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Abstract

Somatic mutations are the main triggers that initiate the formation of cancer. Large
sequencing data sets in recent years revealed a substantial number of mutational
processes, many of which are poorly understood or of completely unknown aetiology.
These mutational processes leave characteristic sequence patterns, often called “signatures”, in the DNA. Characterisation of the mutational patterns observed in cancer
patients with respect to different genomic features and processes can help to unravel
the aetiology and mechanisms of mutagenesis. Here, we explored the effects of DNA
modifications and DNA replication on mutagenesis.
The most common mutation type, C>T mutations in a CpG context, is thought
to result from spontaneous deamination of 5-methylcytosine (5mC), the major DNA
modification. Much less is known about the mutational properties of the second most
frequent modification, 5-hydroxymethylcytosine (5hmC). Integrating multiple genomic
data sets, we demonstrate a twofold lower mutagenicity of 5hmC compared to 5mC,
present across multiple tissues.
Subsequently, we show how DNA modifications may modulate various mutational
processes. In addition to spontaneous deamination of 5mC, our analysis suggests a key
role of replication in CpG>TpG mutagenesis in patients deficient in post-replicative
proofreading or repair, and possibly also in other cancer patients. Together with an
analysis of mutation patterns observed in cancers exposed to UV light, tobacco smoke,
or editing by APOBEC enzymes, the results show that the role of DNA modifications
goes beyond the well-known spontaneous deamination of 5mC.
Finally, we explored which of the known mutational processes might be modulated
by DNA replication. We developed a novel method to quantify the magnitude of
strand asymmetry of different mutational signatures in individual patients followed
by evaluation of these exposures in early and late replicating regions. More than 75
% of mutational signatures exhibited a significant replication strand asymmetry or
correlation with replication timing. The analysis gives new insights into mechanisms
of mutagenicity in multiple signatures, particularly the so far enigmatic signature 17,
where we suggest an involvement of oxidative damage in its aetiology. In conclusion,
our results suggest that DNA replication or replication-associated DNA repair interacts
with most mutagenic processes.
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— Jeremy Soule Skyrim

Introduction

In the last century, several theories have been formed about the cause and origin
of cancer (e.g., reviewed in Vineis et al., 2010). The two major components of these
theories are mutagenesis and epigenetics. Mutations are permanent changes to the
DNA. Epigenetics can be described as the study of heritable information carried by
other means than the sequence of the DNA bases. For example, this can be carried by
small chemical modifications of the DNA bases (DNA modifications). Although DNA
modifications are an indispensable component of living cells, they are also the cause
of the most common type of mutations. This mutagenic process has been known for
more than 40 years (Lindahl and Nyberg, 1974). However, the role of other, recently
discovered, DNA modifications in mutagenesis is almost unexplored. Moreover, DNA
modifications can interact also with other known mutational processes, but the effects
of these interactions on mutations observed in whole-genomes of cancer patients
are largely unknown. The interplay between DNA modifications and mutagenesis is
therefore one of the two main topics of this thesis.
Another important source of mutations is replication of DNA performed before each
cell division. Mutations can be introduced during replication due to random errors made
by DNA polymerases. The knowledge of such source of mutations is very old, but also
recently actively discussed in the cancer scientific community (Tomasetti and Vogelstein,
2015). Several mechanisms exist in cells to repair errors introduced during replication.
1
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When all these mechanisms are intact, the entire process is remarkably accurate, making
only one error in every 109−10 bases (Rayner et al., 2016). The estimated error-rate was
thought to be too low to account for the mutation load observed in cancer genomes,
diminishing the role of replication in cancer mutagenesis (Loeb, 1991). However, other
mutational processes were also shown to be linked to replication. Nevertheless, it
is currently unknown which of the mutational processes interact with replication
and how. The interplay between DNA replication and mutagenesis is therefore the
second main topic of this thesis.
This chapter first provides a brief introduction into the necessary basics of genomics
(section 1.1) and DNA replication (section 1.1.3), followed by an overview of epigenomics
with a main focus on DNA modifications (section 1.2), leading into a section about
DNA mutagenesis and repair (1.3). Sections 1.4 and 1.5 summarise previous research
about the influence of DNA modifications and DNA replication on DNA mutagenesis.
The chapter is concluded with the aims of the thesis (section 1.6).

1.1
1.1.1

Genomics: DNA, transcription, and replication
DNA

The hereditary information of cells is stored in molecules of deoxyribonucleic acid
(DNA), composed of monomers called nucleotides (Fig. 1.1). Each DNA nucleotide
consists of a sugar 2’-deoxyribose, phospate group, and a base. The sugars are joined
by the phospate groups to form a polymer chain called DNA backbone. The hereditary
information is encoded into the sequence of bases, which are connected to the backbone
by the sugars. Four types of bases exist in the DNA; two purines: adenine (A) and
guanine (G), and two pyrimidines: cytosine (C) and thymine (T). The sequence of bases
is connected with the phosphate-deoxyribose backbone into a directional DNA strand.
The terminology for the strand direction is based on the two ends of the molecule: 5’
end (which contains a phospate group attached to the 5’ carbon of the sugar ring) and
3’ end (with a hydroxyl group attached to the 3’ carbon of the sugar ring) (Fig. 1.1).
DNA stays most of the time in the form of two antiparallel strands. The bases of the
two strands are non-covalently connected by hydrogen bonds, pairing complementary
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bases together, such that A is always opposite T (A:T pair) and C is opposite G (C:G
pair). The two strands are coiled around a common axis, forming a double helix. The
structure of DNA was discovered in 1953 (Watson and Crick, 1974, 1953; Franklin and
Gosling, 1953) and names of Watson and Crick are also used to distinguish the two
strands: the 5’ to 3’ “top” strand is sometimes called Watson strand and is used as a
reference, whereas Crick strand refers to the opposite 5’ to 3’ bottom strand.

Figure 1.1. DNA Four bases in the DNA (left) follow given base-pairing rules (C:G and A:T) and
are connected to the phospate-deoxyribose backbone (2’-deoxyribose is shown in grey) (middle),
to form a double-helix structure (right). This figure was derived from Difference_DNA_RNAEN.svg by Roland1952, licensed under CC-BY-SA.

In order to package the 2 metres of human nuclear DNA into a nucleus of a cell
with an average diameter of less than 10 µm, it needs to be compacted on several levels
(McGinty and Tan, 2015). On the lowest level, the DNA double helix is coiled around
eight histone protein cores called nucleosomes, first observed in 1974 (Olins and Olins,
1974), and crystallised in 1997 (Luger et al., 1997) (Fig. 1.2).
Approximately 147 base-pairs of DNA (ca. 1.65 turns) are wrapped around the
histone octamer, which consists of two copies of each histone: H2A, H2B, H3, and H4.

4
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Figure 1.2. Nucleosome structure. A: Schematic representation of nucleosome structure and
its composition of octamer histones (H3, H4, H2A and H2B) and H1 linker histone. Selected
histone variant names for each histone type are shown. Reprinted from (Draizen et al., 2016),
with permission from the publisher. B: Nucleosome structure, with DNA in orange and histone
proteins in blue. Reprinted from Molecule of the Month by David S. Goodsell and the RCSB
PDB, licensed under CC-BY-4.0. C: The nucleosome core is formed by histones and 147 bp of
core DNA, while adjacent nucleosomes are separated by stretches of linker DNA of varying
length up to about 100 bp.

The higher-order structure is stabilised by linker histone H1. The DNA between the
nucleosome cores is called linker DNA and can be of variable length (typically between
10 and 80 bp). The centre of the nucleosome/DNA wrapped around the nucleosome
is called nucleosome dyad. The locations of nucleosomes on the human DNA are to
some extent shared among the cells and two terms are used to describe this similarity
(Struhl and Segal, 2013). Nucleosome occupancy is defined as the fraction of cells from
the population in which the base pair is occupied by any histone octamer. Nucleosome
positioning in a base pair in the genome is defined as the fraction of cells from the
population in which that base pair is at the nucleosome dyad.
The DNA wrapped around nucleosomes is further compacted to form higher-order
chromatin structures, which are tightly coiled into the chromatids of chromosomes.
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The complex of DNA and histone proteins is called chromatin and depending on the
degree of condensation it can be found in two forms: euchromatin and heterochromatin.
Euchromatin (open chromatin; gene rich and associated with active transcription) is
less condensed, potentially allowing better access of proteins related to transcription or
DNA repair, but also more exposed to DNA damage, whereas heterochromatin (closed
chromatin; associated with inactive genes) stays highly condensed throughout the
cell cycle (Margueron and Reinberg, 2010).

1.1.2

Transcription

The hereditary information for creating proteins is encoded in genes in the DNA. In
eukaryotes, the sequence of bases in the gene body (between transcription start site
(TSS) and transcription end site (TES)) is transcribed to a single-stranded molecule
of ribonucleic acid (RNA) of type precursor messenger RNA (pre-mRNA). In contrast to DNA, RNA contains sugar ribose, the base uracil is used instead of thymine,
and is mostly single-stranded, albeit folded in a three-dimensional structure with
stretches of nucleotides paired with complementary sequences from different parts
of the same molecule.
The principle of complementarity is used when RNA polymerase (e.g., the human
RNA Pol II) copies bases from the DNA to the RNA. Transcription is initiated when
transcription activators bind promoter region near TSS to attract RNA Pol II. The
transcription initiation can be enabled by regulatory regions called enhancers, which can
be located thousands of nucleotides away from TSS and provide binding sites for gene
regulatory proteins. While the pre-mRNA molecule is being produced, it is concurrently
processed by having a modified guanine nucleotide cap added to the 5’ end, by removal
of non-coding regions called introns through a process of pre-mRNA splicing, and by
polyadenylation of the 3’ end of pre-mRNA. The processed molecule is termed mRNA
and is transported from the nucleus to the cytosol, where it is translated to a protein.
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1.1.3

DNA replication

Before a cell divides, its DNA needs to be replicated. The replication of DNA is again
based on the complementarity of bases in the DNA. The two strands are separated and
serve as a template for synthesis of a new strand, creating two double helix copies of
the original molecule. In eukaryotes, DNA replication is initiated in replication origins
(ORI), simultaneously in many places in the genome. The recognition of ORI by origin
recognition complex (ORC) in eukaryotes is still not fully understood but is thought to
be defined by a wide variety of features and goes beyond a simple DNA sequence motif
(Aladjem and Redon, 2016; Snedeker et al., 2017). In prokaryotes, ORI share similar
sequence motifs (Fuller et al., 1984; Leonard and Méchali, 2013). In eukaryotes, regions
with ORI were found enriched with CpG islands1 , GC-rich regions, G-rich repeats
and motifs associated with G quadruplexes, four stranded helical structures of DNA
(Leonard and Méchali, 2013; Cayrou et al., 2011; Besnard et al., 2012). However, some of
the enrichments might be an artefact of the techniques used for ORI detection. For
instance, techniques based on lambda exonuclease λ-exo digestion show a technical bias
for GC-rich DNA and G4 motifs; and after a control for these biases using nonreplicating
genomic DNA, the association between ORI and G quadruplex motifs and G+C content
is markedly diminished (Foulk et al., 2015).
The actively used (“activated”) ORI differ between cell types, age of the cell and
other factors (Fragkos et al., 2015). Only a small proportion (e.g., 10–20%) of potential
ORI are activated in a cell and their numbers are estimated to be in the order of tens of
thousands (Huberman and Riggs, 1968; Méchali, 2010; Besnard et al., 2012; Leonard and
Méchali, 2013; Langley et al., 2016). The distribution of ORI is not uniform, with clusters
of early-firing ORI separated from late-firing ORI by ORI-poor temporal transition
regions (TTR) (Desprat et al., 2009; Cayrou et al., 2011; Leonard and Méchali, 2013).
The replication proceeds in both directions from ORI, unwinding the parental strands
with Cdc45, MCM2–7, and GINS (CMG) complex (Burgers and Kunkel, 2017) (Fig.
1.3A). The generated strands are coated with replication protein A (RPA) to keep them
1

CpG refers to a cytosine-phoshate-guanine dinucleotide (in the 5’-to-3’ direction). CpG islands are
regions with a relatively high frequency of CpG dinucleotides, often found in promoter regions close to
TSS, important for the regulation of gene transcription. See section 1.2.1 for more details.

1. Introduction

7

stabilised and single-stranded (Burgers and Kunkel, 2017). A term replication fork is used
for the actively replicated region, due to its Y-shape structure. The synthesis of daughter
strands is performed by replicative DNA polymerases. Crucially, the known eukaryotic
replicative DNA polymerases work directionally, synthesising the daughter strand from
the 5’ end to the 3’ end (i.e., reading the template in the 3’ to 5’ direction). Only one
of the strands can therefore be synthesised in a continuous fashion. This is called the
leading strand, its template is the top (Watson) strand to the left from the ORI and the
bottom (Crick) strand to the right from the ORI (Fig. 1.3B). On the other hand, the
lagging strand is synthesised discontinuously in ca. 100–200 nucleotides long pieces of
DNA called Okazaki fragments, which are then joined together into a continuous strand.
The synthesis of each leading strand and each Okazaki fragment is initiated by Pol
α-primase complex, which creates a 5–10 nucleotides long RNA primer extended with
ca. 30 nucleotides of DNA (Stillman, 2008; Pellegrini, 2012; Burgers and Kunkel, 2017).
In the most accepted model of the eukaryotic replication fork, the bulk of the
leading strand is synthesised by replicative polymerase ε (Pol ε) and the lagging strand
by replicative polymerase δ (Pol δ) (Stillman, 2008; Mertz et al., 2017b; Burgers and
Kunkel, 2017; Snedeker et al., 2017) (Fig. 1.3). The processivity2 of Pol δ and to a
lesser extent also Pol ε is enhanced by proliferating cell nuclear antigen (PCNA), a
ring-shaped clamp, which encircles the DNA, tethers the replicative polymerases to
the DNA, and by interacting with a number of other proteins coordinates different
sub-processes involved in the replication (Moldovan et al., 2007; Burgers and Kunkel,
2017). On the lagging strand, the synthesis of each Okazaki fragment is initiated by
RPA-recruited Pol α-primase complex and followed by elongation by Pol δ. At the end
of the Okazaki fragment (called Okazaki junction), Pol δ carries out strand displacement
of the RNA primers and Pol α-synthesised DNA, generating a nascent flap, which
is cut by FEN1, allowing ligation of the Okazaki junction (Stith et al., 2008; Burgers
and Kunkel, 2017) (Fig. 1.3C). Recent evidence from yeast shows that not all Pol αsynthesised DNA is removed, leading to approximately 1.5 % of the mature genome
resulting from Pol α synthesis, possibly due to DNA-binding proteins blocking the
2

Processivity of an enzyme is its ability to catalyse consecutive reactions without releasing its
substrate.
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Figure 1.3. A model of eukaryotic replication. A: Replisome structure and interactions.
Parental strands are separated by CMG complex (consisting of Cdc45, MCM2–7, and GINS) and
the single-stranded DNA is coated with RPA. The leading strand is primed by Pol α/Primase
complex and is synthesised by Pol ε, with only ~40-nt (left) or ~20-nt (right) lengths of singlestranded DNA in between CMG and the polymerase. The lagging strand is shown looped such
that both Pol α and Pol ε move in the same direction while held in a complex by Ctf4. B:
A schematic representation of the replication origin and DNA synthesis proceeding in both
directions from the origin. C: Okazaki fragment maturation. Primers on the lagging strand
are elongated by Pol δ until the downstream Okazaki fragment is reached. Subsequent strand
displacement synthesis by Pol δ is counteracted by its 3’-exonuclease activity. In the presence of
FEN1, the nascent flap is cut and strand displacement synthesis restarts. This iterative process
predominantly releases mononucleotides. Occasional excess strand displacement synthesis
yields very long 5’-flaps that are processed to short flaps by the nuclease activity of Dna2. After
degradation of all primer RNA, ligation of the DNA–DNA nick is performed by DNA ligase 1.
Figures (A) and (C) are reprinted from Burgers and Kunkel (2017), with permission from the
publisher.

displacement by Pol δ (Reijns et al., 2015). The length of the Okazaki fragments is
determined by nucleosome periodicity and Okazaki junctions preferentially occur near
nucleosome midpoints (dyads), rather than in internucleosomal linker regions (Smith
and Whitehouse, 2012; Williams et al., 2016).
The model of division of work between Pol ε and Pol δ on the leading and lagging
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strands, respectively, has been recently challenged by Johnson et al. (2015), who
proposed Pol δ to be the major polymerase for both the leading and the lagging strands
in Schizosaccharomyces pombe, due to observed increase of mutation rate on both
strands in strains with mutated Pol δ and defective in MMR (pol3-L612M msh2 ∆). In
this model, Pol ε is not involved in the synthesis of the leading strand, but might be
involved in proofreading and correcting errors made by Pol δ. This alternative model
has been actively discussed in the community; however it is disfavoured in normal
undamaged DNA (Burgers et al., 2016; Lujan et al., 2016) due to multiple reasons:
contradictory observations of mutation spectra in yeast strains with mutated Pol δ and
Pol ε (summarised in Burgers et al., 2016), asymmetric ribonucleotide incorporation
by Pol δ and Pol ε (summarised in Burgers et al., 2016), inability of Pol ε to proofread
mistakes made by Pol δ (Flood et al., 2015), and enrichment of mutations on the
leading strand in Pol ε exonuclease-defective human tumours (Shinbrot et al., 2014).
Nevertheless, involvement of Pol δ on the leading strand is possible under stress, in
such cases as re-priming following a DNA damage avoidance or replication fork restart
(Lujan et al., 2016; Miyabe et al., 2015).
Polymerase
Pol ε

Pol δ
Pol α
Primase

Subunit
A
B
C
D
A
B
C
D
A
B
A
B

Function
Polymerase, 3’ to 5’ exonuclease
Regulatory
Double-stranded DNA binding
Double-stranded DNA binding
Polymerase and 3’ to 5’ exonuclease
Regulatory
Regulatory
Regulatory
Polymerase
Regulatory
Catalytic
Regulatory

Gene
POLE (POLE1)
POLE2
POLE3
POLE4
POLD1
POLD2
POLD3
POLD4
POLA1
POLA2
PRIM1
PRIM2

Protein
p261
p59
p17
p12
p125
p50
p68 (p66)
p12
p180
p70
p49
p58

Table 1.1. Human replicative polymerases.

Both Pol ε and Pol δ consist of one large catalytic subunit and three smaller subunits
in humans (Table 1.1). The catalytic subunits (encoded in humans by POLE and POLD1,
respectively) contain a polymerase domain and a 3’ → 5’ exonuclease domain (Ream
et al., 2014, chapter 2). The exonuclease domain provides Pol ε and Pol δ with an
important ability to proofread the newly synthesised DNA strand. Germline mutations
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in the proofreading domains of Pol ε and Pol δ predispose to cancer and proofreadingnull mice develop cancers (Rayner et al., 2016; Albertson et al., 2009). Somatic mutations
in the proofreading domains are found in ultramutated cancer samples, with often
more than 105 mutations per Gbp (Shinbrot et al., 2014; Shlien et al., 2015). Both the
exonuclease activity and the high fidelity of the polymerase domain are essential for
the accuracy of eukaryotic replication. As Pol α lacks the exonuclease domain, it is only
moderately accurate, which is the reason why most of the DNA synthesised by Pol α is
removed by the strand displacement activity of Pol δ (Williams et al., 2016).
The replication substantially differs when the template DNA contains a lesion. A
summary of pathways involved in replication of damaged DNA is provided in section
1.3.2.

1.2

Epigenomics

A substantial part of information needed for correct functioning of a cell is encoded in
epigenetic modifications (see Appendix 8.1 for more detailed definition and a historical
context of the term epigenomics). Epigenomic information can be carried in a number of
features: DNA modifications, histone modifications, nucleosome positioning, chromatin
interactions and domains. This section introduces DNA methylation 1.2.1 and hydroxymethylation 1.2.2, and other DNA modifications 1.2.3, and their role in cancer 1.2.4. A
brief summary of other types of epigenetic modifications can be found in Appendix 8.2.

1.2.1

DNA methylation in normal cells

The most extensively studied epigenetic modification is cytosine with a covalently
attached methyl group, forming a molecule 5-methylcytosine (5mC). Methylation of
cytosine is found in bacteria (such as Escherichia coli), plants (such as Arabidopsis
thaliana), fungi (such as Neurospora crassa), insects and other invertebrates, and the
genomes of all examined vertebrate species (Suzuki and Bird, 2008; Su et al., 2011;
Capuano et al., 2014), but is absent from Caenorhabditis elegans (Simpson et al., 1986)
and all examined yeast strains (Capuano et al., 2014). The amount, sequence context,
genomic context and proposed functions of 5mC markedly differ between species
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(Suzuki and Bird, 2008; Du et al., 2015). In the remainder of the introduction, we will
focus on vertebrates and especially humans.
In human DNA, around 4 % of cytosines are methylated (which corresponds to ca.
1 % of all DNA bases) and most of 5mC resides in CpG dinucleotides (Breiling and
Lyko, 2015; Bird, 2002; Bird and Taggart, 1980). Methylation outside CpG context (i.e.,
in a CpH sequence context, where H refers to A, C, or T) occurs predominantly in
CpA dinucleotides and is most abundant in neurons (>2 % of CpA positions), relatively
abundant (1–2 %) in other adult brain cells, H1 embryonic stem cells (ESC), oocytes,
etc., while it is low (<1 %) in heart, aorta, stomach, etc., and undetectable in sigmoid
colon, small bowel, sperm, or fibroblasts (He and Ecker, 2015). CpH methylation has
started to attract more attention in recent years, especially in the context methyl-CpG
binding protein 2 (MeCP2), which binds also 5mCpApC and is a critical protein in
the neurological disorder Rett syndrome (He and Ecker, 2015; Luo and Ecker, 2015;
Kinde et al., 2015). However, in this thesis we will focus mostly on the far more
abundant CpG methylation.
Around 70–80 % of CpGs are methylated (Bird, 2002). As CpG is a palindromic
sequence3 , the CpG methylation can be efficiently maintained after DNA replication
before cell division simply by copying the methylation status from the template strand.
This mechanism of methylation maintenance has been proposed already in the early
papers suggesting 5mC to be a heritable epigenetic mark in vertebrates (Holliday and
Pugh, 1975; Riggs, 1975). The copying of methylation groups during replication is
performed mainly by the maintenance DNA methyltransferase DNMT1 guided by
UHRF1 (Cheng, 2014; Du et al., 2015). Methylation can be deposited also de novo,
by DNMT3A and DNMT3B enzymes4 All these three methyltransferases are required
for normal embryonic and neonatal development (Li et al., 1992; Okano et al., 1999).
Moreover, DNMT3L, a catalytically inactive DNMT3 homologue, is required for de
novo methylation primordial germ cells and Dnmt3L-/- male mice are sterile (Rose and
3

Genomic palindromic sequence is a sequence, which is the same as its reverse complement, i.e.,
5’-to-3’ sequence on the complementary strand.
4
However, this division of work is not absolute, as DNMT3A and DNMT3B enzymes are thought to be
also required for methylation maintenance, as well as DNMT1 can exhibit de novo methylation activity
at certain repetitive elements (Jones and Liang, 2009; Arand et al., 2012).
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Klose, 2014). A complete lack of methylation is incompatible with viability of normal
somatic cells and cancer cells, but not mouse ESC (Jones, 2012). DNA methylation
has multiple functions: X-chromosome inactivation, imprinting, promoting genome
and chromosomal stability, regulating transcription, preventing spurious transcription
initiation, and it has been also proposed to play a role in regulating alternative splicing
(for more details, see Appendix 8.3).

1.2.2

DNA hydroxymethylation in normal cells

The second most common DNA modification in human DNA is 5-hydroxymethylcytosine
(5hmC), which was indisputably shown to exist in brain and other tissues only recently
in 2009 (Kriaucionis and Heintz, 2009). It was concurrently shown that ten-eleven
translocation (TET) enzymes are able to convert 5mC into 5hmC (Tahiliani et al., 2009).
Unlike 5mC, which is observed at similar levels in many cell types (showing only 1–2.5fold difference), the abundance of 5hmC varies widely (up to 22-fold difference), but
is detectable in ESC and all examined tissues (Li and Liu, 2011; Tomkova et al., 2016;
Tahiliani et al., 2009; Globisch et al., 2010; Szwagierczak et al., 2010; Wu and Zhang,
2011; Nestor et al., 2012; Liu et al., 2013) (Fig. 1.4).
The discoveries about 5hmC and TET enzymes gave a new direction in the longterm search for the mechanisms of DNA demethylation (transition from 5mC to C).
Global DNA demethylation occurs in development and other contexts, including cancer.
Although the mechanisms of de novo and maintenance methylation are well understood,
the opposite process is still under debate. The simplest form is passive demethylation,
in which replication dilutes 5mC due to missing, down-regulated, or inefficient DNA
methylation maintenance. However, it has been shown that demethylation in the
zygotic paternal genome occurs rapidly after fertilisation to such an extent that cannot
be explained by the replication-dependent passive dilution (Mayer et al., 2000; Oswald
et al., 2000). Several mechanisms of active demethylation have been proposed. The older
and less supported ones (reviewed in Wu and Zhang, 2010) include:
• Enzymatic removal of the methyl group of 5mC by MBD2; however, Mbd2-null
mice are viable and exhibit normal demethylation.
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Figure 1.4. HPLC measurements of total 5hmC and 5mC in eight tissues: average values
with standard deviation of 5mC and 5hmC (as a percentage of total cytosine). Measured by
Michael McClellan, methods described in Tomkova et al. (2016).

• Direct excision of 5mC by BER (which is used in plants); however in mammals
suitable glycosylases have not been found. Both of the proposed TDG and MBD4
have 30–40-fold lower activity against 5mC:G than T:G and Mbd4-null zygotes
exhibit normal demethylation.
• Enzymatic deamination of 5mC by activation-induced deaminase (AID) or apolipoprotein B mRNA editing enzyme, catalytic polypeptide (APOBEC) family of proteins,
followed by BER of the produced T:G mismatch; however, AID and all the
examined APOBEC enzymes show higher efficiency for C than 5mC (with further
decrease for 5hmC and the higher oxidative states), as summarised in section
1.4.4.
• Nucleotide excision repair; however, biochemical evidence is missing and some of
the supporting results were irreproducible.
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The most accepted models include involvement of TET enzymes (Fig. 1.5). They can

not only mediate oxidation from 5mC to 5hmC, but also further to 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC) (Ito et al., 2011). Both 5fC and 5caC can be excised
by TDG, creating an abasic site, which is then repaired by BER and unmodified C
is restored (reviewed in Wu and Zhang, 2017). Alternatively, when DNA replication
occurs after the oxidation, the created 5hmC, 5fC, and 5fC are paired with unmodified
cytosine, which is referred to as TET-assisted passive demethylation (Hill et al., 2014)
or active modification–passive dilution (Wu and Zhang, 2017).

Figure 1.5. Passive and active demethylation. Passive demethylation happens during
replication of methylated CpGs when DNMT1 does not copy the methylation mark to the other
strand. TET-assisted passive demethylation involves oxidation of 5mC by TET enzymes into
5hmC, 5fC, or 5caC, followed by replication and pairing with unmodified C. In TET-assisted
active demethylation, 5fC or 5caC are excised by TDG and restored to C by BER.

Initially, 5hmC was studied mainly for its roles in active demethylation. This was
changed by the discovery that majority of 5hmC is found stable in the genomic DNA,
as opposed to transient intermediate between methylated and unmodified cytosine
(Bachman et al., 2014). A number of DNA binding proteins recognising 5hmC have
been identified (Mellén et al., 2012; Spruijt et al., 2013; Takai et al., 2014). Moreover,
5hmC is particularly enriched in promoters and gene bodies of actively transcribed
genes (Wu and Zhang, 2011; Williams et al., 2011) and the 5hmC levels in gene bodies
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correlate with gene expression (Mellén et al., 2012). 5hmC has been therefore implicated
in regulation of transcription and splicing (for more details, see Appendix 8.3).

1.2.3

Other DNA modifications in normal cells

Compared to 5mC and 5hmC, their oxidative products 5fC and 5caC are much less
abundant, with levels in different mouse tissues ranging between 0.2–15 ×10−4 %
of C and up to 2 × 10−4 % of C, respectively (Bachman et al., 2015), in line with
measurements in other studies (Ito et al., 2011; Iurlaro et al., 2016). Both 5fC and
5caC are substrates for TDG (Maiti and Drohat, 2011) and Tdg deficiency in E11.5
mouse embryos causes approximately 7-fold increase of 5fC, indicating active TET-TDGmediated demethylation (Iurlaro et al., 2016). This activity is enriched at exon-intron
boundaries and CGI shores and 5fC is increased in active enhancers in both WT and Tdgnull animals, as shown by single-base resolution sequencing of 5fC (Iurlaro et al., 2016).
Not only 5fC and 5caC are substrates for TDG, but they also recruit a number of other
DNA-repair-associated proteins from BER and MMR pathways (Spruijt et al., 2013).
This might be enhanced by the altered structure of DNA double helix in the presence
of 5fC (Raiber et al., 2015). Moreover, 5caC:G pair stimulates Pol δ exonuclease activity
and is recognised as a mismatch by MMR as strongly as T:G pair (Shibutani et al., 2014).
In spite of this lesion-like treatment of 5fC and 5caC, it was shown that not only 5hmC,
but also 5fC can be a stable DNA modification (Bachman et al., 2015). This supports the
role of 5fC in other biological functions than only DNA demethylation intermediate.
It was thought that cytosine is the only base that carries modifications with
epigenetic functions in the mammalian DNA. Recent discovery of N6 -methyladenine
(N6mA) in the DNA of mouse ESC changed this view (Wu et al., 2016). This modification
is rare (6 − 7 × 10−4 % of A) and largely unexplored, but has been suggested to
control evolutionarily young LINE-1 retrotransposons (Koziol et al., 2015; Luo et al.,
2015; Pfeifer, 2016).
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1.2.4

DNA modifications in cancer cells

DNA modifications affect cancer in two major ways. First, they have an important
effect on mutagenesis, already in normal cells, and thus alter the risk of cancer. The
best known effect is spontaneous deamination of 5mC into T. As most 5mCs occur in
a CpG context, this leads to a high number of CpG>TpG mutations, which represent
the most common mutation type in cancer, normal somatic cells and germ line, as
detailed in section 1.4. The role of 5mC and other DNA modifications on the origin
of cancer mutations (via the best known spontaneous deamination, but also via other
processes) is one of the main topics of this thesis.
Second, DNA modifications exhibit substantial changes during tumorigenesis.
Historically, three types of changes have been identified. Hypermethylation of CpG
islands of gene promoters was associated with silencing of these —often tumoursuppressor— genes (e.g., MLH1) (Sakai et al., 1991; Gonzalez-Zulueta et al., 1995; Herman
et al., 1994; Hiltunen et al., 1997; Jones and Baylin, 2002). Genome-wide hypomethylation
was associated with genomic instability (Esteller and Herman, 2002; Eden et al., 2003;
Jones and Baylin, 2002). And hypomethylation of gene-specific promoters was linked
to activation of oncogenes (Nishigaki et al., 2005; Oshimo et al., 2003; Akiyama et al.,
2003; Cho et al., 2000; Sato et al., 2003).
However, more recent results suggest that the impact of DNA modification alterations in cancer is more complex. For instance, the CpG island hypermethylation
happens after the genes are silenced by other means, such as Polycomb complexes
(Keshet et al., 2006). Therefore methylation serves not as the primary silencing mechanism, but might prevent the gene to be activated (Klutstein et al., 2016). Nevertheless,
specific hypermethylation found in CGIs, termed CGI methylation phenotype (CIMP), is
a frequent feature of some types of cancers (Hughes et al., 2013). It was first identified
in colorectal cancer (C-CIMP) (Toyota et al., 1999), where it was associated with BRAF
mutations, microsatellite instability, and predictive of shorter survival (Zong et al., 2016).
Similar phenotypes were subsequently shown to be predictive of better outcome in a
distinct group of IDH1-mutated gliomas (G-CIMP) (Noushmehr et al., 2010), predictive
of response to epigenetic treatment in infant ependymomas (Mack et al., 2014), mildly
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predictive of worse survival in a group of oesophageal adenocarcinomas (Krause et al.,
2016), and observed in many other cancer types (Hughes et al., 2013).
Similarly, the role of cancer hypomethylation might be more complex, such as
contributing to transposable elements activation (Burns, 2017) or inducing spurious
transcription and production of aberrant transcripts (Neri et al., 2017). The latter
is supported also by the fact that loss/mutation of SETD2 and loss of H3K36me3
mark (two important players in prevention of spurious transcription; see Appendix
section 8.3) are key events promoting cancer growth (Duns et al., 2010; Fontebasso
et al., 2013; Kanu et al., 2015).
Most examined cancer types exhibit also a significant hypo-hydroxymethylation
(Li and Liu, 2011; Jin et al., 2011; Haffner et al., 2011; Kraus et al., 2015). The reasons
or impacts of this depletion of 5hmC are not well understood. It might be a simple
consequence of higher proliferation rate of cancer cells and slow establishment of 5hmC
on the nascent strand after DNA replication (Bachman et al., 2014). On the other hand,
loss of 5hmC predicts poor prognosis in a number of cancer types (Lian et al., 2012;
Chen et al., 2015; Yang et al., 2013b; Shi et al., 2016b; Zhang et al., 2016)5 .
Moreover, genes involved in TET-mediated demethylation are often mutated or
downregulated in cancer. TET2 gene is mutationally inactivated in about 15 % of myeloid
cancers, including 22 % of acute myeloid leukemia (AML) (Delhommeau et al., 2009;
Langemeijer et al., 2009) and TETs are often downregulated in human cancers (Yang
et al., 2013a; Kohli and Zhang, 2013). IDH1 and IDH2 are mutated in more than 70 % of
lower-grade gliomas (grades II and III) (Turcan et al., 2012), in some glioblastomas (Yan
et al., 2009; Parsons et al., 2008), AML (Mardis et al., 2009), thyroid carcinomas (Hemerly
et al., 2010; Murugan et al., 2010) and several other cancers (Sjöblom et al., 2006; Mardis
et al., 2009; Pansuriya et al., 2011; Amary et al., 2011a,b). The wild-type IDH1 and IDH2
catalyse the conversion of isocitrate to α-ketoglutarate, which is a cofactor for many
dioxygenases including TET enzymes. The most common mutations in these genes
(R132 in IDH1 and R140 and R172 in IDH2) lead to production of α-hydroxyglutarate,
an oncometabolite that can competitively inhibit these α-ketoglutarate-dependent
5

However, this also does not prove an active role of 5hmC loss in the carcinogenesis, as the predictivity
might be also just a consequence of another common cause, such as increased proliferation rate.
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TET enzymes, and thus oxidation of 5mC to 5hmC (Xu et al., 2011). These IDH1
mutations do indeed lead to global hypermethylation and hypohydroxymethylation
(Figueroa et al., 2010; Turcan et al., 2012; Bardella et al., 2016). However, how this
global hypermethylation is restricted only to CGIs, as observed in the IDH1-mutated
G-CIMP cancers, is currently unknown. Finally, also DNMT3A mutations are highly
recurrent in AML patients (Ley et al., 2010).
Notwithstanding the unanswered questions about the mechanisms of DNA modifications in tumorigenesis, they have proved promising both as clinical markers (Heyn
and Esteller, 2012; Bock et al., 2016; Moran et al., 2017; Guo et al., 2017) and in the
design of cancer treatment (Yang et al., 2010, 2014; Zauri et al., 2015; Gustafson et al.,
2015; Wongtrakoongate, 2015).

