold enrichment of 8-oxoG containing dsDNA
oligo (Figure 48C). Given that 5-fold enrichment of a positive control region over a
negative control region achieved in ChIP-Q-PCR assays is generally considered to be
sufficient for successful ChIP-Seq (Kidder et al., 2011), 5-fold enrichment observed in
ODP-Q-PCR was considered sufficient for ODP-Seq. Overall, this technically validates
the sensitivity and selectivity of ODP and its ability to enrich for 8-oxoG containing DNA.
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Figure 47 The kinetic analysis of catalytically dead K241Q yOGG1 mutant binding
to unmodified and 8-oxoG containing synthetic dsDNA oligo.
Binding kinetics experiments were performed using streptavidin biosensors on Octet
instrument by Dr Svend Kjaer. A and B) Left: schematic illustration of synthetic
biotinylated dsDNA oligos used for kinetic analysis. Right: a raw data sensogram
showing real-time data acquisition for each step of a kinetic assay, indicated with
numbers on the top of the plot.1- Baseline: initial equilibration step in a binding buffer. 2
– Loading: incubation of streptavidin biosensors with biotinylated ds DNA oligos (used
at 20 nM concentration). 3 – Baseline: equilibration step in a buffer to wash away nonimmobilised oligos and establish baseline signals. 4 – Association: incubation of
biosensors (loaded with dsDNA oligos) with recombinant K241Q yOGG. 5 different
concentrations of recombinant protein were used with 2-fold serial dilutions from 16.8
µM. During this step the binding interaction between OGG1 and DNA oligo is measured
and used to calculate the on-rate constant. 5 – Dissociation: dipping of biosensors in the
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buffer that does not contain OGG1. This step allows to measure dissociation kinetics. A)
Sensogram for unmodified ds DNA oligo used as a ligand B) Sensogram for dsDNA
oligo, containing a single 8-oxoG as a ligand. C) Main kinetic parameters calculated from
global fitting of the 1:1 binding model of interaction, which assumes that 1 OGG1
molecule binds 1 dsDNA oligo, consistent with the crystal structure of OGG1. Kd –
equilibrium dissociation constant; kon – association rate constant (also known as on-rate
constant); koff – dissociation rate constant (also known as off-rate constant). The data in
the last row represents the ratio of the respective constants for modified and 8-oxoG
containing oligos. D) Formula for calculating Kd, representing the ratio of the on-rate kon
to the off-rate koff. Hence, Kd inversely correlates with the binding affinity. A smaller
dissociation constant (Kd) value indicates a tighter interaction and a higher affinity.
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Figure 48 ODP-Seq: a novel technique for measuring oxidative DNA damage
across the genome.
A) Schematic illustration of ODP-Seq technique. Genomic DNA is sheared by sonication
to the fragments of ~ 200 bp. The fragment size is important, as the average length of
the fragments determines the resolution of the ODP-Seq. Fragmented DNA is incubated
with recombinant GST-OGG1 K241Q, which specifically recognises and forms stable
complexes with 8-oxoG containing DNA fragments. The next step involves pull-down
with magnetic glutathione beads (that have high affinity to the GST-tag of recombinant
OGG1), leading to enrichment for DNA fragments containing 8-oxoG and discard of DNA
fragments without this oxidised base. The enriched DNA fragments are processed for
sequencing and the obtained sequencing reads are mapped to the genome. B)
Schematic illustration of the dsDNA oligos used for ODP optimisation and technical
validation. Each oligo is 240 bp in length and contains specific adaptors at either end
(indicated by blue or green colour), allowing for efficient amplification during Q-PCR.
8-oxoG:C – ds DNA oligo containing two 8-oxoG; G:C – unmodified ds DNA oligo. C)
Bar chart illustrating the results of ODP-Q-PCR with synthetic dsDNA oligos.
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ODP-Q-PCR was performed by Dr Ralph Gruber according to ODP-Seq protocol, except
that fragment size after sonication was 500 bp and enriched DNA was used as a template
for Q-PCR quantification using the primers specific to the adaptor sequences of the
oligos. The data is presented as enrichment relative to the input DNA samples. The
values are arithmetic mean of 3 technical replicates +/- SEM. The statistical significance
was evaluated using Student’s T-test.
5.2.2

Overview and optimisation of FPG assay

While ODP-Seq can be used to identify the regions with relatively high or low levels of
oxidative DNA damage (so called hot spots and cold spots for 8-oxoG) in the genome,
these results would need further confirmation using an independent and well established
8-oxoG detection technique. One of the techniques capable of measuring 8-oxoG levels
in different regions of interest in the genome is an FPG assay, also known as
Q-PCR-based quantification of FPG sensitive lesions (O'Callaghan et al., 2011). FPG
assay relies on the specificity of the bacterial DNA repair enzyme, FPG, to discriminate
between oxidised DNA bases and undamaged ones. As a bifunctional enzyme with both
DNA glycosylase and AP-lyase catalytic activities, FPG not only mediates the excision
of 8-oxoG base from the DNA duplex leaving an abasic site, but also catalyses DNA
strand incision both 5’ and 3’ of the abasic site (Bailly et al., 1989). This ultimately leads
to generation of SSB with one nucleotide gap in the DNA strand that harboured 8-oxoG.
Given that ssDNA is used as a template in Q-PCR reactions, PCR kinetics involving an
undamaged DNA template and extensively digested one are different. This notion is
employed in the FPG assay for the estimation of the oxidative DNA damage level across
different regions of interest in the genome (Figure 49A).
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Figure 49 Overview of FPG assay and its optimisation.
A) Schematic illustration of FPG assay. Treatment of DNA containing 8-oxoG with FPG
results in the release of the damaged base and generation of single nucleotide gap. This
impairs amplification across the locus containing oxidative DNA damage, and ultimately
reduces the amount of PCR product. Given that FPG cleaves only the DNA strand
containing the DNA modification, the undamaged strand in this region will still be able to
serve as a template during Q-PCR. The amplification across the undamaged region
proceeds normally. In a mock-treated sample, DNA from both undamaged locus and the
region containing 8-oxoG can be effectively amplified, as 8-oxoG does not interfere with
DNA polymerases. Q-PCR-based quantification using locus specific primers in
FPG-treated and mock-treated samples generates different amplification profiles for
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8-oxoG containing locus. Based on these, the percentage of intact DNA or the level of
oxidative DNA damage can be calculated, using the change in threshold cycle (Ct)
between Ct values of FPG-treated and mock samples. B) The summary of conditions
tested during the optimisation of FPG assay with optimal conditions highlighted in blue.
Using FPG assay, Fenech and colleagues demonstrated that telomeric DNA
accumulates higher levels of 8-oxoG than an amplicon within the 36B4 gene on
chromosome 12 (O'Callaghan et al., 2011). This further demonstrates the potential of
the FPG assay as an independent validation method for ODP-Seq results. However,
given that FPG assay is indirect and measures the number of SSB rather than 8-oxoG
itself, the accuracy and reliability of 8-oxoG detection entirely depends on the specificity
and catalytic efficiency of FPG. After extensive optimisation and troubleshooting,
conditions were identified that allowed for complete excision of 8-oxoG, without
extensive non-specific cleavage of undamaged DNA, thus accurate quantification by
Q-PCR (Figure 49B).

In order to assess the feasibility of using FPG assay for validation of the ODP-Seq results,
I evaluated the sensitivity and accuracy of 8-oxoG detection by FPG assay using
synthetic dsDNA oligos, spiked into the genomic DNA (Figure 50). A set of two dsDNA
oligos were used, in which one oligo contained two 8-oxoG in one strand of the DNA
duplex and the other oligo was unmodified, representing the positive and negative
controls for the assay, respectively (Figure 50A). Q-PCR-based quantification of
FPG-sensitive lesions revealed a very low level of oxidative DNA damage in the
unmodified oligo (2–3%), as expected for the negative control. At the same time, the
level of oxidative DNA damage in the positive control was underestimated with an
average measurement of 45% (Figure 50B). This is likely to result from the ability of the
unmodified strand in the 8-oxoG containing oligo to serve as a template for Q-PCR
reaction. To allow for strand-specific PCR amplification, ssDNA oligos with distinct
adaptor sequences were annealed to generate dsDNA oligos. Two different types of
ds-DNA

oligos

were

generated:

8-oxoG-A:Y

and

8-oxoG-Y:A,

where

the

8-oxoG-containing template can be amplified using the primers specific to adaptor
sequences A or Y, respectively (Figure 50C). In this way, Q-PCR-based quantification
of oxidative DNA damage level in the 8-oxoG containing template after FPG treatment
directly reflects the accuracy and catalytic efficiency of FPG enzyme.
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Figure 50 Technical validation of FPG assay using synthetic dsDNA oligos.
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A) Schematic illustration of dsDNA oligo set used for FPG assay. Each oligo is 240 bp
in length and contains specific adaptor sequences at either end (indicated by blue or
green colour). 8-oxoG-A + Y – a set of 2 oligos, where dsDNA oligo with adaptor
sequences A contains two 8-oxoG and dsDNA oligo Y is unmodified. 8-oxoG-Y + A – a
set of 2 oligos, where dsDNA oligo with adaptor sequences Y contains two 8-oxoG and
dsDNA oligo A is unmodified. B). Bar chart illustrating the results of FPG assay with
synthetic dsDNA oligos depicted in A. C) Schematic illustration of dsDNA oligos used for
FPG assay. Each oligo is 240 bp in length and has strand-specific adaptor sequences
at either end (indicated by blue or green colour). 8-oxoG-A:Y – dsDNA oligo, where
8-oxoG containing strand has adaptor sequences A and the strand with adaptor
sequences Y is unmodified. 8-oxoG-Y:A – dsDNA oligo, where 8-oxoG containing strand
has adaptor sequences Y and the strand with adaptor sequences A is unmodified. D)
Bar chart illustrating the results of FPG assay with synthetic dsDNA oligo depicted in C.
B and D) Oxidative DNA damage level was calculated according to the following formula
(1-2^(Ct(FPG) – Ct(mock))*100. The values are arithmetic mean of 3 technical replicates
+/- SEM. The statistical significance was evaluated using Student’s T-test.
Two different primer sets were used to ensure that PCR amplification efficiency reflects
the integrity of the DNA template, rather than the primer efficiency. In both cases, the
oxidative DNA damage level of the 8-oxoG-containing strand was calculated to be 99%;
whereas that of the unmodified strand in the oligo ranged from 0 to 9%, depending on
the primer set used (Figure 50D). Overall, these results indicate that optimised FPG
assay allows for specific and accurate measurement of oxidative DNA damage in the
DNA sequences of interest and could be employed for independent validation of ODPSeq results.
5.2.3

