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Abstract

Genomic stability is essential to preserve the genetic information encoded in DNA, and many
biochemical pathways are devoted to repair DNA damaged by external factors, or during the
course of essential cellular processes such as transcription and DNA replication. Malfunc-
tioning of these processes may alter the DNA, leading to abnormal cellular behaviour or cell
death, which in multicellular organisms may be associated with disease. For this reason, the
machineries that safeguard the integrity of eukaryotic genomes are of prime interest to re-
search in the areas of ageing, rare disease and cancer. Every time a cell divides, duplication of
the genome is principally carried out by two DNA polymerases — Pol d and Pol € — which
are highly processive and accurate. Together with polymerase gamma, which is active in mi-
tochondria, these are the only human polymerases known to possess "proofreading" activity,
making them extremely accurate. In parallel, cells have also evolved a repair system for base
mismatches, to identify and correct mispaired bases occasionally produced by DNA poly-
merases. While it has been known that defects in mismatch repair promote carcinogenesis,
mutations in replicative DNA polymerases driving tumorigenesis in mismatch repair profi-
cient cells have only been recently identified. Here, I report the interrogation of twelve such
DNA polymerase mutations for their potential to alter genetic information and contribute to
genomic instability using the budding yeast Saccharomyces cerevisiae as model system. Of all
the polymerase mutations tested, a subset caused significant increases in mutation accrual, and
a shift in the observed mutation patterns/signatures. Most intriguingly, I observed that these
increases are more severe than those caused by mutations disrupting the proofreading activity
of the corresponding DNA polymerase, with my results further indicating that in some cases
the high mutagenic potential depends on the proofreading activity. These strong increases in
mutation rates do not likely result from inhibition of mismatch repair, as combination of these
mutations with loss of mismatch repair factors results in synthetic sickness or lethality. My re-
sults point to these DNA polymerase mutations as driving extensive alterations of the genetic
information, and are consistent with them being drivers of colorectal and endometrial cancer.
Future work will be required to determine the exact mechanisms by which these mutations

impair the fidelity of DNA replication.






Contents

Contents ix
List of Figures XV
List of Tables Xix
1 Genomic integrity and instability 1

1.1 Genome stability and maintenance . . . . . . . . . ... ... ... ... ..
1.1.1  Genomereplication . . . . . . . . . ... ... 2

1.1.1.1  Structure of DNA, semiconservative replication and prokary-
oticreplication . . . . . . . ... . Lo 2

1.1.1.2  Replication initiation and prevention of re-replication in eu-

karyotes . . . . . . . ... 5
1.1.1.3  DNA replication in eukaryotes . . . . ... ... ... .. 14
1.1.1.4 DNA polymerases . . . . . . . . . ... ... 21
1.1.2  DNA repair and Translesion Synthesis . . . . . . ... .. ... ... 31
1.1.2.1 Direct Damage Reversal . . . . . . ... ... ....... 31
1.1.2.2  Damage to one strand of the DNA . . . . . ... .. ... 32
1.1.2.3  Double stranded breaks (DSBs) inthe DNA . . . . . . .. 37
1.1.2.4  Translesion synthesis (TLS) . . ... ... ... ..... 39
1.1.2.5 Pausing the cell cycle: checkpoints . . . . . ... ... .. 40
1.1.3 Dividing up the genome: chromosome segregation . . . . . . . . .. 41
1.2 Genome variation . . . . . . . . .. ..t e e e 42
1.2.1 Large-scale genomic variation . . . . . . . . . ... ... ... ... 42
1.2.1.1  Whole-genome, segmental and gene duplications . . . . . 44
1.2.1.2 Aneuploidy . . ... ... ... ... .. ... .. ... 46

1.2.1.3  Chromosomal translocation and chromoanagenesis . . . . 50



Contents

1.2.14 Mobileelements . . . ... ... ... ... ... ... . 54

1.2.1.5 Exon/domain shuffling . . . ... ... ... ....... 54

1.2.1.6  Acquisition of foreign DNA . . . . ... ... ... ... 58

1.2.2  Small-scale mutations . . . . . . ... ... ... ... 58
1.2.2.1  Point mutation instability (PIN) . . . . . ... ... ... 58