1.3

DNA mutagenesis and associated repair

DNA mutations are permanent changes to the DNA of different sizes: single nucleotide
variants (SNVs; one base substitution), small-scale insertions and deletions (indels;
up to 10 kbp), and large-scale chromosomal changes, such as copy number variations
(CNVs; large-scale amplifications, deletions, and translocations). Mutations in the
coding regions of DNA that lead to a change of amino acid (missense mutations) or
truncation (nonsense mutations) of the translated protein are called non-synonymous
mutations. This change can cause inactivation of the protein (loss-of-function mutation)
or can cause increased or even novel activity of the protein (gain-of-function mutation),
e.g., through altered structure of the folded protein. While loss-of-function mutations
are often broadly distributed over a gene body, gain-of-function mutations usually
happen in only very specific recurrently mutated positions (Baeissa et al., 2017). Finally,
synonymous mutations are changes to the sequence of a gene that do not directly change
the sequence of the encoded protein. Although these mutations are also called “silent”,
they have been shown to have the potential to contribute to human cancer, such as
through regulation of alternative splicing (Supek et al., 2014b).
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DNA mutations in germ line6 are one of the key components of evolution, providing
variation in the genomes of individuals in the population. On the other hand, mutations
that happen in somatic cells (other than germ line) are not passed to progeny and do
not therefore influence evolution. Most of the mutations in somatic cells are harmless,
but some can give rise to various diseases, including cancer.
In the current7 model of tumorigenesis, cancer is caused by mutations in specific
genes, which —when mutated— can lead to changes in the phenotype, such as increased
growth, proliferation, or DNA repair deficiency, giving a selective advantages to the cells,
and by that give rise to cancer (Vogelstein et al., 2013; Martincorena and Campbell, 2015).
These mutations that causally drive the disease are called cancer driver mutations, while
majority of somatic mutations are harmless (passenger mutations) (Stratton et al., 2009).
The view of mutations being the primary cause of cancer has been challenged
several times. For instance, whole genome sequencing of ependymoma, a rare brain
tumour type, found no significant recurrent mutations in the cohort of 47 patients,
and several samples without any mutations in the entire genome, but with a potential
epigenetic origin (Mack et al., 2014; Parker et al., 2014; Versteeg, 2014). Nevertheless,
apart from few outlier cases, the current evidence supports the importance of mutations
in tumorigenesis, albeit with important involvement of epigenetics (You and Jones,
2012; Klutstein et al., 2017), nutrition (Campbell, 2017), metabolism (Cao et al., 2015)
and other factors (Moore and Chang, 2010; Elinav et al., 2013).
Given the importance of DNA mutations in tumorigenesis, the next important
question is what causes the mutations. Although the process of acquiring mutations
is to some extent stochastic, large-scale sequencing studies in the recent decade
have revealed that the distribution of somatic mutations across the genome is not
uniform (Lawrence et al., 2013). Apart from positive and negative selective pressure, a
number of factors can influence distribution of mutation frequencies, such as chromatin
organisation (Schuster-Böckler and Lehner, 2012), replication timing (Koren et al., 2012),
metabolic load (Ames et al., 1993), transcription (Lawrence et al., 2013), sequence
6

Germ line is a population of cells in sexually reproducing organisms that are/give rise to the gametes.
The DNA of germ line cells is passed to the progeny during reproduction.
7
A very brief historical perspective is in Appendix 8.4.
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context (Alexandrov et al., 2013a; Nik-Zainal et al., 2012a), and exposure to different
mutagens (Poon et al., 2013).

Figure 1.6. DNA damage and repair DNA damage can be caused by exogenous or endogenous
mutagens or by therapeutic DNA-damaging agents. Schematic examples of the corresponding
DNA lesions are shown in the middle, and the repair pathways are shown below the lesions that
they repair. SAM: S-adenosyl methionine, ROS: reactive oxygen species, UV: ultraviolet, BER:
base excision repair, SSBR: single-strand break repair, MMR: mismatch repair, NER: nucleotide
excision repair, DSBR: double-strand break repair, NHEJ: non-homologous end joining, HR:
homology repair, ICL: iterstrand crosslink.

The non-uniform distribution of mutations in cancer genomes is therefore likely a
result of a number of non-uniform mutation-causing processes, DNA repair, fixation
of mismatches/DNA damage into mutations, and selection (Fig. 1.6). DNA damage or
DNA lesion is a chemical change of the DNA base (such as deamination, oxidation,
attachment of bulky adducts, removal of the base, etc.) or DNA structure (single and
double strand breaks, cross links between adjacent bases, etc.). In contrast, DNA
mutations are changes in the DNA sequence (while the DNA structure, DNA bases and
other elements defining the DNA remain unchanged) and arise from mis-incorporation
of a wrong base during replication, or from DNA damage that was incorrectly repaired
(Martincorena and Campbell, 2015).
Genomic sequencing of cancer mutations in the last decade has helped to identify
a number of mutational processes. These processes often show characteristic mutational patterns, which can be described by the type of mutation (such as C>T) and
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their trinucleotide sequence context (such as TCG>TTG). A mathematical method for
separation of signals with different sources was recently applied to identify mutational
signatures of the main mutational processes operating in cancer patients (Alexandrov
et al., 2013a). The concept of mutational signatures and their detection is described
in the General methods 2.1.1.
The next sections summarise the main pathways for DNA damage repair (1.3.1),
how replication deals with unrepaired damage (1.3.2), and a brief summary of the main
known endogenous and exogenous sources of DNA damage (1.3.3). The mutational processes influenced by DNA modifications (1.4) and replication (1.5) are described in detail.

1.3.1

DNA repair

1.3.1.1

Direct reversal repair

In some cases, a DNA lesion can be repaired by a simple direct reversal. The best
known example of such repair is demethylation of O6 -methylguanine lesion by O6 methylguanine DNA methyltransferase (MGMT) (Curtin, 2012). Direct reversal of
DNA alkylation can be performed by AlkB family of DNA repair dioxygenases, such as
ALKBH2/3, which exhibit demethylation activity against the cytotoxic N1-methyladenine
and N3-methylcytosine DNA adducts (Duncan et al., 2002; Sedgwick et al., 2007;
Yi et al., 2012).
1.3.1.2

Base excision repair (BER)

BER repairs most of the non-bulky DNA base lesions (oxidised, deaminated, and
alkylated bases) that cannot be corrected by direct reversal (Bauer et al., 2015). First, a
glycosylase recognises the DNA lesion (or mismatch, such as T:G mismatch recognition
by TDG), hydrolyses the β-N -glycosidic bond between the base and the sugar, and
removes the base, leaving an apurinic site or apyrimidinic site, jointly called abasic site
(AP site). The glycosylases are usually lesion-specific (Iyama and Wilson, 2013). The
created AP site is hydrolysed by an AP endonuclease, such as APE1, creating a nick (a
single-strand break). The following steps differ between short path BER and long path
BER, two modes of this pathway. In short patch BER, polymerase Pol β replaces the
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missing nucleotide and the nick is sealed by XRCC1–LIG3α complex, in assistance of
Poly(ADP-ribose) polymerase 1 (PARP1). In long patch BER, several nucleotides are
replaced by strand-displacement synthesis, followed by flap removal and nick sealing
(Curtin, 2012; Iyama and Wilson, 2013; Bauer et al., 2015). BER is important also for
repair of AP sites and single-strand breaks created by other means.
1.3.1.3

Nucleotide excision repair (NER)

NER corrects helix-distorting bulky base adducts and intrastrand crosslinks (Curtin,
2012; Bauer et al., 2015). NER is initiated by recognition of the damage, followed
by incision of an approximately 24–32 nucleotide long single-strand oligonucleotide
fragment around the damage. The gap is filled by a DNA polymerase and sealed
with a ligase (Marteijn et al., 2014). Two modes of NER operate on the DNA: global
genome NER (GG-NER) and transcription-coupled NER (TC-NER). The two modes
differ in the first recognition step. In GG-NER, damage sensor XPC complex constantly
probes the DNA for helix-distorting lesions and the damage is recognised by XPC
accompanied with UV-DBB complex (the damage is often “flipped out” to allow direct
binding to XPC) (Marteijn et al., 2014). In TC-NER, the damage is recognised during
transcription elongation by RNA Pol II, which stalls at the lesion, a complex of CSACSB proteins is formed, and RNA Pol II backtracks to leave the DNA lesion accessible
for repair (Marteijn et al., 2014).
Deficiency in GG-NER leads to increased mutagenesis, photosensitivity and cancer,
such as in a syndrome called Xeroderma pigmentosum (XP), caused by mutations in
XPC and other GG-NER genes. On the other hand, deficiency in TC-NER results in
premature ageing and neurological disorders, such as in a syndrome called Cockayne
syndrome (CS), caused by mutations in CSA, CSB, and other TC-NER gene (Menck
and Munford, 2014; Reid-Bayliss et al., 2016).
1.3.1.4

DNA double strand break repair (DSBR)

Double-strand breaks (DSBs) belong to the most deleterious DNA lesions, leading to
genomic translocations and activating cell death if unrepaired (Iyama and Wilson, 2013).
DSBs in dividing cells are repaired by homologous recombination (HR), whereas all cells
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can be repaired by non-homologous end joining (NHEJ). During HR, the sister chromatid
is used as a template for synthesis of the missing parts on both strands (BRCA1 and
BRCA2 are used in the first part of HR before the sister chromatid double helix is
opened and used as a template), whereas in NHEJ the ends of the DSB are re-ligated,
possibly leaving insertions or deletions at the breakpoint (Tubbs and Nussenzweig,
2017). More details and different subtypes of NHEJ are reviewed, e.g., in (Chang et al.,
2017). Germline (or somatic) mutations in BRCA1/2 significantly increase the risk of
cancer, lead to a characteristic mutational signature including deletions flanked by
short repeats (possibly due to enhanced use of NHEJ instead of the deficient HR),
but also enabled design of the first targeted treatment for inherited cancer disorder
(Lord and Ashworth, 2016).
1.3.1.5

Mismatch repair (MMR)

MMR recognises and repairs errors on the nascent strand of DNA replication. Despite
the name, single-nucleotide mismatches are only one (and perhaps the least important
one) of the types of errors recognised by MMR (Crouse, 2016). It suppresses insertion/deletion loops that resulted from slipped mispairing (illustrated in Fig. 1.6), it can
recognise ribonucleotides, and it was suggested to play an important role in preventing
mutations due to damaged bases (Crouse, 2016).
The errors are recognised by MutS complex. Mismatches and short insertion/deletion
loops are recognised by MutSα complex (MSH2–MSH6 dimer), whereas recognition
of longer insertions and deletions is performed by MutSβ complex (MSH2–MSH3
dimer). The bound MutS recruits MutL complex (comprising of MLH1 and PMS2),
which coordinates the recruitment of additional proteins for excision of the damaged
strand, filling the gap, and ligation of the nick (Curtin, 2012; Hewish et al., 2010).
Defects in the MMR pathway lead to microsatellite instability (MSI)8 , 100–1 000-fold
increase of mutations, and association with cancer (Hewish et al., 2010; Curtin, 2012;
Iyama and Wilson, 2013; Helleday et al., 2014). Defects in MMR are also observed in
Lynch syndrome, a hereditary dominant condition, predisposing for cancer (also known
8

MSI is defined as variability in the length of base pair repeated sequences (< 5 bp) that is caused by
replication slippage and that is normally kept stable by mismatch repair (Helleday et al., 2014).
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as hereditary non-polyposis colon cancer, HNPCC) and accounting for approximately
3 % of all colorectal cancer patients (Hewish et al., 2010). MMR deficiency in Lynch
syndrome is either due to germline loss-of-function mutation in one of the MMR
genes (MLH1, MSH2, PMS2, or MSH6), or due to hemiallelic methylation of MLH1
or MSH2 (Hewish et al., 2010).
In its canonical, replicative function, MMR is strand-specific, correcting the daughter
strand, but cannot repair damage to the template replicating strand (Curtin, 2012;
Crouse, 2016). MMR has been observed to act sometimes also outside the context of
replication (named non-canonical function of MMR), but due to lost discrimination
of the correct and erroneous strand, it often acts mutagenically. Such behaviour can
be intentional and physiological, such as in the case of somatic hypermutation at the
immunoglobulin locus (Crouse, 2016).

1.3.2

Replication of damaged DNA

If a mismatch is not repaired before replication, after the template strands are separated,
the mismatch is fixated into a mutation. Even more dangerous is that unrepaired DNA
damage (different than mismatch) can cause replication fork collapse, leading to genome
rearrangements, cell death, and disease (Cortez, 2015). Multiple DNA damage tolerance
(DDT) pathways therefore exist to allow bypass/avoidance of the DNA damage and
normal continuation of replication. The three main DDT pathways are: translesion
synthesis (TLS), template switching (TS), and homologous recombination (HR, salvage
pathway) (Branzei and Szakal, 2016b) (Fig. 1.7).
1.3.2.1

Translesion synthesis (TLS)

TLS has the ability to replicate across the DNA lesion without need of a different
template. This is enabled by a class of TLS polymerases, which lack proofreading
activity, but can recognise modified nucleotides or other DNA lesions and are able to
insert nucleotides opposite them (Bi, 2015). Unsurprisingly, the incorporated nucleotide
may be wrong9 , making TLS a mutagenic pathway.
9

Sometimes, it is not even clear what is the right nucleotide, as it depends on how the DNA lesion
originated.
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Figure 1.7. DNA damage tolerance during replication. In translesion synthesis (left), DNA
polymerases that can synthesize DNA past DNA lesions are used. In template switching (right),
the sister chromatid is used as a template instead of the damaged strand. Here, TLS is shown in
a polymerase switching mode, in which the replication fork stalls until the lesion is bypassed.
TS is shown in post-replicative gap-filling mode, in which the lesion is skipped by the replicative
polymerase, a gap is created and filled afterwards. However, both TLS and TS might operate in
both modes, depending on the lesion and other factors.

Seven TLS polymerases are known in human cells: Pol η (gene POLH), Pol ι (gene
POLI), Pol κ (gene POLK ), REV1 (gene REV1), Pol ζ (the catalytic subunit encoded
by gene REV3L), Pol θ (gene POLQ), Pol ν (gene POLN), and the recently discovered
PrimPol (gene PRIMPOL) (Lange et al., 2011; Rudd et al., 2014) (Fig. 1.8).
Two modes of TLS exist (Zhao and Todd Washington, 2017). In the first mode
(“polymerase switching”), the stalled replicative polymerase is replaced with a TLS
polymerase, which inserts a base opposite the lesion (Fig. 1.7 left). Extension from
the base and synthesis of several more nucleotides can be performed by the same
or different TLS polymerase (such as Pol ζ). The TLS polymerases are subsequently
replaced back with the replicative polymerase (Sale et al., 2012; Mailand et al., 2013).
The polymerase switch is promoted by PCNA monoubiquitination by RAD18–RAD6
complex (Mailand et al., 2013).
In the second mode (“post-replicative gap filling”), a gap is left around the lesion,
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Figure 1.8. Overview of DNA polymerases DNA polymerases can be grouped based on
amino acid sequence relationships into five families: A, B, X, Y, and archaeo-eukaryotic primase
(AEP) superfamily. All of them operate in nucleus, only Pol γ is responsible for replication of the
mitochondrial DNA. The polymerases can also be grouped by their main function: replicative
DNA polymerases synthesise bulk of the DNA during replication, TLS polymerases replicate
damaged DNA, and repair polymerases synthesis DNA during damage repair; however, the
grouping is not absolute, as many polymerases have more than one of these three functions.

while the replication complex reprimes downstream of the lesion. The gap is filled by
TLS polymerases later, in a similar two-step process as described for the first mode
(Mailand et al., 2013). The gap can be filled shortly after it was generated, or as late
as in the G2 phase (Mailand et al., 2013; Branzei and Szakal, 2016a).
Recent studies suggest that both modes might be in use, depending on the type
of the lesion and used polymerases. For instance, Pol η and Rev1 bypass UV-induced
CPD and 6-4PP at replication forks, whereas only 6-4PP are also tolerated by a Pol
ζ-dependent gap-filling mechanism, independent of S phase (Quinet et al., 2016). While
repriming on the lagging strand is natural, as it happens for each Okazaki fragment,
skipping the lesion on a leading strand seemed more complex. However, it was shown
that repriming happens also on the leading strand and the recently discovered PrimPol
has been suggested to enable it, due to its ability to act as a RNA/DNA primase (next
to being a TLS polymerase) (Guilliam and Doherty, 2017).
1.3.2.2

Template switching (TS) and homologous recombination (HR)

In TS, the newly synthesised sister chromatid is used as a template to synthesise DNA
past the lesion. The current model of TS prefers post-replicative TS on gaps behind
replication fork proximal to an origin of replication. The gap region anneals to the
homologous duplex, while the newly synthesised strand is used as a template for the
other strand (Branzei and Szakal, 2016b) (Fig. 1.7 right).
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HR (also called salvage pathway and described already in the section about DSBR)
is very similar to TS, but differs by the involved proteins and regulation: while TS is
dependent on RAD5, RAD6 and RAD18 and is promoted by PCNA poly-ubiquitination,
HR is mediated by RAD51 and RAD52 and is prone to crossover. (Bi, 2015; Branzei
and Szakal, 2016b).
1.3.2.3

Regulation of DDT pathways

The usage of the three DDT pathways is regulated by modifications of PCNA. Increasing
evidence suggests that TS is favoured at early times during replication, while TLS and
HR act in late S or G2/M phase (Bi, 2015; Branzei and Szakal, 2016b). This is supported by
lower mutation rates in early replicating regions, as TS is generally error-free, while TLS
is more mutagenic (Lang and Murray, 2011). Moreover, disruption of TLS in yeast leads
to decreased mutation frequency in late-replicating regions and therefore a more even
distribution of mutation frequency between early and late-replicating regions (Lang
and Murray, 2011). The mechanism for this temporal division of work is unknown, but
it has been suggested that this might be due to open chromatin in the early-replicated
regions, which better enables DNA bending needed for TS (Branzei and Szakal, 2016a).

1.3.3

DNA damage

Individual proteins involved in the described pathways of DNA damage replication
and repair often depend on the precise nature of the DNA damage. This section gives
a general introduction into the types of DNA damage, while detailed mechanisms of
types most relevant for this thesis are described in sections 1.4 and 1.5.
1.3.3.1

Hydrolytic deamination

Cytosine, adenine, and guanine, the three bases with an amino group, can undergo
spontaneous or enzymatic deamination (Fig. 1.9). Physiologically most relevant is
deamination of cytosine, which produces 70–200 uracil bases in human DNA per day
(Visnes et al., 2009; Lindahl, 1993). On the contrary, deamination rates of adenine and
guanine in DNA (to hypoxanthine and xanthine, respectively) are at 2–3 % of the rate of
cytosine deamination (Lindahl, 1993; Karran and Lindahl, 1980). To prevent mutations,
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uracil, hypoxanthine, and xanthine are repaired by base excision repair enzymes (see
section 1.3.1): uracil DNA glycosylase (UDG) and xanthine DNA glycosylases (XDGs)
including SMUG1 (Visnes et al., 2009; Mi et al., 2009; Saparbaev and Laval, 1994; Lee
et al., 2015a). If unrepaired, two rounds of replication can fixate the damaged base into
a mutation, as uracil pairs with adenine, creating a C:G>T:A mutation, hypoxanthine
pairs with cytosine, inducing a A:T>G:C mutation, and depurination of xanthine can
give rise to G:C>A:T mutations by insertion of adenine opposite the resulting abasic
site (Lindahl, 1993; Vongchampa et al., 2003; Terato et al., 2002).

Figure 1.9. Deamination of DNA bases. The deamination products of three main bases (C,
A, G) and two major DNA modifications (5mC, 5hmC) are shown below the deaminated bases.

Importantly, 5mC also deaminates and the deamination rate is two to four fold
higher than that of C (Lindahl and Nyberg, 1974; Shen et al., 1994). Moreover, the
deamination product of 5mC is thymine (Fig. 1.9). The resulting T:G mismatch is
thought to be less efficiently repaired than the U:G pair, due to the risk of excising the
wrong base (Lindahl, 1993). This is in turn thought to be the cause of the most common
type of mutations: C>T transitions in a CpG context (Lindahl and Nyberg, 1974; Ehrlich
et al., 1986; Lindahl, 1993). Finally, 5hmC deaminates into 5-hydroxymethyluracil
(5hmC), but the rate and biological importance of this reaction are currently unknown.
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Cytosine deamination can happen spontaneously, or be induced by an enzymatic
activity, such as by activation induced deaminase (AID) or members of the apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC) enzyme family.
AID is a key enzyme in adaptive immunity, initiating antigen-dependent antibody
diversification through somatic hypermutation (SHM) and class switch recombination
(CSR) (Di Noia and Neuberger, 2007; Rebhandl, 2015).
APOBEC enzymes function in RNA editing and in innate immunity (Smith et al.,
2012; Rebhandl, 2015). The seven known APOBEC3 proteins (A-D, F-H) use cytosine
deamination in defence against viruses and retroviruses, such as HIV, human T-cell lymphotropic virus, hepatitis B virus, hepatitis C virus, human papillomavirus and human
herpesviruses (Vieira and Soares, 2013) and prevent movement of retrotransposable
elements, such as LINEs, SINEs, and LTRs (Chiu and Greene, 2008).
Due to their ability to convert single-stranded DNA cytosines to uracils, AID/APOBEC3
enzymes have been implicated also in genomic DNA mutagenesis (Nik-Zainal et al.,
2012b; Roberts et al., 2012, 2013; Burns et al., 2013b,a; Starrett et al., 2016). In particular,
AID, APOBEC3A, APOBEC3AB, APOBEC3AC and APOBEC3AH have access to the
nucleus (Li and Emerman, 2011; Zhen et al., 2012; Lackey et al., 2013; Rebhandl, 2015).
They deaminate cytosine in a TCN sequence context in single-stranded DNA (Smith
et al., 2012; Rebhandl, 2015; Shi et al., 2016a). Clusters of C>T and C>G mutations in
this sequence context have been observed in cancer, often in regions that are known to
spend some time as single-stranded DNA: near double-strand breaks (Roberts et al.,
2012, 2013), on the non-template strand of transcribed genes (Nordentoft et al., 2014),
and on the lagging strand template of DNA replication (Haradhvala et al., 2016; Hoopes
et al., 2016; Seplyarskiy et al., 2016b). Two mutational signatures have been attributed
to the activity of the APOBEC enzymes: signature 2 (higher in C>T mutations) and
signature 13 (higher in C>G mutations) (Alexandrov et al., 2013a). Three of the APOBEC
enzymes show most convincing evidence for being involved in cancer mutagenesis:
• APOBEC3B mRNA levels are upregulated in most primary breast tumours and
breast cancer cell lines, expression of APOBEC3B correlates with increased levels
of genomic uracil, increased mutation frequencies, and C>T transitions, and
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induced APOBEC3B overexpression causes cell cycle deviations, cell death, DNA
fragmentation, c-H2AX accumulation and C>T mutations (Burns et al., 2013a).
APOBEC3B is upregulated in cancer types with strong APOBEC mutational
signature and the expression levels correlate with the enrichment of this signature
in individual samples (Burns et al., 2013b; Seplyarskiy et al., 2016b). Moreover,
high APOBEC3B levels are predictive of poor clinical outcome in a number of
cancer types (Starrett et al., 2016).
• APOBEC3A overexpression causes DNA damage and cell death and the damage
is especially strong during replication when the DNA is single-stranded (Landry
et al., 2011; Green et al., 2016), and its broader binding sequence context in yeast
is more prevalent in the observed cancer mutations than the sequence context of
APOBEC3B (Chan et al., 2015). However, the specific expression of APOBEC3A in
myeloid linage as opposed broad expression of APOBEC3B in a number of tissues
suggests importance of the latter one.
• APOBEC3H has been linked to cancer mutations, such as in cases with polymorphism causing deletion of A3B (Starrett et al., 2016).
Due to the importance of deamination of C, 5mC, and 5hmC for this thesis, both

spontaneous and enzymatic deamination types are described with further details in section 1.4.
1.3.3.2

Depurination and depyrimidination

The DNA base is covalently joined to the sugar 2’-deoxyribose by β-N -glycosidic bond.
This bond can be hydrolytically cleaved, creating an AP site (Fig. 1.10). AP site can be
produced by spontaneous hydrolysis, alkylation-induced hydrolysis, or glycosylasecatalysed base-excision repair (Marnett and Plastaras, 2001). Spontaneous depurination
occurs at 20-fold higher rate than depyrimidination (Lindahl, 1993). AP sites are thought
to be among the most common DNA lesions, with the estimated frequency of 2 000–
10 000 depurination events (followed by a repair) per day in each human cell (Lindahl,
1993). When in double-strand DNA, AP sites are repaired by AP-endonuclease, DNA
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polymerase, and DNA ligase (Jacobs and Schär, 2012). Trying to repair an AP site in
single-stranded DNA would risk strand breakage. Instead, either A or C tend to be
incorporated opposite AP sites, both at similar frequencies (Chan et al., 2013).

Figure 1.10. Abasic site (AP site). An example of apurinic site (left) and apyrimidinic site
(right).

1.3.3.3

Oxidation

Reactive oxygen species (ROS), such as hydrogen peroxide (H2 O2 ), superoxide (O–•
2 ) and
hydroxyl radicals (OH• ) are formed in all living cells as a consequence of metabolism
(mainly cellular respiration), inflammation, other biochemical reactions, and external
factors (De Bont and van Larebeke, 2004; David et al., 2007). Oxidative damage of DNA
by ROS is highly abundant in cancer (Klaunig and Kamendulis, 2004; De Bont and van
Larebeke, 2004). DNA bases —and guanine especially— are particularly susceptible to
ROS-mediated oxidation (Neeley and Essigmann, 2006). The most common oxidised
guanine product is 7,8-dihydro-8-oxoguanine (8-oxoguanine, 8-oxoG, 8-hydroxyguanine,
8-OH-G) (De Bont and van Larebeke, 2004), with the estimated frequency of 2 800
lesions per cell per day (Tubbs and Nussenzweig, 2017).
Mutagenic potential of 8-oxoG results from its ability to form a stable pair with C,
as well as A (McAuley-Hecht et al., 1994; Le Page et al., 1998) (Fig. 1.11). This allows a
relatively efficient bypass of 8-oxoG during replication, but at the cost of potentially
generating mutations (Shibutani et al., 1991; Maga et al., 2007; Rodriguez et al., 2013).
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Figure 1.11. 8-oxoG can base-pair with C or A. The differences in structure of 8-oxoG
compared to G (i.e., oxo group at C8 and NH at N7) allow 8-oxoG to form 8-oxoG(anti):C(anti)
as well as 8-oxoG(syn):A(anti) base pairs.

Mutations associated with oxidised guanine in the DNA are G:C>T:A, resulting from
the 8-oxoG paired with A (Neeley and Essigmann, 2006).
Repair of 8-oxoG is executed by proteins of the BER pathway (Fig. 1.12). OGG1
excises 8-oxoG from the 8-oxoG:C pair, allowing APE1-mediated restoration of the
G:C pair (David et al., 2007). If the 8-oxoG:C pair is not repaired before replication, an
8-oxoG:A pair is often created. This is repaired by MUTYH which excises A from the
mutagenic 8-oxoG:A pair, allowing incorporation of C opposite 8-oxoG by APE1, Pol λ,
and FEN1, creating a substrate for OGG1 (David et al., 2007; Markkanen et al., 2013).
The role of OGG1 and MUTYH in prevention of 8-oxoG-induced G:C>T:A mutations can
be seen also in cells lacking these proteins. For example, disruption of MUTYH, such
as due to germ line mutations causing MUTYH-associated polyposis (MAP), increases
the risk of cancer and leads to a high number of G:C>T:A mutations in cancer patients
with MAP (Rashid et al., 2016). The G:C>T:A mutations are likely to be prevented
also by the activity of NTH1 and NEIL1 glycosylases, other two members of BER
pathway (Suzuki and Kamiya, 2017).
1.3.3.4

Incorporation of damaged or incorrect nucleotides

DNA damage can happen not only to the nucleotides in the DNA, but also to the
deoxyribonucleoside triphosphates (dNTPs) of the cellular DNA precursor pool. In fact,
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Figure 1.12. Oxidation of guanine in the DNA can cause G:C>T:A mutations. Reactive
oxygen species (ROS) can oxidise guanine in G:C pair, creating 8-oxoG, which can be paired
with A during replication, leading to a G:C>T:A mutation. This is prevented by MUTYH, which
excises A from the 8-oxoG:A pair, creating an 8-oxoG:C pair, which is a substrate for OGG1,
which restores the G:C.

the cellular DNA precursor pool is orders of magnitude more susceptible to modification
than the DNA molecule itself (Topal and Baker, 1982; Rudd et al., 2016). Such damaged
dNTPs can then be incorporated into DNA by replicative or TLS polymerases. Moreover,
mutations can happen also due to an imbalance of dNTPs in the pool (Mathews, 2015;
Mertz et al., 2015; Williams et al., 2015) and incorporation of normal but incorrect
dNTPs by replicative or more frequently the less selective TLS polymerases (Lange
et al., 2011), and incorporation (without a subsequent removal) of ribonucleotides
(Williams et al., 2016).
The most studied damaged dNTP is 7,8-dihydro-8-oxo-2’-deoxyguanosine-5’-triphosphate
(8-oxo-dGTP), the oxidation product of dGTP. DNA polymerases can incorporate 8-oxodGTP opposite dC or dA, but the template dA is usually favoured (dA:dC preference is
higher than 100:1 in Pol ι, Pol η; dA:dC preference is higher than 10:1 in Pol λ, Pol β, Pol
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γ, Pol κ; while only Pol α prefers dC) (Katafuchi and Nohmi, 2010; Patro et al., 2009).
Incorporation of 8-oxo-dGTP opposite template dA can lead to T:A>G:C mutations, as
observed in in vitro gap-filling assay by Pol η, where presence of 8-oxo-dGTP (at an
equimolar concentration to the normal dNTPs) increased T:A>G:C mutation frequency
17-fold (Hidaka et al., 2008). Similarly, 8-oxo-dGTP-induced T:A>G:C mutations were
also observed in vivo in E.coli (Inoue et al., 1998), simian cells (Satou et al., 2007), and
human cells (Kamiya, 2007; Satou et al., 2009). This mutagenesis was mediated by Pol
η, Rev1, and Pol ζ, but not Pol ι, as shown by siRNA knock-downs (Satou et al., 2009).

Figure 1.13. Oxidation of guanine precursor in the dNTP pool can cause T:A>G:C
mutations. Reactive oxygen species (ROS) can oxidise dGTP in the nucleotide pool, creating
8-oxo-dGTP, which can be incorporated into the DNA, most commonly opposite A. During
replication, the 8-oxoG can be paired with C, leading to a T:A>G:C mutation. The excision of
A from the 8-oxoG:A pair by MUTYH can also contribute to the T:A>G:C mutagenesis. The
main prevention this mutagenesis is MTH1, a “sanitising enzyme” in the nucleotide pool, which
converts 8-oxo-dGTP into 8-oxo-dGMP.

Although 8-oxoG is efficiently repaired by BER (as described in the previous section),
this repair can paradoxically in certain cases promote mutagenesis instead of preventing
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it (Suzuki and Kamiya, 2017; Rudd et al., 2016) (Fig. 1.13). The 8-oxoG:A pair can either
be a result of oxidised guanine on the DNA, paired with dATP during replication, or it
can originate from 8-oxo-dGTP inserted opposite template dA during replication. While
in the first case, it should be repaired into G:C pair, in the second case it should be
repaired into T:A pair. As MUTYH excises A from the 8-oxoG:A pair (to be restored as a
G:C pair), it helps with repair in the first case, but fixates a mutation in the second case
(Suzuki and Kamiya, 2017). Indeed, knockdown of MUTYH reduces T:A>G:C mutations
induced by the introduction of 8-oxo-dGTP into cells (Suzuki et al., 2010).
Involvement of MMR in repair of 8-oxo-dGTP incorporated into DNA during replication is under debate. MutSα binds poorly to 8-oxoG:A in both repetitive and nonrepetitive sequences, but binds extensively substrates that contain an extra base in
the 8-oxoG strand or in the complementary strand (Macpherson et al., 2005). This
suggest a role of MMR in preventing insertions/deletions due to 8-oxo-dGTP-induced
slipped/mis-paired repeat sequences. Such a role is in line with an increase of 8-oxoG
levels and frameshift mutations in MMR-defective msh2-/- mouse embryonic fibroblasts
and subsequent attenuation of the frameshift mutations and 8-oxoG levels by expression
of the hMTH1 protein (Russo et al., 2004). Interestingly, the smallest reduction factor
was observed in A:T>C:G mutations, confirming that MMR is not likely to prevent
incorporation of 8-oxo-dGTP opposite template adenine.
Instead of repairing 8-oxoG after it is incorporated into DNA, cells seem to prefer to
prevent the incorporation itself. The damaged nucleotide precursors are hydrolysed
by sanitation enzymes, mainly from the nudix hydrolase family (Rudd et al., 2016).
For instance MutT homologue 1 (MTH1; Nudix-type 1, NUDT1) hydrolyses oxidised
nucleotides, including 8-oxo-dGTP, producing 8-oxo-dGMP. Inhibition of MTH1 leads
to increased concentrations of 8-oxo-dGTP (Ganai and Johansson, 2016). Other sanitation enzymes (NUDT15 (MTH2), NUDT18 (MTH3), NUDT5, DCTPP1, etc.) prevent
incorporation of 8-oxo-dGTP, 2-OH-dATP and other modified dNTPs, such as dUTP,
6-thio(d)GTP, 5-methyldCTP, (d)ITP, (d)XTP, and others (Rudd et al., 2016). Knockdowns
of MTH1, MTH2, and NUDT5 increase the frequency of T:A>G:C induced by 8-oxo-dGTP
and the mutagenesis is further enhanced in triple-knockdown cells, suggesting that the
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three enzymes have mutually complementary roles in the elimination of 8-oxo-dGTP
from the nucleotide pool (Hori et al., 2010).
MTH1 is often over-expressed in cancer cells and the over-expression is associated
with poor prognosis in lung cancer (Fujishita et al., 2017; Nakabeppu et al., 2017).
Targeting MTH1 was therefore suggested as a promising anti-cancer strategy (Gad
et al., 2014; Huber et al., 2014). This possibility has attracted much attention in the
last three years. It was speculated that such treatment could be especially potent
in combination with radiotherapy or chemotherapy, which generate high ROS (Tu
et al., 2016), or for cisplatin resistant tumours over-expressing Pol κ (Sanjiv et al., 2016).
However, more research is needed in this area, as some of the promising anticancer
results with MTH1 inhibitors were not reproduced with different MTH1 inhibitors
(Kettle et al., 2016; Ellermann et al., 2017).
1.3.3.5

Bulky adducts

Many exogenous mutagens form bulky adducts by covalent binding to various sites
on DNA bases. These are mutagens from tobacco smoke, aristolochic acid, aflatoxin
B1 produced by Aspergillus flavus mould, cisplatin treatment and others (Helleday
et al., 2014; Hu et al., 2016).
Tobacco smoke contains thousands of chemicals and over 60 of them were classified
as carcinogens (Hang, 2010). The most studied mutagenic tobacco carcinogens are
polycyclic aromatic hydrocarbons (PAHs), mainly benzo[a]pyrene (B[a]P), and acrolein.
These carcinogens react with DNA to form bulky DNA adducts, such as benzo[a]pyrene
diol-epoxide adduct on dexoyguanosine (BPDE-dG adduct) and acrolein-induced AcrdG adduct. Already two decades ago, PAH- and acrolein-DNA adducts were observed to
be preferentially formed in the same positions in P53 gene, as mutational hotspots in the
lung cancers of smokers (Denissenko and Pao, 1996; Denissenko et al., 1997; Pfeifer, 2000;
Pfeifer et al., 2002; Feng et al., 2006). The BPDE-dG adducts induce G:C>T:A mutations,
the predominant mutation type in lung cancers with a smoking history (Alexandrov
et al., 2013a, 2016). The types and sequence contexts of these cancer mutations were
very similar to those induced in vitro by exposing cells to benzo[a]pyrene (Nik-Zainal
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et al., 2015), suggesting that most lung cancer mutations are indeed from B[a]P as
opposed to the plethora of other carcinogens present in tobacco smoke. All types
of DNA damage tolerance pathways are used to deal with BPDE-dG adducts during
DNA replication (Jha et al., 2016; Cohen et al., 2015). The bypass of BPDE-dG can
be error-free, possibly by Pol κ or TS/HR (Avkin et al., 2004; Jha et al., 2016; Cohen
et al., 2015), or error-prone, such as by Pol η or REV1-recruited Pol ζ (Zhao et al., 2006;
Klarer et al., 2012; Hashimoto et al., 2012b).
Aristolochic acid is another example of a carcinogen causing a formation of DNA
adducts. It is a natural compound found in Aristolochia plants, commonly used in
traditional herbal medicines (Poon et al., 2013). Aristolochic acid contains metabolites
that react with DNA to form covalent aristolactam-dA adducts (Hashimoto et al., 2016).
These adducts have been detected in the stomach, kidney, urinary tract, bladder, and
liver (Schmeiser et al., 1988). Exposure to aristolochic acid is associated with a high
risk of urothelial carcinomas of the upper urinary tract and is thought to be the reason
of much higher incidence of these cancers in Asia compared to the West (Poon et al.,
2013). The aristolactam-dA adducts induce A:T>T:A mutations enriched in [C|T]AG
context (Poon et al., 2013). A similar mutational signature as in cancer patients was
also observed in vitro by exposing cells to Aristolochic acid I (Nik-Zainal et al., 2015).
Error-prone bypass of aristolactam-dA adducts during replication can be performed
by Pol ζ (Hashimoto et al., 2016).
The main pathway repairing bulky adducts is NER, including TC-NER (as reviewed
in section 1.3.1). It is therefore not surprising that the mutations induced by the above
described carcinogens exhibit transcriptional strand bias with a decrease of mutations
on the strand that is used as a template for the transcription (Alexandrov et al., 2016).
1.3.3.6

Photoproducts and dimers induced by ultraviolet light

Exposure to ultraviolet (UV) light induces DNA damage, mainly in the form of photochemical reactions between adjacent pyrimidine bases. The two major resulting lesions
are cis-syn cyclobutane pyrimidine dimer (CPD) and pyrimidine (6-4) pyrimidone
photoproduct (6-4PP). 6-4PP is known to be more toxic to cells than CPD due to
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pronounced distortion in the DNA molecule (Ikehata et al., 2015; Quinet et al., 2016).
However, 6-4PP is up to eight times less frequently formed in the DNA than CPD
(Bryan et al., 2014). Moreover, 6-4PP lesions are rapidly removed from the DNA, most
of them being repaired between 5 min and 4 h after UV exposure (mostly by GG-NER),
while repair of CPD is much slower, in certain regions persisting even 2 days after UV
exposure, and both GG-NER and TC-NER types of repair are used (Adar et al., 2016;
Hu et al., 2015). Therefore, most mutagenesis in skin cancer is due to CPD rather
than 6-4PP. The most frequent form of CPDs is TT-CPD (Bryan et al., 2014). However,
TT-CPD is very efficiently bypassed by Pol η in an error-free manner (Silverstein
et al., 2010; Pfeifer and Besaratinia, 2012). Therefore most of the observed UV-induced
mutations in human skin cells are C>T and CC>TT transitions due to CPDs with at
least one cytosine (Brash, 2015). In line with the role of CPDs in skin mutagenesis
and involvement of TC-NER in repair of CPDs, the mutations characteristic for skin
cancers are decreased on the transcribed strand, especially in highly expressed genes
(Alexandrov et al., 2013a; Haradhvala et al., 2016).
TLS polymerase Pol η (POLH) specialises in efficient and mostly error-free bypass
of CPD (Ikehata et al., 2014). Mutations in POLH gene lead to Xeroderma pigmentosum
variant (XP-V), a genetic disease associated with high sensitivity to sun and UV exposure
and high incidence of cancer (Ikehata and Ono, 2011).
1.3.3.7

Other types of DNA damage

Other types of DNA damage due to endogenous or exogenous factors are described in
a number of reviews (e.g., Marnett and Plastaras, 2001; De Bont and van Larebeke, 2004;
Loeb and Harris, 2008; Benigni and Bossa, 2011; Tubbs and Nussenzweig, 2017). A special
source of DNA damage are different anti-cancer chemotherapies and radiotherapies
(Venkatesan et al., 2017). Examples of such treatment-induced DNA damage are:
• Chemotherapeutic drug Temozolomide (TMZ), an alkylating agent, which transfers an alkyl group to DNA purines, such as creating O6 -methylguanine (Zhang
et al., 2012). A hypermutation phenotype (mostly C:G>T:A mutations) was

1. Introduction

39

observed in patients treated with TMZ and the phenotype was linked to resistance
to TMZ (Venkatesan et al., 2017).
• Platinum-based compounds, such as cisplatin, cause not only DNA adducts, but
also interstrand cross-links, or intrastrand cross-links between adjacent guanines
(Hu et al., 2016).
• Phototherapeutic agents, such as psoralen, which leads to mutations in TpA
dinucleotides (Helleday et al., 2014).
• Ionizing radiation causes double-strand breaks that lead to a large number of
deletions, uniformly distributed across the genome (Behjati et al., 2016).
Understanding the mechanisms of mutagenesis is therefore not only important in
order to know how to improve cancer prevention, but also for design of anti-cancer
therapies and understanding of resistance to the existing anti-cancer therapies.