Artefactual DNA oxidation during DNA sonication

The integral step of ODP-Seq involves fragmentation of genomic DNA by acoustic
sonication. It is of particular importance as the average length of DNA fragments
generated during this step determines the resolution of the ODP-Seq technique.
Simultaneously however, ultrasonic shearing of DNA induces artefactual DNA oxidation
and generation of 8-oxoG (Chen et al., 2017). This oxidative DNA damage is a known
source of artefactual mutations in next-generation sequencing data, however these
artefacts can be readily filtered out using bioinformatics methods, specifically designed
for this purpose (Costello et al., 2013). Given that DNA sonication precedes the detection
and enrichment for 8-oxoG-containing DNA by recombinant GST-OGG1-K241Q,
artefactual DNA oxidation presents a major problem for the accuracy of ODP-Seq. This
is further heightened by the fact that steady-state levels of 8-oxoG in the genome are
low (only ~1 – 10 per million nucleotides) (Gedik et al., 2005, Beckman et al., 2000).
196

Chapter 5. Results

Thus, artefactual generation of 8-oxoG can easily mask the distribution of endogenously
generated 8-oxoG in the genome and has to be avoided. Addition of an antioxidant can
prevent artefactual DNA oxidation. To confirm this, we compared the 8-oxoG levels in
control samples (genomic DNA prior to sonication) and the DNA samples that underwent
acoustic sonication with or without Tempol. Tempol (also known as 4-hydroxy-tempo) is
a ROS scavenger and is widely used as an antioxidant both in vitro and in vivo (Laight
et al., 1997, Mitchell et al., 1990). Total 8-oxoG levels were determined using 2
independent detection methods: HPLC-MS/MS and ELISA, performed in the laboratory
of Dr Aswin Mangerich (Universität Konstanz), and by Dr Ralph Gruber, respectively.
The results of HPLC-MS/MS analysis, that combines HPLC separation of digested DNA
with MS-based detection of 8-oxoG, were as follows (Figure 51A). The level of oxidative
DNA damage in the control sample was, on average, 3 8-oxoG per million nucleotides,
consistent with the other reports in the literature (Gedik et al., 2005, Beckman et al.,
2000). As expected, DNA sonication in the absence of antioxidants led to a significant
increase in the 8-oxoG level, with 29 8-oxoG per million of nucleotides; whereas DNA
fragmentation in the presence of Tempol did not have a significant effect on total 8-oxoG
level, when compared to control DNA samples. In stark contrast, ELISA-based
quantification revealed no statistically significant difference in total 8-oxoG levels
between samples (Figure 51B). It is unclear why the two detection techniques gave
different results. Given that ELISA relies on the antibody specificity for 8-oxoG detection
and that 8-oxoG antibodies are known to have cross-reactivity with guanine (Yin et al.,
1995), it is most likely that HPLC-MS/MS measurements are more reliable data. This
method showed that addition of an antioxidant Tempol prevented artefactual DNA
oxidation during DNA sonication. As these DNA fragmentation conditions are used in the
ODP-Seq, its detection accuracy should not be compromised by oxidation artefacts.
Alongside this, the samples can be used for further validation of ODP-Seq/ODP-Q-PCR
and FPG assay, as a positive control (DNA subjected to sonication in the absence of
antioxidants) and a negative control (DNA samples that underwent sonication in the
presence of Tempol). Consistent with HPLC-MS/MS measurements, both techniques
showed significantly higher levels of oxidative DNA damage in the DNA samples
subjected to sonication in the absence of any antioxidants (Figure 51C–D). These results
further confirm the accuracy and sensitivity of ODP-Seq and FPG assay in 8-oxoG
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detection in the genomic DNA and corroborate the technical validation with synthetic 8oxoG oligos.

Figure 51 Tempol prevents artefactual DNA oxidation during DNA sonication.
Genomic DNA was isolated under conditions to avoid oxidation artefacts (see 2.2.4.2).
It was used directly for 8-oxoG detection (Control) or, prior to detection, subjected to
fragmentation using Covaris focused ultrasonic technology in the presence of Tempol
(Sonication + Tempol) or without any antioxidants (Sonication). A) Bar chart illustrating
198

Chapter 5. Results

8-oxoG levels in the DNA samples, quantified using HPLC-MS/MS. HPLC-MS/MS
measurements were performed in the laboratory of Dr Aswin Mangerich. The values are
arithmetic mean of 5 replicates +/- SEM. The statistical significance was evaluated using
Student’s T-test. B) Bar chart illustrating 8-oxoG levels in the DNA samples, measured
using ELISA immunoassay with 8-oxoG antibody. The experiment was performed by Dr
Ralph Gruber. C) Bar chart illustrating the results of ODP-Q-PCR with the DNA samples
described above. The data is presented as enrichment relative to the input DNA samples.
GST – pull-down with GST (negative control). OGG1-GST – pull-down with
GST-OGG1-K241Q. D) Bar chart illustrating oxidative DNA damage level within the
amplicon in 36B4 gene, as determined by FPG assay. B), C) and D) The values are
arithmetic mean of 3 replicates +/- SEM. The statistical significance was evaluated using
Student’s T-test.

5.2.4

The landscape of oxidative DNA damage

Following extensive optimisation and successful technical quality control, we performed
genome-wide mapping of oxidative DNA damage using ODP-Seq. ODP was done by Dr
Ralph Gruber, library preparation and sequencing was carried out in the Advanced
Sequencing STP (Crick) and the alignment of sequencing data to the genome and
downstream bioinformatics analysis was performed by Dr Anna Poetsch (Luscombe
group). As evident from the alignment of sequencing data to the genome, the distribution
of 8-oxoG demonstrated broad areas of enrichment in ODP-Seq samples with low signal
to noise ratio (Figure 52A). Hence, the existing peak calling algorithms, widely used for
ChIP-Seq data processing and analysis, could not be used to reliably examine 8-oxoG
data. To overcome this, an algorithm based on the negative binomial distribution to
model sequencing data and account for variation in the background noise was developed
and used for ODP-Seq analysis. Given that the steady-state levels of 8-oxoG in the
genome are low, we treated the cells with sub-lethal doses of H2O2 to induce oxidative
DNA damage (Figure 52B). H2O2 is a known source of ROS and has been shown to
induce 8-oxoG formation in the genome (Henle and Linn, 1997, O'Callaghan et al., 2011).
To further increase the levels of 8-oxoG in the genome, we combined this treatment with
inhibition of ATM kinase activity (H2O2 + ATMi). This experimental approach was chosen
based on the well-established roles of ATM and its downstream signalling in the cellular
protection against oxidative stress (see 1.2.5).
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Figure 52 Accumulation of oxidative DNA damage in heterochromatin and
repetitive elements.
A) Genome browser view illustrating the 8-oxoG levels in a 157 kb locus on a
chromosome 8, generated as a snapshot from IGV (integrative genomic viewer). The
underlying analysis was performed by Dr Anna Poetsch. Input – fragmented DNA, used
as an Input for ODP-Seq. ODP – ODP-Seq DNA samples. Raw reads –sequencing reads
aligned to a reference genome. Smoothed – smoothed density signal, generated by
binning the genome into intervals and counting number of sequencing reads within the
interval. Log2FC – log 2 Fold Change of ODP-Seq signal versus the Input signal. -log p
– negative log p-value (from a binomial test of statistical significance). LINE – annotations
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for the repetitive elements from LINE family. RefSeq – Reference Sequence gene
annotations. B) An overview of the experimental system used in ODP-Seq. HEK293 cells
were grown at low oxygen (3% O2) conditions (Control sample); treated with sub-lethal
dose of H2O2 for 1 hour (H2O2) or with ATM inhibitor for 24 hours (ATMi) or with both
(H2O2 + ATMi). Immediately after the treatment, the cells were harvested and genomic
DNA was isolated under conditions to avoid artefactual DNA oxidation and used in ODPSeq. C) Stacked bar chart illustrating the distribution of oxidative DNA damage across
specific genomic regions. Functional annotation was performed by Dr Anna Poetsch.
CNV – copy number variations.
Genome-wide analysis of 8-oxoG distribution revealed low damage levels at the gene
promoters and preferential accumulation of oxidative DNA damage in heterochromatin
and repetitive elements (Figure 52C). Within the latter, LINE1 elements were of particular
interest (Figure 53A). LINE1, also known as L1 (Long Interspersed Nuclear Elements 1),
are retrotransoposons and comprise approximately 20% of human genome (Lander et
al., 2001). The majority of LINE1 elements have mutations and truncations in one or both
ORFs (open reading frames) making them incapable of retrotransposition; that is
insertion of extra copies of themselves in the genome via a so-called “copy and paste”
mechanism. LINE1-HS (LINE1 – Homo Sapiens) are the only members of the LINE1
family that have intact ORFs, are retrotransposition-competent and active in the human
genome (Brouha et al., 2003, Giordano et al., 2007). Not only did LINE1-HS accumulate
high levels of 8-oxoG, but the level of oxidative DNA damage was dependent on the
ATM status in the cells (Figure 53B). ATM inhibition led to a significant increase in the
8-oxoG levels in LINE1-HS retrotransposons, which was further enhanced when in
combination with H2O2 treatment.