1.2.2.2  Small insertions/deletions (INDELs) . . . . ... ... .. 60

1.3 Causesof mutations . . . . . . . . .. . ... 61
1.3.1 Endogenous causes of mutation . . . . ... ... ... ... .. .. 61

1.3.2 Exogenous causes of mutations . . . . . ... ... ... ... ... 65

1.4 Mutational processes and humandisease . . . . . . ... ... ... ..... 68
1.4.1 DNA repair deficiencies . . . . . . .. .. .. ... ... 68

1.42 Cancer . . . . . . . . . 69

1.43 Mutational signatures . . . . . . ... ..o 70

1.4.4 DNA polymerase defectsincancer . . . ... ... .. ....... 72

1.5 DNA Sequencing . . . . . . . . ... 72
1.6 The budding yeast Saccharomyces cerevisiae as a model organism . . . . . . 80
Analysis of cancer-associated polymerase mutations 85
2.1 Introduction . . . . . . . . ... 87
2.2 Identification of polymerase mutations . . . . . . . ... ... ... .. ... 89
2.2.1 Literature search for DNA polymerase mutations in cancer . . . . . . 89

2.3

24

2.2.2  Query of COSMIC database, discarding single nucleotide polymor-

phisms and unconserved residues . . . . . .. .. ... ... 89
Generation and propagation of polymerase mutants in S. cerevisiae . . . . . 96
2.3.1 Constructing single mutant polymerase strains . . . . . ... .. .. 96
2.3.2  Mutation accumulation experiment: Propagation of single mutant poly-

MEerase Strains . . . . . . . . . v vt e e 97

2.3.2.1  Single-colony bottleneck propagation of mutant polymerase

SLAINS . . . . ... e e 100

2.3.2.2  Population bottleneck propagation of mutant polymerase strains 100

Establishing sequence analysis practices . . . . . . . ... .. ... ..... 102

2.4.1 Automating genomic DNA extraction and whole-genome sequencing
of Saccharomyces cerevisiae strains . . . . . . . ... ... ..... 102
2.4.2 Establishing sequencing analysis protocols for the identification of
SNVsand INDELs . . . . ... ... ... ... .. ... ...... 103



Contents xi

2.4.3 Testing analysis protocol on Saccharomyces cerevisiae genetic screens 108
2.4.4 Applying analysis protocols to mouse genetic screens . . . . . . . . . 113
2.4.5 Establishing a sequencing analysis protocols for large genomic changes 120
2.4.6  Analysing repetitive DNA regions in the yeast genome . . . . . . . . 122
25 Summary ... e e 131

3 Analysis of populations of S. cerevisiae strains carrying simple polymerase muta-
tions 135
3.1 Introduction . . . . . . . . ... 135
3.2 Increased mutation rates for strains heterozygous diploid: pol2-P301R, pol2-
S312F pol2-L439V, pol2-M459K and pol3-S483N . . . . . . ... ... ... 136

3.2.1 Increased number of single-nucleotide variants for a subset of poly-

MErase variants . . . . . . . . . . . ..ot e e 136

3.2.2 Single-nucleotide variants in haploid polymerase mutant strains . . . 138

3.2.3 pol2 mutants grow at a similar rate to wild type strains . . . . . . . . 141

3.2.4  Correlation of mutation rate estimates with mutations accrual . . . . 141

3.3 Patterns of single-nucleotide variants . . . . . . .. .. ... 144
3.4 Geographical mutation patterns . . . . . . . ... ... 151
3.5 Large-scale variation: aneuploidy, CNVs and rDNA copy number . . . . .. 157
3.6 No increase in INDELs (compared to MMR mutants) . . . . ... ... ... 158
377 Summary ... oL e e e e e e e e 163

4 Polymerase mutations in mammalian systems and in combination with other mu-

tations 167
4.1 Introduction . . . . . . . . . . e 168
4.2 Synthetic lethality with mismatch repair deficiency . . . . . . ... ... .. 168
4.3 Epistatic relationship of mutations with exonuclease deficiency . . . . . . . . 170

4.4  Observed mutagenesis in pol2-P301R strains is not due to increased participa-

tion of Pol{ in DNA replication . . . . . . . . ... ... ... ....... 171

4.5 Examining polymerase mutations in other organisms . . . . . . .. ... .. 176
4.5.1 The Pole and Pold] mutations in mouse models . . . . . . ... ... 176

4.5.2 Human POLE P286R mutantcell lines . . . ... ... ... .... 178

4.6 SumMmMary . . . ... e e e e e 178

5 Discussion and future directions 181

5.1 Whole-genome sequencing as a flexible tool to address problems in cell biology 181



xii Contents
5.2 Polymerase mutations as drivers of mutagenesis . . . . . .. .. ... ... 182