1.4

Influence of DNA modifications on mutagenesis

The most important influence of DNA modifications on DNA mutagenesis is undoubtedly the spontaneous deamination of 5mC causing C to T transition, mostly in a CpG
context (CpG>TpG). This is the most common type of mutations observed in cancer
and genetic disorders (Cooper et al., 2010; Alexandrov et al., 2013a; Lawrence et al.,
2013). CpG>TpG mutations form a basis of the most frequent mutational signature
(signature 1), which is present in nearly all cancers (Alexandrov et al., 2013a; Wellcome
Trust Sanger Institute, 2017). This signature is one of only two mutational signatures
with clock-like properties, correlating with the age of patient, and therefore likely to be
operating in normal somatic cells throughout life (Alexandrov et al., 2015). It is not only
the major mutation type observed in cancer samples, but also in somatic mutations
in healthy tissue (Blokzijl et al., 2016) and it is the most frequent type of germline
variants (Kong et al., 2012; Rahbari et al., 2015). Moreover, spontaneous deamination of
5mC is thought to be the reason for depletion of CpG dinucleotides in the vertebrate
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genomes, as the only regions not depleted of CpG sites, the CpG islands, are largely
unmethylated (Jones and Baylin, 2002).
Mutations in CpG motifs are therefore often described as solely resulting from
spontaneous deamination and DNA modifications are generally viewed as inducing
mutations (Roberts and Gordenin, 2014). However, evidence in the literature shows
that the role of cytosine modifications in mutagenicity goes beyond the well-described
spontaneous deamination. Moreover, the effect of DNA modifications is not in all cases
only pro-mutagenic. Nevertheless, many questions about the role of individual DNA
modifications in different mutational processes remain unanswered. Here I review
the current knowledge and highlight the unknown parts, which form the basis of
motivation for chapters 3 and 4.

1.4.1

Spontaneous deamination

Both C and 5mC can undergo spontaneous hydrolytic deamination. The deamination
rate of 5mC is two to four fold higher than that of C (Lindahl and Nyberg, 1974;
Shen et al., 1994) and the deamination product, thymine, is a natural base in the
DNA and therefore thought to be less efficiently repaired (Lindahl, 1993; Bellacosa
and Drohat, 2015). BER is the main pathway responsible for repair of deaminationinduced mismatches. Uracil is efficiently excised from U:G mismatches by UNG2,
complemented by SMUG1, MBD4, and TDG (Jacobs and Schär, 2012; Krokan et al.,
2014). Repair of T:G mismatch is less straightforward, as a canonical base (T) needs to
be excised from the pair, to prevent a fixation into a C:G>T:A mutation. This specific
excision is performed by two DNA glycosylases: TDG uses sequence specificity, as it
removes T from a TpG dinucleotide, and MBD4 binds methylated CpG sites so that
the glycosylase domain can more efficiently find deaminated 5mC bases (Bellacosa
and Drohat, 2015). However, the efficiency of this repair is thought to be suboptimal
(possibly in order to prevent incorrect excisions), and thus leaves relatively high numbers
of 5mC:G>T:A mutations. Although 5hmC can also spontaneously deaminate, its effect
on mutagenesis was largely unknown.
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UV/sunlight mutagenesis

Most of the observed UV-induced mutations in human skin cells are C>T and CC>TT
transitions, enriched in a TCG context, and are thought to result from UV-induced
formation of CPDs (Brash, 2015). Methylation of cytosine increases the frequency of
CPD formation by sunlight (Tommasi and Pfeifer, 1997) and UVB exposure (Mitchell,
2007; Rochette et al., 2009), but not UVC exposure (Rochette et al., 2009). It was proposed
that this is due to ca. 5-fold higher molar absorption coefficient of methylated vs.
unmethylated cytosine at 290 nm (UVB), but more similar values (1.3-fold lower for
5mC vs. C) at 254 nm (UVC) (Pfeifer, 2000; Schmidt et al., 2006; Rochette et al., 2009),
but other conformational and electronic factors are likely to be involved (MartinezFernandez et al., 2017).
Bypass of T, C, and 5mC in CPDs by polymerase η is efficient and mostly errorfree (Yu et al., 2001; McCulloch et al., 2004; Johnson et al., 2005; Vu et al., 2006; Song
et al., 2012). However, C and 5mC in CPDs are unstable and spontaneously deaminate
within hours to days due to loss of aromatic stabilization, compared to deamination
half-life of thousands of years when in undamaged double-stranded DNA outside
CPD (Cannistraro and Taylor, 2009). The deamination rate is strongly affected by the
sequence context, with the highest rate for TCG and the lowest rate (in vitro ca. 50-fold
lower) for CCG context (Cannistraro and Taylor, 2009). The increased deamination
rate in TCG was observed after UVC exposure and further increased when exposed
to longer wavelengths (UVB, UVA2, UVA1) (Ikehata et al., 2015). The TCG preference
is likely dependent on Pol η, because sequencing of Xeroderma pigmentosum variant
(XP-V, Polh−/− ) mouse model shows a relative decrease of TCG>T mutations and
increase of C>T mutations in other sequence contexts compared to Polh+/+ mice
(Ikehata et al., 2014).
As most of the CpGs are methylated in human DNA (Bird and Taggart, 1980), also
the deamination rate in TCG context has been mostly studied in methylated cytosine
in the CPD. However, the influence of methylation on the deamination rate of cytosine
in CPD is less clear. Cannistraro and Taylor (2009) measured in vitro deamination rates
of C- and 5mC-containing CPDs in duplex DNA using site-specifically radiolabelled
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nucleotides and showed that methylation slows deamination by a factor of 1.2–3.8,
depending on the sequence context. Lee and Pfeifer (2003) measured deamination rate of
CPD in methylated and unmethylated supF shuttle vector irradiated with UVB and then
incubated at 37 ◦C to allow time for deamination before passage through a human cell
line to establish mutations using the mismatch glycosylase activities of MBD4 protein in
combination with ligation-mediated PCR. The methylated plasmids contained a relative
increase of mutations in a CpG context (45/87) compared to unmethylated plasmids
(18/86), transfected after 96h. However, there was no major difference in the mutant
frequency between unmethylated (23.84 × 10−3 ) and methylated DNA (22.30 × 10−3 ).
Interestingly, the formation of CPD and the deamination rate of 5mC in a TCG
context in CPD depend on the rotational positioning in the nucleosome: positioning
away from the nucleosome surface has two-fold higher frequency of CPD formation
and 42-fold higher deamination rate than positioning against the histone core surface
(Song et al., 2011; Cannistraro et al., 2015). Similarly, genome-wide single-nucleotide
resolution mapping of CPDs in yeast genome by CPD-seq revealed a strong inhibition of
CPD formation in nucleosomal DNA with an inward rotation setting (Mao et al., 2016).
In conclusion, two mechanisms of CPD-induced mutagenesis have been proposed
(Pfeifer et al., 2005) (Fig. 1.14). In the first mechanism, cytosine in the CPD deaminates
into uracil (or 5mC deaminates into thymine), which is then “correctly” paired with
adenine by Pol η during replication, causing a C>T mutation. In the second mechanism,
cytosine in the CPD is directly paired with adenine during replication by an error-prone
TLS polymerase (different than Pol η), such as Pol ι or Pol δ, with an extension by Pol ζ or
Pol κ (Ikehata et al., 2014). The first mechanism is thought to prevail in Pol η-proficient
cells, while the second is likely to act in Pol η-deficient cells (Ikehata et al., 2015).
The increased CPD formation in methylated cytosine would suggest that methylation increases the frequency of skin mutagenesis, but it has never been verified in
the sequencing data sets of cancer somatic mutations10 . Also the effect of nucleosome
rotational positioning has not been explored in the actual cancer mutation data sets.
10

One study looked at this relationship simultaneously with us; the results are compared and discussed
in chapter 4.
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Figure 1.14. A model of the UV-induced mutagenesis and the role of 5mC in this process; based on known literature. Formation of cytosines-including cyclobutane pyrimidine
dimers (CPDs) after UV light exposure is enhanced by methylation (left: unmethylated scenario,
right: methylated scenario). If the CPD is not repaired by NER, it can: (a) be correctly replicated
by Pol η, (b) be erroneously replicated by a different polymerase, (c) deaminate and be paired
with A by Pol η, leading to a C:G>T:A mutation.

Finally, the combined effects of methylation and nucleosome positioning are yet to
be determined.

1.4.3

Tobacco smoking mutagenesis

The most common mutations resulting from tobacco-induced damage are C:G>A:T
transversions, often due to mispairing of bulky DNA adducts on guanine, such as BPDEdG or Acr-dG, during replication. Mapping of BPDE adducts in the human P53 gene
has shown that BPDE binds preferentially at guanines in a CpG context, previously
observed as mutational hotspots in lung cancer, and that this preference is dependent on
cytosine methylation (Denissenko et al., 1997). The preference is strongest for guanine
which is directly paired with 5mC, compared to methylation in other neighbouring
positions (Guza et al., 2011). This enhancement of adduct formation by 5mC is likely
due to pre-covalent intercalative complexes with BPDE and effects of 5mC on altered
diastereomeric composition of the resulting DNA adducts (Guza et al., 2011). The
pre-covalent binding model is also in line with an observed increased BPDE binding
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constant by conformational and hydrophobicity changes of 5mC in a CpG context
in codon 248 of the TP53 gene (Malla et al., 2017).
The preference for a CpG context in tobacco-smoking C>A mutagenesis is present in
human lung cancer samples (Alexandrov et al., 2013a), in vitro exposure of cells to B[a]P
(Nik-Zainal et al., 2015), BPDE-treated embryo fibroblasts derived from Xpa-knockout
mice (deficient in both TC-NER and GG-NER) crossed with human TP53 knock-in mice,
in sperm and bone marrow cells of B[a]P exposed mice (O’Brien et al., 2016) and in
lung of B[a]P treated mice (Aoki et al., 2015). Therefore, although involvement of other
tobacco carcinogens in the CpG>ApG cancer mutagenesis cannot be excluded (such
as Acr-dG adducts (Feng et al., 2006; Wang et al., 2013) or oxidation of guanine in
5mCpG (Ming et al., 2014)), the similarity of mutational properties after B[a]P/BPDE
treatment with mutations observed in lung cancer patients confirms the major role
of B[a]P carcinogen in the mutagenesis in lung cancer.
The effect of tobacco smoking on C>G and C>T mutations in a CpG context is less
clear. Increase of CpG>GpG mutations in bone marrow but not sperm after B[a]P
exposure (O’Brien et al., 2016) suggests tissue specific effects. Moreover, some of
the effects might be dependent on the time of exposure or other conditions, as B[a]P
treatment led to ca. two-fold decrease of CpG>TpG mutations after 3 month, but then ca.
two-fold increase after 24 month, compared to age-matched controls (Aoki et al., 2015).
In summary, the experimental evidence predicts increased tobacco-induced mutagenesis in 5mC:G pairs compared to C:G pairs. The BPDE-dG adduct can be then
replicated in an error-free (such as by Pol κ (Avkin et al., 2004; Jha et al., 2016)), or errorprone (by Pol η (Zhao et al., 2006; Klarer et al., 2012)) manner, paired with adenine on the
daughter strand, and by that creating an C>A mutation (Fig. 1.15). The C>A mutations
should be therefore positively correlated with methylation levels. However, this has
never been verified on a genome-wide scale in human cancer samples. The only indirect
evidence is an observed decrease of C>A mutation frequency inside CpG islands in
small-cell lung cancer cell line (Pleasance et al., 2010). However, this could be influenced
by the regional differences of CpG islands (and associated repair), which occur near
transcription start sites and can be affected by bound transcription factors. Moreover,
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Figure 1.15. A model of the tobacco-induced mutagenesis and the role of 5mC in this
process; based on known literature. Formation of BPDE adducts on guanine is enhanced
by methylation of the opposite cytosine. If the BPDE-dG adduct is not repaired by NER, it can
be erroneously paired with adenine during replication, creating a A:G-BPDE mismatch, which
would be in the next replication fixated into a C:G>A:T mutation.

the effect of methylation on C>T and C>G tobacco-induced mutations is unknown, as
well as the role of other DNA modifications in the tobacco-induced mutagenesis.

1.4.4

APOBEC/AID mutagenesis

Much research on AID/APOBEC activity has been fuelled by a question whether
they could play a role in active demethylation. In the proposed model, AID/APOBEC
enzymes deaminate 5mC, 5hmC, 5fC, or 5caC, and the deamination product is excised
by BER, and unmodified C is restored (Teperek-Tkacz et al., 2011; Nabel et al., 2012).
Therefore, the deamination activity of AID/APOBEC enzymes on different modifications
of cytosines has been extensively researched:
• APOBEC3A efficiently deaminates both C and 5mC, but the efficiency is ca. 5–10fold lower for 5mC (Carpenter et al., 2012; Nabel et al., 2012; Wijesinghe and
Bhagwat, 2012; Siriwardena et al., 2015; Schutsky et al., 2017). Deamination of
the higher oxidative states by APOBEC3A is markedly less efficient compared
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to unmodified C, the proficiency decrease was estimated as 5600-fold for 5hmC,
3700-fold for 5fC, and more than 20,000-fold for 5caC (Schutsky et al., 2017).
• APOBEC3B showed even lower deamination activities on 5mC, estimated as
50-fold less than for C (Fu et al., 2015) and thousands-fold less than APOBEC3A.
• APOBEC3G almost exclusively prefers C (Carpenter et al., 2012; Wijesinghe and
Bhagwat, 2012), estimated as 100-fold decreased activity on 5mC than C and no
detected activity on 5hmC (Kamba et al., 2015).
• Most similar values of 5mC and C deamination activity were observed for APOBEC3H.
The values of 100 · 5mC/C preference were 85 for APOBEC3H haplotype II (hap
II), 29 for APOBEC3H hap VII, 15 for APOBEC3H hap I, and 13 for APOBEC3H
hap V, compared to 13 for APOBEC3A, and 2 for APOBEC3B and AID (Gu et al.,
2016).
• Finally, AID showed a strong preference for deaminating unmodified cytosine,
with a ca. 10-fold lower efficiency for 5mC (Nabel et al., 2012; Wijesinghe and
Bhagwat, 2012; Siriwardena et al., 2015) and even larger decrease for 5hmC (Nabel
et al., 2012; Rangam et al., 2012).
In summary, all the measurements show higher efficiency for unmodified than

modified cytosine, making a role of AID/APOBEC in active demethylation unlikely.
Based on these experimental observations, we would expect the APOBEC-induced
mutations to be happening mostly in unmodified cytosine. Since APOBEC3B shows
most convincing evidence for causing cancer mutations, the expected difference would
be 50-fold. The second most discussed mutagenic APOBEC enzyme is APOBEC3A,
where the expected difference would be 5-10-fold.
However, this has never been verified in human cancer samples. The only current
evidence from human cancer sequencing was done last year by comparing mutation
frequencies of APOBEC-rich and poor samples, in mostly unmodified vs. modified
positions (Seplyarskiy et al., 2016b). The authors observed ca. two-fold lower frequency
of TCG mutations in modified cytosines compared to unmodified cytosines. Although
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the data are in line with the expected direction of 5mC vs. C mutagenesis, the
difference is much lower than expected. However, the authors used RRBS-seq derived
modification maps, which cover only approximately 3.7 % of the genome (Stirzaker
et al., 2014). Further research is therefore needed to determine the role of different
DNA modifications in the APOBEC-induced mutagenesis.

1.4.5

The role of 5hmC, 5fC, and 5caC in mutagenesis

The role of 5hmC, 5fC, and 5caC in DNA mutagenesis is largely unexplored. Of these
three DNA modifications, the effects of 5hmC would be most interesting, as it is the
second most abundant modification and it is enriched in functionally important regions
of the genome (exons, especially highly transcribed exons, and enhancers). Little is
known about the frequency and mutagenicity of spontaneous deamination of 5hmC.
Experimental data suggest that 5hmC should be highly protected from APOBECinduced mutagenesis. 5hmC does not show increased formation of CPDs after UV
exposure and in some sequence contexts, CPDs containing 5hmC are formed at very low
levels (Kim et al., 2013), but more detailed data about the role of 5hmC in UV-induced
or tobacco-induced mutagenesis are missing.
In contrast, 5fC and 5caC show several links to DNA damage/mutagenesis. In vitro
mutagenic assay experiments of base-pairing stability and primer extension showed
that 5fC and 5caC are only marginally mutagenic (5fC was paired with adenine by
DNA polymerases Klenow exo- , Pol η, and Pol κ in ca. 1–2 % of measurements) (Münzel
et al., 2011). However, 5fC and 5caC have been suggested to cause a range of C>G,
C>A, and C>T mutations in vivo (Kamiya et al., 2002; Xing et al., 2013). 5caC:G pairs
can be recognised as a mismatch by proofreading of Pol δ and MutSα of MMR during
replication (Shibutani et al., 2014), and both 5fC:G and 5caC:G pairs are recognised and
excised by TDG (Maiti and Drohat, 2011). These observations have been speculated
to underlie C>G (Supek et al., 2014a) or C>T (Mahfoudhi et al., 2016) mutagenesis.
Exploring to what extent these modifications impact mutagenesis in cancer patients
might be however challenging due to their low abundance in the genome: they are 2–4
orders of magnitude less frequent than 5hmC (Liu et al., 2013).
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Influence of DNA replication on mutagenesis

The role of DNA replication in mutagenesis is often viewed solely as random misincorporation of wrong bases by the replicative polymerases. Such view was also used in a recent
study published in Science (Tomasetti and Vogelstein, 2015), which showed that the
lifetime risk of cancer correlates with the number of stem cell divisions in the lifetime of a
given tissue. The authors interpreted this correlation as being due to random mutations
introduced during replication and suggested that most of the variation in cancer risk is
due to “bad luck” and therefore, in many cancer types, early cancer detection will be
more effective than cancer prevention strategies (Tomasetti and Vogelstein, 2015). The
study started a heated debate in the field, especially due to the suggested interpretation.
One of the criticisms was that many different mutational signatures were found in
cancers and associated with a number of internal and external mutagenic processes
different from random mistakes during replication (Gao et al., 2016; Crossan et al., 2015).
It is however unknown to what extent and in which ways replication influences all
these mutational processes. This question was the main motivation for chapter 4. Here,
I summarise the known replication-linked mutational processes (Fig. 1.16).

Figure 1.16. A schema of known mutagenic processes at the replication fork.
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Errors made by replicative polymerases Pol ε and δ

As the vast majority of the human genome is synthesised by the replicative polymerases
Pol ε and Pol δ, they need to be extremely accurate. Their fidelity results from
high accuracy in base selection (with an error-rate of 10−5 ) and proofreading by the
exonuclease domain. This is completed by MMR proofreading, leading to a remarkable
fidelity of replication: the total in vivo replication error-rate has been estimated to
be 10−10 − 10−9 per base (Rayner et al., 2016; Lange et al., 2011; McCulloch and
Kunkel, 2008; Loeb, 1991).
Disruptions in the two layers of proofreading dramatically increase the mutation
rate, increasing the risk of cancer. Germline mutations in POLE and POLD1 predispose
individuals to intestinal and colonic polyposis (causing a syndrome named Polymerase
proofreading-associated polyposis (PPAP)), to colorectal cancer, endometrial cancer, and
other malignancies (Rayner et al., 2016). Somatic mutations in these genes are also
found in 1–2 % of sporadic colorectal cancers, 7–12 % of sporadic endometrial cancers,
and with lower frequencies in tumours of brain, pancreas, ovary, and other tissues
(Rayner et al., 2016). Germline mutations in MMR cause Lynch syndrome, characterised
by microsatellite instability and increased cancer risk in colon/rectum, endometrium,
ovary, stomach and other tissues (Rayner et al., 2016). Lynch syndrome accounts for
3 % of colorectal patients and somatic MMR deficiency is found in 15–20 % sporadic
colorectal cancer patients (Lynch et al., 2009; Poulogiannis et al., 2010). Most of the
cancers due to mutations in POLE/POLD1 are microsatellite stable and the combined
MMR deficiency and DNA polymerase proofreading deficiency is synthetic lethal in S.
cerevisiae and mice (Albertson et al., 2009; Herr et al., 2014), suggesting a possibility that
the combined deficiency increases the mutation frequency above a threshold compatible
with cancer-cell survival. Such a plateau of mutation burden was also observed in highly
mutated patients with inherited biallelic mismatch repair deficiency and acquired DNA
polymerase proofreading deficiency (Shlien et al., 2015).
The vast majority of cancer-associated POLE/POLD1-mutations are located in the
proofreading domain (Mertz et al., 2017b; Rayner et al., 2016). This suggests that the high
mutation burden in these cancers is caused by deficiency in the proofreading activity of
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the polymerase and therefore reflects the natural errors made by the polymerase. The
spectrum of mutations found in these cancers is very unique. They exhibit markedly
elevated TCT>TAT, TCG>TTG, and TTT>TGT mutations (Shinbrot et al., 2014; Shlien
et al., 2015), identified as mutational signature 10 (Alexandrov et al., 2013a). Some of the
ultramutated POLE-mutated cancers also contain a strong component of mutational
signature 14, characteristic by NCT>NAT (where N means any base) and C>T mutations
(Wellcome Trust Sanger Institute, 2017). The C:G>A:T mutations in POLE-mutated
cancers exhibit a replication strand bias with an enrichment of C>A mutations of
the leading strand, as expected by the most accepted model of replication with Pol
ε synthesising the leading strand (Shinbrot et al., 2014; Haradhvala et al., 2016). The
spectrum of mutations in ultramutated POLD1-mutated cancers is very different,
with an enrichment of CCN>CAN, C>T, T>A, and T>C mutations (Shlien et al., 2015).
Enrichment of CCN>CAN mutations was also observed in S. cerevisiae with the same
variant in the yeast gene encoding Pol δ (Lujan et al., 2014).
It is unknown why some of the sequence contexts are much more mutated than
others. It has been suggested that the mechanisms of mutagenicity in these cancers
might be linked to altered levels of dNTP pools (Williams et al., 2015; Mertz et al.,
2015; Flood et al., 2015), or affected DNA binding of the polymerase domain (Church
et al., 2013), potentially reducing efficiency of extrinsic proofreading (Barbari and
Shcherbakova, 2017). More research is however needed to unravel the mechanisms of
mutagenesis in this important group of highly mutated cancers.

1.5.2

Errors made by replicative polymerases Pol α

Polymerase Pol α is the least accurate of the three replicative human polymerases
and lacks a proofreading domain (Walsh and Eckert, 2014). As Pol α initiates the
synthesis on the leading strand and each Okazaki fragment by providing RNA primer
and synthesising approximately 20–30 bases of DNA (Lang and Murray, 2011) (described
in section 1.1.3), it could introduce dangerous mutations into the DNA.
Three mechanisms may be therefore involved in suppressing DNA mutations resulting from the errors due to Pol α (Zheng and Shen, 2011). First, the errors might be
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proofread by the exonuclease domain of Pol δ which was suggested to form a complex
with Pol α. Second, the Pol α-synthesised DNA can be removed together with the
RNA primers in strand displacement activity of Pol δ. Third, the errors incorporated
by Pol α are recognised by MMR. Nevertheless, it has been shown in yeast that a part
of the Pol α-synthesised DNA is not removed, comprising approximately 1.5 % of the
mature genome (Reijns et al., 2015). It was proposed that this is due to DNA-protein
binding proteins that rapidly re-associate after replication and act as partial barriers
to Pol-δ-mediated displacement of Pol-α-synthesized DNA (Reijns et al., 2015). The
impact of these observations on human mutagenesis is currently unknown.

1.5.3

Errors made by TLS polymerases

TLS polymerases represent an important source of mutations, by incorporating incorrect bases, either by inserting damaged dNTPs or rNTPs, or by performing an
error-prone bypass of DNA lesions, as was described in sections 1.3.2 and 1.3.3.4. It is
still largely unexplored to what extent these different mutagenic activities of individual
TLS polymerases taint the human genome. Pol η has been linked to mutational
signature 9 comprising of a spectrum of T>G (enriched in ATN and TTN context), T>C,
and C>A mutations, as this signatures was observed in cancers that have undergone
somatic immunoglobulin gene hypermutation, in which Pol η is known to be involved
(Alexandrov et al., 2013a).

1.5.4

Mutagenesis prevented by MMR

As summarised in section 1.3.1.5, the canonical role of MMR is to prevent mutations
introduced during DNA replication. These include mostly insertion/deletion loops and
to a lesser extent single nucleotide mismatches. Cancers deficient in MMR exhibit a
hypermutation phenotype with high amounts of C>T, T>C, and C>A mutations (Zhao
et al., 2014a). The C>T mutations of MMR-deficient tumours observed enriched on the
lagging strand (Haradhvala et al., 2016). It was proposed that this is due to MMR’s role
in balancing mutational asymmetries generated during DNA replication, in particular
by Pol δ and Pol α on the lagging strand (Lujan et al., 2012; Andrianova et al., 2017).
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Next to mutation prevention, MMR is thought to have also non-canonical pro-

mutagenic functions in certain contexts, such as in antibody maturation (Peña-Diaz and
Jiricny, 2012; Crouse, 2016). The non-canonical MMR can have also detrimental effects,
as it promotes repeat expansions associated with neuromuscular and neurodegenerative
diseases and may contribute to cancer mutagenesis (Bak et al., 2014; Crouse, 2016;
Peña-Diaz et al., 2012).

1.5.5

Damage to single-stranded DNA on the lagging strand

The discontinuous nature of DNA synthesis on the lagging strand leads to formation
of single-stranded DNA. The single-stranded DNA is normally protected by RPA. The
template of lagging strand is thought to be single-stranded for a longer period of
time than the leading strand template (Okazaki et al., 1968; Seplyarskiy et al., 2016b;
Hoopes et al., 2016). The exposed single-stranded DNA is prone to different types of
damage. The best described type of such damage, which attracted much attention
in the last four years, is cytosine deamination by AID/APOBEC enzymes (Hoopes
et al., 2016; Seplyarskiy et al., 2016b; Morganella et al., 2016). This type of damage
has been already described in sections 1.3.3.1 and 1.4.4. The C>T and C>G APOBECassociated mutational signatures are found enriched on the leading strand in human
cancers (Seplyarskiy et al., 2016b; Morganella et al., 2016; Haradhvala et al., 2016) and
to some extent also in germline mutations (Seplyarskiy et al., 2016a). While mutations
are often enriched in late-replicated regions, the APOBEC-associated mutagenesis
(especially the C>G mutations and mutational signature 13) have similar frequency
in early- and late-replicating regions (Haradhvala et al., 2016; Morganella et al., 2016)
and in some cases seem to be even enriched in early-replicating regions (Kazanov et al.,
2015). The reason for this observation (and what causes the different in signatures 2
and 13 in this respect) is not fully elucidated. The current model of APOBEC-induced
mutagenesis is that APOBEC first deaminates cytosine on a single-stranded DNA
into uracil. This can generate C>T mutations, as uracil is paired with adenine during
replication. Alternatively, uracil can be excised by UNG and the resulting AP site can
be paired with adenine (by the so called “A-rule”), also generating a C>T mutation, or C
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is inserted opposite the AP site by REV1, creating a C>G mutation (Morganella et al.,
2016). Based on this model, UNG and REV1 are needed to generate the C>G dominated
mutational signature 13. It was therefore postulated that the UNG/REV1-dependent
mechanism occurs earlier in replication, while later in replication the unrepaired uracils
and AP sites are left unrepaired and lead to C>T dominated mutational signature
2 (Morganella et al., 2016).
While the involvement of AID/APOBEC enzymes in cancer mutagenesis is generally
accepted, the initiating events leading the their dysregulation and the proportional
involvement of the individual enzymes are still unknown (Mertz et al., 2017b).
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Aims of the thesis

The recent advances in sequencing technologies have dramatically changed our means
to research cancer mutagenesis. Compared to sequencing studies on single genes in
a small number of replicates, we can now study mutagenesis in the entire genomes
of thousands of cancer patients. Moreover, novel technologies allow measurements
of DNA modifications, other epigenetic marks, DNA replication, DNA expression, and
many other genomic features on a genome-wide scale. With the use of high throughput
computing, bioinformatics, and mathematics, all these large scale genomic data sets
can be integrated to investigate the mechanisms of mutagenesis. For instance, a
mathematical method for separation of signals with different sources was recently used
to identify signatures of the main mutational processes operating in cancer patients
(Alexandrov et al., 2013a). For 16 of the 30 identified signatures, a known underlying
mutational process could be identified (Alexandrov et al., 2013a, 2015; Helleday et al.,
2014; Wellcome Trust Sanger Institute, 2017). This means that there might be at least
14 mutational processes contributing to mutagenesis in cancer which are currently
unknown. Moreover, mechanisms of the 16 known mutational processes are also not
always fully understood. However, the currently available large-scale genomic data
are far from fully harvested, allowing investigation of the unexplained mechanisms
causing mutations observed in cancer samples.
The main goal of this thesis was to utilise large-scale genomic data sets in order to
examine how mutagenesis is affected by DNA modifications and DNA replication.
The specific aims were:
1. The mutagenic potential of 5mC (by spontaneous deamination) is well documented. However, mutational properties of 5hmC are mostly unknown. The first
aim was to investigate how frequently hydroxymethylated positions are mutated
in cancer (Chapter 3).
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2. The best known mutational process in CpG sites is a spontaneous deamination
of 5mC. The second aim was to explore the role of DNA modifications in other
processes than spontaneous deamination; in particular we focused on mutational processes associated with replication, UV exposure, tobacco exposure, and
APOBEC enzymes (Chapter 4).
3. DNA replication was first thought to induce mutagenesis mainly by misincorporation of bases by the replicative polymerases. Other links between replication
and mutagenesis are starting to appear, but it is currently unknown which of the
individual mutagenic mechanisms are affected by replication and how. The third
aim was therefore to assess the role of DNA replication in individual mutational
processes by analysing mutational signatures with respect to replication strand
asymmetry and replication timing (Chapter 5).
The publications associated with this thesis are listed in Appendix 7. A majority
of Chapter 3 is published in Tomkova et al. (2016). The first half of Chapter 4 and
most of the Chapter 5 form two manuscripts, currently in review. A manuscript about
bsQC tool described in Chapter 2 is in preparation.
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2

General methods
This thesis makes use of a number of genomic data sets: measurements of mutation,
DNA modifications, replication, and other genomic features. Although details of
methods used and newly developed in this thesis are given in each chapter separately,
here I summarise the main aspects of the sequencing techniques of the used data sets
and their bioinformatics processing. Apart from one exception of a newly developed
package (section 2.2.1), this chapter does not contain new methods development, but
it is instead an overview of methods used in this thesis, which generally represent
gold-standard approaches used in the cancer genomics field. In the entire thesis, the
genome build GRCh37 (hg19) is used.

2.1

Mutations

Since the time when the first human genome was sequenced, the sequencing costs
have undergone an incredible million-fold drop (Wetterstrand, 2016), mainly thanks to
development of “second-generation” or “next-generation” sequencing (NGS), the first
truly high-throughput sequencing platforms in the mid-2000s (Goodwin et al., 2016).
These technologies are now routinely used in research and increasingly being applied
in clinical diagnosis (Hardwick et al., 2017). They allow identification of inherited
mutations in exomes (i.e., the part of the genome formed by exons) or even whole
57
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genomes. Sequencing of somatic mutations is possible, as long as they are clonal
(existing in the vast majority of cells in the sample) or the clonality is sufficiently
high (Martincorena and Campbell, 2015). The reason for this limitation is the cost
of sequencing and the relatively high sequencing error rate of the used sequencing
methods (Wall et al., 2014). The classical identification of variants (variant calling) is
therefore based on sequencing a number of cells at the same time. A position is then
called to carry a variant only if the variant is present in a substantial proportion of
cells. Therefore most of the current knowledge about somatic mutagenesis comes from
cancer genomes, as tumours evolve through clonal expansion originated from a single
cell (Greaves and Maley, 2012; Schwartz and Schäffer, 2017). Sequencing of non-clonal,
rare, mutations is still challenging; nevertheless a number of promising methods have
emerged in the last three years (Jee et al., 2016; Hoang et al., 2016).
The typical process to measure mutations using whole-genome sequencing (WGS)
contains the following main steps (more detailed information can be found in (Nielsen
et al., 2011; Goodwin et al., 2016)):
• DNA library preparation (extraction of DNA from cells, cutting the DNA into
random fragments, e.g., around 300 bp long, ligating adapters to ends of the
fragments),
• sequencing of the fragments from one end (single-end sequencing) or both ends
(paired-end sequencing) and storing this information into reads (typically, each
position should be covered by 30 reads on average),
• aligning the reads to a reference genome,
• various filtering steps, such as removal of duplicate reads (technical artefacts
from polymerase chain reaction (PCR) used to amplify the library, or from
optical sensors) and re-aligning long insertions/deletions for better detection
of chromosomal rearrangements,
• calling variants in individual position.
The steps for whole-exome sequencing (WES, WXS) are similar, but the library
preparation involves a step for capturing DNA fragments from exome only.
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In this thesis, a number of publicly available WGS and WES datasets are used
(Tables 9.3 and 9.4). In all but TCGA WGS data sets, variant calls are publicly available.
For TCGA WGS, we downloaded the aligned reads for tumour and normal samples
from the UCSC CGHub website under TCGA access request #10140 and called somatic
variants using Strelka (Saunders et al., 2012) with default parameters. In most analyses,
we focus on single-nucleotide variants (SNVs) only.