I next thought to validate these interesting results and used FPG assay to specifically
assess 8-oxoG levels in the LINE1-HS elements. Two different amplicons,
corresponding to the different 8-oxoG peaks within the metaprofile of LINE1-HS
elements, were used for the analysis, along with a positive control (telomeric repeats)
and a negative control (an amplicon of 36B4 gene) (Figure 53B). Consistent with the
study by Fenech and colleagues, the level of oxidative DNA damage was significantly
higher in telomeres than in the 36B4 amplicon (O'Callaghan et al., 2011). Similarly, the
level of oxidative DNA damage in LINE1 elements was significantly higher than that of
36B4, corroborating the ODP-Seq results (Figure 53C). Furthermore, the difference
between estimated damage levels in these two LINE1 amplicons was consistent with the
metaprofile of 8-oxoG distribution, with LINE1-1 amplicon, at the 5’-UTR of LINE1
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element, showing lower oxidative DNA damage level than LINE1-2 amplicon. There was
no statistically significant difference in oxidative DNA damage levels between the
samples under different treatment conditions. The only exception was a mild increase
(ranging from 1.4 to 1.8-fold) in 8-oxoG levels in LINE1 elements upon combined
treatment (H2O2 + ATMi) in comparison to control sample. This slight increase was only
about statistically significant and only for one of the amplicons. Although the primers
used in FPG assay were designed specifically to the LINE1-HS element; the repetitive
nature of LINE1 elements and high sequence similarity between different family
members, left the possibility that other LINE1 elements were also amplified (Giordano et
al., 2007). The LINE1-HS element belongs to the LINE1-PA family, which is specific for
primates. It is further subdivided into subfamilies, wherein the numerical value reflects
relative evolutionary age (for instance LINE1-PA2 retrotransposons are younger than
LINE1-PA8) (Boissinot and Furano, 2001). Dr Anna Poetsch quantified the level of
oxidative DNA damage among LINE1-PA subfamilies of different evolutionary age
(Figure 54A). Notably, while no correlation between oxidative DNA damage and
evolutionary age of LINE1 elements was observed in control samples; upon sole ATM
inhibition or in combination with H2O2, oxidative DNA damage level inversely correlated
with the evolutionary age of LINE1 subfamilies. Under these conditions, the highest
oxidative DNA damage level was observed in the evolutionarily youngest subfamilies,
LINE1-HS and LINE1-PA2 (Figure 54B).

Overall, the first ODP-Seq experiment revealed uneven distribution of 8-oxoG in the
genome, with preferential accumulation of oxidative DNA damage in heterochromatin
and repetitive regions, including LINE1 retrotransposons. Inhibition of ATM kinase led to
heightened accumulation of the damage in recently evolved LINE1 elements, with the
highest 8-oxoG level observed in LINE1-HS subfamily, of which elements are still active
in the human genome.
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Figure 53 The level of oxidative DNA damage in LINE1 elements.
A) Schematic illustration of the composition of LINE1 elements. LINE elements are 6 kb
in length and contain a promoter for RNA polymerase II in their 5’UTR, followed by two
open reading frames (ORF1 and ORF2), which encode proteins essential for
retrotransposition, and a 3’-UTR that ends in a poly(A)-tail. % GC - GC in 5-base
windows across the LINE1 element. The scale of Y axis is from 30 to 70%. GC content
distribution was obtained from the USCS genome browser. 5 – 5’-UTR; 3’ – 3’-UTR; pA
– poly(A) tail. B) Metaprofiles of 8-oxoG distribution across the LINE1-HS elements
(n=331). Metaprofiles were compiled as a mean of normalised read depth over the
LINE1-HS element by Dr Anna Poetsch. C) Bar chart illustrating oxidative DNA damage
level within the amplicons in telomeric repeats, 36B4 gene and 2 amplicons within the
LINE1 elements, as determined by FPG assay. The location of amplicons within the
LINE1 element is indicated by double-headed arrows in B). Validation of ODP-Seq
results using FPG assay was performed in technical triplicates of 3 biological replicates.
The statistical significance was evaluated using Student’s T-test. Pairwise comparisons
are indicated by horizontal line colour coded accordingly.
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Figure 54 Accumulation of oxidative DNA damage in recently evolved LINE1
elements upon ATM deficiency.
A) Box plots illustrating oxidative DNA damage level in different subfamilies of LINE1
elements, grouped in accordance with their evolutionary age. The data is presented as
Log2FC (log 2 Fold Change) of ODP-Seq signal versus the Input signal. Error bars show
standard error of mean (SEM) across the elements within the subfamily. TSS –
transcription start site; bp – base pair. B) Metaprofiles of 8-oxoG distribution across the
LINE1 elements from new (LINE1-PA2) or older (LINE1-PA8) subfamilies. n – indicates
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the number of LINE elements within the subfamily. The underlying data analysis was
performed by Dr Anna Poetsch.

5.2.5

Search for optimal conditions to induce oxidative DNA damage

One of the unexpected results of the pilot ODP-Seq experiment and FPG assay was the
similarity of oxidative DNA damage levels in control samples and upon different
treatment conditions (Figure 53C). In order to investigate whether the treatment
conditions used truly induced accumulation of oxidative DNA damage in the genome,
HPLC-MS/MS quantification of 8-oxoG levels was performed in the laboratory of Dr
Aswin Mangerich. Interestingly, rather than increasing the global level of oxidative DNA
damage, combined treatment (H2O2 + ATMi) slightly decreased it (Figure 55A). Although
not statistically significant, this decrease clearly indicates that these treatment conditions
are not suitable for oxidative DNA damage induction. Hence, I thought to identify the
optimal conditions for oxidative DNA damage. The ideal approach would involve the
HPLC-MS/MS-based quantification of total levels of 8-oxoG levels in the DNA samples
of interest. Although being the most accurate, this approach requires large quantities of
DNA for analysis and involves elaborate sample preparation and processing, which
hampers its application for screening purposes. In addition, HPLC-MS/MS equipment
calibrated for 8-oxoG detection was not readily available. Hence an alternative approach
was used, which involved Q-PCR-based quantification of FPG-sensitive lesions in the
telomeric repeats and 36B4 amplicon. Based on preliminary observations of variation in
the oxidative DNA damage level across control DNA samples (Figure 55A), FPG assay
was performed with DNA samples isolated from early and late passage cells. Notably,
the cells from prolonged cultures under atmospheric oxygen conditions had increased
levels of oxidative DNA damage compared to the early passage cells (Figure 55B). The
observed increase ranged from 1.6-fold to 13-fold, depending on the genomic locus
analysed. Although prolonged culture led to accumulation of oxidative DNA damage in
the genome, this could also increase the genetic and epigenetic instability of cells, and
as such does not represent a suitable biological system to map genome-wide distribution
of oxidative DNA damage. A suitable approach would require an acute induction of
oxidative DNA damage. Given that treatment with sub-lethal H2O2 concentrations did not
induce significant levels of oxidative DNA damage (Figure 54C), we hypothesised that
this observation could potentially reflect efficient 8-oxoG repair mechanisms in operation.
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To overcome this, I performed cellular treatment with H2O2 on ice; the rationale being
that 8-oxoG excision from the DNA is catalysed by DNA repair enzyme (OGG1), which
would require enzymatically optimal temperature conditions (Andreoli et al., 1999). Low
temperature should slow down 8-oxoG repair, ultimately leading to accumulation of
oxidative DNA damage. However, this FPG assay showed no overall increase in
oxidative DNA damage in DNA samples from H2O2-treated samples (Figure 55C). It is
well established that 8-oxoG is even more susceptible to oxidation than its parental
guanine, leading to the formation of 8-oxoG oxidative products, including diastereomeric
spiroiminodihyadantoin and 5-guanidinohydantoin (Shafirovich and Geacintov, 2017). It
is therefore possible, that 8-oxoG-generated upon H2O2 treatment is rapidly converted
into 8-oxoG oxidative products, that cannot be detected by FPG enzyme.

I then decided to test other pro-oxidants (chemicals that induce oxidative stress) and
assess their ability to induce 8-oxoG formation in our experimental system. SIN1 (3morpholinosydnonimine) simultaneously generates two different ROS (nitric oxide and
superoxide) and has been shown to induce 8-oxoG accumulation in the DNA (Inoue and
Kawanishi, 1995), (Muller et al., 2013). However, treatment of cells with SIN1 for one
hour did not induce oxidative DNA damage (Figure 55D), as determined by FPG-based
quantification of FPG-sensitive lesions. Last, I tested potassium bromate, a potent prooxidant, that has been shown to increase 8-oxoG levels in DNA both in vitro and in vivo
(Amouroux et al., 2010, Arai et al., 2006). Using FPG assay, I was able to demonstrate
that treatment of cells with potassium bromate led to a statistically significant increase
(ranging from 1.9 to 6-fold) in oxidative DNA damage level in comparison with control
cells (Figure 55E). To summarise, potassium bromate (KBrO3) can be effectively used
for acute induction of oxidative DNA damage in cell culture.
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Figure 55 Examination of conditions to induce oxidative DNA damage.
A) Bar chart illustrating 8-oxoG levels in the DNA samples, quantified using HPLCMS/MS. Cells were grown at low oxygen (3% O2) conditions (Control sample) or treated
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with ATM inhibitor for 24 hours and with a sub-lethal dose of H2O2 for 1 hour
(H2O2+ATMi). Immediately after the treatment, the cells were harvested and genomic
DNA was isolated under conditions to avoid artefactual DNA oxidation and used for
analysis. HPLC-MS/MS measurements were performed in the laboratory of Dr Aswin
Mangerich. B-E) Bar chart illustrating oxidative DNA damage level within the amplicons
in telomeric repeats and 36B4 gene, as determined by FPG assay. The values are
arithmetic mean of technical triplicates of 3 biological replicates +/- SEM. The statistical
significance was evaluated using Student’s T-test B) Genomic DNA was isolated from
early passage HEK293 cells or after 1 month in culture under atmospheric oxygen
conditions (late passage). C) HEK293 cells were grown at low oxygen (3% O2) conditions
and transferred to ice prior to harvest (Control sample) or treated on ice with sub-lethal
dose of H2O2 for 10 minutes or 1 hour. Immediately after the treatment, cells were
harvested and genomic DNA was isolated under conditions to avoid artefactual DNA
oxidation and used for analysis. D) Genomic DNA isolated from control cells or cells
treated with SIN1 for 1 hour was used for FPG assay. E) Genomic DNA isolated from
control cells or cells treated with potassium bromate (KBrO3) for 1 hour was used for
FPG assay.
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5.3 Oxidative DNA damage-induced tumorigenesis in repair
deficient mice
5.3.1