5.3 Futuredirections . . . . . . . . . ... e 187

6 Materials and Methods 189
6.1 GrowthMedium. . . . .. .. ... .. 189
6.1.1  Escherichia coli Growth Media . . . . .. ... ... ... ..... 189

6.1.2  Saccharomyces cerevisiae Growth Media . . . . ... ... ... .. 190

6.2 Othersolutions . . . . . . .. . . .. 193

6.3 Microbial Strains . . . . . ... 195
6.3.1 Escherichia colistrains . . . . . . . . . .. ... ... ... ... . 195

6.3.2 Saccharomyces cerevisiae strains . . . . . . . .. ... .. ... .. 196

6.4 Oligonucleotides . . . . . .. .. ... ... 198

6.5 Solutions . . . . . .. 201

6.6 Protocols . . . . .. 202

6.7 Automated serial propagation platform . . . . . . . ... ... 207

6.8 Illuminasequencing . . . . . . . . . . . .. ... 207

6.9 Sequencinganalysis. . . . . . .. ... Lo 207
6.9.1 Quality control of DNA sequencing . . . . ... ... ........ 207

6.9.2  Alignment of sequencing reads to the reference genome . . . . . .. 208

6.9.3 Variant Calling of SNPs and INDELSs, Annotation and Filtering . . . 208

6.9.4 Extracting mutational signatures . . . . . . ... ... ... ... .. 208

6.9.5 Scripts written for thiswork . . . . . ... ... 0 L. 208

6.9.6  Step-by-step workflow of variant analysis . . . . .. ... ... ... 211
References 215
A List of Abbreviations 309
B Supplementary Tables, Electronic Files and Articles Published 313
B.1 Supplementary figures, tablesandnotes . . . . . . ... ... ... ..... 313
B.1.1 Software tools and parametersused . . . . .. .. ... ... .. .. 313

B.1.1.1  Software tools and parameters used for simulated genomes

and capillary sequencing analysis . . . . . ... ... ... 313
B.1.1.2  Software tools and parameters used for sequencing analysis

of S. cerevisiae . . . . . . ... L. 314

B.1.2 Strains used in mutation accumulation (MA) experiments experiments 315



Contents xiii
B.1.2.1 Manual propagation of strains heterozygous diploid for can-
didate polymerase mutations . . . . . .. ... .. .. .. 315
B.1.2.2  Automated propagation of strains haploid and heterozygous
diploid for candidate polymerase mutations . . . . . . . . . 315
B.1.3  6-Thioguanine supressor screen of haploid mouse cells . . . . . . .. 316
B.1.4 Custom filters for DNA sequencing Filters . . . . . . . ... ... .. 316
B.2 Electronic files of supplementary information . . . . ... ... ... .. .. 317
B.2.1 Supplementary files for the mouse synthetic lethality screens . . . . . 317
B.2.1.1 6TG_mouse_Supl.xlsx . ... .. ... ... ....... 317
B.2.1.2 6TG_mouse_Sup2.xlsx . . ... .. ... .. ....... 317
B.2.1.3 6TG_mouse_Sup3.xlsx . . .. ... .. ... ....... 317
B.2.1.4 6TG_mouse_Sup4.xIsx . . .. .. ... ... ....... 318
B.2.2 Supplementary files for the mouse synthetic lethality screens . . . . . 318
B.2.2.1 MA_SampleNames.pdf . . . ... ... ... ....... 318
B.2.2.2 S1-3.experiment_merge.vcf . . . . . ... ... ... ... 318
B.2.2.3 S4.experiment_merge.vef . . . . ... ... L 318
B.2.2.4 S5.experiment_merge.vef . . . . ... ... L 318
B.3 Articles published duringmy PhD . . . . . ... ... ... L. 318






List of Figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13
1.14
1.15
1.16
1.17
1.18
1.19
1.20
1.21
1.22
1.23
1.24
1.25
1.26

Structure of DNA . . . . . . . ..
Replication initiationin E. coli . . . . . . . . . . ... .
Lagging strand DNA synthesisinE.coli . . . . .. ... ... ........
Overlapping replication cyclesin E. coli . . . . . . . ... ... ... ....
The eukaryoticcellcycle . . . . . .. .. ... . Lo
Licensing of eukaryotic origins of replication . . . . . ... ... ... ...
Degradation of Cdtl during the cell cycle and in response to DNA damage . .
Regulation of Cdtl by association with Geminin . . . . . . .. .. ... ...
Structure of DNA polymerase § and DNA polymerase € . . . ... ... ..
Structure and representation of replicative DNA polymerases . . . . . . . ..
Comparison of primer-template DNA bound to four DNA polymerases.