2.1.1

Mutational signatures

Individual mutational processes leave footprints on the genomes in the form of mutations of different types (SNVs, small indels, rearrangements, and copy number changes)
and different genomic and sequence contexts. For example, as summarised in the
introduction 1, UV light induces C>T transitions enriched in TCG trinucleotides and
aristolochic acid causes an increased rate of A>T mutations in a [C|T]AG context.
Identification of such characteristics of all main mutational processes in the sequenced
cancer genomes was a motivation of a recent approach called mutational signatures
(Nik-Zainal et al., 2012a; Alexandrov et al., 2013a,b). All base substitutions are first
classified into six subtypes: C:G > A:T, C:G > G:C, C:G > T:A, T:A > A:T, T:A > C:G,
and T:A > G:C (these subtypes are later called according to the mutated pyrimidine,
i.e., C>N and T>N) and 16 possible sequence contexts of the mutated base (5’ and 3’),
giving a total of 96 possible mutation types.
The numbers of mutations of the 96 types in n samples can be written in a matrix
M ∈ (Z≥0 )96×n :



m1,1

 m2,1
M =
 ..
 .

m1,2
m2,2
..
.

···
···
...



m1,n
m2,n 

.. 

. 

(2.1)

m96,1 m96,2 · · · m96,n

where columns correspond to samples, rows to the 96 mutation types, and each
mi,j represents the number of mutations of type i in sample j, such as number of
TCG>TTG mutations in sample j. The matrix P ∈ (R≥0 )96×K of mutational signatures is defined as:
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s1,1

 s2,1
S=
 ..
 .

s1,2
s2,2
..
.

···
···
..
.



s1,K
s2,K 

.. 

. 

(2.2)

s96,1 s96,2 · · · s96,K

where columns correspond to individual signatures, rows to the 96 mutation types,
and each si,k represents the component of the i-th mutation type in the k-th mutational
signature. Each mutational signature is normalised to sum to one:

∀k :

96
X

(2.3)

si,k = 1

i=1

Finally, the goal is to find a matrix of exposures E ∈ (R≥0 )K×n :



e1,1

 e2,1
E=
 ..
 .

e1,2
e2,2
..
.

eK,1 eK,2

· · · e1,n
· · · e2,n 

.. 
..

.
. 
· · · eK,n


(2.4)

where columns correspond to individual signatures, rows to the samples, and each
ej,k represents exposure to the k-th mutational signature in the j-th sample, such that:

(2.5)

M ≈S×E
In other words:

∀ mutation type i, sample j : mi,j ≈

K
X

si,k · ek,j

(2.6)

k=1

Such defined problem exactly corresponds to the so-called non-negative matrix
factorisation (NMF), in which a known matrix M is factorised into unknown matrices
S and E, with the property that all three matrices do not contain negative values. The
exact definition of the problem is to find non-negative matrices S and E minimising
the error function:
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||M − S × E||

(2.7)

A number of algorithms can be used to solve the NMF problem, the most popular
being multiplicative update rule (Lee and Seung, 1999), in which S and E are initialised
randomly and then iteratively updated, until convergence or the maximum number of
iterations are reached. This solution was also used by Alexandrov et al. (2013a,b).
Alexandrov et al. (2013a) applied this approach on 507 WGS and 6 535 WES samples of 30 different cancer types (Alexandrov et al., 2013a) and extracted more than
20 mutational signatures, which were later extended into 30 mutational signature
(Alexandrov, 2015; Wellcome Trust Sanger Institute, 2017) and novel signatures are
likely to be detected in the future. The current knowledge about the detected signatures
is summarised in Fig. 2.1 and Table 2.1 and most up-to-date information is kept at
http://cancer.sanger.ac.uk/cosmic/signatures. In the remainder of the thesis, these
signatures are therefore referred to as “COSMIC signatures”.
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Figure 2.1. Summary of known mutational signatures, and the components of DNA
damage and repair that constitute the mutational processes. Reprinted from Helleday
et al. (2014), with permission from the publisher.
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Sign.
1

Mutations
C>T at CpG

2
3

C>T at TpC
Many types

4

C>A

5

Many types

6
7
8

C>A, C>T
C>T
C>A

9

T>G

10

TCT>TAT,
TCG>CTG,
TTT>TGT
C>T
T>C
C>G at TpC
C>A, C>T
at GpC
C>T at GpC
T>C

11
12
13
14
15
16
17
18

T>G at TpT
and T>C at
CpT
C>A

19
20
21
22
23
24
25
26

C>T
C>A, C>T
T>C
T>A
C>T
C>A
T>A
T>C

27

T>A

28
29

T>G
C>A

30

C>T
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Cancer types/tissues
All cancer types

Proposed aetiology
Spontaneous deamination of
5mC
Many cancer types
APOBEC enzymes
Breast, ovary, and pan- Failure of DSBR by HR
creas
Lung, head and neck, Tobacco smoking carcinogen
liver, oesophagus
benzo[a]pyrene
All cancer types
Unknown

Associations and comments
Correlates with age of cancer diagnosis
Replication strand bias in breast
Associated with mutations in
BRCA1/2. Associated with larger
indels
Tx strand bias
Correlates with age of cancer diagnosis, Tx strand bias for T>C at ApT
Small indels at repeats
Tx strand bias
Weak tx strand bias

Colorectal and uterus
Skin cancers
Breast, medulloblastoma
CLL and malignant Bcell lymphomas
POLE-mutated cancers

Defective mismatch repair
Ultraviolet light exposure
Unknown

Melanoma and GBM
Liver
Many cancer types
Uterus and low-grade
glioma
Gastric, lung
Liver

Temozolomide treatment
Unknown
APOBEC enzymes
Unknown

Strong tx strand bias
Strong tx strand bias
Replication strand bias in breast
Hypermutation

Defective mismatch repair
Unknown

Oesophagus, gastric,
breast, liver, lung, and
other
Neuroblastoma, breast,
gastric
Pilocytic astrocytoma
Gastric and breast
Gastric
Urothelial and liver
Liver
Liver
Hodgkin lymphomas
Breast, cervix, gastric,
and uterus
Kidney clear cell

Unknown

Small indels at repeats
Extremely strong tx strand bias for
T>C at ATN
-

Unknown

-

Unknown
Defective mismatch repair
Unknown
Aristolochic acid exposure
Unknown
Aflatoxin exposure
Unknown
Defective mismatch repair

Small indels at repeats
Defective mismatch repair
Strong tx strand bias
Strong tx strand bias
Strong tx strand bias
Tx strand bias
Small indels at repeats

Unknown

Very strong tx strand bias, associated with small indels at repeats
Tx strand bias

Pol η and AID-mediated so- Elevated in CLL samples with immatic hypermutation
munoglobulin gene hypermutation
Errors in Pol ε
Tx strand bias for C>A and T>G
mutations

Gastric
Unknown
Gingivo-buccal oral sq. Tobacco chewing
cell carcinoma
Breast cancers
Unknown

-

Table 2.1. Summary of known mutational signatures. Compiled from (Wellcome Trust
Sanger Institute, 2017; Alexandrov et al., 2013a; Alexandrov, 2015; Morganella et al., 2016).
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2.2

DNA modifications

Since the turn of the twenty-first century, a number of methylome profiling techniques
have been developed: gel-based, array-based, and sequencing-based methods (reviewed
in Beck and Rakyan, 2008; Plongthongkum et al., 2014). Most of the existing data
sets are from HumanMethylation450 arrays (HM450, 450K), enrichment-based methylDNA immunoprecipitation sequencing (MeDIP-seq) and MBD capture sequencing
(MBD-seq), or reduced representative bisulfite sequencing (RRBS-seq). For instance in
MeDIP-seq, monoclonal antibodies specific to 5mC are used to enrich for methylated
DNA fragments before sequencing. Antibody specific for 5hmC can be used in a similar
way to obtain regional measurements of hydroxymethylation, as in hydroxymethylated
DNA immunoprecipitation sequencing (hMeDIP-seq).
Although these methods are very popular cost-effective approaches, they cover only
a small proportion of the CpGs in the genome: 1.7 % with HM450, 3.7 % with RRBS-seq,
and 17.8 % with MBDCap-seq (Stirzaker et al., 2014)). Moreover, the enrichment-based
methods do not provide single-base resolution and are not fully quantitative. In order
to study the effects of DNA modifications on mutagenesis, large statistical power is
needed, and we therefore focus on truly whole-genome sequencing methods with singlebase resolution mostly, namely whole-genome bisulfite sequencing (WGBS, BS-seq),
and its derivatives: TET-assisted bisulfite sequencing (TAB-seq) (Yu et al., 2012) and
oxidative bisulfite sequencing (oxBS-seq) (Booth et al., 2012).
BS-seq is based on bisulfite conversion, a chemical treatment of DNA, in which
cytosines are deaminated into uracils. During a following amplification, the uracils are
paired with adenines, and read as thymines after sequencing . Methylated cytosines are
protected from this conversion, and therefore are paired with guanines, and ultimately
read as cytosines (Fig. 2.2). Importantly, hydroxymethylated cytosines are also protected
from bisulfite conversion. The sequenced reads need specific bioinformatics pipelines
to be mapped to a reference genome. In each position, the number of reads with C
(unconverted, i.e., with 5mC or 5hmC) and T (converted, i.e., with C, 5fC, or 5caC) are
counted. The modification level is then defined as:
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unconverted reads
unconverted reads + converted reads

(2.8)

It should be noted that terminology of the BS-seq measurements is not always
unified. As the method was used before the discovery of 5hmC in human DNA, the
BS-seq measurements were called methylation levels and this is still used in many
publications. Since BS-seq measures the combined amount of 5mC + 5hmC, we term
the BS-seq measurements “modification levels” (or “mod”). Strictly speaking, this is also
not accurate, as both 5fC and 5caC get converted by the bisulfite treatment, and the
BS-seq measurements therefore do not represent levels of all types of modifications, but
only 5mC and 5hmC (Plongthongkum et al., 2014). However, we keep this terminology,
because any better terminology has not been introduced and because the levels of 5fC
and 5caC are 2–4 orders of magnitude less frequent than 5hmC (Liu et al., 2013).

Figure 2.2. Overview of bisulfite-treatment-based sequencing techniques to measure
DNA modifications with a single-base resolution. Data sets based on the methods in the
top row are used in this thesis.

Increasing number of observations from different areas of epigenomics show that it is
important to distinguish between 5mC and 5hmC (Li et al., 2016; Thomson and Meehan,
2017). This can be achieved with TAB-seq and oxBS-seq. In TAB-seq, the DNA is first
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treated with b-glucosyltransferase (bGT) to introduce a glucose onto 5hmC, generating
b-glucosyl-5-hydroxymethylcytosine (5gmC) (Yu et al., 2012). Next, TET oxidation is
applied to convert 5mC and 5fC into 5caC, while C and 5gmC remain protected. Finally,
a standard bisulfite treatment followed by sequencing are used, so that in the end 5hmC
is read as C, but all the other four forms of cytosine are read as T (Fig. 2.2). TAB-seq
therefore directly measures the 5hmC levels (as the percentage of unconverted reads).
In oxBS-seq, the DNA is first treated by potassium perruthenate (KRuO4 ), which
leads to specific oxidation of 5hmC into 5fC (Booth et al., 2012). This is followed by
standard bisulfite treatment and sequencing. In the sequenced reads, only 5mC is read
as C, while all the others are read as T (Fig. 2.2). This allows direct measurements
of the 5mC levels (as the percentage of unconverted reads). Levels of 5hmC can be
estimated from a combination of oxBS-seq and BS-seq measurements. 5hmC estimates
can be in theory obtained as the difference of BS-seq and oxBS-seq measurements
in individual positions. However, due to the noise in the measurements, variation
among the cells, suboptimal conversion rates, and limited coverage due to high cost of
sequencing, the resulting 5hmC estimates are only approximate. From our experience
(on 18 whole-genome oxBS-seq samples) and experience of others, the BS-seq values
are often smaller than oxBS-seq values, resulting in the histogram of 5hmC=BS-oxBS
values nearly symmetrical around zero, especially in tissues with low 5hmC (Skvortsova
et al., 2017). A number of strategies can be used to distinguish truly hydroxymethylated
sites, such as multiple testing-corrected significantly higher proportion of unconverted
reads in BS-seq than oxBS-seq, Bayesian approaches using probabilistic modelling (Äijö
et al., 2016b,a; Johnson et al., 2016; Houseman et al., 2016; Xu et al., 2016), or grouping
CpGs into regions to obtain higher coverage (Li et al., 2016).
Finally, several methods have been developed to measure 5fC and 5caC (Fig. 2.2).
In redBS-seq (Booth et al., 2014) and fCAB-seq (Song et al., 2013), only C and 5caC
are converted to T. In CAB-seq, only C and 5fC are converted to T (Lu et al., 2013). In
MAB-seq, only 5fC and 5caC are converted to T (Wu et al., 2014).
The list of publicly available bisulfite-based sequencing datasets used in this thesis
are listed in Table 9.1 and Table 9.2. Most of the data sets contained available modifica-
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tion values and coverage per each covered CpG. Data sets by Chen et al. (2015) and
Vandiver et al. (2015) were analysed using bsQC (described below).

2.2.1

bsQC: a newly developed package for analysis and quality
control of bisulfite-sequencing data

Many tools have been developed to process sequencing data from BS-seq. However, as
the first WGBS studies were performed on small numbers of samples, many of the tools
were not designed for comfortable and efficient analysis of larger data sets. Moreover,
the standards for quality control of different aspects of bisulfite-based sequencing data
are still evolving. Most of the tools generate quality control outputs, but examination
of these files generated for each sample separately is cumbersome and extremely
time consuming. Finally, not all of them are tailored to bisulfite-based sequencing
and therefore may generate unnecessary warnings (e.g. per base sequence content
warning in FastQC).
Therefore, I developed bsQC, a command line pipeline for the processing of multiple
bisulfite-based sequencing samples in parallel, with a special focus on quality control
assessment. It combines several gold-standard tools for analysis of BS-seq data (detailed
later), outputs methylation calls, and generates a single report with a comprehensive
visual and tabular summary of quality control of all the involved steps side-by-side
for all samples (Fig. 2.3). In addition, bsQC also contains tools for conversion rate
estimation, batch effect detection, and basic exploration of the DNA modification
levels across genomic features.
The steps performed in bsQC are summarised in (Fig. 2.3). The input of the pipeline
are Fastq reads and a configuration file. The configuration file enables setting names
of input files and other resources, parameters of the intermediate steps, running only
a part of the pipeline, and setting CPU and memory, allowing for efficient usage of
the available resources on a cluster.
1. The first step is estimation of conversion efficiencies. On one hand, the bisulfite
conversion of unmodified cytosines can be inefficient, causing false positive
modification calls. On the other hand, conversion of 5mC and 5hmC positions
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Figure 2.3. Overview of bsQC. Left: the bsQC pipeline and tools used for the individual steps.
Right: selection of example sections of the output html bsQC report. Each section contains
an icon indicating quality control result of all samples together (pass/warn/fail/NA). The three
bottom rows in the example report (Clustering, Distributions, and Profiles) are exploratory
visualisations of the entire dataset, shown separately for different genomic windows and features,
such as genes, CpG islands, and exons.

would lead to false negative modification calls. Therefore, control DNA with
known DNA modifications can be spiked-in into each sample. bsQC contains an
option for detection of spike-ins and estimation of conversion efficiencies in C,
5mC, and 5hmC in each sample (standard processing as below is used, but with
mapping the reads to a reference sequence of the used controls; the extracted
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modification values are then compared with the ground truth). This allows
simple detection of experiments with failed bisulfite conversion (or oxidation in
TAB-seq/oxBS-seq) (Fig. 2.4A). Moreover, bsQC outputs the bisulfite conversion
rates, which can be subsequently used for corrections for the differences between
samples, e.g., using LUX (Äijö et al., 2016a,b).
2. Trimming of low quality ends of reads and adapters is performed using Trim
Galore!, a wrapper tool around Cutadapt (Martin, 2011) and FastQC, which is
used for quality control of the input reads (before and after trimming).
3. The trimmed reads are mapped to a reference genome using Bismark (Krueger
and Andrews, 2011) and the quality of the mapped reads is evaluated using Picard
tools, SAMtools (Li et al., 2009), and Preseq (Daley and Smith, 2013) to estimate
library complexity, insert size distribution, duplication rate, prediction of library
complexity with further sequencing, etc.
4. PCR and optical duplicates are removed using Picard tools.
5. Bismark is used to extract the coverage and the percentage of unconverted reads
in individual positions, and modification levels along reads are visualised to
allow for detection of M-bias (Fig. 2.4B). The M-bias shows average levels of
modifications along the reads. The values should be constant along the read,
however, beginnings or ends of reads sometimes have a bias for increased or
decreased values. This can be easily assessed in the report, allowing to re-run
this step with parameters adjusted to ignore the relevant parts of the reads.
6. Additional exploratory visualisations (described later, examples in Fig. 2.4D, E).
When all samples are processed, a single html report is generated for the entire
dataset. The report style is inspired by FastQC; but in bsQC, the results are presented
side-by-side for all samples in each quality control step. This enables a quick comparison
of the samples and identification of outliers without having to tediously examine
many separate documents.
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Figure 2.4. Example of figures in the bsQC report. A: Quality control of bisulfite conversion
efficiency (and other sources of inaccuracies) on spiked-in controls. The bars represent mean ±
standard deviation of converted reads in individual positions of the control reference. B: M-bias
plot showing average modification levels and number of modification calls along the first reads.
C: Distribution of coverage in individual positions of the reference genome. D: Meta-CGI plot
of average modification levels inside and around CpG islands shown separately for individual
samples. E: Hierarchical clustering on distance matrix between samples, using average oxBS
values in genes. F: Detection of technical biases between pre-defined groups of samples. In this
example, all samples from patient 1 have lower coverage than samples from the second patient,
which could confound down-stream analyses, if left uncorrected.

Most of the visualisations and tables contain quality control icons (pass/warn/fail/NA).
This allows quick identification of potential quality issues: bisulfite conversion rate
(specific for BS-seq, oxBS-seq and TAB-seq), FastQC modules (adjusted for bisulfitebased sequencing), trimming, mapping efficiency, duplicate reads and evaluation of
M-bias plots. Based on specific needs and expectations of each project, users can
adjust parameters of the evaluations in a configuration files (what is considered to be
a pass/warn/fail output) and combine this information with the visual-only quality
controls (such as histogram of insert size).
The ultimate goal of many studies is to compare DNA modifications between several
groups of samples: different tissues, treatment, genetic conditions, batch, etc. However,
these biological differences might be confounded by technical differences, such as
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different coverage or sequencing quality between the groups. Therefore, bsQC can
detect some of these technical differences by allowing the user to annotate the samples
(with group number, individual number, and used method: BS/oxBS/TAB) and then
compare the groups in terms of several technical features, such as bisulfite conversion
rate, insert size, duplication rate, and coverage (Fig. 2.4F). If there is such a technical
difference between the groups, the user might use this knowledge to correct for the
bias in a subsequent analysis (adjusting the methylation values based on the bisulfite
conversion rates, sub-sampling reads in the case of differences in coverage, etc.), or
perform additional sequencing, to ensure that the differences in DNA modifications
are biological and not a mere technical artefact.
Finally, bsQC provides an optional basic exploration of the resulting modification
levels in the data set. This might serve for the user as a first familiarisation with the
data set and might also guide further explorations. In particular, the user can provide a
set of bedfiles with genomic features, such as CpG islands, genes, exons, enhancers,
etc., or genomic windows. These are then used to create meta-gene plots (profiles of
DNA modifications along genes, or other provided features, for each sample) (Fig. 2.4D).
Furthermore, distributions of average modification levels in the features are plotted
(one violin plot per sample). Third, hierarchical clustering of the samples is computed
based on Euclidean distances of the average values in the features between the samples
(Fig. 2.4E). Finally, principal component analysis (PCA) and multidimensional scaling
(MDS) of the sample values are shown. All these plots are displayed separately for each
type of provided experiment (BS-seq/oxBS-seq/TAB-seq) and eventually also on the
combination of these methods (e.g., 5hmC as max(0, BS-seq – oxBS-seq)). These basic
estimates are also provided, or the user can use more sophisticated methods to get
the estimates (such as using LUX (Äijö et al., 2016a,b)). We did not include any such
method in the pipeline, because the selection of such method might be project specific.
Since the development of this tool, Bismark has been updated with an html report
partially overlapping with bsQC; however, it does not show more samples together.
Also, a recently published tool MultiQC (Ewels et al., 2016) has partially overlapping
functionality (to combine quality logs from multiple tools and samples into one report),
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but does not provide the additional bisulfite-based sequencing tailored quality controls,
automatic detection of batch effects/technical artefacts, and exploratory visualisations
of the modification values across samples and genomic features. The bsQC tool was
originally developed for internal use on projects in this thesis (and used in chapters
3 and 4) and other projects, such as in (Bardella et al., 2016) and three ongoing
collaborations. Several finishing technical code-edits are still needed for full deployment
of the tool for public use.

2.3
2.3.1

DNA replication
Techniques to measure replication timing

Repli-Seq is a commonly used method to measure profiles of replication timing along
the genome (Hansen et al., 2010; Ryba et al., 2011; Rivera-Mulia et al., 2015). In short,
newly synthesised DNA (of asynchronously dividing cells) is in vivo labelled with
the nucleotide analogue 5-bromo-2-deoxyuridine (BrdU), which is incorporated into
the nascent strand instead of thymidine. The cells are then sorted into several Sphase fractions using flow cytometry. BrdU-labelled DNA from each fraction is then
immunoprecipitated (i.e., isolated using an anti-BrdU monoclonal antibody), and a
DNA library is prepared from each fraction for sequencing. The sequenced reads are
mapped to genome reference and normalised density of individual S-phase fractions are
computed in genomic windows (such as 50 kbp sliding windows with 1 kbp intervals)
(Hansen et al., 2010; Ryba et al., 2011). Hybridisation microarrays (Repli-Chip) can be
used instead of sequencing, producing comparable results (Ryba et al., 2011; Pope et al.,
2014). Other methods with different protocols but also based on flow cytometry sorting
of cells can be used to measure replication timing profiles (Koren et al., 2012).

2.3.2

Techniques to measure replication origins

An indirect approach to measure regions rich for replication origins (initiation zones,
ORI clusters) is based on the replication timing profiles. The replication valleys (early
replicating regions) correspond to the approximate locations of initiation zones, while
the replication peaks (late replication regions) are regions of replication termini (Baker
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et al., 2012; Hansen et al., 2010; Dellino et al., 2013; Haradhvala et al., 2016). Although
this approach does not give precise locations of individual replication origins (as
the replication valleys are the source of most tissue-specific variation in the profiles
(Ryba et al., 2010)), the regions in between valleys and peaks represent conserved
predominantly uni-directional timing transition regions, with the direction of replication
given by the sign of the slope (negative slope for left-replicating regions, positive slope
for right-replicating regions) (Haradhvala et al., 2016; Ryba et al., 2010).
Multiple techniques for a direct measurement of replication origins genome-wide
have been developed. Short nascent strand sequencing (SNS-Seq; Lexo-enriched
nascent strands sequencing, Lexo-NS-Seq) is one of the most popular techniques (Urban
et al., 2015). DNA from asynchronous cells is made single-stranded, phosphorylated,
and treated with lambda exonuclease enzyme (Lexo, λ-exo). Lexo is a 5’-to-3’ DNA
exonuclease, which digests the parental DNA strand, while the short nascent strands
are protected by their 5’ RNA primers. Fragments of size corresponding to the nascent
leading strand (500–1 500 nt) are then purified, to exclude the very short (ca. 200 nt)
Okazaki fragments of the nascent lagging strand. The resulting fragments are made
double-stranded, sonicated, sequenced and mapped to a reference genome. Peaks
of the mapped reads (determined using a peak calling such as from MACS (Zhang
et al., 2008)) represent the replication origins. Microarrays (SNS-chip) can be used
instead of sequencing (Urban et al., 2015).
SNS-Seq and other related techniques are dependent on the ability of Lexo to
efficiently digest the parental DNA. However, Lexo digestion of nonreplicating genomic
DNA showed that Lexo digests inefficiently DNA with G-quadruplex (G4) structures
and GC-rich DNA, introducing a systematic bias into the resulting ORI measurements
(Foulk et al., 2015). However, these biases can be controlled for by using Lexo digested
nonreplicating genomic DNA as a control in the peak calling (Foulk et al., 2015).
Other methods to measure ORI genome-wide include: ORC-ChIP-Seq, BrIP-NSSeq, and Bubble-trap (reviewed in Urban et al., 2015), and recently developed OK-Seq
(Petryk et al., 2016) and ini-seq (Langley et al., 2016). The concordance between these
methods is limited. For example OK-Seq very well corresponded to the regions with
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OR predicted by replication timing and generally better aligned to Bubble-trap than
SNS-Seq (Petryk et al., 2016). On the other hand, ini-seq showed highest concordance
with SNS-Seq, followed by OK-Seq, and Bubble-trap (Langley et al., 2016). In summary,
the current methods show promising results for detection of replication origins, but
further research is needed to determine their accuracy and minimise the false positive
and false negative calls.

Ich brauche Zeit, kein Heroin,
kein Alkohol, kein Nikotin
Brauch keine Hilfe, doch Koffein
und Hydroxymethylcytosin!
— Rammstein Benzin (adapted)
Calling the five kings of the genetic code
To inspire him with black pearls of their wisdom
— Pinar Ayata Sounds of Science - Silver Halo

3

Mutational properties of 5hmC
compared to 5mC
3.1

Introduction

The mutagenic effects of cytosine methylation have been researched already for more
than four decades, showing that spontaneous deamination of 5mC can cause CpG>TpG
mutations, the most common mutation type in somatic and germline mutations
(reviewed in Introduction 1). However, the mutational properties of cytosine hydroxymethylation are mostly unexplored. Although hydroxymethylation is not as frequent
as methylation, 5hmC is the dominant modification in a considerable fraction of CpG
dinucleotides (e.g., 13.4% in brain (Wen et al., 2014)) and the vast majority of 5hmC is
found as a stable, long-lived modification in adult mouse tissue that undergoes little
cell division (Bachman et al., 2014; Brazauskas and Kriaucionis, 2014). Moreover, 5hmC
is elevated in highly expressed genes and enhancers (Stroud et al., 2011; Mellén et al.,
2012; Yu et al., 2012; Lister et al., 2013; Wen et al., 2014; Chen et al., 2015). Therefore, the
mutational properties of 5hmC are of great interest, as they could have a substantial
influence on the mutability of important regions of DNA.
A large proportion of mutations observed in any cancer genome originate in its
pre-cancerous cell of origin (Nik-Zainal et al., 2012a; Stephens et al., 2012; Tomasetti
75
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et al., 2013; Wu et al., 2015) and will have been influenced by its epigenetic landscape. Moreover, signature 1 (consisting mainly of CpG>TpG mutations) is one of
the two mutational signatures correlating with age at diagnosis (Alexandrov et al.,
2015), supporting the fact that these mutations were gathered during the entire lives
of the patients, not only after the origin of cancer. Therefore, reasonable estimates of
mutational properties of 5mC and 5hmC can be obtained by combining information
about positions of 5mC and 5hmC in normal (healthy) tissues with mutation frequency
in cancers of the same tissues. This is now possible thanks to recent development of
techniques that enable single-nucleotide resolution mapping of DNA modifications
and distinguishing between 5mC and 5hmC, such as BS-seq combined with TAB-seq
or oxBS-seq (Yu et al., 2012; Booth et al., 2012).
Recently, Supek et al. (2014a) reported elevated C>G transversion rates at 5hmC
sites, using 5hmC maps from human and mouse embryonic stem cells. However, these
findings are limited by the fact that embryonic stem cells differ substantially from the
somatic tissues in which mutations were observed (Schultz et al., 2015). The publication
of single-base resolution maps of 5mC and 5hmC occupancy in samples of human
brain, kidney and blood (Wen et al., 2014; Chen et al., 2015; Pacis et al., 2015) now
enables us to interrogate the tissue-specific effect of cytosine modifications on somatic
mutation rates in unprecedented detail.

3.2
3.2.1

Materials and methods
Modification data

As 5hmC predominantly occurs in a CpG context (97.4% in adult brain (Wen et al.,
2014)), we focussed the analysis on CpG sites. BS-seq and TAB-seq DNA modification
measurements (Table 9.1) for brain were extracted from supplementary information
provided by Wen et al. (2014). Only sites with more than 5 TAB-seq reads were taken
into account. In blood, BS-seq and TAB-seq values in CpG sites were taken from
supplementary files provided by (Pacis et al., 2015). For kidney and ESC maps, raw reads
were processed with the bsQC pipeline (section 2.2.1). Multiple replicates were processed
both independently and together (adding the reads from the replicates together).
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Sequencing reads come from heterogeneous populations of cells. Hence, a single
genomic position usually cannot be assigned a single state (C, 5mC or 5hmC). Instead,
for each position we estimated:
• mod level as the number of unconverted BS-seq reads / number of all BS-seq
reads,
• 5hmC level as the number of unconverted TAB-seq reads / number of all TAB-seq
reads,
• 5mC level as mod level – 5hmC level,
• for positions with mod level > 10%, we define 5hmCrel level as 5hmC level /
mod level; this represents how much the modified positions are methylated (low
5hmCrel ) vs. hydroxymethylated (high 5hmCrel ).
We next defined highly methylated and highly hydroxymethylated positions as:
• 5mChigh : mod level > 10% and 5hmCrel ≤ threshold5mC ,
• 5hmChigh : mod level > 10% and 5hmCrel ≥ threshold5hmC .
The values of threshold5mC = 0.3 and threshold5hmC = 0.5 were used, as they represent a good combination of stringent criteria and sufficient statical power, but their
robustness was validated by exploring a range of values for both thresholds for the
main analysis (see section 3.3.1, Fig. 3.12, 3.13).
To compute the number of modified sites inside the exome, the reference Illumina
Truseq definition of exon loci was downloaded from the Illumina website. Overlapping
exons were merged using bedtools so that each genomic site is covered by at most one
exon. Two-sided paired Wilcoxon signed-rank test was used for testing significance
between mutation frequency of 5mChigh and 5hmChigh sites (i.e., two values in each
patient). The same test was used for all the following statistics, if not stated otherwise.
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3.2.2

Mutation data

Publicly available WGS and WES data sets used in this chapter are listed in Table
9.3. All single-nucleotide variants were classified by the pyrimidine of the mutated
Watson-Crick base pair (C or T) and the immediate 5’ and 3’ sequence context into
96 possible mutation types as described by Alexandrov et al. (2013a).

3.2.3

Gene expression data

Gene expression (in FPKM) from RNAseq experiments on 630 brain tissue samples
were downloaded from the GTEx human tissue expression project (http://www.
gtexportal.org/home/).

3.2.4

Brain cancer driver genes

We classified genes into three classes:
• Brain cancer driver genes (19): BCOR, CDK4, CDKN2A, CSNK2B, CTNNB1,
DDX3X, EGFR, ERBB2, IDH1, KDM6A, LDB1, NF1, PIK3CA, PIK3R1, PTCH1,
PTEN, RB1, SMARCA4, TP53 (Parsons et al., 2008; TCGA, 2008; Pugh et al., 2012).
• Other cancer driver genes (108): table S2A in (Vogelstein et al., 2013).
• Non-driver genes (17 816): genes that are neither classified as brain cancer driver
genes, nor as other cancer driver genes.
Non-driver genes similarly expressed as the brain driver genes were chosen using the
following algorithm: for each driver gene, the N=8 most similarly expressed unique nondriver genes were selected, resulting in 152 expression-matched non-driver genes. The
distributions of 5hmCrel in all CpGs in brain driver genes (25 582 CpGs) and non-driver
genes (120 918 CpGs) were compared using a two-sided Wilcoxon ranksum test.
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Results
5hmC sites in brain exhibit lower frequency of CpG>TpG
mutations than 5mC sites

Since brain exhibits particularly high levels of 5hmC (Fig. 3.1), we first investigated
the relationship between the regional distribution of 5hmC, 5mC and mutagenesis in
brain tumours. We reasoned that this approach would provide the highest sensitivity
to detect any correlation between 5hmC and mutation frequency.

Figure 3.1. Distribution of 5hmC levels in a CpG context in brain, kidney and blood.

We analysed 344 370 somatic single nucleotide variants (SNVs) from 665 samples
derived from exome and whole genome sequencing of the following cancer types:
Glioblastoma (GBM), Low grade glioma (LGG), Neuroblastoma (NRB), Medulloblastoma
(MDB) and Pilocytic astrocytoma (PA) (Alexandrov et al., 2013a). Out of all SNVs, one
quarter occurred in CpG dinucleotides and most of them were transitions from C to T
(Fig. 3.2). Combined with the fact that CpG dinucleotides are the least frequent
dinucleotides in the human genome, CpG>TpG mutations were clearly the most
mutated type in brain tumours (Fig. 3.3).
Mutations and DNA modifications are not distributed uniformly along the chromosomes. First, we computed average 5hmC, 5mC, and 5hmCrel in 100 kbp genomic
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Figure 3.2. Distribution of SNVs in brain cancer whole genomes according to type, context and
modification state.

Figure 3.3. Frequency of SNVs in brain cancer exomes, stratified by sequence context,
normalised by frequency of trinucleotides.

windows and compared them with the frequency of C>T mutations in CpG dinucleotides in the same windows (in each window computed as the number of CpG>TpG
mutations divided by the number of Cs in CpG dinucleotides; only WGS samples
were included). All traces were z-score normalised and plotted per chromosome after
Gaussian smoothing with parameters n = 50, sigma = 2.5.
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As expected, 5mC levels displayed a positive correlation with the frequency of
CpG>TpG (r=0.66 for chr3 in Fig. 3.4; other chromosomes in Fig. 3.5, 3.6). In contrast,
5hmC levels were significantly anti-correlated with the frequency of CpG>TpG (r=0.71 for chr3 in Fig. 3.4; other chromosomes in Fig. 3.5, 3.6). This correlation is not a
simple consequence of the uneven distribution of genes, exons, CpG islands or levels
of gene expression (Fig. 3.7), as these genomic features show weaker correlation with
CpG>TpG mutation frequency.

Figure 3.4. CpG>TpG mutations correlate positively with 5mC levels and negatively
with 5hmC levels. CpG>TpG mutation frequency (black), 5hmC (blue) and 5mC (orange)
density in 100 kbp windows of chromosome 3, smoothed with a Gaussian filter (n=50, sigma=2.5).
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Predicting CpG>T, windows 100kbp, chr 1−11

chr1

r = 0.67***

chr1

r = −0.71***

chr2

r = 0.60***

chr2

r = −0.63***

chr3

r = 0.66***

chr3

r = −0.71***

chr4

r = 0.60***

chr4

r = −0.62***

chr5

r = 0.56***

chr5

r = −0.60***

chr6

r = 0.58***

chr6

r = −0.64***

chr7

r = 0.60***

chr7

r = −0.64***

chr8

r = 0.60***

chr8

r = −0.64***

chr9

r = 0.63***

chr9

r = −0.73***

chr10

r = 0.56***

chr10

r = −0.65***

chr11

r = 0.61***

chr11

r = −0.70***

5hmC

5mC

CpG>T

CpG>T

Figure 3.5. Distribution of CpG>TpG mutations in comparison with modifications
across all chromosomes. CpG>TpG mutation frequency (black), 5hmC (blue) and 5mC
(orange) density in 100 kbp windows, smoothed with a Gaussian filter (n=50, sigma=2.5).
Chromosomes 1–11.
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Predicting CpG>T, windows 100kbp, chr 12−22

chr12

r = 0.60***

chr12

r = −0.65***

chr13

r = 0.50***

chr13

r = −0.56***

chr14

r = 0.57***

chr14

r = −0.67***

chr15

r = 0.47***

chr15

r = −0.58***

chr16

r = 0.69***

chr16

r = −0.61***

chr17

r = 0.65***

chr17

r = −0.73***

chr18

r = 0.61***

chr18

r = −0.64***

chr19

r = 0.51***

chr19

r = −0.71***

chr20

r = 0.56***

chr20

r = −0.68***

chr21

r = 0.71***

chr21

r = −0.72***

chr22

r = 0.60***

chr22

r = −0.68***

5hmC

5mC

CpG>T

CpG>T

Figure 3.6. Distribution of CpG>TpG mutations in comparison with modifications
across all chromosomes. CpG>TpG mutation frequency (black), 5hmC (blue) and 5mC
(orange) density in 100 kbp windows, smoothed with a Gaussian filter (n=50, sigma=2.5).
Chromosomes 12–22.
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Predicting CpG>T on chromosome 3, windows 100kbp
CGIs

r = −0.46***

CpG>T

EXONs

r = −0.42***

CpG>T

GENEs

r = −0.47***

CpG>T

CpG

r = −0.53***

modCpG

r = −0.63***

CpG>T

log(1+expression)

r = −0.51***

mod

r = 0.17***

CpG>T

CpG>T

CpG>T

5hmC

r = −0.71***

CpG>T

5hmCrel

5mC

r = 0.66***

CpG>T

r = −0.70***

CpG>T

Figure 3.7. Distribution of CpG>TpG mutations in comparison with other genomic
features. CpG>TpG mutation frequency (black) and several genomic features in 100 kbp
windows on chromosome 3, smoothed with a Gaussian filter (n=50, sigma=2.5). CGIs: density
of CpG islands, EXONs: density of exons, GENEs: density of genes, CpG: density of CpGs,
modCpG: density of CpGs with mod level ≥ 10%; and average modification levels: mod, 5hmC,
5mC, and 5hmCrel .
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Averaging over the entire genome, the frequency of C>T mutations differed substantially between 5mChigh and 5hmChigh sites. The fraction of mutated 5hmChigh
sites was significantly lower than the fraction of mutated 5mChigh sites (Fig. 3.8). The
lower mutation frequency was consistently observed in data derived from both exome
and whole genome sequencing projects (P<0.001, Wilcoxon signed-rank test). Moreover,
all brain cancer types individually displayed a significant (28–53%, P<0.05 in all types)
reduction of C>T mutations in 5hmChigh sites (Fig. 3.10).