Urethane-induced lung tumorigenesis

ODP-Seq could be instrumental for research into the role of oxidative DNA damage in
cancer initiation and progression. Indeed, genome-wide analysis of 8-oxoG distribution
in tumours and corresponding normal tissues could reveal the landscape of oxidative
DNA damage in cancer genomes. The comparison and correlation of the latter to somatic
mutation data may decipher how 8-oxoG accumulation contributes to the mutational
landscape of different cancer types, providing direct evidence linking 8-oxoG to cancer.
While the ultimate aim would involve pan-cancer analysis of multiple human samples
from different cancer types, this approach would first need to be validated in a simple
biological system.

Animals deficient in 8-oxoG repair represent a good experimental model to study the role
of oxidative DNA damage in cancer. Utilising the Mutyh/Ogg1 double knock-out mouse
model was justified considering that deficiency in a single component of the GO-system
confers, at most, only a minor increase in cancer incidence, and that Mth1 loss was
shown to suppress lung carcinogenesis, only when associated with the absence of Ogg1
(Sakumi et al., 2003). Mutyh-/-Ogg1-/- mice are characterised by significant ageassociated accumulation of 8-oxoG in the small intestine and lungs, elevated frequency
of spontaneous mutations and increased cancer incidence, with 34.3% of mice
developing lung tumours after 12 months of age (Russo et al., 2004, Xie et al., 2004b).
Given the long latency and variable penetrance of lung tumours in Mutyh-/-Ogg1-/- mice,
I aimed to accelerate the tumorigenesis in this mouse model. To this end, I used urethane
(also known as ethyl carbamate), a tobacco smoke component and a known lung
carcinogen (Scherer et al., 1986). Urethane administration via intraperitoneal route has
been demonstrated to induce lung lesions resembling bronchiolar-alveolar adenomas of
human LUAD (Gurley et al., 2015). At the DNA level, urethane is renowned for the ability
of its metabolic intermediates to induce generation of bulky guanine adducts (Barbin,
1998). Cigarette smoke and urethane metabolites have also been reported to induce
formation of 8-oxoG, albeit at low concentrations, implying that oxidative DNA damage
may play a role in urethane-induced carcinogenesis (Kiyosawa et al., 1990, Sakano et
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al., 2002). In order to address this hypothesis, I compared the incidence and multiplicity
of lung tumours in Wt and Mutyh-/- Ogg1-/- mice at 4 months after a single intraperitoneal
injection of urethane (Figure 56A). In a pilot experiment, only 1 out 4 Wt mice developed
lung lesions, with only a single lesion per mouse observed (Figure 56B-D). Notably, no
lung tumours were detected in Mutyh-/-Ogg1-/- mice (Figure 56B-D).

Figure 56 Mutyh-/- Ogg1-/- mice are not susceptible to urethane-induced
carcinogenesis.
A) Schematic representation of the experimental approach. 7-8-week old mice were
used for the experiment. Experimental mice were intraperitoneally injected with urethane
(1mg/g of body weight), whereas control mice were intraperitoneally injected with vehicle
(PBS). After a 4 month latency period, mice were culled and lungs analysed. B) Summary
of the experimental results, with rows and columns representing the genotype and
treatment groups, respectively. Data presented as a number of mice with lung lesions
out of the number of mice analysed. C) Representative lung tissue sections stained with
H&E. Scale bar represents 1000 µm. D) High magnification of the region of interest
illustrated by a black dotted square in (C). Scale bar represents 50 µm.
The mice used for the experiment had a mixed genetic background of 2 inbred strains:
C57/BL6 and 129. This is likely to explain the low incidence of lung tumours observed,
as C57/BL6 mouse strain is known to be almost completely resistant to urethane-induced
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tumorigenesis (Meuwissen and Berns, 2005). To summarise, Mutyh-/- Ogg1-/- mice on a
mixed genetic background of resistant C57/BL6 and sensitive 129 strains were not
susceptible to urethane-induced lung tumorigenesis.
5.3.2

Potassium bromate-induced intestinal tumorigenesis

Mutyh-/-Ogg1-/- mice are cancer-prone and show age-dependent accumulation of 8-oxoG
in particular organs, including small intestine. In addition to lymphomas, lung and ovarian
tumours, these mice also develop gastrointestinal tumours, albeit with a low penetrance
and a long latency period (Xie et al., 2004b, Russo et al., 2004). In order to accelerate
intestinal tumorigenesis, I thought to subject Mutyh-/-Ogg1-/- mice to oxidative stress
challenge. Chronic oxidative stress upon continuous provision of potassium bromate
(KBrO3) in drinking water has been shown to induce small intestinal tumours in the
Mutyh-/- mice, but not in Wt or Ogg1-/- mice (Sakamoto et al., 2007, Arai et al., 2006). At
the molecular level, potassium bromate (when provided in drinking water) leads to DNA
oxidation and accumulation of 8-oxoG (Kasai et al., 1987), and thus represents a good
experimental system to study oxidative DNA damage-induced tumorigenesis. I subjected
Wt, Mutyh/Ogg1 double knock-out and respective single knock-out mice to chronic
oxidative stress upon provision of potassium bromate for drinking ad libitum for 4 months
(Figure 57A). At the same time, 3 mice of each genotype were kept under the same
conditions, but received normal drinking water (a control group). In line with the known
toxicity of KBrO3 (DeAngelo et al., 1998), potassium bromate treatment led to an overall
slowdown in body weight growth of experimental mice, in comparison to the control group,
receiving drinking water (Figure 57 B and C). In Mutyh/Ogg1 double knock-out mice,
potassium bromate treatment led to a significant body weight loss (Figure 57B),
indicative of an increased susceptibility to chronic oxidative stress. In line with this, 3 out
of 10 Mutyh-/-Ogg1-/- mice had to be culled prior to the pre-defined experimental endpoint due to a weight loss of greater than 20% (Figure 58A).
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Figure 57 Body weight change in the mice of different genotypes in response to
administration of potassium bromate.
A) Schematic representation of the experimental approach. 7-8-week old mice were
used for the experiment. Experimental mice were provided with potassium bromate
dissolved in drinking water for drinking ad libitum during the experiment, whereas the
control group of the mice received normal drinking water. Given the toxicity of potassium
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bromate (with side effects including weight loss), it was briefly replaced with normal
water. Red arrows and black arrows represent provision of potassium bromate and
normal water, respectively, and indicate the time point during the experiment. After 16
weeks the mice were culled, tissues collected and analysed. B) and C) Changes of body
weight of experimental (B) and control (C) mice during the experiment. Data are
presented as percentage relative to the body weight at the start of the experiment, which
is set as 100%. Dashed line indicates the critical weight loss, according to Home office
guidelines. At least 3 mice per genotype were monitored. Data are plotted as mean and
error bars represent standard error of mean (SEM).
Neither Wt nor Ogg1-/- mice that were receiving potassium bromate, had any polyps
(intestinal epithelial neoplasms) in the small intestine (Figure 58B–C), corroborating the
published observations (Arai et al., 2006). Unexpectedly, the incidence of intestinal
tumours in Mutyh-/- mice was very low, with only one out of 5 Mutyh-/- mice analysed
harbouring a single lesion in the small intestine (Figure 58B-C). This was in contrast with
the initial findings by Tsuzuki and colleagues, who observed intestinal polyps in all of the
Mutyh-/- mice analysed under these treatment conditions, with the number of polyps per
animal ranging from 23 to 111 (Sakamoto et al., 2007). This discrepancy is likely to stem
from the different genetic background and the health status of the mice used for the
experiment; wherein contribution of these factors towards the susceptibility to intestinal
carcinogenesis is reflected in the incidence and multiplicity of intestinal tumours.
Importantly, Mutyh/Ogg1 double knock-out mice not only developed tumours in the small
intestine, but also had dramatically increased tumour burden in comparison to Mutyh-/mice (Figure 58B-C). This suggests that MUTYH and OGG1 cooperate in suppressing
oxidative stress-induced intestinal tumorigenesis. Careful analysis of the anatomical
distribution of lesions revealed the prevalence of tumours in the proximal segments of
small intestine: duodenum and upper region of jejunum (Figure 58D). Apart from
intestinal polyps, administration of potassium bromate did not induce tumours in other
organs of Mutyh/Ogg1 double knock-out mice. To summarise, Mutyh-/-Ogg1-/- mice are
highly susceptible to oxidative DNA damage-induced tumorigenesis and develop
multiple polyps in the small intestine. This experimental system could be used to study
the role of oxidative DNA damage in cancer.
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Figure 58 Mutyh-/- Ogg1-/- mice are highly susceptible to potassium bromateinduced carcinogenesis.
A) Survival analysis. Kaplan-Meier curve for 6 Wt mice (dashed black), 7 Mutyh-/- mice
(blue), 6 Ogg1-/- mice (green) and 10 Mutyh-/-Ogg1-/- mice (red), provided with potassium
bromate in drinking water for drinking ad libitum for 16 weeks. Mice were euthanized
upon observation of deteriorating health conditions or more than 20% body weight loss.
B) Number of lesions (polyps) in the small intestine of the mice of the indicated genotype.
Each dot represents one mouse, mean is indicated by black horizontal line. Averaged
values were analysed with the Mann-Whitney U non-parametric test to assess for
statistical significance. ns – non-significant. C) Representative images of small intestine
sections, stained with H&E, illustrating normal intestinal architecture (for Wt and Ogg1-/mice) and intestinal polyps (for Mutyh-/- and Mutyh-/- Ogg1-/- mice). Scale bar represents
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500 µm. D) Anatomical distribution of the polyps in the small intestine of Mutyh-/- Ogg1-/mice. “Swiss rolls” of proximal (Sb1), median(Sb2) and distal (Sb3) segments of small
intestine. Polyps are indicated with black dotted outlines. Scale bar represents 2000µm.
Sb – small bowel.
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Discussion