Mechanism of DNA polymerization . . . . . . ... ... .. ........
Replication fidelity . . . . . . .. .. ... .. L
Fidelity of different DNA polymerases . . . . . . .. ... ... .......
Base excision repair (BER) of oxidized DNA base lesions . . . . . .. .. ..
Nucleotide excision repair (NER) . . . . . . .. .. ... . ...
A general outline of the DNA damage signal transduction pathway . . . . . .
The mitotic spindle . . . . . . . . . . ... .
Gene duplications: the duplication-degeneration (DDC) model . . . . . . . .
Uniparental Disomy - A special case of aneuploidy . . . ... ........
Consequences of chromosomal translocations . . . . . ... ... ... ...
Chromothripsis . . . . . . . . . . . e
Chromoplexy and Chromothripsis . . . . . . . . .. ... ... ... ....
Classes of DNA transposons . . . . . . . . . . . . oo v v v v
Blood clotting cascade . . . . . . .. .. ..o

Transitions and TranSversions . . . . . . . . . . o v v v v e

~N N Lt W



XVvi List of Figures
1.27 Codontable . . . . . . . . .. .. 61
1.28 Replication slippage . . . . . . . . . . . . e 62
1.29 Unequal crossovers result in chromosome rearrangements . . . . . . . . . . . 64
1.30 Mutational signatures leave their marks on the genome . . . . . ... .. .. 71
1.31 Summary of known mutational signatures . . . . . ... ... ... ..... 73
1.32 Early sequencing techniques: Gilbert and Sanger . . . . . . . ... ... .. 74
1.33 Sequencing by synthesis . . . . . .. ... L Lo 76
1.34 Solid-phase bridge amplification and sequencing by synthesis (Illumina) . . . 77
1.35 Third-generation Sequencing Techniques . . . . . .. ... .. ... .... 79
1.36 Life cycle of the budding yeast Saccharomyces cerevisiae . . . . . . . . . .. 81
1.37 The budding yeast mating type locus . . . . . . . ... ... ... ... .. 83
2.1 Methodology of the work carried out duringmy PhD . . . . . ... ... .. 86
2.2 Locations of DNA polymerase mutations within the proteins . . . . . . . .. 91
2.3 Prevalence of polymerase mutations of interestin COSMIC . . . . . . . . .. 92
2.4 Alignment of polymerase residues of interest to the yeast proteins . . . . . . 95
2.5 Rationale for plasmid construction . . . . . . . . ... ... ... L. 98
2.6 Exonuclease domains conserved in B family polymerases . . . . . . .. ... 99
2.7 Mutation accumulation experiment: manual propagation of mutated S. cere-

VISIAe SIrAINS . . . . . . o o e e e e e e e e e e 101
2.8 DNA extracted using a high-throughput protocol produces high quality se-

quencingdata . . . . ... L 104
2.9 The number of variants in W303 strains compared to the S288c reference

ENOME . .+ . v v v et e e e e e e e e e e e e 105
2.10 Experimental strategy to identify acquired mutations . . . . . ... .. ... 107
2.11 Sequencing analysis identifies mutations capable of suppressing sae2A DNA

damage hypersensitivity . . . . . .. ... 109
2.12 Mutations in SIR3 and SIR4 identified as the cause for the hypersensitivity of

tofIA cells to camptothecin . . . . . . . . .. ... ... .. 111
2.13 Generation of mutagenized libraries . . . . . . .. ... ..o L. 112
2.14 Identification of suppressor mutations . . . . . . . .. . ... ... .. ... 114
2.15 Using multiple controls and multiple variant callers to enrich for high confi-

dence variants . . . . . . ... L. 116
2.16 Clinically-relevant and newly-identified suppressor mutations . . . . . . . . . 117
2.17 EMS mutagenicaction . . . . . . . . . ... 119