Figure 3.8. C>T mutations are common in the genome but depleted in 5hmC sites
compared to 5mC sites. Average fraction of mutated sites for 5mChigh vs. 5hmChigh over
all patient samples (CpG sites only; ***P < 0.001; **P < 0.01; *P < 0.05).

Since the minimal coverage per strand (5x) is lower than the commonly used
standard of 15x per strand (i.e., 30x per both strands;
http://ihec-epigenomes.org/research/reference-epigenome-standards/ and even higher
thresholds recommended by Libertini et al. (2016)), we next explored the effects of
coverage on the observed results. The ratio of average CpG>TpG mutation frequency
in 5mChigh and in 5hmChigh sites remained similar for a range of minimal coverage
thresholds (5–20x) per strand (Fig. 3.9; only WGS samples were used in this analysis and
the given coverage was required in both BS-seq and TAB-seq). A slight increase of the
ratio was present in sites with higher coverage. This could be due to mis-annotations
of 5mChigh and 5hmChigh in positions with low coverage.
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Figure 3.9. The ratio between mutation frequency in 5hmC and 5mC sites is similar
for different coverage thresholds. Ratio of the average mutation frequency in 5mChigh
sites and the average mutation frequency in 5hmChigh sites (y-axis) plotted against minimal
coverage threshold of BS-seq and TAB-seq (x-axis). Only WGS samples and C>T mutations in a
CpG context were included.
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Figure 3.10. Differential mutation frequency between 5mC and 5hmC is present in all
5 brain cancer types. A: Average fraction of mutated CpG sites for 5mChigh vs. 5hmChigh
computed separately for each cancer type. B: Box plot of C>T mutation frequency, as shown in
A.
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It is known that CpG>TpG mutations correlate with age at diagnosis, representing

one of the only two known mutational signatures with “clock-like” properties (Alexandrov et al., 2015). Here we observed that this correlation is present in both methylated
and hydroxymethylated sites (Fig. 3.11). Moreover, the slope for 5mC was steeper than
for 5hmC, suggesting that even the mechanism causing the difference of CpG>TpG
mutability between 5mC and 5hmC was present in the pre-cancerous cell of origin.

Figure 3.11. C>T mutations in both methylated and hydroxymethylated CpGs correlated with age at diagnosis. Correlation of whole genome CpG>TpG mutation frequency
with age at the time of diagnosis in patients with Medulloblastoma and Pilocytic Astrocytoma.

We also compared the fraction of mutated 5mChigh and 5hmChigh sites for the
other two possible types of mutations: C>A and C>G. As shown in Fig. 3.8, C>A or C>G
transversions are an order of magnitude less frequent than C>T transitions in both 5mC
and 5hmC sites. The relationship between C>A and C>G mutations and 5hmC varied
between cancer types (Fig. 3.10). In GBM and LGG the frequency of C>A mutations was
significantly higher in 5mChigh compared to 5hmChigh sites, but in NRB, MDB and
PA we detected no significant difference. The frequency of C>G mutations in 5mChigh
sites differed significantly from 5hmChigh sites only in MDB, PA and GBM. In MDB
and PA, 5hmChigh sites were slightly enriched for C>G mutations, whereas in GBM
an enrichment was observed at 5mChigh sites. Since C>T transitions are the most
common somatic mutation type in brain and the difference in C>T mutations between
5mChigh and 5hmChigh sites is more consistent among cancer types than in the C>A
and C>G transversions, we focus mainly on C>T mutations in the further analyses.
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We confirmed that C>T mutations are significantly depleted at 5hmC sites across a
wide range of thresholds in definitions of 5mChigh and 5hmChigh (Fig. 3.12A–F). While
C>T mutations were significantly enriched in 5mChigh compared to 5hmChigh sites
in all explored values of threshold5mC and threshold5hmC , C>A and C>G mutations
were markedly more sensitive to the choice of the threshold values. This lack of
robustness in C>G and C>A mutations might be a result of relatively low numbers of
these mutations in CpG sites, i.e., a lack of statistical power, and the results should be
therefore interpreted with caution. On the other hand, the sensitivity analysis showed
sufficient robustness of C>T mutations with regards to the choice of the threshold
values. In fact, more stringent definitions of 5hmChigh (e.g., 5hmCrel ≥ 0.7) result
in even greater differences (42–59%) in C>T mutation frequencies between 5mChigh
and 5hmChigh sites (Fig. 3.12G–I, Fig. 3.13).
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Figure 3.12. Depletion of C>T mutations in 5hmChigh is relatively insensitive to
varying definitions of 5mChigh and 5hmChigh . A–F: Significance of a difference in
mutation frequency in 5mChigh and 5hmChigh , for a range of values of threshold5mC
and threshold5hmC (5mChigh is defined as sufficiently modified sites with 5hmCrel
≤ threshold5mC ; 5hmChigh is defined as sufficiently modified sites with 5hmCrel ≥
threshold5hmC ). One-sided paired Wilcoxon sign-rank test was used. Red colour represents
a significant increase of mutation frequency in 5mChigh (right tail test) whereas blue colour
represents elevated mutations in 5hmChigh (left tail test). G–I: C>T mutation frequency for
5mChigh vs. 5hmChigh with threshold5mC = 0.3 and threshold5hmC = 0.7.
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Figure 3.13. Depletion of C>T mutations in 5hmChigh is relatively insensitive to varying definitions of 5mChigh and 5hmChigh . A–D: C>T mutation frequency for 5mChigh
vs. 5hmChigh in highly vs. lowly expressed genes with threshold5mC = 0.3 and threshold5hmC
= 0.7. E–F: C>G mutation frequency with threshold5mC = 0.0 and threshold5hmC = 0.5.
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3.3.2

Reduced 5hmC mutability in brain is not accounted for by
genomic regions or gene expression

We next examined whether the decreased frequency of C>T transitions at 5hmC vs.
5mC sites might be an indirect effect of 5hmC being associated with genomic regions of
lower mutability. Levels of 5mC and 5hmC vary across genomic regions. For example,
5hmC density is elevated in highly expressed genes in brain (Mellén et al., 2012; Yu
et al., 2012; Lister et al., 2013; Wen et al., 2014; Chen et al., 2015). The observed decrease
in C>T mutation frequencies might therefore be attributable to higher gene expression,
which would correlate with higher transcription coupled repair. We therefore performed
the analysis described above separately for regions with high vs. low gene expression.
Genes were sorted according to their median expression values in human brain (see
section 3.2). The upper 50-percentile (9 701 genes) were classified as highly expressed,
the rest as lowly expressed. Introns were included only for WGS samples.
There was a lower overall mutation frequency in highly expressed genes (Fig.
3.14A–B), but both highly and lowly expressed genes exhibited significantly lower
C>T transition rates at 5hmC sites compared to 5mC sites (Fig. 3.14). This suggests
that the observed difference between 5mC and 5hmC is not a result of transcription coupled repair.
Gene expression is only one of many possible region-related confounding factors.
Hence, to correct for any regional variation, we performed the analysis on groups of
sites generated by pairing the modified CpGs: each 5hmC site was paired with the
nearest yet unpaired 5mC site from an equivalent genomic and sequence context (an
approach adapted from (Supek et al., 2014a)). For each 5hmChigh site in random order,
the nearest yet unselected 5mChigh site was selected such that the 5mC-5hmC pair
fulfilled the following conditions: both 5hmChigh and 5mChigh sites are inside an exon
or both are outside exons, and both share the same context (CG, CHG, and CHH, where
H is T, A or C). This resulted in 6 801 374 pairs with a median distance of 1 and 25th
and 75th quantiles of -177 and +177, respectively. Thereby we compared the mutation
frequencies of two groups (one group comprising 5mC sites and one group comprising
5hmC sites) containing the same number of loci.
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Figure 3.14. Depletion of C>T mutations in 5hmC sites is not explained by gene
expression. A–B: Frequency of mutations in 5mChigh vs 5hmChigh sites within highly
expressed (A) or lowly expressed (B) genes. C–D: Boxplot visualisation of C>T mutation
frequency for each cancer type.

As a result of this experimental set-up, a substantial fraction of mutated 5mC
sites were excluded, greatly reducing the statistical power of this “paired” analysis.
Nevertheless, the frequency of C>T mutations in 5hmC remained significantly lower
than in 5mC in both exomes and genomes (Fig. 3.15), supporting that the difference
between 5mC and 5hmC mutation frequency is not caused by regional differences.
Finally, to complement the analysis of regional mutation rate variation with a third
approach, we computed mutation frequencies around 5mC and 5hmC sites. First,
modified sites with no other modifications in a 2 kbp radius were randomly selected
(374 000 sites with 5mC and the same number of 5hmC sites). Next, the frequency of all
mutation types in distance up 2 kbp upstream and downstream (in bins without other
modifications) was computed. The mutation frequency differed substantially in the
aligned positions of DNA modifications but was indistinguishable in the surrounding
area (Fig. 3.16). In conclusion, regional mutation rate variability is unlikely to account
for the difference in C>T mutational load in 5mC and 5hmC sites.
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Figure 3.15. Depletion of C>T mutations in 5hmC sites is not explained by regional
mutation rate variation. For each patient sample, the overall difference in mutations in
paired sites was calculated and compared using a Wilcoxon signed-rank test. Shown here is a
histogram of samples by the difference in mutations for paired 5mC and 5hmC sites (negative
values shown blue, positive in orange). Mutations in 5mC sites exceed paired 5hmC sites,
causing a shift to the right. Left: basic definition of 5mChigh and 5hmChigh . Right: more
stringent definition 5mChigh (threshold5mC = 0.2).

Figure 3.16. Depletion of C>T mutations in 5hmChigh is relatively insensitive to
varying definitions of 5mChigh and 5hmChigh . Mutation frequency around aligned 5mC
and 5hmC sites.

3.3.3

Relative 5hmC correlates with CpG>TpG mutation frequency

The 5mC and 5hmC frequency at each base reflect the prevalence of each modification
within the sequenced cell population. We hypothesised that if 5hmC had a direct effect
on C>T mutation likelihood, we would observe an increase in mutation frequency with
decreasing 5hmC occupancy. To test this, all modified cytosines (i.e., mod level > 10%)
in the CpG context were divided into 9 right-open intervals according to their ratio
of 5hmCrel level. The leftmost bin contained cytosines where the major modification
is 5mC, while the rightmost bin contained cytosines where the major modification is
5hmC. In each bin, the frequency of mutations was computed. A linear regression model
was fitted to the data (function fitlm in Matlab) and the significance of the linear
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coefficient was tested using F-test for the hypothesis that the regression coefficient
is zero (function coefTest in Matlab).
We observed a clear linear relationship between 5hmCrel values and C>T mutation
frequencies (Fig. 3.17A). Notably, the correlation was present in all the tested brain
cancer types in exome- and whole genome-sequenced samples. A regression slope test
confirmed significance of this relationship in all the cancer types.
To confirm that the results are not influenced by an uneven distribution of information across bins, we performed also quantile binning so that each bin contains an
approximately equal number of positions (apart from the first bin, which included
all values with 5hmCrel =0). The results of quantile bins were equivalent to evenly
spaced bins (Fig. 3.18H).
For comparison, we also evaluated the relationship between 5hmCrel and the
frequency of C>A and C>G mutations (Fig. 3.17A). Consistently with our previous
results, an increase in 5hmCrel is associated with an increase in C>G mutations in
whole genomes (from MDB and PA samples), but the relationship in other cancer types
shows no significant trend. C>A mutations decrease with 5hmCrel levels in GBM but
exhibit no significant signal in the remaining tumour types.
Next we compared mutation frequencies at 5mC and 5hmC sites to that of unmodified cytosines. We divided all the sequenced CpG sites into 9×9 bins according to
their levels of 5mC and 5hmC. We observed that the mutation frequency of unmodified
cytosine is similar to 5hmC, whereas 5mC exhibited much higher mutation frequency
(Fig. 3.17B). Further, we calculated the mutation frequency distribution in sites that
exhibited almost no methylation or almost no hydroxymethylation, respectively. When
methylated sites are excluded, the mutation frequency does not show any significant
trend with increasing levels of 5hmC (Fig. 3.17C). Conversely, excluding hydroxymethylated sites leads to a significant gradient in mutation frequency with increasing levels
of 5mC (Fig. 3.17D). When only fully modified sites (mod level ≥ 90%) are taken into
account, increasing levels of 5hmC (i.e., decreasing levels of 5mC) are associated with
a significant decrease in C>T mutation frequency (Fig. 3.17E).
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Figure 3.17. Mutation frequency negatively correlates with 5hmCrel level per base.
A: Fraction of mutated CpG sites as a function of 5hmCrel levels by mutation and cancer
type. Bins to the left represent sites predominantly methylated, while bins to the right
contain increasingly hydroxymethylated sites. Black line denotes linear regression fit (F-test for
coefficient deviation from 0). B: Distribution of CpG>TpG mutation frequency by modification
type. The top left bin contains cytosines that are mostly unmodified, the bottom left bin
contains exclusively methylated cytosines and the top right bin contains cytosines that are
mostly hydroxymethylated. C: Top row of B, i.e. distribution of mutations in unmethylated
sites. D: First column of B, i.e., distribution of mutations in sites without 5hmC. E: Diagonal of
B, i.e., distribution of mutations in highly modified sites.
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Figure 3.18. CpG>TpG mutation frequency as a function of 5hmCrel levels with equal
binning (each bin contains approximately the same number of sites).

In summary, the results in this section support the conclusion that the decrease
in C>T mutation frequency at 5hmC sites is not an artefact of our chosen definition
of 5mC or 5hmC. Even more importantly, it supports the notion that this decrease is
directly caused by the properties of these DNA modifications.

3.3.4

5hmC is a predictor of CpG>TpG mutation frequency across
the genome

To examine the exclusive impact of DNA modifications on regional frequencies of
mutations, we compared DNA modifications with other genomic features in their
ability to predict C>T mutations in CpG context. We used a generalised linear model
(GLM) with CpG>TpG mutation frequency as a response variable and genomic features
as individual predictors: average 5mC, average 5hmC, average 5hmCrel , average mod
levels, gene density, exon density, CpG island density, density of modified CpGs,
and gene expression (as log(1+expression)). Only whole genome sequencing data
were used for this analysis. Values of the response variable and individual predictors
were computed in genomic windows of sizes 3 kbp–3 Mbp. Then a generalised linear
model (fitglm) assuming Poisson distribution of the response variable was fitted
with a linear model specification (i.e., intercept + linear term for each predictor) and
DispersionFlag set to true. To compare the resulting models, we calculated their
respective “explained deviance” D2 (model.devianceTest), a generalisation of
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explained variance that is more appropriate for comparing generalised linear models, as
recommended, e.g., in (Guisan and Zimmermann, 2000; Mittlböck and Heinzl, 2004). We
compared the predictors in an iterative way, starting with a best individual predictor,
and then in each step adding the predictor which leads to the best improvement
of the explained deviance.
For genomic windows of 100 kbp, the best individual predictor of CpG>TpG mutation
frequency was 5hmCrel (D2 = 0.11), outperforming all other features (Fig. 3.19A). When
all features were combined into one model, the total explained deviance for 100 kbp
windows was 16%. Both 5mC and 5hmC levels were amongst the top three predictors
in the combined (step-wise) model, suggesting that they contain to some extent
independent information predictive of the CpG>TpG mutations. On the other hand,
average mod levels (the sum of 5mC and 5hmC levels) performed worst, possibly due
to opposing effects of 5mC and 5hmC. This has an important consequence, suggesting
that bisulfite sequencing measurements alone are a poor predictor of mutagenicity,
at least in tissues with higher levels of 5hmC.

Figure 3.19. Predictors of CpG>TpG mutations: 5hmCrel compared to other genomic
features. A: Prediction of CpG>TpG mutation frequency (using whole genome sequencing
only) in 100 kbp genomic windows. Predictors are sorted according to the D2 in a univariate
model. The height of the kth bar denotes the D2 of a model with the first k predictors. B:
Comparison of the nine predictors of CpG>TpG mutation features by D2 in a univariate models,
in a range of window sizes.
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Varying the chosen window size (3 kbp–3 Mbp; Fig. 3.19B, Fig. 3.20A–C) did not
substantially change the comparison of the predictive power of the respective features
and similar order of the features was obtained also with p-value of the univariate
models, and Spearman and Pearson correlation coefficients. In all metrics and window
sizes, 5mC and 5hmCrel were the two best predictors, with 5hmCrel performing
slightly better with smaller windows. However, the window sizes differed in the total
explained deviance, which increased with window size, reaching values as high as 45%
for univariate models and 60% for models with all predictors. This led us to question
whether the increasing predictive power of larger windows has a biological reason, or
whether it is a consequence of the lower data density in small windows.
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Figure 3.20. Genome-wide prediction of CpG>TpG mutation frequency: 5hmCrel
compared to other genomic features. A–C: Comparison of nine predictors of CpG>TpG
mutation frequency in a range of window sizes by p-value of univariate generalised linear
models (A), Spearman correlation (B), and Pearson correlation (C). D: Effects of window size
and patient numbers on D2 of GLM with one response variable (simulated mutation frequency)
generated proportionally from a single ideal predictor.

Since many smaller windows contain no observed mutations, low D2 values could
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simply reflect a lack of data. To test this, we generated simulated mutations so that a
“perfect” predictor was linearly related to the mutation likelihood per window. Each
chromosome was split into windows of a given window size. For each window, all
CpG sites were counted. A random predictor was generated in each window with
a beta distribution Beta(3,4). For each patient, a random number of mutations was
generated in each window w of size sw as

predictor(w)
Binomial n = sw , p =
c

!

(3.1)

where:

P

c=

window w

sw · predictor(w)
174

(3.2)

The coefficient c was set so that the expected total number of mutations per patient
summed to 174, the observed average number of CpG>TpG mutations in brain WGS
data. The response variable was set as the average CpG>TpG mutation frequency
over all patients. A GLM was fit on the given predictor and response variable and D2
was measured. The process was repeated 10 times for each combination of window
size and number of patients.
We then measured the effect of window and sample size (number of patients) on the
observed D2 , repeating the simulations 10 times. The resulting curves of the explained
deviance resemble those measured in the real data (Fig. 3.20D). Moreover, in the
simulated data, higher numbers of patients lead to higher D2 even for smaller window
sizes, suggesting that lower D2 values in smaller windows indeed are a consequence
of lower data density.

3.3.5

Level of genic 5hmC correlates with decrease of CpG>TpG

It has been reported that 5hmC is enriched in gene bodies. We therefore tested whether
the relationship between 5hmC and mutations, which we observed across the whole
genome, is also detectable in the exome part of genes alone. We used again the same
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Figure 3.21. Effects of 5hmCrel levels on gene mutability. Data for GLM with Poisson
distribution (the fitted curve is in green). Genes defined as outliers in at least one definition
of mutation frequency (above the red line) are plotted in red. For convenience, the mutation
frequency is plotted on log-scale.
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GLM, with mutation frequency modelled with two predictor variables: average 5hmCrel
per gene and loge -transformed gene expression. The following response variables
computed in exons of each gene were compared:
• modC>T: number of C>T mutations in modified C sites / number of modified C
sites
• CpG>TpG: number of C>T mutations in CpG sites / number of CpG sites
• C>T: number of C>T mutations / number of C sites
• C>N: number of mutations from C / number of C sites
• N>N: number of mutations / number of sites
• T>N: number of mutations from T / number of T sites
Genes with missing values in at least one of the predictors and genes classified as
outliers in at least one response variable were excluded from the analysis. Outliers were
classified as genes with response variable y with the following property:
y ≥ quantile(y, 0.999) + 2.5 · (quantile(y, 0.999) − quantile(y, 0.001))

(3.3)

Out of 17,605 genes, 10 were classified and removed as outliers: ASPN, BBOX1,
CCL4, ESPN, FOLH1, HLA-DPB1, IDH1, NLRP6, S100P, and TP53. To calculate the
relative contribution of one predictor variable over the other, two models were fitted
with either one or both predictor variables and F-test and the difference in D2 were
used to compare the two nested models. The individual models are shown in Fig. 3.21
with genes classified as outliers plotted in red.
In line with our earlier results, we found that 5hmCrel significantly contributes to
the deviance explained by the model, beyond covariation with gene expression (Fig.
3.22; F-test p < 2e-100). We hypothesised that this effect should be most pronounced
when using modC>T and CpG>TpG as the response variable, whereas it should decrease
when using definitions of mutations that include a progressively wider range of loci
(C>T, C>N, N>N). Indeed, the unique contribution of 5hmCrel to the explained gene
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mutation frequency decreased as the mutation sets became larger and more distant
from modC>T, as both the improvement of explained variance decreased and the
model p-value increased (Fig. 3.22, Fig. 3.21, Fig. 3.23). Nevertheless, in all of the
cases, 5hmCrel significantly improved the fit of the model. Conversely, we confirmed
that 5hmCrel had no significant predictive power for the frequency of T>N mutations
(Fig. 3.22; column T>N), supporting the hypothesis that 5hmCrel selectively affects
mutations in modified cytosines.

Figure 3.22. Predictors of mutations: 5hmCrel compared to gene expression. Left:
Prediction of different types of mutation frequency in genes. Increase in D2 of a generalised
linear model including 5hmCrel over gene expression (violet) or gene expression over 5hmCrel
(green). Right: Significance of observations in left.

Figure 3.23. Effects of 5hmCrel levels on gene mutability. A–B: GLM results fitted
separately for 5hmCrel (violet) and gene expression (green) and both of them together (yellow).
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The comparison of 5hmCrel and gene expression in their ability to predict genic

C>T mutation frequency in modified sites is illustrated in the left panel of Fig. 3.24. For
all values of gene expression (rows in the figure), there is a gradient of high mutation
frequency in genes with low 5hmCrel (left) to low mutation frequency in genes with
high 5hmCrel (right). On the contrary, such a gradient is much less apparent in the
opposite direction. In summary, although 5hmCrel and gene expression are correlated,
these results suggest that the effect of DNA modifications on CpG>TpG mutations
is greater than the effect of gene expression.

Figure 3.24. Effects of 5hmCrel levels on gene mutability. Frequency of modC>T
mutations of all genes (left) and gene density (right) in the space of 5hmCrel and gene
expression. The space was limited to [quantile(x, 0.05), quantile(x, 0.95)] on both axes and
then binned into 100 × 100 bins. In each bin, the average mutation frequency, in the form of
log(mutFreq + min(mutFreq(mutFreq > 0))), and gene density were computed. The resulting
matrix were smoothed by applying a Gaussian filter (radius 5 bins, sigma 2) weighted by the
number of genes in each bin (bins with ≥ 2/3 missing values in their neighbourhood were set to
NaN) and plotted with pcolor (NaN bins are shown in black).
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Decreased CpG>TpG mutation frequency in 5hmC is not
limited to brain tissue

The results from brain cancers showed that positions with 5hmC in normal brain
are associated with decreased frequency of mutations in brain tumours compared to
positions with 5mC. These results had two major limitations: they were based on maps
of 5mC and 5hmC from only a single individual and they cannot answer whether this is
a specific characteristic of the brain tissue, or a general property of 5mC and 5hmC in
all somatic cells. However, two newly published BS-seq and TAB-seq datasets allowed
us to address the question of mutational properties of 5mC and 5hmC also in two
other tissues: kidney (Chen et al., 2015) and blood (Pacis et al., 2015). For blood we
used 174 sequencing samples from Acute Myeloid Leukaemia (AML) as the cancer type
closest to the blood dendritic cells in which the BS-seq and TAB-seq measurements were
performed. For kidney we combined 585 samples from four distinct sequencing projects,
covering Kidney Clear Cell, Kidney Papillary and Kidney Chromophobe carcinomas.
These three tissue types show a wide range of average 5hmC levels in CpG sites:
from 2.5 % in blood to 19.9 % in brain (Fig. 3.1). The two biological replicates in kidney
allowed us to compare inter-tissue and inter-individual differences in 5hmC levels. Of
the four samples, the two kidney samples were best correlated (Pearson coefficient
r = 0.83; 10 kbp windows), whereas the worst correlated pair consisted of the blood
and brain samples (r = 0.39) (Fig. 3.25).
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Figure 3.25. Comparison of 5hmC in 10 kbp windows in blood, kidney (2 replicates),
and brain: distribution of 5hmC values in each map and Pearson correlation of pairs of maps.
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Matching our findings in brain, 5hmC sites were mutated significantly less frequently than 5mC sites in both tissue types (Fig. 3.26), irrespective of whether genome
or exome sequencing data were used. Moreover, a similar difference was present
in all available replicates of the BS-seq and TAB-seq measurements (6 for blood, 2
for kidney, Fig. 3.27).

Figure 3.26. Decreased CpG>TpG mutation frequency in 5hmC is not limited to brain
tissue. CpG>TpG mutation frequency in 5mC vs. 5hmC in kidney and blood.

Genomic distribution of 5hmC differs substantially between the three tissue types
(Fig. 3.25). Consequently, we hypothesised that the association between mutation
frequency and 5hmC could be highest when mutation and modification data are
derived from matching tissue types. To test this hypothesis, we used a GLM on genomic
windows of 100 kbp to predict CpG>TpG mutation rate from a combination of 5hmCrel
maps of all three tissues. In line with the hypothesis, for each cancer type, the best
predictor came from the same tissue type (Fig. 3.28), suggesting that tissue differences
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Figure 3.27. Decreased CpG>TpG mutation frequency in 5hmC is present in three
tissues consistently for different replicates of modification maps. A–B: CpG>TpG
mutation frequency in 5mC compared to 5hmC in blood and kidney using modification maps
from different replicates merged together (A) and used separately (B).

in 5hmC are reflected in the CpG>TpG mutation landscape. The same results were
obtained in all available replicates of the 5hmCrel maps (Fig. 3.29). Finally, we added
a 5hmCrel map derived from embryonic stem cells (ESC) as an additional predictor,
to compare our findings to previously reported results (Supek et al., 2014a). The ESCderived 5hmC levels have substantially lower predictive power on CpG>TpG mutation
rate than any of the tissue-derived maps, likely reflecting the substantial differences of
5hmC in ESC compared to the other tissues. These results highlight the importance of
matching tissues, when comparing DNA modifications with other genomic properties,
such as mutability of DNA.
While base-resolution maps of 5hmC for human tissue are still rare, there is a wide
range of BS-seq data sets available in public databases. We therefore decided to measure
global levels of 5mC and 5hmC in different tissues and combine these estimates with
the single-base resolution mod maps and somatic mutations. The total levels of 5mC
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Figure 3.28. Decreased CpG>TpG mutation frequency in 5hmC is not limited to brain
tissue. Predictions of CpG>TpG mutation frequency in whole genome cancers in blood (AML),
kidney and brain using 5hmCrel maps from blood, kidney, brain and embryonic stem cells (ESC)
in 100 kbp genomic windows. The values are z-score normalised per rows in order to normalise
for different number of patients and mutations in each cancer type (the original D2 values are
in parentheses); the higher values of D2 (green), the better predictions.

Figure 3.29. Decreased CpG>TpG mutation frequency in 5hmC is present in three tissues consistently for different replicates of modification maps. Predictions of CpG>TpG
mutation frequency in whole genome cancers in blood (AML), kidney and brain using different
replicates of 5hmCrel maps from blood, kidney, brain and embryonic stem cells (ESC) in 100 kbp
genomic windows. The values are z-score normalised per rows in order to normalise for different
number of patients and mutations in each cancer type (the original D2 values are in parentheses);
the higher values of D2 (green), the better predictions.
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and 5hmC were measured using High Pressure Liquid Chromatography (HPLC-UV) by
Michael McClellan; details are explained in the methods of Tomkova et al. (2016). As
expected, brain contained the highest levels of 5hmC (1.50 ± 0.07 % of all cytosines)
and blood was on the other end of the spectrum, with ca. 20-fold lower levels of 5hmC
(0.07 ± 0.10 % of all cytosines) (Fig. 3.30). The levels of methylation were very similar
in these two tissues (4.56 ± 0.46 in brain; 4.24 ± 0.22 in blood) and generally showed
smaller relative differences among all tissues than the hydroxymethylated levels.
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Figure 3.30. HPLC measurements of total 5hmC and 5mC in eight tissues: average values
with standard deviation of 5mC and 5hmC (as a percentage of total cytosine). Measured by
Michael McClellan.

Given our findings thus far, we predicted that tissues with high levels of 5hmC
relative to 5mC would exhibit fewer CpG>TpG mutations in modified sites than tissues
with low total 5hmC. To test this hypothesis, we compared total levels of 5mC and 5hmC
in DNA of eight human tissue types for which BS-seq maps are publicly available(Table
9.1). As the total measurements are from the entire DNA, we included only WGS
samples for estimates of the CpG>TpG mutability. In order to account for unrelated
cancer-type specific differences in CpG>TpG mutability, we normalised the mutation
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frequency in modified sites by the mutation frequency in unmodified sites. In each
tissue, we computed the average of (C>T mutation frequency in modified CpGs / C>T
mutation frequency in unmodified CpGs) and plotted these values against the global
estimates of 5hmC/(5hmC+5mC) per tissue.
The analysis of association between genomic relative 5hmC and enrichment of
CpG>TpG mutations revealed a strong negative correlation in nearly all tissues (Fig.
3.31). For instance brain had both high relative 5hmC levels and low relative C>T
mutations in modified CpGs, whereas blood contained low relative 5hmC levels and
high relative C>T mutations in modified CpGs.
Lung was the only outlier tissue distant from the linear fit, having a markedly
lower frequency of CpG>TpG mutations in modified relative to unmodified sites. We
explored whether this could be affected by smoking, which is a known strong mutagen
affecting both mutations and modifications (Alexandrov et al., 2016). Interestingly,
when splitting the samples by smoking status of the individuals (heavy smokers vs. not
heavy smokers), only the group of heavy smokers showed to be a true outlier. It has
been reported that methylation increases the formation of BPDE-dG bulky adducts
(reviewed in Introduction 1.4.3). Moreover, direct changes in the methylation status
of a number of CpGs have been observed in smokers (Breitling et al., 2011; Rakyan
et al., 2011; Joehanes et al., 2016; Gao et al., 2017). Therefore, our data indicate that
either CpG>TpG mutations might also be differentially affected by smoking-related
mutagens, or that the actual modification maps are substantially affected by smoking.

3.3.7

Exploration of potential protective function of 5hmC

The finding that 5hmCrel affects overall mutability of genes led us to speculate that
protection against mutations could be a function of “long-lived” 5hmC. Proving or
disproving this hypothesis is outside the scope of this thesis, however we performed
a simple exploration for observations that might support this hypothesis. Known
cancer “driver genes” —genes that are able to cause an abnormal growth phenotype
when mutated— constitute a class of genes for which their disruptive potential upon
mutation is well documented. We thus hypothesised that the levels of 5hmC could be
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Figure 3.31. Decreased CpG>TpG mutation frequency in 5hmC is not limited to brain
tissue. Correlation of total 5hmCrel levels (measured with HPLC) with frequency of CpG>TpG
mutations in modified cytosines normalised by the frequency in unmodified cytosines in
different tissues. The correlation values are shown for the eight non-outlier tissues, i.e., without
heavy smoking lung cancer patients.

higher in the driver genes, compared to other genes, in order to protect the cells
from deleterious mutations.
We calculated the level of 5hmCrel in 19 brain cancer driver genes (Parsons et al.,
2008; TCGA, 2008; Pugh et al., 2012) and in 17 494 “non-driver” genes (see Methods
3.2). We found that the average 5hmCrel level in the brain cancer driver genes was
significantly higher than in non-driver genes (Fig. 3.32A).
However, also the average gene expression of brain cancer driver genes was higher
than in the non-driver genes. We therefore repeated the analysis with a set of 152
non-driver genes with similar expression levels as the driver genes (see Methods 3.2) (Fig.
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Figure 3.32. 5hmC is enriched in driven genes. A: Scatter plot of gene expression against
5hmCrel for brain cancer driver genes (red) and all non-driver genes (black). Histograms above
and to the left show expression and 5hmCrel distribution differences for the two classes of genes,
respectively. B: Same as E but only plotting a subset of expression-matched non-driver genes
(see Methods). C: Detailed histogram of 5hmCrel in individual CpG sites, illustrating elevated
5hmCrel in driver genes compared to expression-matched non-driver genes.

3.32B) and observed higher levels of 5hmCrel in brain cancer driver genes compared
to similarly expressed non-driver genes (ranksum test p < 10−94 , Fig. 3.32C). The
results therefore support the hypothesis of protective function of 5hmC in the genome.
However, further research is need to prove (or disprove) the hypothesis.
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3.4
3.4.1

Discussion
Results summary

Here we have established a link between the landscape of DNA modifications and
the mutational profile of somatic human cells. Our measurements indicate that
positions with high 5hmCs carry between 28 and 53% fewer mutations than methylated
cytosines in brain. The mutation load of CpG positions without 5mC is comparable
in unmodified cytosines and different levels of 5hmC. This differential mutagenicity
in 5mC vs. 5hmC sites is not only observable in brain, but also in kidney cancers and
myeloid leukaemias. The relationship between 5hmC and CpG>TpG mutation rate
can be detected at the scale of the exome as well as genome-wide and is independent
of other region-specific influences on mutation frequency. We show that the relative
impact of hydroxymethylation on mutagenesis decreases proportionally to the level
of relative 5hmC in the tissue, suggesting that it represents a general property of
this DNA modification.
This is the first comparison of 5mC vs. 5hmC in the terms of mutability in cancer
patients, using tissue-matched single-base resolution modification maps. Since the time
of these results being published (Tomkova et al., 2016), the decrease of CpG>TpG mutation frequency in 5hmC compared to 5mC has also been confirmed in an independent
data set of somatic mutations in a tumour biopsy and 5mC and 5hmC measurements
in a matched normal sample in a Glioblastoma patient (Raiber et al., 2017).

3.4.2

Comparison of our results with the literature

It has previously been suggested that 5hmC levels increase the frequency of C>G
mutations (Supek et al., 2014a). As part of their analysis, only a very small (albeit
statistically significant) decrease of C>T mutations in 5hmC sites in both SNPs and
cancer SNVs was observed. There are two factors that could explain why we observe
very different effects sizes for C>T and C>G mutations in 5hmC sites. Firstly, Supek et
al. consider all sites with as little as one 5hmC read to be hydroxymethylated, whereas
we require the level of 5hmC to exceed 5mC. In fact, when examining the effect of
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variation in these thresholds, we noticed that the results for C>G fluctuate substantially
across the range of tested cut-off values (Fig. 3.13). Secondly, we present evidence
that tissue-specific changes in 5hmC patterns have great influence on the extent of
correlation between 5hmC and mutability (Fig. 3.28). Specifically, 5hmC genomic
localisation in embryonic stem cells was a poor predictor of CpG>TpG mutations in
brain, kidney and blood, compared to the respective tissue-specific 5hmC patterns.
Compared to the results by Supek et al. (2014a), 5hmC sites have recently been
found depleted also in C>G mutations also in an independent (tissue-matched) study
in Glioblastoma (Raiber et al., 2017).