6.1 The role of ATMIN in regulating ATM signalling
6.1.1

The lessons from initial characterisation of AtminK238R/K238R mice

ATM kinase is a crucial guardian of genome integrity and orchestrates the cellular
response to DSBs, oxidative and replication stress. ATM activation and recruitment to
sites of DNA damage is mediated by its cofactors: NBS1 (as a part of MRN complex)
and ATMIN, which direct canonical and non-canonical ATM signalling, respectively.
Emerging evidence suggests that ATMIN not only mediates non-canonical ATM
signalling, but also plays a role in the regulation of canonical ATM signalling (Zhang et
al., 2014b). In this study, I introduced AtminK238R/K238R mouse model, which was
generated using CRISPR/Cas9-mediated gene editing. The K238R mutation abrogates
IR-induced ubiquitination of ATMIN and hence, prevents ATMIN dissociation from ATM
(Zhang et al., 2014b). The initial characterisation of AtminK238R/K238R mice revealed that
ATMIN K238R expression at physiological levels was sufficient to block ATM signalling
in response to IR-induced DSBs (Figure 20). This highlights a functional importance of
ATMIN ubiquitination for effective IR-induced ATM signalling and further corroborates
the cofactor competition model; whereby ATMIN and NBS1 (as a part of MRN complex)
compete for ATM binding, thereby orchestrating the choice of downstream signalling
pathway. Despite impaired DSB-induced ATM signalling, AtminK238R/K238R were viable,
fertile and had no overt survival or cancer phenotype (Figure 19). It is plausible that
examining unchallenged mice may not be sufficient to reveal a defect. Alternatively,
abnormalities may have been missed during microscopic examination. To this end, indepth examination of internal organs using appropriate functional markers should be
performed. Particular focus on immune system is recommended, as DSB formation
represents a programmed event during the maturation of immune cells (Bassing and Alt,
2004); hence these cells should be particularly sensitive to impaired ATM signalling in
response to DSBs. In addition, it would be of interest to evaluate the effect of
homozygous Atmin K238R/K238R mutation on the mouse phenotype and survival after
IR challenge, as well as on the tumour initiation and progression, with the particular focus
on the cancer types, where canonical ATM signalling was reported to be functionally
important.
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6.1.2

Homo-oligomerisation and its role in ATMIN function as a transcription
factor

Self-association of proteins resulting in formation of homo-dimers or higher order
oligomers is very common in biological systems. Indeed, a large number of cellular
proteins exist in oligomeric state. Oligomerisation can confer functional and structural
advantages to the protein, including increased stability, enhanced binding affinity to the
ligands and additional regulation of protein activity.

In this thesis, I have analysed the oligomeric state of a native affinity purified ATMIN by
using a combination of co-immunoprecipitation, gel filtration chromatography and
immunoblotting. I showed that ATMIN predominantly exists as an oligomer, rather than
a monomer (Figure 25). Given the discrepancy between the predicted and
experimentally observed molecular weight of ATMIN, it was not feasible to
unambiguously define ATMIN’s oligomeric state. Furthermore, the determination of
ATMIN molecular weight using gel-filtration was based on the assumption that ATMIN
has a similar molecular conformation to molecular weight standards used and does not
exhibit unexpected interactions with the column. Hence, at this stage it is unclear,
whether homo-oligomeric ATMIN exists in a trimeric or tetrameric state, or even as a
combination of both. This could be addressed via a sequential co-immunoprecipitation
with epitope-tagged ATMIN proteins, ectopically expressed in the cells. This approach
would require at least 4 different tagged proteins and is technically challenging. An
alternative approach to decipher the oligomeric state of ATMIN could involve
characterisation of highly pure recombinant ATMIN using SEC-MALS, a combination of
size-exclusion chromatography with multi-angle light scattering analysis. This technique
overcomes the limitations of gel-filtration and allows for accurate and direct
measurement of absolute molecular weight of proteins and oligomeric state (Mogridge,
2004). This approach would also permit ruling out a scenario wherein ATMIN interaction
is indirect and rather mediated by a strong-affinity interaction with a yet unidentified
binding partner of ATMIN. This possibility, albeit extremely unlikely, has not been
formally excluded in this study.

In order to characterise the molecular basis of ATMIN homo-oligomerisation, I employed
peptide spot array and genetic mapping to define the interaction interface. Notably, the
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region identified did not include the zinc fingers, and was rather located C-terminal to
them in the ATMIN core domain, being 83 amino acids in size. According to in silico
protein motif discovery, this minimal region did not contain any known dimerisation motifs.
Nonetheless, the deletion of this region was sufficient to reduce ATMIN affinity for
homotypic interaction and was employed in generation of an ATMIN oligomerisation
mutant (Flag-ATMIN Dim) (Figure 28). Although the deleted region (271 – 354 aa) does
not include any domains, motifs or posttranslational modifications known to be important
for ATMIN function, unidentified domains may be present as there presently is no crystal
structure of ATMIN reported. To avoid this, point mutations that impair oligomerisation
need to be identified. This could be achieved with the help of a substitutional peptide
spot array spanning the 274 – 354 aa-region and displaying mutated epitopes obtained
by scanning mutagenesis. The identified critical residues could be ranked on the basis
of high evolutionary conservation, first validated using a peptide Co-IP and then
characterised upon introduction into the full length ATMIN.

Homo-oligomer formation and its disassembly into monomers represent a common
strategy for regulation of protein activity. In line with this, Flag-ATMIN Dim mutant
showed a clear separation of function and has enabled characterisation of the role of
homo-oligomerisation in ATM-dependent and independent functions of ATMIN. ATMIN
homo-oligomerisation was required for binding to a target gene promoter and
functionality as transcription factor (Figure 30). Homo-oligomerisation is a common
feature of transcription factors and allows for cooperative binding (Siggers and Gordan,
2014). This leads to the increase in local concentration of a transcription factor and
facilitates recruitment to the target gene promoter. In addition, cooperative binding
increases DNA-binding affinity and stabilises the protein on the target DNA sequence
via protein-protein interactions. Altogether these can enhance target gene transcription.
Notably, higher order oligomers have been reported to be more effective than the homodimers of transcription factors with respect to promoter binding and activation of target
gene expression. Thus, tetramers of p53 have 50 times higher affinity to target gene
promoters than the respective dimers (McLure and Lee, 1998). Tetramerisation of p53
precedes DNA binding and can occur even in the absence of DNA (Friedman et al.,
1993). This is in contrast to other transcription factors, which form oligomers upon
binding to DNA. It would be of interest to test which scenario applies to ATMIN,
particularly if its most prevalent oligomeric state is resolved to be a tetramer.
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ATMIN homo-oligomerisation provided a molecular explanation for dominant negative
effect of ATMIN C183S mutation and any other heterozygous mutations disrupting zinc
fingers on target gene transcription (Figure 59). These mutations abrogate DNA binding
and render mutant ATMIN unable to activate transcription (Goggolidou et al., 2014b). At
the same time, they had no effect on ATMIN homo-dimerisation. Thus, ATMIN C183S
mutant was able to physically interact with Wt ATMIN and sequester it into the inactive
complex. In stark contrast, the oligomerisation mutant of ATMIN was unable to bind a
target gene promoter, yet did not interfere with the functionality of Wt ATMIN. The latter
result further corroborates the importance of ATMIN oligomerisation for dominantnegative inhibition of transcription.

Figure 59 The role of ATMIN homo-oligomerisation in target gene transcription.
A simplified illustration of the effect of indicated mutations on ATMIN homooligomerisation and functionality as a transcription factor. A) Wt ATMIN is able to from
oligomers, effectively bind target gene promoter and activate transcription. B) C183S
mutant of ATMIN is unable to bind DNA and activate target gene transcription.
Furthermore, it can effectively form hetero-dimers with Wt ATMIN and sequester it in the
inactive complex. C183S mutation has a dominant-negative (DN) phenotype. C) ATMIN
Dim mutant is unable to form oligomers and therefore exists as a monomer. ATMIN
monomers are not capable of stable binding to the promoter and activating target
transcription. For simplicity, ATMIN oligomerisation is represented by ATMIN homodimers.
6.1.3

The role of ATMIN homo-oligomerisation in canonical and basal ATM
signalling

This work also exposed a novel potential strategy for regulation of distinct ATMIN
functions, wherein the oligomeric and monomeric states of ATMIN play different roles in
the cell. Thus, ATMIN oligomerisation was essential for ATMIN function as a transcription
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factor, but largely dispensable for its function as an ATM cofactor. Thus, ATMIN
monomers, upon cellular ectopic expression, were able to interact with ATM under
resting conditions, enhance basal ATM signalling and block canonical IR-induced ATM
signalling (Figure 32, Figure 33). These findings are consistent with the model whereby
equilibrium between ATMIN monomerisation / oligomerisation acts as a means of
regulating ATM-dependent and independent functions of ATMIN (Figure 60). On a
technical note, ATMIN monomers were not detected in gel-filtration experiments. This
could be due to technical problems and artefacts, for example the buffer composition
might have favoured oligomerisation. Alternatively, this finding could indicate a low
abundance of ATMIN monomers in cells or their transient nature of existence. Indeed,
the samples for gel-filtration analysis were prepared from unchallenged cells, under
resting conditions. This could be clarified though gel-filtration analysis of ATMIN
oligomerisation mutant, which should solely exist in a monomeric state.