List of Figures Xvii
2.18 Relationship between read pairs and structural variants . . . . . .. .. ... 121
2.19 Anoverview of the SVMerge pipeline . . . . . ... ... ... ... .... 123
2.20 Visualising aneuploidy in budding yeast . . . . . . .. ... ... ... ... 124
2.21 Ambiguities inread mapping . . . . . . . ... e 125
2.22 Next-generation sequencing data can be used to estimate rDNA copy number

reliably . . . . . 128
2.23 Next-generation sequencing data could also be used to assess Ty element copy
NUMDET . . . . . L e 130
3.1 Number of single-nucleotide variants per sample in po/2 mutant strains . . . . 137
3.2 Number of single-nucleotide variants per sample in po/3 mutant strains . . . . 139
3.3 Number of single-nucleotide variants per line per haploid genome for selected
haploid and heterozygous diploid po/2 mutant strains . . . . . . . .. .. .. 140
3.4 Growth of S. cerevisiae mutant strains in rich medium . . . . . . . ... ... 142
3.5 Correlation of mutation rate estimates and mutation accrual for pol2 mutant
SLHAINS . . . . . o e e e 143
3.6 Single-nucleotide variant patterns . . . . . . . ... ... Lo 145
3.7 Single-nucleotide variant patterns adjusted to frequencies of trinucleotides in
S.cerevisiae . . . . ... L e e e e 146
3.8 SomaticSignatures: Determining the numbers of signatures . . . . . . . . .. 147
3.9 2-3 signatures are determined using Non-negative matrix factorization . . . . 149
3.10 Contribution of the signatures to the variant pattern . . . . . . .. ... ... 150
3.11 EMu: Validating Signature Analysis . . . . . . .. ... ... ... .. ... 152
3.12 No observed clustering of mutations acquired by pol2-P30IR strains . . . . . 153
3.13 Mutations falling inside and outside of genes in heterozygous diploid poly-
merase mutant Strains . . . . . . .. ... ..o e e 154
3.14 Percentage of mutations within genes in haploid strains . . . . . . . .. . .. 156
3.15 Number of total aneuploidy and segmental insertions/duplications identified . 157
3.16 Example of aneuploidy in S. cerevisiae . . . . . . . . .. ... ... 159
3.17 Example of segmental deletions and amplifications in S. cerevisiae . . . . . . 160
3.18 rDNA copy number changes in polymerase mutants . . . . . . ... ... .. 161
3.19 No increase in the number of INDELs detected per sample across strains . . . 162
3.20 Mutation accrual in strains with mismatch repair deficiencies . . . . . . . . . 163
4.1 Tetrad dissection to generate double mutants and detect synthetic lethality . . 169



xviii

List of Figures

4.2

43
4.4

4.5

The mutagenesis observed in strong mutator strains is partially rescued by

mutating critical residues in the exonuclease domain active site . . . . . . . . 172
Synergystic effects on mutation number between rev3A and pol2-P30IR . . . 174
Mutational patterns observed in pol2-P301R cells and pol2-P301R rev3A cells

are highly similar . . . . . .. . ... ... . L L o 175

Constructs used for conditional knock-in mutations in mice . . . . . . . . . . 177



List of Tables

1.1
1.2
1.3
1.4
1.5
1.6
1.7

2.1
2.2

23
24
2.5
2.6

3.1

3.2

4.1

Eukaryotic replicative DNA polymerases . . . . . . . . ... ... ... ... 15
Families of DNA polymerases . . . . . . ... ... ... .......... 22
Error rates of DNA polymerases from different families . . . . . . .. .. .. 26
Incidence of aneuploidy during development . . . . . . . . ... ... .... 47
The origin of human trisomy . . . . . .. ... ... ... ... ....... 50
Standard Nomenclature for S. cerevisiae genetics using POL2 as an example. 83
A selection of Nobel Prizes awarded for work using S. cerevisiae as a model

OFZANISIN. .+ & v v v o v e e e e e e e e e e e e e e e e e 84

Polymerase exonuclease domain mutations in S. cerevisiae . . . . . . . . .. 88
Genomic locations of mutations in DNA polymerases in different human genome

assemblies . . . . ... 90
Checking DNA polymerase mutations for common variants . . . . . . . . .. 93

Polymerase mutations identified from the literature with predicted consequences 94

Budding yeast equivalents of human DNA polymerase mutations of interest . 96
Haploid copy number of rDNA repeats across Eukaryotic species . . . . . . . 126
Mutation number fold change of pol2 haploid and heterozygous diploid mu-

tant strains when compared to the POL2 strain . . . . . . . . ... ... ... 141

Estimates of mutation rate increases using resistance to Thialysine . . . . . . 142

Synthetic lethality of polymerase mutants and mismatch repair deficiency . . 171