3.4.3

Discussion of the potential mechanisms underlying the observed results

Two possible scenarios could explain the striking difference in mutability between 5mC
and 5hmC. Firstly, spontaneous and enzymatic deamination reactions of 5hmC could
be less favourable than 5mC. As a consequence, fewer new mutation events would be
expected at 5hmC sites. Indeed, cytosine deaminases (namely, AID and APOBEC1-3)
have 4.4–38x lower activity on sites with 5hmC compared to 5mC, supporting this
possibility (Nabel et al., 2012; Rangam et al., 2012). The spontaneous deamination
rate of 5hmC compared to 5mC has not been published, but unpublished in vitro
measurements in single-stranded DNA performed by Michael McClellan and Pijus
Brazauskas in Prof. Kriaucionis lab show that the deamination rate of 5mC is ca. 2-fold
higher than that of 5hmC and C, in line with our observations of mutation rates in
methylated, hydroxymethylated, and unmodified cytosines in cancer samples.
Secondly, deamination of 5mC produces thymine, whereas 5hmC deaminates to
5-hydroxymethyluracil (5hmU). This atypical base in DNA could be more efficiently
recognised and replaced by the DNA glycosylases initiating base-excision repair (BER).
Determining the relative contribution of DNA glycosylases to the lower mutation
rate would be challenging, since some of these enzymes recognise several types of
mismatches. TDG and MBD4 excise both T and 5hmU when mis-paired with G
(Hardeland et al., 2003; Cortellino et al., 2011; Guo et al., 2011; Hashimoto et al., 2012a;
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Moréra et al., 2012), whereas SMUG1 does not repair T:G but has a robust activity for
5hmU:G (Nilsen et al., 2001; Kemmerich et al., 2012). The 5hmU:G mismatches are
also known substrates for the DNA glycosylases UNG2, NEIL1, and NTHL1 (Jacobs
and Schär, 2012; Zhang et al., 2005).
Importantly, mass spectrometry-based isotope tracing of all major oxidized pyrimidine and purine bases in mouse ESCs showed that the steady-state levels of 5hmU
reside in 5hmU:A base pairs and are derived from TET-induced oxidation of T, instead
of deamination of 5hmC (Pfaffeneder et al., 2014). Therefore, the deamination of
5hmC is either not a frequent event, or the resulting 5hmU:G mismatches are very
rapidly repaired. Further genome sequencing efforts might identify patients with
rare inactivating mutations in the BER pathway that could be valuable for future
investigations of the relationship between DNA repair and cytosine mutability.

3.4.4

Discussion of the generality of the observed results

The best predictor of CpG>TpG mutations in any of the three tested tissues was the
5hmCrel map from the corresponding anatomical site. This provides evidence that the
slow accumulation of CpG>TpG mutations in the pre-cancerous tissue was strongly
influenced by the DNA modification landscape. However, any bulk tissue sample
encompasses a mixture of different cell types. Mounting evidence suggests that solid
tumours originate from a defined subset of cells within any one tissue type. For example,
glioblastomas were proposed to originate from stem or progenitor cell types enriched in
the subventricular zone, while medulloblastomas have mixed cells of origin (Visvader,
2011). Those cell types are of low abundance in normal tissue biopsies. The fact that
we observe a clear inverse relationship between CpG>TpG mutations and the location
of 5hmC in multiple tissue types suggests that the DNA modification landscape in
cancer-progenitor cells is sufficiently similar to the tissue average to be informative
about the mutation frequencies in cancer.
Under this assumption we predict that the impact of DNA modifications on the
frequency of CpG>TpG mutations is likely to be bigger than measured here, since the
terminally differentiated cells that make up the bulk of the tissue may have diverged
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further from cancer-progenitors cells. Advancements in the identification of cancer
origins and isolation of single cells, combined with single-cell bisulfite sequencing, will
enable an improved assessment of the impact of DNA modifications on mutability.
The strong correlation between relative 5hmC levels in a tissue and the mutability
of modified cytosine also points towards a shared underlying mutagenic process.
The notable deviation of smoking-induced lung-cancers supports this hypothesis.
We speculate that the deviation in smokers could have three reasons: substantial
smoking-induced changes in the DNA modification maps, smoking-linked protection of
modified CpG sites against C>T mutations (such as by reduced deamination rate of the
5mC paired with BPDE-dG adduct), or a yet undefined smoking-induced mutagenic
mechanism that preferentially affects unmethylated CpG sites. More experimental
work will be needed to elucidate the biochemical causes for this phenomenon. In
the future, the linear relationship between 5hmC levels and CpG>TpG mutation rate
could be used to identify other environmental mutagens with a differential effect
on modified cytosines.

3.4.5

Discussion of potential evolutionary advantage of lower
mutagenicity in 5hmC

Since the discovery of 5hmC eight years ago, the potential roles of this DNA modification
have been extensively researched and discussed (Pfeifer et al., 2013; Hill et al., 2014; Ficz
and Gribben, 2014; Brazauskas and Kriaucionis, 2014; Cimmino and Aifantis, 2016; Wu
and Zhang, 2017). As reviewed in the Introduction 1.2.2, 5hmC is elevated in actively
transcribed genes, in exons and enhancers, a substantial fraction of 5hmC is a stable
(“long-lived”) modification in tissue that undergoes little cell division, and finally 5hmC
is depleted in tumours. Therefore, the fact that we observe a markedly decreased
mutability of this base compared to 5mC and the fact that this has a substantial
effect on the overall mutability of genes, raises the possibility that protection against
mutations could be one of the functions of long-lived 5hmC.
It could conceivably be advantageous for the cell to use this DNA modification,
which carries both a different signal to the unmodified C as well as protects important
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regions of the genome against the mutagenic effect of 5mC. Unfortunately, proving or
disproving this hypothesis is very challenging. Nevertheless, we at least attempted to
obtain indirect evidence by comparing levels of 5hmC in regions that would benefit
from protection against mutations with 5hmC in other regions. We thus compared the
5hmC levels in known brain cancer driver genes with non-driver genes (not reported
as driver genes in any cancer type) of similar expression. We observed that the brain
driver genes contain significantly higher levels of 5hmC (albeit with limited size effect),
supporting the hypothesis about 5hmC protectivity.
It is worth noting that genes with high mutation frequency were overall associated
with lower relative 5hmC levels. The group of driver genes therefore represents an
exception of this general relationship, suggesting a non-random/functional role of the
increased 5hmC in the driver genes. This supports the possibility that the function
of 5hmC in the genome is not restricted to gene regulation but that 5hmC could
also have a role in maintaining genome stability by protecting against the harmful
mutagenic effect of 5mC. On the other hand, other explanations are possible, including
a third confounding variable (which is correlated with 5hmC levels and is increased
in driver genes), or involvement of regulatory functions of 5hmC in the driver genes.
Nevertheless, since the time of this analysis and publication of this chapter (Tomkova
et al., 2016), the concept of potential protectivity of 5hmC has been also suggested
in (Cimmino and Aifantis, 2016).

Il se lève, c’est l’heure, écrase son mégot
Dans sa tasse de café, éteint la stéréo
Eteint le lampadaire, éteint le plafonnier
Eteint dans la cuisine, met la sécurité
— Bernard Lavilliers, Jean-Paul Drand, Catherine Ringer
Idées noires
Barra barra, noujoum t’fate derquéte chéms
Barra barra, ma b’qa kheir la saada la z’har
Barra barra, ma b’qa z’djour sektou lé tiour
Barra barra, ma b’qa lil ka n’har ghir dalma
— Rachid Taha Barra barra

4

The role of DNA modifications in
different mutational processes
4.1

Introduction

Spontaneous deamination of 5mC is thought to be the main reason for the high
frequency of CpG>TpG mutations observed in cancer and genetic disorders (Alexandrov
et al., 2013a; Cooper and Youssoufian, 1988), healthy tissue (Blokzijl et al., 2016), and
germline (Kong et al., 2012; Rahbari et al., 2015). It is also thought to be the cause of the
mutational signature 1, the most common of all mutational signatures (Alexandrov et al.,
2013a) and one of the only two signatures with clock-like properties, correlating with the
age of patients, and therefore likely operating in normal somatic cells throughout the
entire life (Alexandrov et al., 2015). However, many other signatures (1, 4, 6, 7, 8, 10, 11,
15, 18) show either increased or decreased frequency of mutations in CpG dinucleotides,
after normalising for the frequency of trinucleotides in the genome (Fig. 4.1). Moreover,
processes like UV-damage and tobacco smoking have known links to methylation, as
reviewed in the Introduction 1.4. In this chapter, I focus on the individual mutational
processes linked to these signatures and explore the role of DNA modifications in these
processes. I use the publicly available maps of DNA modifications (from BS-seq and
where available also from TAB-seq or oxBS-seq), publicly available data sets of somatic
119
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mutations of patients strongly influenced by one of the mutational processes, and link
the results to the existing experimental knowledge about these processes.
The role of DNA modifications in four mutational processes is researched in this
chapter: replication, APOBECs, UV light, and tobacco smoking. The structure of this
chapter is: a shared materials and methods section for all four mutational processes
(section 4.2), results and discussion sections for each of the four processes (two are in
the main text: 4.3 and 4.4.4, two are in the Appendix: 10.1 and 10.2), concluded with
shared concluding remarks of the entire chapter (section 4.5).

Figure 4.1. Selected mutational signatures. The signatures are normalised for the frequency
of trinucleotides in the human genome. Mutations in a NCG context are shown in dark colours.

4.2
4.2.1

Materials and methods
Somatic mutations

Cancer somatic mutations in 3442 whole-genome sequencing samples were obtained
from publicly available data sets (Table 9.4, only one sample per patient was included).
MSI and POLE-MUT samples were combined from previous studies (Haradhvala et al.,
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2016; Shlien et al., 2015; Shinbrot et al., 2014). Somatic mutations in autosomes only
were taken into account.

4.2.2

DNA modification maps

Maps of cytosine modifications (Table 9.2) were obtained from BS-seq data sets from
the data portals of The Cancer Genome Atlas (TCGA), Roadmap Epigenome, Blueprint,
and from previously published data in peer-reviewed journals (Wen et al., 2014; Chen
et al., 2015; Pidsley et al., 2016; Vandiver et al., 2015) and, where needed, converted to the
genome build hg19 using liftOver tool (Hinrichs, 2006). For brain, kidney, and prostate
maps, raw reads were processed with bsQC (see 2.2.1) and only sites covered with at
least 5 reads were taken into account and only CpGs on autosomes were analysed.

4.2.3

Mutation frequency with respect to modification levels

All cytosines in the CpG context were divided into 10 right-open intervals according to
their modification levels (the number of unconverted reads divided by the number of all
reads in BS-seq): [0-0.1), [0.1-0.2), . . . , [0.9-1]. In each bin, the frequency of mutations
was computed and plotted for each sample. A linear regression model was fitted to
the data (function fitlm in MatLab) and the offset, slope, and last value, and foldchange from first to last value were measured. When comparing CpG sites with low vs.
intermediate vs. high modification levels, the thresholds (0.8 and 0.95) were chosen such
that the three groups have approximately similar numbers of CpG sites in most tissues.

4.2.4

Direction of replication

Left- and right-replicating domains were taken from (Haradhvala et al., 2016). Each
domain (called territory in the original source code and data) is 20 kbp wide and
annotated with the direction of replication and with replication timing.

4.2.5

Mutation frequency with respect to the direction of replication

First, transitions between left- and right-replicated domains were computed as in
(Haradhvala et al., 2016). These transitions represent regions rich for replication
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origins. We computed the CpG>TpG mutation frequency in the 20 kbp domains
distant 0 to 1 Mbp from the closest left-/right- transition, with respect to the strand
(plus=Watson vs. minus=Crick) of the cytosine of the CpG. Template for the leading
strand then corresponds to the plus strand in the left direction and minus strand
in the right direction and vice versa for the lagging strand template. Finally, we
annotated all cytosines in a CpG context whether they are on the leading or lagging
strand, and computed CpG>TpG mutation frequency for the leading and lagging
strand separately. Signtest was used for evaluating significance of CpG>TpG mutation
frequency difference between the two strands.

4.2.6

Nucleosome maps

A map of nucleosome dyads was downloaded from supplementary materials of Yazdi
et al. (2015a), sample GSM1194220. For each CpG in the genome, the closest nucleosome
dyad was computed using bedtools closest command.

4.2.7

5hmC maps in skin and lung

For skin, MeDIP and hMeDIP measurements from benign skin naevus (Lian et al., 2012)
were used: GSM937079 and GSM937084. For each CpG in the genome, the number
of reads in the MeDIP and hMeDIP experiments were computed using bedtools
map command.
For lung, oxBS-seq derived regional estimates of 5hmC from normal lung were
downloaded from the supplementary materials of Li et al. (2016), Table S3. For each
CpG in the genome, the regional estimates of 5hmC were computed using bedtools
closest command (CpGs in regions without a significant amount of 5hmC have
the value of 5hmC set to zero).
The consensus 5hmC and 5mC maps were computed from the only four existing
whole genome TAB-seq measurements (Wen et al., 2014; Pacis et al., 2015; Chen et al.,
2015) (1x brain, 2x kidney, 1x blood) and the respective BS-seq measurements (the
first (GSM1565940) of the 6 BS-seq blood measurements was used). For each CpG, the
average of the mod values (unconverted/coverage in BS-seq) and the average of 5hmC
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values (unconverted/coverage in TAB-seq) were computed. Consensus 5hmCrel map
was computed on the consensus mod and 5hmC maps as min(1, 5hmC/mod).

4.3
4.3.1

Replication-related mutagenesis in modified cytosines
Motivation

Accurate replication and maintenance of the genome is essential for the normal function
of cells and to avoid diseases, including cancer. The fidelity of DNA replication depends
on the accurate incorporation of bases, on proofreading by the major replicative
polymerases Pol ε and Pol δ, and on post-replicative DNA mismatch-repair (MMR)
which removes errors from the newly synthesised DNA strand (Rayner et al., 2016).
Deficiency in any of these protective mechanisms leads to an increase in the number
of mutations. In particular, defects in MMR genes lead to “hypermutability” (104 –105
mutations per Gbp), and mutations in the proofreading domain of Pol ε lead to “ultrahypermutability”, often exceeding 105 mutations per Gbp (Shinbrot et al., 2014; Zhao
et al., 2014b; Shlien et al., 2015; Nowak et al., 2017). Moreover, defects in Pol ε and Pol
δ proofreading cause tumours in mice (Albertson et al., 2009) and germline mutations
in POLE and POLD1 (encoding the catalytic subunits of Pol ε and δ, respectively) and
genes of the MMR pathway predispose to cancer in humans (Rayner et al., 2016).
Failure to correct the mismatch before the subsequent replication results in a
mutation in one daughter cell due to semiconservative DNA replication. Thus replication
of, e.g., a T:G mismatch leads to a C:G pair on one strand, but a T:A pair on the other
strand, i.e., a C:G>T:A mutation. This mechanism means that the DNA polymerase
proofreading and post-replicative MMR (in their canonical, replication-linked functions)
are highly unlikely to play a role in repair of 5mC deamination induced mutations, as
they operate after parental strands have been separated during replication. Therefore,
although the total frequency of mutations due to unrepaired errors introduced during
replication increases drastically in polymerase proofreading/MMR deficient samples, it
would be expected that the number of CpG>TpG mutations should remain similar
in both groups.
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4.3.2 POLE-MUT and MSI samples exhibit unexpectedly high rates
of CpG>TpG mutations
Contrary to the expectation, mutational signatures associated with Pol ε proofreading
deficiency (signature 10) and MMR-deficiency (signatures 6, 15, 26) show high frequency
of C>T mutations in a CpG context (Fig. 4.1). We therefore investigated possible
explanations of this surprising observation. We explored the mutation spectra of 14
tumour samples with a mutation in Pol ε (POLE-MUT samples), 19 samples with
microsatellite-instability (MSI) deficient in MMR, and 3409 other cancer samples
(proficient; PROF). The median overall mutation frequency per base was 1.5 × 10−6
(interquartile range (IQR) 0.6 × 10−6 − 3.5 × 10−6 ) in PROF samples, 36.9 × 10−6 (IQR
18.0 × 10−6 − 47.4 × 10−6 ) in MSI samples, and 267.4 × 10−6 (IQR 99.9 × 10−6 −
300.5 × 10−6 ) in POLE-MUT samples (Fig. 4.2). In PROF samples, the median CpG>TpG
mutation frequency (i.e., the number of CpG>TpG mutations relative to the number of
CpGs in the genome) was 7.4×10−6 (IQR 3.7×10−6 −16.8×10−6 ), approximately 5-fold
higher than the overall mutation frequency (i.e., the number of all mutations relative to
the number of all positions in the genome). Notably, the CpG>TpG mutation frequency
also increased in MSI and POLE-MUT samples, compared to the overall mutation
frequency (MSI: median 247.7 × 10−6 per CpG, IQR 162.7 × 10−6 − 367.3 × 10−6 ;
POLE-MUT: median 1559.8 × 10−6 per CpG, IQR 707.9 × 10−6 − 2574.2 × 10−6 ) (Fig.
4.2, Fig. 4.3). This observation is surprising, since neither MMR nor proofreading during
DNA replication by Pol ε are thought to be essential for effective repair of deamination
induced T:G mismatches (Bellacosa and Drohat, 2015).

4.3.3

CpG>TpG mutations in POLE-MUT and MSI samples correlate with modification levels

We next used BS-seq derived DNA modification maps from normal tissue of the same
organ as each cancer sample to explore whether DNA modifications play a role in
the occurrence of CpG>TpG mutations in POLE-MUT and MSI samples. These maps
represent levels of both the more frequent 5mC as well as the less frequent 5hmC,
since BS-seq alone cannot distinguish between these two modifications. The global
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Figure 4.2. Frequency of C to T mutations in a CpG context is unexpectedly high in
POLE-MUT and MSI samples. A: Mean CpG>TpG and N>N (overall) mutation frequency
in each cancer type separately. B: Distribution of CpG>TpG and N>N mutation frequency in
POLE-MUT, MSI, and PROF (other) samples. The white circle with the black dot inside denotes
the median.

levels of 5hmC range between 1.6–24.8 % of mod (based on HPLC measurements from
8 tissues in Fig. 3.30) and are below 13 % in all the measured tissues apart from brain.
Using 5mC-specific maps would be undoubtedly superior; however since such maps
are currently not available, the BS-seq measurements should represent reasonable

Figure 4.3. Frequency of C to T mutations in a CpG context is unexpectedly high in
POLE-MUT and MSI samples. Frequency of individual types of mutations in POLE-MUT,
MSI, and tissue-matched PROF samples, normalised by the total sum in each sample. The bars
denote mean over samples and individual samples are shown as markers in different shapes
and colours.

126

4.3. Replication-related mutagenesis in modified cytosines

approximation. Moreover, instead of methylation levels, we use the term modification
levels, referring to 5mC and 5hmC levels together.
In all POLE-MUT and MSI samples, the CpG>TpG mutation frequency was positively
correlated with modification levels (Fig. 4.4A–E). We fitted a linear model through this
correlation for each sample in the POLE-MUT, MSI, and PROF samples (Fig. 4.5). The
slope of the correlation was significantly higher in POLE-MUT than in MSI, and in MSI
than in tissue-matched PROF samples (Fig. 4.4F), showing that the increased mutability
is not driven by the CpG sequence context, but also by the presence of modified
cytosines. Also the offset was significantly higher in POLE-MUT and MSI than in
PROF samples (Fig. 4.6B), suggesting that there is a general increase of mutability
in all cytosines (including unmodified cytosines) in POLE-MUT and MSI. However,
the fold-change from unmodified to modified cytosines was also significantly higher
in POLE-MUT and MSI than in PROF samples (Fig. 4.6). These results support the
notion that the presence of cytosine modifications is linked to the strong increase of
the frequency of C>T mutations in CpG sites in POLE-MUT and MSI samples.
Brain is the only of the four tissues, for which there is a single-base resolution map
of 5hmC. We therefore used this map of normal human brain (same as in chapter 3.2
and (Tomkova et al., 2016)) to measure mutation frequency separately for 5mC and
5hmC in brain. In the two POLE-MUT brain cancers, we observed a moderate gradual
decrease of mutation frequency in hydroxymethylated CpGs compared to methylated
CpGs (Fig. 4.7), in line with our previous report from PROF brain cancers (3.2 and
(Tomkova et al., 2016)), albeit with smaller effect size.
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Figure 4.4. Frequency of C to T mutations in a CpG context in POLE-MUT and MSI
samples correlates with DNA modification levels. A-E: Fraction of mutated CpG sites as
a function of modification levels. The x-axis represents CpG sites grouped into 10 bins by
their modification levels (0-0.1, . . . , 0.9-1.0). The y-axis represents C>T mutation frequency in
each bin. Individual samples are plotted in different colours. F: Distribution of the slope of
the linear relationship between DNA modification levels and CpG>TpG mutation frequency
in four tissues (brain, colorectum, gastric, and uterus). The Wilcoxon ranksum test was used
to evaluate differences between the groups (POLE-MUT, MSI, and PROF) of samples. See the
distribution of offsets in 4.6.
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Figure 4.5. Frequency of C to T mutations in a CpG context in POLE-MUT, MSI and
PROF samples correlates with DNA modification levels: linear models. C>T mutation
frequency in CpG sites binned by their tissue-matched modification levels (0-0.1, . . . , 0.9-1.0). A
linear model is fitted on data in each sample. Individual samples are plotted in different colours
and the median is shown in black.
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Figure 4.6. Frequency of C to T mutations in a CpG context in POLE-MUT and MSI
samples correlates with DNA modification levels: comparison of linear models. In
each sample, a linear model was fitted on the data, representing CpG>TpG mutation frequency
in different bins of cytosine modification levels. The distribution of their parameters is compared:
slope (A), offset, i.e., the value in unmodified cytosines (B), the last values, i.e., the value in fully
modified cytosines (C), the fold-change from unmodified to fully modified cytosines (D) in MSI,
POLE, and PROF samples in four tissues (brain, colorectum, gastric, and uterus). The Wilcoxon
ranksum test was used to evaluate differences between the groups of samples.

Figure 4.7. Frequency of C to T mutations in a CpG context in POLE-MUT and MSI
samples negatively correlates with 5hmCrel . C>T mutation frequency in CpG sites binned
by their tissue-matched 5hmCrel levels (0-0.1, . . . , 0.9-1.0), with mostly methylated sites in
the first bin and mostly hydroxymethylated sites in the last bin (only CpGs with mod>0.1).
Individual samples are plotted in different colours.
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4.3.4

Two independent observations suggest that the mechanism
of CpG>TpG mutagenesis in POLE-MUT and MSI samples
is linked to replication

Due to the semiconservative nature of DNA replication, it is unlikely that Pol ε or
MMR, through their canonical, replication-linked activity, are used for the repair of
deamination-induced T:G mismatches that happened before replication. However, it is
possible that their non-canonical, replication unrelated, activity is involved in the repair
of deamination induced mismatches. Conversely, the CpG>TpG mutations could be
replication related, but independent of spontaneous deamination of 5mC. We therefore
performed two independent analyses to distinguish between the two possibilities: a
potential replication-unrelated repair of spontaneous deamination, and a potential
replication-related source of CpG>TpG mutations.
First, we estimated the number of years needed to reach the observed frequency
of C>T mutations in modified CpGs observed in POLE-MUT and MSI samples, assuming zero-efficient repair of these mutations. This calculation was motivated by
the theoretical possibility that MMR and POLE are in fact essential in the repair of
deamination-induced T:G mismatches.
We combined the spontaneous deamination rate of 5mC in double-stranded DNA
(5.8·10−13 s−1 ) reported by Shen et al. (1994), the number of seconds in a year (31 556 736),
the observed frequency of GCG>GTG mutations1 (i.e., GmCG>T/GmCG; for mC with a
modification level of at least 0.9) in MSI (5.133 · 10−4 ) and POLE-MUT (1.785 · 10−3 )
samples. The number of years needed to reach the observed mutation frequencies
can be then computed as:

MSI:

5.133 · 10−4
= 28.05 years
5.8 · 10−13 s−1 · 31556736 s years−1

POLE-MUT:
1

1.785 · 10−3
= 97.53 years
5.8 · 10−13 s−1 · 31556736 s years−1

(4.1)

(4.2)

We focused on the GCG context, as it showed most consistent mutational properties across the
samples, as explained later.
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The results show that spontaneous deamination alone is highly unlikely to account
for the mutation burden observed in POLE-MUT samples, because the age range of
patients was 3 years to 81 years. The 28 years needed to reach the mutation frequencies
observed in MSI samples does not completely rule out the possibility of spontaneous
deamination as a sole source of CpG>TpG mutations in MSI. However, the number
of 28 years is based on an assumption of zero-efficient repair, i.e., all spontaneously
deaminated 5mC being fixated into a mutation. It is highly unlikely that the ability to
repair T:G mismatches is completely disrupted in the MSI samples2 . With increasing
efficiency of repair of the deamination events, the number of years needed to reach
the observed mutations grows dramatically, for instance reaching 93.5 years for 70 %
efficiency (Fig. 4.8). The results in summary suggest that spontaneous deamination
is not the sole source of the observed CpG>TpG mutations in these cohorts.

Figure 4.8. Estimated duration of mutation accumulation as a function of deamination
repair efficiency. The x-axis represents repair efficiency of T:G mismatches resulting from
5mC deamination. The y-axis represents the number of years needed to reach the mutation
frequencies observed in MSI and POLE-MUT samples. This relationship is computed as y =
mutation frequency/(deamination rate · (1 − x) · seconds in year).

2

Only seven of the 19 MSI samples contained a variant in TDG or MBD4 of at least a moderate
consequence (based on Variant Effect Predictor (McLaren et al., 2016) and the GDC data portal).
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Second, we explored whether the CpG>TpG mutagenicity in POLE-MUT and MSI

samples shows any replication-linked characteristics. As summarised in the Introduction
1.1.3, DNA replication in eukaryotic cells is initiated around replication origins (ORI)
from where it proceeds in both directions, synthesizing the leading strand continuously
and the lagging strand discontinuously. As Pol ε is the main leading strand DNA
polymerase (Stillman, 2008; Georgescu et al., 2015), mutations in POLE-MUT samples
are distributed asymmetrically on the leading and lagging strands (Shinbrot et al., 2014;
Haradhvala et al., 2016). MSI samples also display replication strand bias across several
types of mutations (Haradhvala et al., 2016), presumably because MMR is involved
in balancing the differences in fidelity of the leading and lagging polymerases (Lujan
et al., 2012). In order to determine whether CpG>TpG mutations in POLE-MUT and
MSI samples happened during or before replication, we computed the frequency of
CpG>TpG mutations on the plus (Watson) and minus (Crick) strand around transitions
between left- and right-replicating regions, as defined in (Haradhvala et al., 2016). The
transitions correspond to regions enriched for replication origins.
In the POLE-MUT and MSI samples, we observed a strong enrichment of CpG>TpG
mutations on the leading strand template (plus strand in the left direction, minus strand
in the right direction) (Fig. 4.9). Moreover, the strand asymmetry was at least as strong
or stronger in highly modified CpGs (top tertile) than in lowly modified CpGs (bottom
tertile) (Fig. 4.9C–D). This effect was furthermore observed across cancer types and
across modification levels (Fig. 4.10). It thus appears that DNA repair deficient cells
accumulate more CpG>TpG mutations in cytosines that were modified on the template
for the leading strand, suggesting that they are related to replication.
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Figure 4.9. Frequency of C to T mutations in a CpG context in POLE-MUT and MSI
samples is higher on the leading strand than on the lagging strand, especially in
modified CpG sites. A–B: Mean CpG>TpG mutation frequency on the plus (Watson) and
minus (Crick) strand around transitions between left- and right-replicating regions. The
transitions correspond to regions enriched for replication origins. The leading strand template
corresponds to the plus strand in the left direction and the minus strand in the right direction,
whereas the lagging strand template corresponds to the minus strand in the left direction and
the plus strand in the right direction. C–D: Difference in the leading and lagging CpG>TpG
mutation frequency in each sample (signtest was used for evaluating significance between
leading and lagging strand).
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Figure 4.10. Frequency of C to T mutations in a CpG context in POLE-MUT and MSI
samples is higher on the leading strand than on the lagging strand, especially in
modified CpG sites. Left column: Mean CpG>TpG mutation frequency on the plus (Watson)
and minus (Crick) strand around transitions between left- and right-replicating regions. The
transitions correspond to regions enriched for replication origins. Comparison of CpG sites
with low modification levels (≤0.8) and high modification levels (>0.95) in different tissue types
(rows) is shown. Right column: C>T mutation frequency in CpG sites in the leading and lagging
strand binned by their tissue-matched modification levels (0-0.1, . . . , 0.9-1.0).
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The effect of different variants, age, and sequence context

The link between C>T mutagenicity in modified CpG sites and replication could have
two possible underlying mechanisms. It could either be a unique feature of POLE-MUT
and MSI samples, actively causing the mutagenicity. Or it could be present also in
proficient samples, but suppressed by the combination of Pol ε proofreading and MMR.
To explore the first option, we tested the observed POLE and MMR mutations for
signs of a “gain of function” mutation. A range of 9 different variants in the proofreading
domain of POLE were present in the 14 POLE-MUT samples, all of them showing an
increase of CpG>TpG mutations in modified cytosine (Fig. 4.11A).
The POLE-MUT samples seem to separated into three groups according to their
slope of CpG>TpG correlation with modification levels. We explored this observation,
but did not find any characteristics that would explain the separation. The most
mutated group with four samples contains two variants (P286R and V411L), which
are known to be the most common deleterious POLE variants (Rayner et al., 2016).
However, the same variants are also present in the least mutated samples in the middle
mutated group in this cohort. Also the age of the patients at the time of diagnosis
did not underlie the groupings. In summary, the positive correlation of CpG>TpG
mutagenicity with modification levels seems to be independent of the type of POLE
mutation, cancer type or age at diagnosis, and is present in both POLE-MUT and
MSI samples (Fig 4.11A). A gain-of-function mutation therefore seems unlikely, as
the altered function is usually mediated by an altered protein structure due to a very
specific change in the sequence of amino acids.
Interestingly, the frequency of C>T mutations was not only affected by the 3’
sequence context, but also the 5’ base of cytosine. We noticed that while C>T mutations in a TCG context (TCG>TTG) dominate in colorectal POLE-MUT samples, both
MSI and all POLE-MUT exhibited high levels of C>T mutations in a GCG context
(GCG>GTG) (Fig. 4.11B, 4.12). GCG>GTG mutations also showed particularly strong
strand asymmetry and correlation with modification levels in all MSI and POLE-MUT
samples (Fig. 4.11C–D, 4.13).
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Figure 4.11. Increase of C to T mutations in modified cytosine on the leading strand
is most consistent in a GCG sequence context in POLE-MUT and MSI samples. A: C>T
mutation frequency in CpG context binned by the tissue-matched modification levels (0-0.1,
. . . , 0.9-1.0). In POLE-MUT samples, the colour represents different variants of the POLE
mutation. In both POLE-MUT and MSI samples, the marker represents different tissues. The
age at diagnosis is shown next to the last value of the sample. B: CpG>TpG mutation frequency
stratified by the 5’ flanking sequence context. The bars denote mean over samples and individual
samples are shown as markers with shape and colour distinguishing the tissue type. C: C>T
mutation frequency in CpG sites in the leading and lagging strands, in low mod (≤0.8) vs high
mod (>0.95), and stratified by the 5’ sequence context: ACG, CCG, GCG, and TCG. D: C>T
mutation frequency in GCG context in leading and lagging strand binned by the tissue-matched
modification levels (0-0.1, . . . , 0.9-1.0).
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Figure 4.12. CpG>TpG mutation frequency in different sequence contexts. CpG>TpG
mutation frequency stratified by the 5’ flanking sequence context and tissue type. The bars
denote mean over samples and individual samples are shown as markers. PROF samples are
shown for a reference.
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Figure 4.13. Increase of C to T mutations in modified cytosine on the leading strand
is most consistent in a GCG sequence context in POLE-MUT and MSI samples. C>T
mutation frequency in CpG sites in leading and lagging strand binned by their tissue-matched
modification levels (0-0.1, 0.1-0.2, . . . , 0.9-1.0) and sequence context: ACG (first column), CCG
(second column), GCG (third column), and TCG (fourth column).
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A model of replication-linked mutagenicity in 5mC

Our observations could be explained by a model of CpG>TpG mutagenesis (Fig. 4.14), in
which 5mC is occasionally incorrectly paired with adenine by Pol ε during replication
of the leading strand. This decreased fidelity could potentially be enhanced by the
structural similarity of 5mC and thymine. If such mismatches were not detected by
the polymerase proofreading machinery, MMR, or BER, they would result in CpG>TpG
mutations in the leading strand template.

Figure 4.14. A hypothesised model of CpG>TpG mutagenesis in methylated cytosine
due to replication. In the model, the leading strand polymerase Pol ε has an increased errorrate of incorporating adenine opposite 5mC. In cells with proficient Pol ε proofreading and
MMR, most of these errors will be detected repaired. However, if they escape or in case of
MMR/Pol ε proofreading deficiency, and if not detected and repaired by base excision repair,
they will be fixated into a CpG>TpG mutation on the leading strand template in the next DNA
replication.
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Under this model of decreased fidelity of wild-type Pol ε in replication of 5mC, we

would expect that such errors could sometimes escape the polymerase proofreading
and MMR even in POLE-WT and MMR proficient samples, resulting in a mild strand
asymmetry of CpG>TpG mutations. To test this, we grouped PROF samples by tissue,
and in each tissue measured the percentage of samples with a higher CpG>TpG
mutation frequency on the leading than the lagging strand, while also distinguishing
between all four sequence contexts. The majority of samples exhibited leading strand
bias for GCG>GTG mutations in 13 out of 16 tissue types in lowly and middle modified
CpGs (Fig. 4.15). This effect was even more ubiquitous (16 out of 16 tissues) when
restricting the analysis to highly modified CpGs only (Fig. 4.16), supporting the
hypothesis that CpG>TpG mutations can also be caused by errors during the replication
of methylated cytosine by Pol ε. The other sequence contexts did not show a consistent
replication strand asymmetry, but ACG>ATG and CCG>CTG mutations were slightly
enriched on the lagging strand in the highly modified CpGs (p-value < 0.05). We discuss
possible causes of this observation in the discussion.