Given the physiological importance of ATM signalling, it must be tightly controlled. At
present, little is known about regulation of ATMIN-mediated ATM signalling. A common
mechanism for regulation of protein activity involves sub-cellular sequestration of the
protein. For instance, many tumour suppressors are sequestered in the nucleolus.
Repetitive DNA has also been reported to sequester transcription factors (Liu et al.,
2007). Therefore, it is plausible that ATMIN binding to the DNA could represent functional
sequestration, thus limiting the amount of free ATMIN available. One of the predictions
of this model is that DNA binding mutant of ATMIN will exhibit alterations in the ATM
signalling. In line with this, ATMIN C183S/C183S MEFs showed enhanced noncanonical ATMIN-mediated ATM signalling, which on cellular level manifested in
increased resistance to replication stress compared to control cells (Figure 23). In
addition, MRN-dependent canonical ATM signalling was significantly impaired in these
cells, leading to increased radiosensitivity (Figure 23, Figure 24). Given that ATMIN
monomers can interact with ATM, yet are unable to bind to the target gene promoter; it
is possible that they could be more efficient in mediating ATM signalling than Wt ATMIN.
This was, indeed, the case for basal ATM signalling, which was significantly enhanced
upon ectopic expression of oligomerisation mutant of ATMIN (Figure 32). However, it is
unclear whether this reflects the shift in equilibrium towards the monomeric state, or the
increased stability of ATMIN Dim mutant in comparison to Wt ATMIN. Even though, the
monomer-oligomer model needs further validation, including chromatin fractionation
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experiments; it provides an attractive regulatory mechanism, wherein free monomeric
ATMIN is rate-limiting for ATM activation. To this end, it would be of particular interest to
dissect the molecular mechanisms controlling the switch between ATMIN oligomeric and
monomeric states.

Figure 60 An equilibrium between ATMIN monomers / oligomers and DNA-bound
/ free protein levels regulates distinct ATMIN functions.
A simplified illustration of monomer-oligomer equilibrium and DNA sequestration models.
A) Cells expressing Wt ATMIN. ATMIN oligomer binds to target gene promotes to
activate transcription. ATMIN monomers interact with monomeric ATM, mediating basal
ATM signalling and interfering with canonical ATM signalling. B) Cells expressing
oligomerisation mutant or C183S mutant of ATMIN. ATMIN mutants are unable to
efficiently and stably bind to the target gene promoters. This leads to more free ATMIN
for ATM association, which modulates ATM signalling balance. For reasons of simplicity,
ATMIN oligomers are depicted as homo-dimers.

6.1.4

The role of ATMIN homo-oligomerisation in oxidative-stress ATM signalling

In addition to canonical and non-canonical ATM signalling pathways, ATM may also be
activated in response to oxidative stress. Work in this thesis demonstrates that ATMIN
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acts as ATM cofactor and is required for ATM activation and downstream substrate
phosphorylation upon acute oxidative stress. Notably, this function of ATMIN requires its
oligomerisation. Thus, unlike Wt ATMIN, the oligomerisation mutant was unable to
rescue ATM signalling and failed to confer resistance to acute oxidative stress upon
ectopic expression in ATMIN KO cells (Figure 34, Figure 35). This starkly contrasted with
canonical and basal ATM signalling, whereby ATMIN oligomerisation mutant remained
functional. Interestingly, the difference in functional importance of ATMIN monomers and
homo-oligomers strikingly resembles that of ATM. Thus, canonical and non-canonical
ATM signalling is mediated by ATM monomers, whereas oxidative stress-induced ATM
signalling is mediated by disulphide-linked ATM dimers (Figure 61). It is therefore,
plausible that monomers of ATMIN can compete for ATM binding with NBS1-component
of the MRN complex, thus buffering IR-induced ATM signalling.

Figure 61 A simplified overview of ATM signalling pathways.
A simplified schematic illustrating the role of ATMIN monomers and oligomers in ATM
signalling. ATMIN monomers mediate non-canonical and basal ATM signalling, they are
also capable of blocking IR-induced ATM signalling upon over-expression in cells.
ATMIN K238R and ATMIN C183S mutants of ATMIN are particularly effective at
impairing canonical ATM signalling. ATM signalling in response to oxidative stress is
mediated by ATMIN homo-oligomers.
Similarly, basal and non-canonical ATM signalling can be mediated by a hetero-dimer,
composed of ATM and ATMIN monomers. In contrast, ATM signalling in response to
oxidative stress could be mediated by hetero-tetramers of ATM and ATMIN homo-dimers
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or by higher order oligomers, composed of ATM homo-dimers and ATMIN homooligomers. Further research is needed to determine the stoichiometry of ATMIN/ATM
complex and structural basis for its formation upon oxidative stress. Furthermore, it is
yet unclear whether ATMIN oligomers responsible for redox ATM signalling and target
gene transcription have the same stoichiometry and conformation.
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6.2 The role of ATMIN-mediated ATM signalling in lung
adenocarcinoma
6.2.1

Acceleration of lung adenocarcinoma development upon loss of ATM or its
cofactor ATMIN in KP model

ATM kinase coordinates the cellular response to various genotoxic stresses, including
DSBs, stalled replication forks and oxidative stress, and as such has a key role in
maintaining genome integrity. It is therefore not surprising that, since its discovery, ATM
has been widely implicated in cancer. Thus, A-T patients have increased cancer
predisposition and are particularly prone to lymphoma and leukaemia (Toledano and
Lange, 1980, Taylor et al., 1992, Taylor et al., 1996). This prompted extensive research
on the role of ATM and its cofactors, NBS1 (as a component of MRN complex) and
ATMIN, in the development of haematopoietic malignancies (Loizou et al., 2011, Barlow
et al., 1996, Liao and Van Dyke, 1999, Difilippantonio et al., 2005). Recent whole
genome and exome sequencing studies revealed that in addition to blood cancers, ATM
mutations are also frequent in solid tumours, including pancreatic (~12%) and lung
cancer (~10%) (Imielinski et al., 2012, Ding et al., 2008, Biankin et al., 2012).
Subsequently, the biological role of ATM signalling in pancreatic cancer development
has been evaluated using a mouse model of KRas-driven PDAC (Russell et al., 2015,
Perkhofer et al., 2017, Drosos et al., 2017).

In this study, the role of ATM and its cofactor ATMIN in lung adenocarcinoma
development was characterised using a GEMM, where oncogenic KrasG12D mutation and
a simultaneous biallelic deletion of Trp53 can drive lung tumour formation (Figure 37).
Notably, both mono-allelic and bi-allelic loss of ATMIN or ATM led to acceleration in the
initiation and progression of lung adenocarcinoma in KP model. Thus, ATM or ATMIN
deficiency led to increased incidence of lung lesions, even at early time points, elevated
tumour burden, increased proliferation index and the prevalence of high-grade tumours
(G3 adenomas and G4 adenocarcinomas) (Figure 38, Figure 40, Figure 41). Altogether
these results suggest that ATMIN-mediated ATM signalling presents a barrier to lung
adenocarcinoma development. However, to formally demonstrate that the observed
phenotype is caused entirely by ATMIN-mediated ATM signalling, rather than other
unrelated functions of ATM and ATMIN, compound Atm∆L/∆LATMIN∆L/∆LKP need to be
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generated and characterised. In addition, it would be of interest to assess whether
increased tumour burden observed in Atm∆L/∆LKP and ATMIN∆L/∆LKP manifests in
reduced overall survival. While the work on this project was in progress, a study by
Reinhardt and colleagues was published, demonstrating higher tumour burden in the
lungs of Atm∆L/∆LKP mice (Schmitt et al., 2017), and was in agreement with results
presented in this thesis. Importantly, they also characterised the overall survival of
Atm∆L/∆LKP and KP mice and observed a significantly reduced survival. However, the
molecular mechanism underlying the observed tumour suppressive role of ATM was not
addressed.
6.2.2