4.3.7

Discussion of replication-related mutagenesis in modified
cytosines

The increased rate of C>T mutations at CpG dinucleotides across tissue types has been
thought to primarily stem from spontaneous deamination of methylated cytosine. The
fact that POLE-MUT and MSI samples exhibit high CpG>TpG mutation frequency
is therefore surprising, since neither MMR nor proofreading by Pol ε are thought to
be required for the repair of deamination damage.
A similar increase of CpG>TpG mutations in MSI and POLE-MUT colorectal cancer
samples has also been observed in another study that was published very recently
(Poulos et al., 2017). In this study, the CpG>TpG mutations also correlated with
methylation levels and the slope of this correlation was higher in late-replicating
regions in MSS and POLE-MUT samples, but not MSI samples. Such observation is in
line with the expected enhanced activity of MMR in the early-replicated regions (Supek
and Lehner, 2015), but not providing other mechanistic insight, apart from supporting
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Figure 4.15. GCG>GTG mutations are more frequent on the leading strand than on the
lagging strand, even in Pol ε and MMR proficient samples. Percentage of samples with
higher C>T mutation frequency on the leading strand than on the lagging strand for CpG sites
with low (≤0.8) modification levels (A), and for sites with intermediate (between 0.8 and 0.95)
modification levels (B), using tissue-matched modification maps. White colour denotes no data,
blue colour denotes more frequent lagging strand bias, and red denotes more frequent leading
strand bias. Asterisks represent significance of the bias (signtest; ***P < 0.001; **P < 0.01; *P <
0.05).
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Figure 4.16. GCG>GTG mutations are more frequent on the leading strand than on
the lagging strand, even in Pol ε and MMR proficient samples. The heatmap shows the
percentage of samples with higher C>T mutation frequency on the leading strand than on the
lagging strand (only C>T mutations in highly modified (>0.95) CpG sites, using tissue-matched
modification maps): white colour denotes no data, blue colour denotes more frequent lagging
bias, and red denotes more frequent leading bias. Asterisks represent significance of the bias
(signtest; ***P < 0.001; **P < 0.01; *P < 0.05).

a link to replication. Compared to our genome-wide analysis of replication strand
asymmetry in POLE-MUT, MSI, and PROF samples, Poulos et al. (2017) focused on ca.
600 kbp region around two known ORI loci and also observed strand-specific mutations
in the POLE-MUT samples, in correspondence with our results.
Three theoretical models could explain our observations. In the first model, MMR
and Pol ε —through a non-canonical, replication-unrelated mechanism— are in fact
essential for the repair of T:G mismatches created by spontaneous deamination of
5mC. For MMR, this is the model proposed in the recent study by Poulos et al. (2017).
However, the observed number of CpG>TpG mutations in MSI and POLE-MUT samples
are difficult to reconcile with the known deamination kinetics of methylated cytosine in
double-stranded DNA, even under the unrealistic assumption that no repair mechanisms
at all are active in these samples. At 5.8 × 10−13 mutations per 5mC per second (Shen
et al., 1994), it would take 28 years to reach the observed C>T mutation frequency
in modified GCG sites of MSI samples, and 98 years for POLE-MUT samples. These
time-scales are unlikely to represent the real time between the acquisition of the MMR
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or Pol ε mutation and the collection of the sample. Moreover, the observed enrichment
of CpG>TpG mutations on the leading strand also does not support this first model.
The second possible explanation is that the Pol ε and MMR mutations are gain of
function mutations, causing a mutator phenotype that actively increases CpG>TpG
mutagenicity during replication. This mechanism has been suggested by Poulos et al.
(2017) for the POLE-MUT samples and by Kane and Shcherbakova (2014) in S. cerevisiae,
where an analogue of the human P286R variant (but not other variants) in the yeast
Pol ε produced a strong mutator phenotype, increasing the mutation rate beyond
that of the proofreading-null allele. However, we observed a marked increase of C>T
mutation frequency in modified CpG sites in a wide range of Pol ε variants (Fig. 4.11A).
Furthermore, a strong correlation of GCG>GTG mutations with DNA modification
levels was observed across POLE-MUT and MSI samples from multiple cancer types. It
therefore seems unlikely that multiple different Pol ε and MMR mutations all result
in the same mutator phenotype.
The third model posits that wildtype Pol ε has a slightly decreased fidelity when
encountering 5mC, particularly in a GCG context, on the template strand and incorrectly
pairs it with A, leading to 5mC:A mismatches (Fig. 4.14). This could potentially be
a consequence of the high structural similarity between 5mC and T, both of which
present a methyl group at the same position of pyrimidine ring. If the resulting 5mC:A
mismatches were not repaired before the next round of replication, for example because
of a lack of mismatch repair in MSI tumours, one would expect an enrichment of
GCG>GTG mutations on the leading strand, as we observe in our data. Similarly,
a lack of proofreading by Pol ε itself might overwhelm the capacity of downstream
repair pathways and thus, too, lead to an increased CpG>TpG mutation rate. The fact
that we also detected a leading strand bias for GCG>GTG mutations in a majority
of Pol ε and MMR proficient tumours hints at the possibility that the mechanism
described above does contribute to the overall CpG>TpG mutation burden. This
model is also consistent with observations from other data sets. While Pol ε-deficient
samples contain a large amount of CpG>TpG mutations, samples deficient in Pol δ
are also highly mutated, but CpG>TpG mutations form only a small percentage of the

144

4.3. Replication-related mutagenesis in modified cytosines

mutation burden (Shlien et al., 2015). This observation supports the notion that the
CpG>TpG mutagenesis is linked to the leading strand synthesis. Moreover, mutation
calls from single normal neurons (which are largely non-dividing cells) show relatively
low percentage of CpG>TpG mutations3 and similar mutation frequencies in 15 yearsold and 42 years-old individuals (Lodato et al., 2015), in line with the possibility of
a replication-linked component of CpG>TpG mutagenesis. Finally, this model could
also explain why cancers from tissues with higher turnover rates exhibit an increased
rate of CpG>TpG mutations (Alexandrov et al., 2015).
It is worth noting that we also observed a less consistent but significant (p-value
< 0.05) enrichment of ACG>ATG and CCG>CTG mutations on the lagging strand
template in proofreading proficient samples, especially in highly modified CpGs (Fig.
4.15, 4.16). This might be caused by the fact that the template of lagging strand is
thought to be single-stranded for a longer period of time than the leading strand
template, due to the discontinuous nature of lagging strand DNA synthesis (Okazaki
et al., 1968; Seplyarskiy et al., 2016b; Hoopes et al., 2016). Single-stranded DNA is not
only more prone to APOBEC-induced deamination, but also spontaneous deamination
(with up to three orders of magnitude fold-difference) (Shen et al., 1994). Similarly
as proposed in the mutagenesis caused by APOBECs, the mutations resulting from
spontaneous deamination of 5mC could be expected to show an enrichment on the
lagging strand. It is therefore possible that the observed replication strand asymmetries
for CpG>TpG mutations are resulting from two opposing processes: spontaneous
deamination enriched on the lagging strand and replication-induced mutagenesis
enriched on the leading strand. This could mean that the effect of replication-induced
CpG>TpG mutagenesis is not limited to the GCG context, but only in this context it
outweighs the lagging-strand enrichment resulting from the spontaneous deamination.
Further experimental research will be needed to evaluate the strand asymmetry of
spontaneous deamination-induced mutagenesis and to validate the hypothesised
replication-linked source of CpG>TpG mutations on the leading strand.
3

The CpG>TpG mutations account only for 6–7 % of all mutations on average in the WGS samples,
based on the mutation list from the supplementary data in (Lodato et al., 2015).
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Since BS-seq does not distinguish between 5mC and 5hmC, we cannot make separate
predictions about the role of these two modifications in the hypothesised replication
source of CpG>TpG mutagenesis. 5mC is markedly more abundant than 5hmC (HPLC
measurements of bulk 5hmCrel are 6.3 % in colon, 7.0 % in stomach, and 8.5 % in rectum).
It is therefore likely that the mutagenesis is mostly driven by 5mC. The results in
brain, where 5hmC-specific maps are available, indicate that the replication-linked
source of CpG>TpG mutations is indeed caused by 5mC rather than 5hmC, as the
mutation frequencies in POLE-MUT samples decrease with increasing 5hmCrel levels
(Fig. 4.7). However, it is unclear how well the 5hmC maps correspond to the profiles
in POLE-MUT samples at the time when most of the mutations were acquired, and
therefore further data and experimental validation are needed to determine the fidelity
of replicating 5mC and 5hmC.
In summary, the presented results suggest a possibility that part of the CpG>TpG
mutations originate from erroneous replication instead of spontaneous deamination. It
is unknown what might be the replication-linked proportion of CpG>TpG mutations in
most somatic cells, nor whether this mechanism could also influence germline cells.
CpG>TpG mutations are frequent also in the germline mutational spectra (Kong et al.,
2012; Rahbari et al., 2015) and they correlate with methylation levels measured in
human sperm cells (Mugal and Ellegren, 2011). Single nucleotide differences between
closely related species have been used to estimate timing of species divergence during
evolution (Arnheim and Calabrese, 2009). It has been suggested that this is most reliably
estimated using CpG transitions, as they are caused by clock-like spontaneous 5mC
deamination and are not affected by replication, as opposed to other types of mutations
(Moorjani et al., 2016). This was supported by male bias α (male-to-female mutation
ratio), which was high (α ~ 7–8) in non-CpG sites and CpGs within CpG islands, but
low in CpGs outside CpG islands (α ~ 2), in line with the ongoing cell division in the
male but not female germline (Taylor et al., 2006). However, the used methods of
measuring male bias were very indirect and they did not take into account potential
differences in methylation, deamination rate, nor repair efficiency between males and
females, as is discussed in (Arnheim and Calabrese, 2009). Importantly, a newer and
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more direct approach to measure male bias recently showed very similar values of
α at CpG sites (α ~ 5.3) and non-CpG sites (α ~ 5.6) (Venn et al., 2014). Therefore,
the existing knowledge does not contradict a potential involvement of replication
in methylated CpG>TpG mutations in the germline. If this was confirmed, these
results would have also important implications for the accuracy of the used methods
to estimate divergence times.
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UV-induced mutagenesis in modified cytosines
Motivation

It is known that methylation enhances the formation of CPDs (Tommasi and Pfeifer,
1997; Mitchell, 2007; Rochette et al., 2009; Martinez-Fernandez et al., 2017), the main
mutagenic lesion formed after UV irradiation. C and 5mC in CPDs deaminate within
hours into U and T, respectively, and during replication they are both paired with A by
Pol η, creating a C>T mutation (Song et al., 2014). The deamination rate is highest in
a TCG sequence context, which is the most commonly mutated trinucleotide in skin
cancers (Cannistraro and Taylor, 2009). Given the enhancement of CPD formation
by methylation, it could be therefore expected that the UV-induced C>T mutation
frequency in skin cancers is positively correlated with methylation levels. We have
tested this hypothesis in 183 WGS melanoma cancers and BS-seq maps from normal
skin exposed to sunlight.

4.4.2

C>T mutations in melanoma show parabolic relationship
with DNA modification levels

We first binned the CpG positions by their modification level (0-0.1, ..., 0.9-1.0) and
computed the frequency of C>T mutations separately for each sequence context and
each skin cancer sample. As expected, the TCG context was an order of magnitude more
frequently mutated than ACG, CCG, or GCG (Fig. 4.17). Surprisingly, the relationship
between TCG>TTG mutations and modification levels was non-monotonic, with a
shape of a negative parabola and maximum in the middle modified positions. In
total, 86 % of the skin cancer samples had the middle mod levels more modified than
the low and high mod levels; moreover, the remaining 14 % of samples had only low
numbers of mutations (Fig. 4.17B).
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Figure 4.17. TCG>TTG mutations in skin cancer are highest in intermediate skin
modification levels. All CpGs were binned according to their BS-seq measured mod levels
(0-0.1, . . . , 0.9-1.0) from normal skin exposed to sun. The first bin represents unmodified sites
and the last bin represents fully modified sites. C>T mutation frequency was computed in each
bin, separately for each sequence context (columns). A: Mean over samples. B: One trace per
sample. C: Only the low mod (first bin), high mod (last bin), and middle mod (mean of the two
middle bins) values are shown. The percentage of samples with the highest mutation frequency
in the low mod, middle mod, and high mod are written at the top of the figure. For example in
TCG context, 86 % of samples have the middle mod value higher than the two extreme values.

We explored whether this parabolic relationship could be a property of the used
modification map. For example, the positions of cytosine modifications in skin could
be different from other tissues, or perhaps the particular used map might be inaccurate
due to a technical bias. We therefore computed the TCG>TTG frequency of skin
mutations in positions binned by modification levels using a number of other BSderived maps: skin protected from sun, and other tissues. We observed a similar
relationship in all the maps (Fig. 4.18), suggesting that it is a property of the mutations
rather than the modification map.
The observed non-monotonic relationship is surprising. It is important to recall
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Figure 4.18. TCG>TTG mutations in skin cancer are highest in intermediate modification levels in a number of BS-derived modification maps. All CpGs in a TCG context
were binned according to their BS-seq measured mod levels (0-0.1, . . . , 0.9-1.0) from normal skin
protected from sun (first figure) and other normal tissues. The first bin represents unmodified
sites and the last bin represents fully modified sites. C>T mutation frequency of melanoma
mutations was computed in each bin separately for each sample (one trace per sample). The
number at the top of each figure represent the percentage of samples with TCG>TTG mutation
frequency higher in the middle modified positions than in lowly and highly modified positions.

that each position in one cell (and one allele) is either modified, or unmodified. The
intermediate levels of modifications come from a mix of cells, some modified and others
unmodified in this position. The mutation frequency in an individual position in one
cell should be independent of the modification state of the same position in other
cells. We would therefore expect to see either no relationship between mutagenesis
and modification levels, or a monotonic relationship. However, a third variable might
be involved: positively correlated with consistently modified cytosines (in most of the
cells) and negatively correlated with UV-induced mutation frequency. Alternatively, the
parabolic relationship might result from the combined nature of BS-seq measurements,
i.e., that the modification levels represent a combination of 5mC and 5hmC levels.
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4.4.3

5hmC is negatively correlated with C>T melanoma mutations

We first explored the possibility that a part of the highly modified CpGs are hydroxymethylated and that 5hmC has an opposing impact on the UV-induced mutagenesis
compared to 5mC, resulting in a parabolic relationship when the combined BS-seq
measurements are used. Direct single-base resolution maps of 5hmC are unfortunately
currently not available for skin. However, regional estimates of 5hmC from hMeDIP-seq
in primary benign naevus have been measured (Lian et al., 2012).
In hMeDIP-seq, hydroxymethylated DNA is enriched and the reads are then sequenced. Regions with higher 5hmC levels are therefore more covered by the aligned
reads than low-5hmC regions. We binned CpGs according to their coverage in the
hMeDIP-seq and computed mutation frequency in each bin. Interestingly, TCG>TTG
mutations exhibited a steep decrease with increasing levels of 5hmC (i.e., coverage
in hMeDIP-seq) (Fig. 4.19). The mean mutation frequency dropped 5-fold between
uncovered CpGs (low 5hmC) and CpGs with at least 10 reads (high 5hmC).
We next combined the hMeDIP-seq measurements with MeDIP-seq measurements
(i.e., enrichment for 5mC) from the same study and sample. We binned all CpGs by the
combination of coverage in hMeDIP-seq and MeDIP-seq (0, 1, 2, or at least 3 reads). We
observed that the decrease of C>T mutation frequency with increasing 5hmC levels is
present in each MeDIP-seq coverage (columns in the figures) (Fig. 4.20). The rows of
the figures (i.e., increasing MeDIP-seq coverage with fixed hMeDIP-seq coverage) were
in most cases increasing (such as in ACG and CCG contexts, and in higher 5hmC levels
of TCG context). In summary, although the hMeDIP and MeDIP measurements are not
ideally quantitative and with sufficient resolution, the results support the hypothesis
that 5hmC is negatively correlated with UV-induced mutagenesis.
In low 5hmC positions (up to 1x hMeDIP-seq coverage) and the TCG context, the
parabolic relationship of C>T mutations with increasing 5mC levels was still present
(Fig. 4.20). This suggests that either the parabolic relationship is not fully driven by the
combined nature of BS-seq, or that hMeDIP-seq and MeDIP-seq measurements are not
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Figure 4.19. 5hmC estimates from hMeDIP negatively correlate with C>T skin mutations. All CpGs were binned according to their coverage in hMeDIP-seq measurements from
benign skin naevus. Higher coverage represents higher 5hmC levels. C>T mutation frequency
was computed in each bin, separately for each sequence context (columns). A: Mean over
samples. B: One trace per sample. C: Quantification which samples have highest mutation
frequency in low 5hmC (0 reads) vs. intermediate 5hmC (5 reads) vs. high 5hmC (at least
10 reads).

sufficiently accurate and quantitative for this question. Additional data from a complementary approach are therefore needed to determine the cause of the non-monotonicity.
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Figure 4.20. 5hmC estimates from hMeDIP negatively correlate with C>T skin mutations even after stratification by MeDIP coverage. All CpGs were binned according to
their coverage in hMeDIP-seq and MeDIP-seq measurements from benign skin naevus. Higher
coverage represents higher 5hmC levels in hMeDIP-seq (rows) and 5mC levels in MeDIP-seq
(columns). C>T mutation frequency was computed in each bin, separately for each sequence
context, and plotted as a heatmap. The numbers inside the heatmaps represent the mutation
frequency and number of CpGs in each bin.
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In order to try to explore the cause of non-monotonicity using a complementary
approach, we used the available whole-genome BS-seq and TAB-seq measurements
(available for brain, kidney, and blood) and made consensus mod and 5hmC maps from
them (see Methods 4.2.7). We made an assumption that the consensus could represent
a reasonable approximation of measurements for other tissues, including skin.
We used the consensus maps to compute the frequency of C>T skin mutations
with respect to 5mC estimated as the difference of the consensus mod and 5hmC in
each position in these tissues. Compared to the parabolic shape when mod maps were
used (Fig. 4.18), the direct 5mC consensus estimates showed a nearly linear increasing
relationship (Fig. 4.21). This would support the notion that 5hmC part of BS-seq
measurements was driving the original non-linearity.
These results suggest that 5mC and 5hmC have an opposing effect on the UVinduced mutagenesis (enhancement by 5mC and protection by 5hmC; although the
presented results show only correlations, not direct mechanism), resembling the relationship observed in brain, kidney, and blood C>T mutations in Chapter 3. In order to
compare the size effects, we computed C>T mutation frequency in skin with respect
to 5hmCrel , i.e., 5mC/mod, using the consensus mod and 5hmC maps and melanoma
mutations (Fig. 4.22). In line with the previous observations in this section, the consensus
5hmCrel is negatively correlated with C>T mutation frequency, showing a striking 7.3fold decrease from fully methylated to fully hydroxymethylated positions in a TCG
context. Since the decrease in other tissues was approximately two-fold, this suggests
that the difference between 5mC and 5hmC on UV-induced mutagenesis is even larger
than other sources of mutagenesis in CpG sites, such as spontaneous deamination.
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Figure 4.21. C>T mutations in skin cancer positively correlate with consensus estimates of 5mC (mod-5hmC). All CpGs were binned according to the consensus 5mC = mod 5hmC, using a consensus from brain, kidney, and blood BS-seq and TAB-seq measurements. The
first bin represents unmethylated sites and the last bin represents fully methylated sites. C>T
mutation frequency was computed in each bin, separately for each sequence context (columns).
A: Mean over samples. B: One trace per sample. C: Only the low 5mC (first bin), high 5mC
(last bin), and middle 5mC (mean of the two middle bins) values are shown. The percentage
of samples with the highest mutation frequency in the low 5mC, middle 5mC, and high 5mC
are written at the top of the figure. For example in TCG context, 95 % of samples have the high
5mC value higher than the low 5mC and middle 5mC values.
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Figure 4.22. C>T mutations in skin cancer steeply decrease with increasing consensus
estimates of 5hmCrel . All CpGs were binned according to the consensus 5hmCrel =
5hmC/mod, using a consensus from brain, kidney, and blood BS-seq and TAB-seq measurements.
The first bin represents methylated sites and the last bin represents hydroxymethylated sites.
C>T mutation frequency was computed in each bin, separately for each sequence context
(columns). A: Mean over samples. B: One trace per sample. C: Only the low 5hmCrel (first
bin), high 5hmCrel (last bin), and middle 5hmCrel (mean of the two middle bins) values are
shown. The percentage of samples with the highest mutation frequency in the low 5hmCrel ,
middle 5hmCrel , and high 5hmCrel are written at the top of the figure. For example in TCG
context, 94 % of samples have the low 5hmCrel value higher than the middle 5hmCrel and high
5hmCrel values.
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4.4.4

Nucleosome positioning affects melanoma mutation profiles

One of the factors known to have an influence on UV-induced mutagenesis is the
positioning of nucleosomes. Three types of influence have been observed: formation of
CPDs, deamination within CPDs, and repair by NER. The positions with the backbone
furthest away from the histone surface (“OUT positions”) were observed with enhanced
formation of CPD in vitro by a factor of two, compared to free DNA and positions
with the backbone closest to the histone surface (“IN positions”) (Song et al., 2011).
Moreover, the deamination rate in OUT positions was 8.9-fold increased, while it was
4.7-fold decreased in IN positions, compared to free DNA (Song et al., 2011, 2014),
resulting in a 42-fold increased deamination rate in OUT compared to IN positions. On
the other hand, the presence of nucleotides impairs different stages of repair of the
lesions: detection, excision, and DNA resynthesis (Bell et al., 2011). Quantification of the
impairment differs between conditions and experiments (Thoma, 2005), but for example
in Xenopus oocyte nuclear extracts, nucleosomes decreased the NER rate by 2–3-fold
and IN positions had 1.5-fold lower NER rate than OUT positions (Svedruzić et al., 2005).
The combined effects of rotational and translational nucleosome positioning4 on
mutations observed in melanoma cancer patients have not yet been determined. We
therefore compared the frequency of C>T melanoma mutations in CpGs with respect to
the distance of the nearest nucleosome dyad, using nucleosome maps from sequencing
of MNase digested H1 human ESCs (Yazdi et al., 2015a).
In spite of the expected variability in the nucleosome positioning between cells and
tissues, we observed a remarkable periodicity of the mutation frequency signal around
aligned nucleosome dyads (Fig. 4.23). The signal peaked at a distance of ca. 120 bp from
the dyad (Fig. 4.23A). The periodicity was clearest in positions up to ± 50 bp from the
dyad, with an average period of 10 bp (as visible in the Fig. 4.23B–C and in the Fourier
transform of the signal 4.23D–E). Computing the mutation frequency separately for
4

The terminology of “rotational positioning” refers to orientations of DNA relative to the histone
surface and ‘translational positioning” refers to the DNA sequence positions relative to the dyad (Mao
et al., 2017).
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Figure 4.23. CpG>TpG mutation frequency in skin is influenced by nucleosome rotational positioning. All CpG positions were binned according to their distance to the nearest
nucleosome dyad. C>T mutation frequency was then computed in each bin and sample. A:
C>T mutation frequency in CpG positions in the distance up to 200 bp from nucleosome dyad.
Samples (rows of the heatmap) are sorted by their mean value. B: Average of samples from the
heatmap in (A). A line is fit through the data points using Matlab function smooth. C: A zoom
of (A) up to 50 bp distance from the dyad. C: Average of samples from the heatmap in (C). E:
Fourier transform, separately for each sample (row) from (D). F: Average of samples from (E).
The peak at 10 corresponds to a period of 10 bp.
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the four 5’ sequence contexts revealed that the signal is most consistent in the TCG
context, with a sharp peak at ca. 10 bp from the dyad (Fig. 4.24).

Figure 4.24. The influence of nucleosome positioning on skin C>T mutations is
strongest in a TCG context. Average CpG>TpG mutation frequency with respect to distance
from a nucleosome dyad, computed separately for each 5’ sequence context (rows). The second
column represents a zoomed view of the first column.

The observed periodicity resembled some of the experimental measurements of
CPD formation and deamination rate. The positions with high mutation frequency in
our results correspond to the OUT positions (outward rotation setting), which were
reported to have both higher formation of CPDs and higher deamination rate (Mao
et al., 2017). In particular, the C>T mutation frequency in a TCG context resembles the
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positions with high CPD density, as measured by CPD-seq in vivo in UV irradiated
yeast cells (Fig. 2B 0h in (Mao et al., 2016)).
We next computed the mutation frequency separately for the plus (Watson) and
minus (Crick) strands. Strikingly, the mutation frequency in a TCG context was strongly
asymmetrical on the two strands around the nucleosome dyad (Fig. 4.25). Compared
to the expected periodicity of several base pairs, the observed asymmetry switched at
a distance ca. 90 bp from the dyad. The asymmetry was highly significant (signtest
p-value 2 · 10−24 ) and the predominant direction (higher in minus strand on the left of
dyad and higher in plus strand on the right of the dyad) showed in 88 % of the samples.
As the mutation frequency in each bin is normalised by the number of positions
with the given sequence context, the asymmetry is not a simple consequence of
asymmetrical sequence context composition5 . Moreover, the asymmetry was present
in lowly modified, middle modified and highly methylated CpGs (Fig. 4.26A). The
asymmetry was however slightly lower in the lowly methylated CpGs (consensus 5mC
≤ 0.7) than highly methylated CpGs (5mC > 0.85), suggesting that methylation is
involved in the mechanism causing the asymmetry.
We also ascertained that the nucleosome strand asymmetry is not driven by replication strand asymmetry (Fig. 4.26B) or transcription strand asymmetry (Fig. 4.26D)
and that it is also present in non-transcribed regions (Fig. 4.26C). The asymmetry
was also slightly decreased in the transcribed strand compared to the non-transcribed
strand, indicating that TC-NER is not the driving mechanism of the asymmetry, but
instead the faster repair of CPDs in the transcribed strand might be decreasing the
difference between the strands.

5

Moreover, the sequence context is the same is all tissues, but other tissues —such as lung, oesophagus,
or pancreas— did not show the nucleosome strand asymmetry.
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Figure 4.25. TCG>TTG mutations in skin exhibit nucleosome strand asymmetry. The
CpG>TpG frequency was computed separately for the CpGs on the plus strand and the minus
strand. A: Difference of mutation frequency in the plus and minus strand shown as a heatmap
for all samples and an average of all samples below. B: Zoomed view of (A). C: Distribution of
the asymmetry in the 183 skin cancer samples computed as mean(L+, R-)-mean(L-, R+), where
L and R mean left and right from the dyad, respectively, in plus (+) and (-) strands. Numbers of
negative and positive samples are printed on the sides of the histogram.
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Figure 4.26. The skin nucleosome strand asymmetry is not explained by methylation,
replication strand bias, or transcription strand bias. A: TCG>TTG mutation frequency
around nucleosome dyad computed separately for CpG positions with low consensus 5mC (≤
0.7) and high consensus 5mC (>0.85). B: TCG>TTG mutation frequency around nucleosome
dyad computed separately for replication leading strand template and lagging strand template.
C: TCG>TTG mutation frequency around nucleosome dyad computed for CpGs in nontranscribed regions only. D: TCG>TTG mutation frequency around nucleosome dyad computed
in transcribed regions shown separately for sense (i.e., the non-transcribed strand) and antisense
(i.e., the transcribed template) strands.

4.4.5

Discussion of UV-induced mutagenesis in CpG sites

4.4.5.1

The impact of DNA modifications on UV mutagenesis

The enhancement of CPD formation by cytosine methylation is well documented
(Tommasi and Pfeifer, 1997; Mitchell, 2007; Rochette et al., 2009; Martinez-Fernandez
et al., 2017). However, the ultimate influence of cytosine modifications on UV-induced
mutagenesis has not been explored in great depth. UV-induced mutation frequency is
highest for C>T mutation in a TCG context. This has been linked both to methylation,
as well as the sequence context itself, which was shown in vitro to be more prone to
spontaneous deamination than other sequence contexts (Cannistraro and Taylor, 2009).
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Here, we show that the UV-induced mutations are non-monotonically related to

BS-seq derived measurements of cytosine modification levels in the individual positions:
the mutation frequency first increases with increasing modification levels, but then
decreases back to a similar level in fully modified sites as in unmodified sites. This nonlinear relationship of skin mutagenesis with BS-seq levels was recently reported also by
Poulos et al. (2017). As they used different cancer samples and BS-seq map and different
analysis pipeline (developed simultaneously with our pipeline), our and their results
represent an independent confirmation of the observed phenomenon. Poulos et al. (2017)
suggested that this non-linearity is caused by decreased NER in highly modified sites
in late-replicating regions, as NER-deficient XPC-/- squamous cell carcinoma samples
show a slight increase of the vertex of the mutation-modification parabola: from 0.51
to 0.64 (Poulos et al., 2017). Although the vertex shifted, the shape of the relationship
remained parabolic, suggesting that other mechanisms might be involved.
We explored whether the parabolic relationship could be also affected by the fact
that BS-seq is a combined measurement of 5mC and 5hmC. A consensus mod (BSseq) and 5hmC (TAB-seq) maps from three other available tissues showed that the
parabolic relationship disappears when consensus 5mC is used instead of mod. The
resulting average curve was gradually increasing (Fig. 4.21) and 95 % of samples had
maximal mutation frequency in highly methylated CpGs compared to lowly and middle
methylated CpGs. Moreover, we observed a steep decrease of TCG>TTG mutation
frequency with increasing consensus 5hmCrel and with increasing 5hmC levels in
independent regional estimates of 5hmC from hMeDIP-seq in normal skin. Altogether,
our results suggest that 5hmC is strongly protective against UV-induced mutagenesis,
with an estimated 7.3-fold decrease compared to 5mC. Direct single-base resolution
genome-wide measurements of 5hmC in skin are needed to confirm this prediction.
These results are interesting in the context of experimental measurements of CPD
formation in a thesis by Liu (2014). Hydroxymethylation compared to methylation
decreased the formation of CPDs in UV irradiated single-stranded oligonucleotides,
duplex oligonucleotides, and in vivo (using TET2-overexpressing melanoma cell-line
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compared to TET2-mutant cell line).6 Notably, the decrease was stronger in a TCG
sequenced context than in a CCG context. Very similar results were also observed in
a different study, where formation of CPDs at dipyrimidines containing 5hmC after
UV irradiation was largely reduced in a TCG context, but the reduction was smaller
in a CCG context (Kim et al., 2013). This could help to explain why we observe a
parabolic mutation-modification relationship in a TCG context, but more monotonic
shape in a CCG context (Fig. 4.17), in line with the potentially lower protection by
5hmC in the CCG context.
The dynamics of 5hmC during skin carcinogenesis are also of interest. The levels of
5hmC, as well as TET1, TET2, and TET3 mRNA expression were observed to increase
after UV exposure of normal skin cells (Wang et al., 2017a; Liu, 2014). The high content
of 5hmC in normal melanocytes is however gradually lost during progression from
benign naevus to malignant melanoma and the loss is mostly accompanied by decrease
in TET/IDH expression (Lian et al., 2012; Larson et al., 2014; Lee et al., 2015b; Pavlova
et al., 2016). The restoration of the 5hmC levels was observed to decrease invasiveness
and is therefore actively researched as a potential therapeutic approach (Gustafson
et al., 2015; Mustafi et al., 2017; Prasad et al., 2017).
The increased 5hmC levels in UV-exposed skin highlight the importance of the
impact of 5hmC on CPD formation, the major mutagenic UV-induced lesion. Our results
together with the summarised experimental evidence in the literature suggest that
5hmC could have a strong protective effect against UV-induced TCG>TTG mutations,
the most frequent mutation type observed in melanoma patients. Further research is
therefore needed to both validate this possibility and explore its impact on the loss
of 5hmC during tumour progression.
4.4.5.2

The impact of nucleosomes on UV mutagenesis

Our results show that C>T mutations in skin are strongly affected by the nucleosome rotational positioning. This is to our knowledge the first report of such observation in skin
6

In contrast with CPD, hydroxymethylation enhanced UV induction of 6-4PP lesions (Liu, 2014).
However, 6-4PPs are rapidly repaired and though to little contribute to the mutation spectra observed in
skin cancers (see Introduction 1.3.3.6).
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cancer mutagenesis. Nucleosome occupancy on a broader scale has been shown to affect
mutagenesis both in positive and negative directions (Hodgkinson et al., 2012; SchusterBöckler and Lehner, 2012; Yazdi et al., 2015b). In particular, melanoma mutations
were found enriched in regions with higher nucleosome occupancy, presumably due to
decreased repair of UV lesions in these regions (Hodgkinson et al., 2012; Hara et al., 2000;
Yazdi et al., 2015b; Polak et al., 2014; Zheng et al., 2014). However the impact of positions
of DNA in the nucleosome on the cancer mutagenesis has not yet been explored.
Here we observed that CpG>TpG mutations in skin show a periodicity of 10 bp
around nucleosome dyad, with higher frequency at OUT positions compared to IN
positions. This is in line with formation of CPDs, the major mutagenic UV lesions,
which are also found most frequently in OUT positions and least frequently in IN setting
(Gale et al., 1987; Smerdon and Conconi, 1999; Liu, 2015; Mao et al., 2016, 2017). This
is thought to be caused by the variation in mobility of DNA in the nucleosome, as it
is minimal where the minor groove faces toward the histone octamer, and maximal
for the bases with phosphate groups on the outside of the nucleosome particle (Mao
et al., 2017) (Fig. 4.27). The increased mobility of dipyrimidines with their minor groove
facing away from the histone octamer should make these regions the most favourable
sites for CPD formation in the nucleosome core particles (Mao et al., 2017).
Not only the formation of CPDs, but also the deamination of 5mC within a CPD in
a TCG context was previously shown to be affected by nucleosome positioning, being
inhibited for the CPDs closest to the histone surface and enhanced for the outermost
CPDs near the dyad (Song et al., 2014, 2011). Several mechanisms have been discussed
as a potential cause of the difference: DNA flexibility, water accessibility, and a “flipout” mechanism (Song et al., 2014). Differential deamination rate is therefore a second
mechanism that might contribute to the differences in mutation frequency with respect
to the distance from the dyad, as we observe a most consistent signal in a TCG context.
However, the most striking signal revealed by our analysis is the asymmetry of
TCG>TTG mutation frequency between the two strands, flipping at the dyad. The
difference was strongest at ca. 30–50 bp from the dyad, i.e., opposite the centre of the
DNA in the nucleosome particle (bottom part in Fig. 4.27). The region contains several
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Figure 4.27. UV-induced mutagenesis in nucleosome. Crystal structure of the nucleosome
core particle (PDB ID: 1KX5), rendered with NGL Viewer (Rose et al., 2016). Formation of
UV-induced CPD dimers occurs more frequently at “OUT” rotational settings (indicated by red
stars) than at “IN” rotational settings (blue stars) in nucleosomal DNA (Mao et al., 2017). The
positions at which the major and minor grooves face the histone surface, are indicated by M and
m, respectively (Wang and Taylor, 2017). The average C>T mutation frequency in melanoma
cancers is visualised with approximate positions around the nucleosome core particle, with
colour representing the mutation frequency (red: high, blue: low); total trace is from Fig. 4.23D,
plus and minus are from Fig. 4.25A, last column.
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DNA-histone interactions, which might affect the CPD formation, deamination, and
CPD repair. The tail of histone H2A has been speculated to greatly inhibit deamination
in measurements of in vivo deamination rates of CPDs placed in different translational
and rotational positions along the nucleosome DNA (Cannistraro et al., 2015). Moreover,
on one side of the dyad, in the OUT positions always one of the two strands faces the
other DNA gyre around the nucleosome core particle and the other strand faces out
from the other DNA gyre. On the other side of the dyad, the two strands swap. This
can be seen in the schematic 3D structure of the nucleosome in Fig. 4.27, where the
red strand always faces the other DNA gyre in OUT positions and blue strand faces
out from the other gyre, but the colour swaps at the dyad. Maybe the limited space
between the two gyres makes the positions facing towards the other gyre less accessible
for lesion detection or repair (such as if the repair requires flipping-out of the lesion).
It will be very interesting to extend this analysis with sequencing data of CPDs and
their repair, alongside the mutation spectra from NER deficient samples, to elucidate the
mechanisms of the observed asymmetry and determine the proportional contributions
of CPD formation, deamination, and differential repair. We also believe that applying
the presented methodology to different cancer types and sequence contexts (or even
mutational signatures) will be a useful approach to determine the impact of nucleosomes
in different mutational processes, or even link unexplained mutational processes to
their likely potential mechanisms.
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Concluding remarks

The results presented in this chapter (and associated supplementary results in 10.1
and 10.2) demonstrate that the role of DNA modifications in mutagenesis goes far
beyond the well-known spontaneous deamination. Here we have shown that levels of
DNA modifications in normal tissues correlate with mutation frequency of the same
positions in tissue-matched cancers in a number of mutational processes. In fact, most
of the major processes causing mutations in the C:G pair seem to be impacted by the
presence of DNA modifications. The results summarised in Table 4.1 show that the
effect of cytosine modifications is not always to increase the mutagenesis. The impact
is moreover not always trivially the same as predicted by the in vitro measurements,
such as in the case of parabolic relationship between modification levels and TCG>TTG
melanoma mutations, or unexpectedly low proportion (50 %) of samples with decreasing
relationship for C>T mutations (in breast samples with a strong APOBEC signature).
Mutagenic
process

Tissues

Tobacco
APOBECs
APOBECs
UV light

Lung
Breast
Breast
Skin

Replication

Colon,
Rectum,
Brain,
Uterus,
Brain

Sequence Mutation Correlation Correlation
context
type
with mod
with
5hmCrel
all
C>A
increasing
decreasing
TCG
C>G
decreasing unknown
TCG
C>T
mixed
unknown
TCG
C>T
parabolic;
decreasing*
increasing
for 5mC*
GCG,
C>T
increasing
unknown;
TCG
decreasing
in brain

Suggested mechanism

BPDE formation
APOBEC preference
APOBEC preference
CPD formation
Pol ε fidelity

Table 4.1. Summary of results in this chapter. Asterisk denotes that a consensus 5hmC
map was used, due to unavailability of tissue-matched map.

Interestingly, 5hmC negatively correlated with mutation frequency in all the mutational processes apart for APOBEC-induced mutagenesis, which is present in tissues, for
which the 5hmC maps were not available. However, the in vitro measurements predict
strongly decreased mutagenesis in 5hmC induced by APOBEC enzymes. Together
with the previous chapter, the results thus suggest that 5hmC is generally protecting
the genome from a range of mutagenic sources.
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Finally, results in this chapter show an unexpected link between replication and

mutagenesis in methylated positions. The results are in line with a model, in which 5mC
in replicated with a slightly decreased fidelity by Pol ε, the leading strand polymerase.
Although this surprising possibility first needs to be carefully validated and explored
experimentally (see Conclusions 6 for the planned experiments), it opens a possibility
for a novel and ubiquitous source of mutagenesis in CpGs, which is however efficiently
repaired in cells proficient for post-replicative proofreading and repair. The relative
contribution of spontaneous deamination compared to the hypothesised replication
source of CpG>TpG mutations would also need to be researched. Deficiency of Pol ε
proofreading increases the CpG mutation rate 210-fold in human cancers, while Mbd4
deficient mice exhibit an increase in mutation frequency by 3-fold (Millar, 2002). As
MBD4 is one of the two main glycosylases repairing mismatches caused by spontaneous
deamination of 5mC, this hints at the possibility that replication might be even more
mutagenic at methylated CpGs than deamination, unless TDG plays a dominant role
in repair of deaminated 5mC.