Lessons from Atm∆L/∆LKP, Atmin∆L/∆LKP and KP lung tumour cells

Characterisation of early passage clonal cell lines established from Atm∆L/∆LKP,
Atmin∆L/∆LKP and KP tumours revealed elevated number of Atm∆L/∆LKP and Atmin∆L/∆LKP
cells in the S-phase of cell cycle with an overall increased level of proliferation in
comparison to KP cells (Figure 42). These findings were in agreement with the increase
in proliferation index of lung tumours observed upon loss of ATM or ATMIN (Figure 39).
This implies that ATMIN-mediated ATM signalling can pose a barrier to proliferation of
cancer cells. On a technical note, Transnetyx genotyping of these cells confirmed the
successful recombination of the targeted alleles. More importantly, genotyping of
Atm∆L/+KP and Atmin∆L/+KP cells revealed the presence of Wt Atm and Wt Atmin alleles,
respectively. Additional experiments, including Sanger sequencing of Atmin and Atm
exons and functional characterisation of Atm∆L/+KP and Atmin∆L/+KP cells are required to
formally assess the functionality of the remaining Wt allele in these cells and exclude the
possibility of loss-of-heterozygosity. Nonetheless, it is plausible that the observed
phenotypic resemblance between homozygous and heterozygous loss of ATM and
ATMIN reflects their haploinsufficiency as tumour suppressors in lung adenocarcinoma.
In addition to higher proliferation rates, Atm∆L/∆LKP and Atmin∆L/∆LKP cells showed
elevated levels of DNA damage, including both ssDNA and DSBs, in comparison to KP
cells (Figure 43). It would be of interest to assess different DNA damage markers by
immunofluorescence analysis of lung tumour sections to confirm the relevance of these
observations. Maintained proliferation of cells with persistent DNA damage and
unresolved DNA lesions can lead to further mutations and chromosomal aberrations,
ultimately manifesting in increased genetic instability (Hundley et al., 1997). Notably,
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genetic instability can contribute to the initiation of neoplastic transformation of cells and
represents one of the main hallmarks of cancer (Hanahan and Weinberg, 2011). ATM is
well-known for its role in safeguarding genome integrity. ATMIN’s role in the
maintenance of genome stability in B-cells and suppression of B-cell lymphoma has also
been demonstrated (Loizou et al., 2011). Therefore, it is plausible that ATMIN-mediated
ATM signalling represents a barrier to lung adenocarcinoma development through
maintaining genome integrity. In line with this hypothesis, Atmin∆L/∆LKP lung tumour cells
exhibited a dramatic increase in the number of cells with greater than 4n DNA content
over KP cells (Figure 42D). The elevated ploidy is likely to reflect chromosome
segregation defects as a consequence of inability of ATMIN-deficient cells to effectively
clear anaphase bridges and lagging chromosomes, induced by replication stress (Kanu
et al., 2016). Yet, the levels of aneuploidy in Atm∆L/∆LKP were indistinguishable from the
KP cells (Figure 42D), undermining the importance of ATMIN-mediated ATM signalling
in this process. A recent study by Loizou and colleagues posited the existence of ATMindependent functions of ATMIN in the cellular response to replication stress (Schmidt
et al., 2014), the contribution of these functions to the observed phenotype of
Atmin∆L/∆LKP lung tumour cells demands further research. Nonetheless, the increased
ploidy is of interest, given that the degree of aneuploidy has been shown to determine
the extent of genomic instability in cells, through impaired chromosome segregation and
elevated mutational rates (Sheltzer et al., 2011)
The extent of genetic instability in Atm∆L/∆LKP, Atmin∆L/∆LKP and KP cell lines could be
addressed by SKY and CGH analysis. SKY (Chromosome analysis using spectral
karyotyping) combines metaphase spreads with FISH (fluorescent in situ hybridisation)
and involves labelling of each chromosome with a specific probe, thus allowing
identification of chromosomal structural aberrations (Schrock et al., 1996). CGH
(comparative genomic hybridisation) involves differential labelling of DNA samples with
fluorophores and their hybridisation to reference metaphase chromosomes, in order to
identify copy number alterations (CNA). CNA data can also be obtained from the whole
exome or whole genome sequencing data analysis. The latter two approaches are more
costly, but allow elucidation of the mutational landscape and the prevalence of particular
mutations in Atm∆L/∆LKP, Atmin∆L/∆LKP and KP cell lines or primary tumours. This
information would be useful in identifying the possible mechanism underlying the tumoursuppressive role of the ATM/ATMIN pathway in KP model of lung adenocarcinoma.
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ATMIN-mediated ATM signalling is required for the cellular response to both replication
and oxidative stress. In the latter case, impaired ATM signalling can manifest in elevated
oxidative DNA damage, which can be detected by the prevalence of GC-TA mutations
in DNA. On the other hand, impaired non-canonical ATM signalling in response to
replication stress can lead to increased number of CNA, particularly at common fragile
sites.
Surprisingly, both Atm∆L/∆LKP and Atmin∆L/∆LKP cells displayed increased resistance to
aphidicolin-induced replication stress compared to KP cells (Figure 44). Considering the
importance of ATM/ATMIN pathway for efficient cellular response to stalled replication
forks (Kanu et al., 2016, Schmidt et al., 2014), it is puzzling why ATM or ATMIN deficient
KP cells can effectively tolerate higher levels of replication stress than KP cells. Notably,
oncogene expression can induce replication stress by promoting aberrant replication
origin firing, stalling or arresting replicating forks (Halazonetis et al., 2008); oncogeneinduced replication stress has been shown to contribute to the genomic instability of
human cancers (Bignell et al., 2010). To avoid the potential deleterious consequences
associated with the oncogene expression and replication stress, cells engage apoptosis
or become senescent. Given the role of p53 in apoptosis and senescence (see 1.2.2),
Trp53-deficient cells can evade apoptosis and avoid senescence, which, in the presence
of oncogenic Kras can lead to persistent oncogene-induced replication stress in KP
model of LUAD. On the basis of enhanced resistance of Atm∆L/∆LKP and Atmin∆L/∆LKP
cells to replication stress, observed ex vivo (Figure 44); it is plausible that replication
stress induces p53-independent cell death in KP cells, which is evaded in Atm∆L/∆LKP
and Atmin∆L/∆LKP cells. Therefore, in-depth characterisation of cellular response to
replication stress in Atm∆L/∆LKP, Atmin∆L/∆LKP and KP cells could be instrumental for
dissecting the molecular mechanisms underlying tumour suppressive role of ATMINmediated ATM signalling in lung adenocarcinoma.
6.2.3

Human relevance

In this thesis, I also revisited the publicly available whole genome sequencing data,
revealing the prevalence of somatic ATM mutations and ATMIN CNA (namely, deep and
shallow deletions) in human lung adenocarcinoma patients (Figure 36). Furthermore,
ATM as well as ATMIN, albeit, to a lesser degree, were frequently lost in human LUAD
biopsies. Thus, ~33% of LUAD cases showed no detectable ATM protein expression
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and ~10% completely lacked ATMIN protein (Figure 45). The former is in agreement with
a recently published study by Bakkenist and colleagues, demonstrating the loss of ATM
protein in around 40% of human lung adenocarcinoma on a larger cohort of patients
(Villaruz et al., 2016). In addition, I assessed the clinical outcome associated with the
reduced levels of ATM or ATMIN transcripts. Importantly, low expression of ATM and
ATMIN transcripts correlated with a poor prognosis and overall reduced survival of LUAD
patients (Figure 46). Thus, expression of ATM and ATMIN could serve as a prognostic
marker in lung adenocarcinoma, which is the most prevalent type of lung cancer.
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6.3 The role of oxidative DNA damage in cancer
6.3.1

ODP-Seq: overview and scope for improvement

Oxidative DNA damage represents an inevitable consequence of cellular metabolism
and has been implicated in ageing, cancer and neurodegenerative disorders. 8-oxoG is
one of the most prevalent oxidative DNA lesions and is widely used as a cellular
biomarker for oxidative stress (Klaunig and Kamendulis, 2004). Indeed, 8-oxoG level
reliably indicates the extent of oxidative stress experienced by individual cells or tissues
and is even considered as a risk factor for cancer and other diseases (Valavanidis et al.,
2009). In this study, I introduced ODP-Seq, a novel 8-oxoG detection technique, which
was implemented as a collaborative project. ODP-Seq combines the specificity of the
OGG1 enzyme with high throughput DNA sequencing and allows for mapping of
oxidative DNA damage at a high resolution in any fully sequenced genome. Resolution
is determined by the size of genomic DNA fragments used for ODP. The sensitivity and
selectivity of 8-oxoG detection was validated using both synthetic 8-oxoG-containing
dsDNA oligos and genomic DNA, oxidised upon acoustic sonication in the absence of
antioxidants (Figure 48, Figure 51). At the time of commencement of this project, there
was no alternative technique capable of mapping oxidative DNA damage at highresolution on a genome-wide scale. However, since then, Burrows and colleagues have
developed alternative approaches with a potential for genome-wide mapping of oxidative
DNA damage (Ding et al., 2017, Riedl et al., 2015). A detailed comparison of these
techniques to ODP-Seq is presented in the Table 11.

The most recent technique, OG-Seq (8-oxoG sequencing) include chemical labelling of
8-oxoG-containing DNA fragments with biotin, followed by affinity purification and
sequencing (Ding et al., 2017). The specificity of 8-oxoG detection in OG-Seq is based
on the sufficient difference in redox potential between 8-oxoG and G, allowing for
selective oxidation and biotinylation of 8-oxoG with mild oxidants (Fleming and Burrows,
2017). As in the case of ODP-Seq, the fragment size of genomic DNA determines the
mapping resolution of OG-Seq. Even though the accuracy and sensitivity of 8-oxoG
detection was not technically validated, OG-Seq was successfully implemented for
genome-wide mapping of 8-oxoG distribution in Wt and Ogg1-/- MEFs (Ding et al., 2017).
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Table 11 The comparison of 3 genome-wide mapping approaches.

Sequencing
platform

Principle
detection

of

Resolution
Genomic
DNA
amount
Detection of more
than 1 8-oxoG per
DNA fragment
Requirement
for
custom chemical
synthesis
Reference

Sequencing by
conversion to an
unnatural
nucleotide

OG-Seq

Sanger / NGS
(Nanopore)*

NGS

Enzymatic
excision of 8-oxoG
and incorporation
of unnatural
nucleotide

Selective
biotinylation of 8oxoG-containing
fragments

High affinity binding
of GST-OGG1K241Q to 8-oxoGcontaining fragments

Single nucleotide*

~150 bp
(DNA fragment size)

~ 200 bp
(DNA fragment size)

na

30 µg

10 µg

Yes*

No

No

Yes

No

No

(Riedl et al., 2015)

(Ding et al., 2017)

This thesis

ODP-Seq

NGS

An overview of current 8-oxoG detection techniques that allow for genome-wide
distribution mapping. Information in the table is based on (Fleming et al., 2017, Ding et
al., 2017, Riedl et al., 2015). NGS – next generation sequencing; * - This is theoretically
feasible, but yet to be formally demonstrated for 8-oxoG detection on a genomic scale;
na – not available.
Sequencing by conversion to an unnatural nucleotide involves a series of enzymatic
reactions, replacing the 8-oxoG containing base pair with one, containing an unnatural
base. The latter is PCR-amplifiable, and as such would not pose a problem during library
preparation. This unnatural marker nucleotide is readily detectable during sequencing
using Sanger or nanopore technology (Craig et al., 2015). So far, this approach was
applied for Sanger sequencing of 8-oxoG-containing plasmid DNA and was capable of
accurately locating 8-oxoG within single base pair resolution (Riedl et al., 2015).
Although feasible, this has yet to be achieved on a genome-wide scale. On a technical
note, the enzymatic steps responsible for conversion of 8-oxoG to an unnatural
nucleotide could be implemented in the ODP-Seq protocol after the ODP step and prior
to library preparation and sequencing. This protocol alteration would allow accurate
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detection of multiple 8-oxoG located in close-proximity to achieve a single base pair
resolution.

6.3.2

Non-random distribution of oxidative DNA damage in the genome

The first ODP-Seq experiment revealed a non-random distribution of 8-oxoG in the
genome. Genome-wide analysis of 8-oxoG accumulation and its functional annotation
showed low 8-oxoG levels at gene promoters, with preferential accumulation of oxidative
DNA damage in heterochromatin and repetitive regions (Figure 52). In general, the
observed non-random distribution of oxidative DNA damage in the genome is consistent
with and follows the evolutionary risk management strategy. This theoretical model was
proposed by Luscombe and colleagues based on the significant variability of background
mutation rates across different genomic regions, where highly expressed genes display
lower mutation rates and vice versa (Martincorena et al., 2012). According to this model,
the mutational frequency in the genome is considered as evolutionarily optimised
through the targeting of DNA repair to the loci, where mutations are the most deleterious.
Although initially described for the bacterial genome, this risk management strategy is of
particular importance for human genome. Given the large genome size and high
percentage of repetitive (‘junk’) DNA, an extremely high energy cost would be attributed
if there were a uniformity to DNA repair across the entire genome. In line with this,
somatic mutations most commonly occur in heterochromatin regions; with the 8-oxoG
repair enzyme, OGG1, preferentially recruited to euchromatin regions, being almost
completely excluded from heterochromatin (Schuster-Bockler and Lehner, 2012,
Amouroux et al., 2010).

While the non-random nature of 8-oxoG repair is evident, little is known about the repair
kinetics across different genomic regions. Furthermore, it is unclear whether oxidative
DNA damage occurs randomly or if DNA oxidation is region or site-specific. These
questions can be addressed with a time-course experiment following the acute induction
of oxidative DNA damage. To this end, ODP-Seq can be employed to assess the
targeted distribution of oxidative DNA damage and distinguish regions that are
most/least susceptible to DNA oxidation and those that are preferentially targeted for 8oxoG repair. The use of ENCODE (Encyclopaedia of DNA Elements) cell lines for these
experiments, will allow us to carefully examine the genomic context of the identified
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regions and functionally characterise them using the available ENCODE annotations,
including histone modifications, transcription factor binding sites and information on 3D
nuclear organisation. Genetic or pharmacological inactivation of proteins involved in 8oxoG repair could further allow dissection of the molecular mechanisms responsible for
prioritisation of DNA repair.
6.3.3

ATM contributes to selective protection of new LINE1 elements against
oxidative DNA damage

Among repetitive elements, LINE1 retrotransposons accumulated high levels of oxidative
DNA damage. This was first observed upon genome-wide analysis of 8-oxoG distribution
using ODP-Seq, followed by independent validation using the FPG assay. Notably,
inhibition of ATM kinase activity led to heightened accumulation of the damage in new
LINE1 elements (Figure 53). Under these conditions, oxidative DNA damage level
inversely correlated with the evolutionary age of LINE1 subfamilies, with the highest
8-oxoG level observed in the evolutionarily youngest subfamily, LINE1-HS (Figure 54).
Because of the high GC content, repetitive nature and sequence similarity between new
and older members of LINE1-PA family, unambiguous validation of the results using FPG
assay proved difficult (Figure 53). Therefore, further verification of these data is required,
perhaps using an independent genome-wide mapping approach (for instance OG-Seq)
or in the other normal and tumour cell lines. Nevertheless, these results are of interest,
especially given the emerging role of ATM in regulation of LINE1 retrotransposition and
given that LINE1-HS elements are the only members of LINE1-PA family that are
retrotransposition-competent and thus active in the human genome (Coufal et al., 2011,
Gasior et al., 2006, Giordano et al., 2007, Filipponi et al., 2013).

ATM deficiency has been shown to modulate the retrotransposition efficiency of LINE1
elements both in cell-based experiments and in vivo. However, the exact role of ATM
kinase is still controversial, owing to the contradicting results reported in different studies.
Deininger and colleagues demonstrated that ATM deficiency decreased the frequency
of LINE1 retrotransposition using transient expression of LINE1-HS in HeLa cells as an
experimental system (Gasior et al., 2006). This suggests a role for ATM in promoting
LINE1 retrotransposition. In line with this, the requirement of ATM kinase activity for
efficient LINE1 retrotransposition was demonstrated using both pharmacological
inhibition of ATM and an ectopic expression of kinase-dead ATM (Wallace et al., 2013).
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In stark contrast, another study reported an increase in LINE1 retrotransposition upon
ATM deficiency, observed in a cell-based retrotransposition assay using human neural
stem cells, in GEMM brain tissue and in human brain samples from A-T patients (Coufal
et al., 2011). These results suggest a negative regulation of LINE1 retrotransposition by
ATM kinase. The latter was further corroborated by Bulavin and colleagues, who
proposed a molecular mechanism behind this regulation (Filipponi et al., 2013).
According to this model, activation of ATM signalling facilitates the recruitment of a
repressive complex to heterochromatin in a BRCA1-dependent manner. The complex is
composed of DNMT3B (DNA methyltransferase 3B), which mediates de novo DNA
methylation, and the HP1 (Heterochromatin protein 1) repressor protein. This ultimately
leads to epigenetic silencing of repetitive elements, including LINE1 elements.

LINE1 retrotransposition is autonomous: it involves reverse transcription of LINE1 mRNA
and is mediated by ORF1 and ORF2 proteins encoded by LINE1 (Lander et al., 2001).
Therefore, repression of LINE1 transcription is key to suppression of LINE1
retrotranspostion. The latter, if uncontrolled, can compromise genome integrity and have
detrimental consequences for the cell. Indeed, the activity of LINE1 retrotransposons is
epigenetically supressed in normal somatic tissues, whereas their activation and
mobilisation is very common in many cancer types (Tubio et al., 2014, Rodic et al., 2014).
ATM deficiency has been shown to result in the loss of repressive DNA methylation in
heterochromatin, leading to transcriptional derepression of LINE1 elements and
potentially their mobilisation (Filipponi et al., 2013). ODP-Seq results suggest that ATM
signalling plays a role in protecting retrotransposition-competent and active LINE1-HS
elements from 8-oxoG accumulation. Given that the presence of 8-oxoG interferes with
the ability of DNA methyltransferases to methylate adjacent cytosine bases (Weitzman
et al., 1994, Maltseva et al., 2009), it is plausible that accumulation of oxidative DNA
damage might prevent epigenetic silencing of LINE1 elements, leading to unwanted
LINE1 transcription and mobilisation. The mechanism underpinning the protective role
of ATM signalling against oxidative DNA damage to new LINE1 elements is unknown.
To this end, it would be of interest to evaluate the effect of genetic inactivation of ATM
cofactors and other components of the ATM signalling pathway on 8-oxoG levels,
expression of ORF1 and ORF2 proteins, and LINE1 retrotransposition.
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6.3.4

Oxidative DNA damage-induced intestinal tumorigenesis.

Dedicated research has provided strong evidence for the causal role of oxidative DNA
damage in cancer (see 1.5.2). In line with this, I have demonstrated that, unlike Wt mice,
Mutyh-/- Ogg1-/- mice were highly susceptible to oxidative DNA damage-induced
tumorigenesis and developed multiple polyps in the small intestine upon administration
of a potent pro-oxidant, potassium bromate (Figure 58). Furthermore, I observed a
cooperation between MUTYH and OGG1 in suppression of murine intestinal
tumorigenesis. These results are consistent with the complementary roles of these
enzymes in the cellular protection against the deleterious effects of oxidative DNA
damage: OGG1 is involved in 8-oxoG repair and prevents 8-oxoG accumulation in the
genome; whereas MUTYH mediates excision repair of adenine mispaired with 8-oxoG,
thus counteracting 8-oxoG-mediated mutagenesis (Figure 18). In addition, MUTYH is
implicated in apoptotic signalling and has been shown to induce cell death upon
extensive accumulation of 8-oxoG in the genomic DNA (Oka et al., 2008b, Oka et al.,
2014). Consequently, combined deficiency in Ogg1 and Mutyh leads to accumulation of
cells with high levels of oxidative DNA damage that can evade apoptosis, thereby
increasing the chances of malignant transformation.

Oxidative DNA damage-induced intestinal tumorigenesis, when combined with ODPSeq offers a valuable experimental system to investigate the molecular mechanisms of
tumour formation in response to oxidative DNA damage. This could be achieved with the
detailed analysis and comparison of genome-wide profiles of 8-oxoG distribution in
tumours and corresponding normal tissue, in Wt and Mutyh / Ogg1 double knock-out
mice. This experimental system also provides a unique opportunity to identify and define
a mutational profile associated with persistent oxidative DNA damage and 8-oxoGmediated mutagenesis. To this end, whole-genome sequencing should be performed on
genomic DNA extracted from individual intestinal tumours, isolated from Mutyh-/- Ogg1-/mice, along with a DNA sample obtained prior to treatment with potassium bromate.
Careful analysis of the sequencing data would allow identification of somatic mutations
and deciphering of a possible mutational profile or signature that reflects cumulative
effects of oxidative DNA damage and its defective repair. This mutational signature could
then be employed in pan-cancer analysis to assess the contribution of 8-oxoG
mutagenesis to the pathogenesis of various cancer types.
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Figure 16 was adapted from (Jackson et al., 2005). The permission was obtained from
American Association for Cancer Research, partnered with RightsLink service (licence
number 4213770674072).
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