They’re alive, they’re awake
While the rest of the world is asleep
Below the mine shaft roads, it will all unfold
There’s a world going on underground
— Tom Waits Underground
Oh, let the sun beat down upon my face
And stars to fill my dream
I’m a traveller of both time and space
To be where I have been
— Led Zeppelin Kashmir
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The role of replication in different
mutational processes
5.1

Introduction

Mounting evidence suggests replication itself contributes to cancer risk (Tomasetti
and Vogelstein, 2015). However, the extent to which DNA replication influences
distinct mutational mechanisms, with their manifold possible causes, remains incompletely understood.
Copying of DNA is intrinsically asymmetrical, with leading and lagging strands
being processed by distinct sets of enzymes (Lujan et al., 2016), and different genomic
regions replicating at defined times during S phase (Fragkos et al., 2015). Previous
analyses have focused either on the genome-wide distribution of mutation rate or on
the strand specificity of individual base changes. These studies revealed that the average mutation frequency is increased in late-replicating regions (Stamatoyannopoulos
et al., 2009; Lawrence et al., 2013), and that the asymmetric synthesis of DNA during
replication leads to strand-specific frequencies of base changes (Shinbrot et al., 2014;
Lujan et al., 2012; Reijns et al., 2015; Haradhvala et al., 2016).
A very useful framework for detection of replication strand bias in single base
changes was presented by Haradhvala et al. (2016). The authors binned the human
169
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genome into 20 kbp windows and annotated each window with the direction of replication based on replication timing measurements from lymphoblastoid cell lines of
six individuals (Koren et al., 2012) as described in the Methods (section 2.3.2). Regions
with constant timing (i.e., the valleys and peaks) were excluded from the analysis,
because they do not present a clear direction of replication and they are the source
of most tissue-specific variation in replication timing (Rhind and Gilbert, 2013; Ryba
et al., 2010). Using this framework, Haradhvala et al. (2016) showed that a significant
replication strand asymmetry is present in POLE-MUT samples (C>A vs. G>T), samples
with APOBEC-associated mutations (C>G vs. G>C), and MSI samples (A>G vs. T>C),
while a strong transcription strand asymmetry is present in liver samples (A>G vs.
T>C), samples with smoking-associated mutations (C>A vs. G>T) and UV-associated
mutations (C>T vs. G>A).
The limitation of this approach is that it does not take into account several types of
strand asymmetry. First, mutational processes that exhibit high mutation frequencies
in only few very specific sequences contexts might not be detected. Second, mutational
processes, such as one that enhances CCA>CAA mutations on the leading strand but
GCA>GAA on the lagging strand, will be very possibly missed. Third, samples with
multiple processes that cause the same base change but are enhanced on the opposite
strands can cause inaccurate results.
In order to overcome these limitations, we decided to compute strand asymmetry
using mutational signatures. This approach has the important advantage of being able
to distinguish between processes that have the same major mutation type (such as
C>T transitions), but differ in their sequence context and possibly also the two strands.
A methodology to compute strand-specific mutational signatures was presented by
Alexandrov et al. (2013a) and applied on replication in breast cancers by Morganella
et al. (2016). This method extends the basic approach (described in the General methods
2.1.1) such that the vector of each signature is doubled, i.e., containing 96 values for
one strand and 96 values for the opposite strand. The mutation matrix M therefore
contains 192 elements for each sample, but the exposure matrix E contains one value
for each sample and mutational signature.
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The disadvantage of such a method is that it does not allow to quantify the
magnitude of the asymmetry in individual samples, but the asymmetry is quantified
for the entire cohort instead. Mutational processes with a small size effect in the
asymmetry but high consistency across samples can thus be easily missed. Moreover,
the direction of the asymmetry has to be unified for all samples within the cohort.
We therefore developed a method for quantification of replication strand asymmetry
in individual samples, allowing for different directions in individual samples, and applied
the method on 3056 WGS samples from 19 cancer types.

5.2
5.2.1

Materials and methods
Methods overview

We used two independent data sets to describe replication direction (Fig. 5.1A) relative
to the reference sequence, one derived from high-resolution replication timing data
(Haradhvala et al., 2016) and the other from direct detection of ORIs by short nascent
strands sequencing (SNS-seq) (Besnard et al., 2012), corrected for technical artefacts
(Foulk et al., 2015). The former provides information for more genomic loci, while the latter is of higher resolution. As a third measure of DNA replication, we compared regions
replicating early during S phase to regions replicating late (Haradhvala et al., 2016).
We calculated strand-specific signatures (Morganella et al., 2016) of length 192,
based on the direction of DNA replication (Fig. 5.1B). We further condensed the strandspecific signatures into directional signatures consisting of 96 mutation types and a
binary value in each type, representing the dominant direction (leading or lagging) of
the mutation type in the strand-specific signature (Fig. 5.1C).
We next designed an algorithm (section 5.2.8) to quantify presence of each signature
on the leading and lagging strand in individual samples, which we call the exposure to
the signature in a sample. Depending on whether the strand bias matches the consensus
of the directional signature, the exposure can be matching or inverse (Fig. 5.1D). The
output of the algorithm gives thus two values (matching and inverse exposure) for
each sample and each signature present in the sample.
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Figure 5.1. Methods overview. A: Mutation frequency on the leading and lagging strand
is computed using annotated left/right-replicating regions and somatic single-nucleotide
mutations oriented according to the strand of the pyrimidine in the base-pair. B: Leading
and lagging strand-specific mutational signatures are extracted (signature 20 is shown as an
example). C: Each of the 96 mutation types is annotated according to its dominant direction
(upwards-facing bars for leading, downwards-facing bars for lagging template preference). D:
Exposures to the directional signatures are separately quantified for the leading and lagging
strand of each patient. The exposure in the matching orientation reflects the extent to which
mutations in pyrimidines on the leading (and lagging) strand can be explained by the leading
(and lagging) component of the signature, respectively. Conversely, the exposure in the inverse
orientation reflects how mutations in pyrimidines on the leading strand can be explained by the
lagging component of the signature (or vice-versa) (Methods). Top part of 1D shows an example
of a sample with completely matching exposure, given the signature in 1C, with C>T mutations
on the leading template and C>A and T>C mutations on the lagging template, whereas bottom
part of 1D shows an example of a sample with completely inverse exposure.

5.2.2

Somatic mutations

Cancer somatic mutations in 3056 whole-genome sequencing samples were obtained
from publicly available data sets (Table 9.4). MSI samples (gastric, colorectum, and
oesophageal adenocarcinoma) and POLE-MUT samples (colorectum, uterus, and brain)
were treated as (two) separate groups, since they are associated with specific mutational processes.
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Direction of replication and replication origins

Left- and right-replicating domains were taken from (Haradhvala et al., 2016). Each
domain (called territory in the original source code and data) is 20 kbp wide and
annotated with the direction of replication and with replication timing. This was
the major replication direction data set used in the analyses.
The left/right transitions of the replication domains represent regions with on
average higher density of replication origins. In order to get better resolution of the
replication origins, and to validate the results using independent estimates of leftand right-replicating domains, genome-wide maps of human replication origins from
SNS-seq by (Besnard et al., 2012) were used. Eight Fastq files (HeLa, iPS, hESC, IMR;
each with two replicates) were downloaded and mapped to hg19 using bowtie2 (version
2.1.0). To control for the inefficient digestion of λ-exo step of SNS-seq, reads from
non-replicating genomic DNA (LexoG0) were used as a control (Foulk et al., 2015).
Peaks were called using “macs callpeak” with parameters –gsize=hs –bw=200
–qvalue=0.05 –mfold 5 50 and LexoG0 mapped reads as a control. Only
peaks covered in at least seven of the eight samples were used. In total 1 000 1 kbp
bins were generated to the left and right of each origin, as long as they did not reach
half the distance to the next origin.

5.2.4

Excluded regions

We excluded gencode protein-coding genes from the major analysis in order to prevent
potential confounding of the results by transcription strand asymmetry or selection.
We tested that this exclusion does not bias the results and that exclusion of all (not
just protein-coding) genes leads to similar results. We also excluded regions with low
unique mappability of sequencing reads (positions with mean mappability in 100 bp
sliding windows below 0.99 from UCSC mappability track) and blacklisted regions
defined by Anshul Kundaje (Encode Consortium 2012):
• Anshul_Hg19UltraHighSignalArtifactRegions.bed,
• Duke_Hg19SignalRepeatArtifactRegions.bed,

174

5.2. Materials and methods
• wgEncodeHg19ConsensusSignalArtifactRegions.bed,
• http://mitra.stanford.edu/kundaje/akundaje/release/blacklists/hg19-human/.

5.2.5

Mutation frequency analysis

All variants were classified by the pyrimidine of the mutated Watson-Crick base pair
(C or T), strand of this base pair (C or T), and the immediate 5’ and 3’ sequence context
into 96 possible mutation types as described by Alexandrov et al. (2013a). The frequency
of trinucleotides on each strand was computed for each replication domain. Then
the mutation frequency of each mutation type in each replication domain on the
leading (plus = Watson strand in left replicating domains; minus = Crick strand in right
replicating domains) and lagging strand (vice versa) was computed for each sample.

5.2.6

Extraction of mutational signatures

Matlab code (Alexandrov et al., 2013a) was used for extraction of strand-specific
mutational signatures. The input data were the mutation counts on the leading
and lagging strands (summed from all replicating domains together, but without
the excluded regions) in each sample. The 192-elements-long mutational signatures
(example in Fig. 5.1B) were extracted in each cancer type separately (for K number
of signatures between 2 and 7). The best K with minimal error and maximal stability
(minimising errorK /max(error) + (1 − stabilityK ) and with a stability of at least
0.8) was selected for each cancer type. Signatures present in only a small number
of samples with very low exposures were excluded ((95th percentile of exposures of
this signature) / (mean total exposure per samples) < 0.2). The remaining signatures
were then normalised by the frequency of trinucleotides in the leading and lagging
strand and subsequently multiplied by the frequency of trinucleotides in the genome.
This made them comparable with the 30 previously identified whole-genome-based
COSMIC signatures (http://cancer.sanger.ac.uk/cosmic/signatures).
Signatures extracted in each cancer type and COSMIC signatures were all pooled
together (with equal values in the leading and lagging part in the COSMIC signatures)
and were clustered using unsupervised hierarchical clustering (with cosine distance
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and complete linkage). A threshold was selected to identify clusters of similar signatures. Mis-clustering was avoided by manual examination (and whenever necessary
re-assignment) of all signatures in all clusters. The resulting 29 signatures (representing
the detected clusters) contained 25 previously observed (COSMIC) and 4 new signatures.
For the subsequent analysis, the signatures were converted back to 96 values: the
25 previously observed signatures were used in their original form and average of the
leading and lagging part was used for the 4 newly identified signatures.

5.2.7

Annotation of signatures with leading and lagging direction

Each signature was annotated with strand direction: which of the 96 mutation types
were higher on the leading strand and which on the lagging strand (Fig. 5.1C). This was
based on the dominant strand direction within the signature’s cluster. Mutation types
(such as C>T) with small values (maximum < 0.1 or sum relative to the other strand
< 1/20) or similar values on both strands (absolute maximum difference < 0.1, while
sum relative to the other strand < 1/2) were assigned according to the predominant
direction of other trinucleotides of the same mutation type.

5.2.8

Calculating strand-specific exposures in individual samples

Exposures to the leading and lagging parts of the signatures on the leading and
lagging strands in individual samples were quantified using non-negative least squares
regression with the Matlab function e = lsqnonneg(S, m), where

SLD SLG
S=
SLG SLD

mLD
m=
mLG

!

(5.1)

!

e
e = matching
einverse

(5.2)

!

(5.3)

176

5.2. Materials and methods
The matrix SLD has 96 rows and 29 columns and represents the leading parts of the

signatures, i.e., the elements of the lagging parts contain zeros in this matrix. Similarly,
SLG has the same size, but contains zeros in the leading parts. The vector mLD of
length 96 contains mutations on the leading strand (normalised by trinucleotides in
leading strand/whole genome), and similarly mLG contains mutations from the lagging
strand. Finally, e = lsqnonneg(S, m) finds a non-negative vector of exposures e
such that it minimizes a function
|m − S · e|.

(5.4)

A similar approach has been used in Rosenthal et al. (2016) for finding exposures to
a given set of signatures. Our extension includes the strand-specificity of the signatures.
The interpretation of the model is that the matching exposure ematching represents
exposure of the leading part of the signature on the leading strand and exposure of the
lagging part of the signature on the lagging strand, whereas einverse represents the two
remaining options. It is important to note that the direction of the mutation is relative
to the nucleotide in the base pair chosen as the reference, i.e., mutations of a pyrimidine
on the leading strand correspond to mutations of a purine on the lagging strand.
In order to minimize the number of spurious signature exposures, the least exposed
signature was incrementally removed (in both leading and lagging parts) while the
resulting error did not exceed the original error by 0.5%. The resulting reported values
in each sample and signature were the difference (or fold change) of ematching and
einverse . In each signature, the signtest was used to compare matching and inverse
exposures across samples with sufficient minimal exposure (at least 10) to the signature.
Bonferroni correction was applied to correct for multiple testing.

5.2.9

Quantification of exposures with respect to replication timing, left/right transitions, and replication origins

First, we computed the exposures for the entire genomes only. Next, we computed
the exposures separately for different regions:
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• 4 replication timing quartiles (we computed both the strand-specific and strandunspecific exposures in the quartiles)
• 100 bins around aligned left/right transitions (± 50 bins, each of 20 kbp)
• 2 000 bins around aligned SNS-seq derived replication origins (± 1 000 bins, each
of 1 kbp).
In replication timing plots, a linear regression model (function fitlm in Matlab)
was fitted to the mean exposure in each quartile (separately for matching and inverse
exposures) and the significance of the linear coefficient was tested using F-test for the
hypothesis that the regression coefficient is zero (function coefTest in Matlab).

5.3

Results

In total, we detected 25 mutational signatures that each corresponded to one of the
COSMIC signatures (Supplementary Fig. 10.11–10.15) and 4 novel signatures, which
were primarily found in samples that had not been previously used for signature
extraction (N1 and N2 in myeloid blood cancers, N3 in melanoma cancers, and N4
in MSI and ovarian cancers) (Fig. 5.2).
We quantified the strand asymmetry for all samples and signatures present in each
sample. The results confirmed that both APOBEC signatures (2 and 13) exhibit a clear
strand asymmetry, with signature 13 being the most significantly asymmetric signature
(p-value = 8 · 10−100 ). The asymmetry was present in most samples and was detected
both when using the replication timing-derived maps and SNS-seq derived maps (Fig.
5.3). This is in line with previous studies, where the activity of the APOBEC class of
enzymes was linked to a selective editing of exposed single-stranded cytosines on the
lagging strand (Morganella et al., 2016; Hoopes et al., 2016; Haradhvala et al., 2016; Green
et al., 2016; Seplyarskiy et al., 2016b). We also observed differences in these signatures
with respect to replication timing: signature 2 shows clear enrichment in late replicating
regions (log2 fold-change 0.91 from early to late), whereas signature 13 shows only a mild
increase in late replicating regions (log2 fold-change 0.18; Fig. 5.3), which is consistent
with previous reports (Morganella et al., 2016). These results validate that our approach
is able to correctly identify strand and timing asymmetries of mutagenic processes.
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Figure 5.2. Directional signatures N1-N4 (newly detected signatures). Each of the 96
mutation types is annotated with a dominant direction: leading (pointing up), or lagging
(pointing down). Asterisks indicate mutation types exceeding 20 %.
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Figure 5.3. The two APOBEC signatures show strong but distinct effects of replication.
Column 1: directional signatures for the two APOBEC signatures. Column 2: mean exposure
on the plus (Watson) and minus (Crick) strand around transitions between left- and rightreplicating regions. The transition corresponds to a region enriched for replication origins.
Column 3: mean exposure on the plus and minus strand around directly ascertained replication
origins. Column 4: distribution of differences between matching and inverse exposure amongst
patients with sufficient exposure. Number of outliers is denoted by the small numbers on the
sides. Column 5: mean matching and inverse exposure in four quartiles of replication timing;
asterisks represent significance of the fit (F-test for coefficient of deviation from 0; ***P < 0.001;
**P < 0.01; *P < 0.05). The leading and lagging strand annotations used in columns 4 and 5 are
based on the direction of replication derived from replication timing data.

In total, 22 out of 29 signatures exhibited significant replication strand asymmetry or
significant correlation with replication timing (signtest p-value < 0.05, with Bonferroni
correction; Fig. 5.4) and some of the remaining signatures were significant in the
main tissue associated with the signature (Fig. 5.5). Such widespread replication
bias across the mutational landscape is surprising, considering that previous reports
documented strand bias for only a few mutational processes (Haradhvala et al., 2016).
Interestingly, the individual signatures differed in the terms of size effect of mean
asymmetry, consistency among samples, slope of replication timing, and asymmetry
with regards to the distance from left/right transitions and SNS-seq derived replication
origins (examples of distinct signatures in Fig. 5.6).
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Figure 5.4. Most mutational signatures exhibit a significant replication strand asymmetry and/or correlation with replication timing. A: The difference of matching and
inverse exposure is computed for each sample and signature. For each signature, the median
value of these differences (in samples exposed to this signature) is plotted against -log10 p-value
(signtest of strand asymmetry per sample; with Bonferroni correction). B: Percentage of samples
that have higher matching than inverse exposure to the signature (denoted above/below each
bar). C: X-axis: log2 -transformed fold change from average exposure in early (first quartile)
to late (last quartile). Values on the left denote more mutations in early-replicated regions,
while on the right are later-enriched signatures. Y-axis: significance of the direction of the
correlation of signature with replication timing in individual samples (signtest of correlation
sign per sample: 0 for non-significant correlation, -1 for negative correlation, 1 for positive
correlation; with Bonferroni correction). D: Percentage of samples with a significantly positive
and negative correlation with exposure, respectively.
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Figure 5.5. Mean replication strand asymmetry per signature and cancer type (z-score
normalised per sample). Red represents matching strand asymmetry between signature and
sample, blue represents inverse asymmetry. Only significant values are shown (non-significant
are in grey). Asterisks represent values that also pass Bonferroni correction for multiple testing.
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Figure 5.6. Different mutational signatures exhibit characteristic timing and strand
asymmetry profiles. Columns show directional signature (column 1), distribution around
timing transition regions (column 2) and around replication origins (column 3), per-patient
mutation strand asymmetry (column 4; non-significant asymmetry is shown in light-coloured
histogram) and correlation with replication timing (column 5), as described in Fig 5.3. Row 1:
Signature 6, associated with mismatch-repair deficiency. Row 2–3: signature 10, associated
with deficiency in Pol ε proofreading, shown for patients with known POLE mutations (row
2), and those without (row 3). Row 4: signature 7, representing UV-induced damage. Row 5:
signature 17, characteristic of gastric and oesophageal cancers. Row 6: Signature 5, of unknown
aetiology, is not discernibly affected by replication.
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Including protein coding genes did not qualitatively change the results (Supplementary Fig. 10.16,10.18), nor did the exclusion of non-coding in addition to protein-coding
genes (Supplementary Fig. 10.17,10.19). Moreover, using SNS-seq data to determine
replication strand direction leads to highly similar findings (Fig. 5.7 and Supplementary
Fig. 10.20), confirming that the results are not specific to one tissue type or one
used replication direction map.

Figure 5.7. Both methods of estimating direction of replication result in very similar
mutation strand asymmetries. Comparison of resulting mean (a) and median (b) replication
strand asymmetry per signature in the two methods of measuring replication direction: from
replication timing (20 kbp bins annotated as in (Haradhvala et al., 2016) vs. from measurements
of ORIs using SNS-seq (1 kbp bins, see Methods). The absolute values of exposures are different
between the two methods since regions around ORIs cover fewer bases (and therefore also
fewer mutations).

The next sections contain detailed results of selected signatures, while results of
other signatures are shown in 10.3.1.
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5.3. Results

Signatures associated with MMR

In MSI samples, all 5 signatures previously associated with MMR (signatures 6, 15, 20, 21,
26) and the novel N4 exhibit replication strand asymmetry, generally with enrichment
of C>T mutations on the leading strand template and C>A and T>C mutations on the
lagging strand template (Fig. 5.8). This is in line with the previous observation that MSI
samples show a strand asymmetry (Haradhvala et al., 2016), extending the knowledge
that it is a property of all the known mutational signatures associated with MMR.

Figure 5.8. Replication strand asymmetry and replication timing in MMR signatures
in MSI samples. Columns show directional signature (column 1), distribution around timing
transition regions (column 2) and around replication origins (column 3), per-patient mutation
strand asymmetry (column 4; non-significant asymmetry is shown in light-coloured histogram)
and correlation with replication timing (column 5), as described in Fig. 5.3.
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It has previously been proposed that the correlation of overall mutation rate with
replication timing (as shown in Fig 5.4B) is a direct result of the activity of MMR,
because this correlation is diminished in MSI samples (Supek and Lehner, 2015). In
contrast, we observed a more complex relationship. Some MMR signatures in MSI
samples do not correlate with replication timing (signatures 15, 21, 26) or do so only in
one direction of replication (such as the negative correlation in the leading direction in
signature 20), whereas others show a steady significant correlation (signatures 6 and
N4, Fig. 5.8), indicating that MMR might be only one of several factors influencing
mutagenesis in a timing-dependent manner.
Unexpectedly, two MMR signatures (signatures 6 and N4) showed increased exposures around ORIs (Fig. 5.8). This increase was significant in both of these signatures
(p-value 7.6 · 10−6 in signature 6, p-value 1.4 · 10−4 in signature N4; Fig. 5.9).

Figure 5.9. MMR signatures 6 and N4 have increased exposures around ORIs both in
MSI and MSS samples. Based on SNS-seq of ORI, exposures to signatures were compared in
regions close to ORI (at most 250 kbp) and distant from ORI (between 500 kbp and 1 Mbp). The
difference was evaluated with signtest.
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Notably, we also detected weaker but still significant exposure to MMR signatures

in samples with seemingly intact mismatch repair (Fig. 5.10). Replication strand
asymmetry in these samples was substantially smaller, but the higher exposure to
signatures 6 and N4 around ORIs remained (Fig. 5.9).

Figure 5.10. Replication strand asymmetry and replication timing in MMR signatures
in microsatellite stable samples (MSS). Columns show directional signature (column 1),
distribution around timing transition regions (column 2) and around replication origins (column
3), per-patient mutation strand asymmetry (column 4; non-significant asymmetry is shown in
light-coloured histogram) and correlation with replication timing (column 5), as described in
Fig. 5.3.
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Signatures associated with Pol ε

POLE-MUT samples were previously reported to be “ultra-hypermutated” with excessive
C>A and C>T mutations on the leading strand (Haradhvala et al., 2016; Shinbrot et al.,
2014; Shlien et al., 2015). Two mutational signatures (10 and 14) have been associated
with Pol ε, the main leading strand polymerase (Stillman, 2008; Georgescu et al., 2015).
As expected, we observed very strong strand asymmetry for these two signatures in
all POLE-MUT samples, with an increase of C>A, C>T, and T>G mutations on the
leading strand (Fig. 5.11), extending the results about a leading strand enrichment of
NCG>NTG observed in the previous chapter (section 4.3).

Figure 5.11. Replication strand asymmetry and replication timing in signatures detected in POLE-MUT samples. Columns show directional signature (column 1), distribution
around timing transition regions (column 2) and around replication origins (column 3), perpatient mutation strand asymmetry (column 4; non-significant asymmetry is shown in lightcoloured histogram) and correlation with replication timing (column 5), as described in Fig.
5.3.

188

5.3. Results
As with MMR signatures, we also found weak but significant evidence of signature

10 and 14 in samples without Pol ε defects (POLE-WT). Strikingly, however, in these
samples the strand asymmetry was in the inverse orientation compared to the POLEMUT samples, i.e., more C>A, C>T, and T>G mutations on the lagging strand (Fig.
5.12). Conversely, we detected the presence of two signatures of unknown aetiology,
signatures 18 and 28, in POLE-MUT samples, but in the inverse orientation compared
to POLE-WT samples.

Figure 5.12. Replication strand asymmetry and replication timing in signatures 10,
14, 18, and 28, in POLE-WT samples. Columns show directional signature (column 1),
distribution around timing transition regions (column 2) and around replication origins (column
3), per-patient mutation strand asymmetry (column 4; non-significant asymmetry is shown in
light-coloured histogram) and correlation with replication timing (column 5), as described in
Fig. 5.3.
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In order to validate that this is not an artefact of the signature exposures decomposition, we directly compared the frequencies of the most prominent mutation types for
each of the four signatures (signatures 10, 14, 18, and 28) in POLE-MUT and POLE-WT
samples on the leading and lagging strands. The inverse strand preference observed
in the signatures was also detected for individual mutation types (Fig. 5.13, 10.21,
10.22, 10.23). For example, the frequency of mutations in TCT>TAT, TCG>TTG, and
TTT>TGT, the three major components of signature 10, is higher on the lagging strand
than on the leading strand in POLE-WT samples, whereas it is higher on the leading
strand in POLE-MUT (Fig. 5.13).

Figure 5.13. Inverse exposure of signature 10 in POLE-MUT vs. POLE-WT samples.
Frequency of mutations in TCT>TAT, TCG>TTG, and TTT>TGT, the three major components of
signature 10, is higher on the lagging strand than on the leading strand in POLE-WT samples,
whereas it is higher on the leading strand in POLE-MUT. Only samples exposed to signature 10
(exposure above 10) are shown. Signtest was used to evaluate the mutation frequency difference
between the leading and lagging strands.
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5.3.3

Signatures due to environmental mutagens

We next focused on signatures that have not previously been reported to be connected
to replication, or for which the causal mechanism is unknown. From the signatures
present in the analysed samples, three mutational signatures have a known link to
external mutagen: UV light (signature 7), tobacco smoke (signature 4), and aristolochic
acid (AA) (signature 22) (Helleday et al., 2014).
All three environmental signatures 4, 7, and 22 show a strong significant correlation
with replication timing (Fig. 5.14 and 10.24). We also observed weak but significant replication strand asymmetry in the mutagen-induced signatures in the tissues associated
with the respective mutagen (Fig. 5.14). Interestingly, in all three cases the enrichment
of mutations corresponds to the damaged DNA being placed on the lagging strand:
adduct on guanine in signature 4, adduct on adenine in signature 22, and covalently
linked cytosine with another neighbouring pyrimidine in signature 7.

Figure 5.14. Replication strand asymmetry and replication timing in mutagen signatures: (4 in lung cancer samples, 7 in skin cancer samples, 22 in kidney cancer samples) and
signature N3 of unknown aetiology (skin cancer samples). The format is as described in Fig. 5.3.
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Signature 17

Signature 17 exhibits the largest median strand asymmetry (176.3, p-value < 10−59 ),
highest consistency across samples (81.8 % samples with matching exposure), the
strongest (log2 fold-change 2.25 from early to late; p-value < 10−57 ) and the most
consistent (40 % positive and 0 % negative) correlation with replication timing from all
explored mutational signatures (Fig. 5.4). In spite of this list of primacies, the relative
increase of the matching compared to inverse exposure was relatively low (Fig. 5.15),
compared to the other strongly asymmetrical signatures, such as signatures 10 or 13.
This suggests that the process generating signature 17 is present on both strands, but
one of the strands is faster repaired or slower fixated into mutations.

Figure 5.15. Replication strand asymmetry in signature 17. Columns show directional
signature (column 1), distribution around timing transition regions (column 2) and around
replication origins (column 3), per-patient mutation strand asymmetry (column 4; nonsignificant asymmetry is shown in light-coloured histogram) and correlation with replication
timing (column 5), as described in Fig. 5.3. Top row: EAC and gastric samples, bottom row: other
samples.

This is the first time this signature is linked to DNA replication. Although it consists
of very specific types of mutations (with a strong CTT>CGT component, accompanied
by other NTT>NGT and CTT>CNT mutations) and relatively specific occurrence in
gastric cancers and oesophageal adenocarcinoma (EAC), the mutational process causing
this signature remains elusive (Wellcome Trust Sanger Institute, 2017).
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Interestingly, signature 17 is present both in MSS and MSI samples, but it is enriched

in MSS samples (Fig. 5.16A, (Wang et al., 2014)). This is in contrast with the other
signatures in MSI samples, which are 1–2 orders of magnitude higher in MSI than MSS
samples (Fig. 5.8 and 5.10). The difference of exposure to signature 17 between MSS
and MSI samples is largest in early replicating regions and the difference decreases
with the increasing replication timing (Fig. 5.16B).

Figure 5.16. Signature 17 is increased in MSS compared to MSI gastric and EAC cancers.
A: distribution of signature 17 in MSS vs. MSI gastric cancers (ranksum test). B: Replication
strand asymmetry in the four quartiles of replication timing. C: As in (B) but only for samples
sufficiently exposed to signature 17 (exposure > 10).

The most characteristic cancer type for signature 17 is EAC. Sequencing of EAC and
its precursor Barrett’s oesophagus (BO) showed that signature 17 is present already
in the benign lesion (Ross-Innes et al., 2015). In additional exploratory analyses, we
noticed that signature 17 is significantly enriched in EAC samples with a history of BO
compared to EAC samples without known BO history (Fig. 5.17). Also samples with
reported acid reflux exhibited increased signature 17, but interestingly the grouping
by BO history resulted in larger difference.
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Figure 5.17. Signature 17 is increased in EAC patients with a history of Barrett’s
oesophagus. Exposure to signature 17 (normalised by mean mutation frequency) in adenocarcinoma patients from TCGA ESCA. A: Comparison of patients with and without reflux. B:
Comparison of patients with and without a history of Barrett’s oesophagus.

We next compared survival of samples with low and high exposure to signature 17
in this cohort, as tumours with high contribution of this signature showed previously
(in a different cohort) a trend towards poor survival (Nones et al., 2015). Also in the
TCGA cohort, samples with high exposure exhibited worse survival (logrank p-value
0.012) than samples less exposed to signature 17 (Fig. 5.18A) and this difference was
even larger for samples with a history of BO (but less significant and limited by the
samples size; p-value 0.032; Fig. 5.18B).

Figure 5.18. High signature 17 is associated with shortened survival. Kaplan-Meier
survival analysis of adenocarcinoma patients from TCGA ESCA. A: Comparison of patients
with low and high signature 17 (normalised exposure cutoff = 0.0285). B: As in (A), but only for
patients with a history of Barrett’s oesophagus.

194

5.3. Results
Inspired by the nucleosomal influence on UV-induced mutagenesis in the previous

chapter (section 4.4.4), we computed the frequency of CTT>CGT mutations (the major
mutation type in signature 17) with respect to the distance of the nearest nucleosome
dyad1 . The mutation frequency exhibited a strikingly periodic signal around the
nucleosome dyad with an increase towards the dyad. The signal was different in
the two strands, shifted by approximately a half of the period and increased in the
minus strand left to the dyad and in the plus strand right to the dyad (Fig. 5.19).

Figure 5.19. CTT>CGT, the main component of signature 17, around a nucleosome
dyad. Frequency of T>G mutations in a CTT context with respect to distance from a nucleosome
dyad, computed separately for Watson (+) and Crick (-) strands; average of 213 WGS ICGC EAC
samples.

1

We performed this analysis in an unbiased pan-cancer pan-signature approach, but the scope and
length limitations of this thesis do not allow to include a proper description of all the results. However,
even in this analysis, signature 17 (in all major components) was one of the most affected signatures.
Compared to the replication asymmetry results, many signatures were not strongly influenced by the
nucleosome positioning.
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Discussion

In this chapter we showed that a large number of mutational signatures exhibit footprints of influence by replication. We believe that the characteristics of the footprints
can help to improve the understanding of the underlying mutational processes of the
signatures. Examples of such synthesis of observations from the replication analysis
and literature are shown below.

5.4.1

Signatures associated with MMR

Single base changes in MMR-deficient patients have been previously shown to exhibit a replication strand asymmetry (Haradhvala et al., 2016). Here, we extend this
knowledge by showing that the strand asymmetry is present in all MMR-associated
SNV mutational signatures. In spite of the active research of MMR (Crouse, 2016;
Zhao et al., 2014a; Cortes-Ciriano et al., 2017; Le et al., 2017), the exact mechanisms
causing these signatures are poorly understood.
In two of the signatures, we observe an increase around ORIs. Based on experiments
in yeast, it has been suggested that MMR is involved in balancing the differences in
fidelity of the leading and lagging polymerases (Lujan et al., 2012). This balancing is the
strongest for errors made by Pol α (Lujan et al., 2012), which primes the leading strand
at ORIs and each Okazaki fragment (Stillman, 2008), and lacks intrinsic proofreading
capabilities (McCulloch and Kunkel, 2008). It has been recently shown that error-prone
Pol α-synthesised DNA is retained in vivo, causing an increase of mutations on the
lagging strand (Reijns et al., 2015). Since regions around ORIs have a higher density of
Pol α-synthesised DNA (as discussed e.g. in (Waisertreiger et al., 2012)), it is possible
that increased exposure to signatures 6 and N4 around ORIs is caused by incomplete
repair of Pol α-induced errors. Moreover, while Pol α-synthesised DNA in the Okazaki
fragments is displaced by Pol δ (summarised in the Introduction 1.1.3), we did not
find any reports studying a displacement of Pol α-synthesised DNA at the replication
origins, leaving a possibility that these small regions are remained in the DNA. Finally,
the most common Pol α-induced mismatches normally repaired by MMR are G-dT and
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C-dT, leading to C>T mutations on the leading and C>A mutations on the lagging strand
(Nick McElhinny et al., 2010), matching our observations in the MMR-linked signatures.
We detected a weak exposure to MMR signatures also in MSS samples, but without
a significant asymmetry (signatures 6, 15, 20, and 26) or with only a mild asymmetry (in
the terms of small increase in the median of samples compared to zero; signatures 21
and N4) (Fig. 5.10). This could be explained by a small amount of errors which escaped
the correction by MMR, with a similarly small frequency on the two strands. Most of
the MMR signatures in MSS samples were increased in late-replicating regions, in line
with the assumed enrichment of MMR activity in the early-replicated regions (Supek
and Lehner, 2015; Stamatoyannopoulos et al., 2009; Chen et al., 2010) and therefore
greater probability to escape MMR repair in the late-replicated regions.
The increased exposure to signatures 6 and N4 around replication origins remained
also in the MSS samples (Fig. 5.9), in line with the explanation that this increase
is not caused by the MMR itself, but by a different process, which generates the —
normally MMR-corrected— mutations enriched around replication origins, such as the
hypothesised Pol α-synthesised DNA. The fact that other MMR signatures (signature
15, 20, 21, and possibly 26) did not show this increase around ORIs could be due to
other roles of MMR, such as repairing errors made by Pol δ (Andrianova et al., 2017).
In summary, our results support a model, in which mismatch repair balances the
effect of mis-incorporation of nucleotides by Pol α and escape or deficiency of such
repair leads to MMR-associated signatures (possibly 6 and N4).

5.4.2

Signatures associated with Pol ε

Although the ultra-hypermutability of POLE-MUT samples has attracted a lot of
attention in the recent years (Shinbrot et al., 2014; Palles et al., 2013; Shlien et al.,
2015; Rayner et al., 2016), the mechanisms of the hypermutated phenotype are still
unclear (Ganai and Johansson, 2016; Barbari and Shcherbakova, 2017; Mertz et al.,
2017a). The current view is that other factors than a simple nucleotide misincorporation
that escapes proofreading might play a role in the POLE-MUT mutagenesis, such as
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altered DNA binding (Barbari and Shcherbakova, 2017), or imbalanced dNTP pools
(Mertz et al., 2015; Williams et al., 2015).
We observed a strong replication strand asymmetry in all POLE-MUT samples and
all signatures present in the POLE-MUT samples, in line with the major role of Pol ε in
the leading-strand synthesis. Interestingly, we observed a weak exposure to the POLEassociated signatures also in POLE-WT tumours, but enhanced on the opposite strand.
In fact, all the four signatures with a dominantly matching exposure in one cancer type
and inverse exposure in another cancer type, contained the POLE-MUT cohort as one
of the cancer types. This suggests that the POLE-linked signatures are originally caused
by a process that affects both strands, and under normal circumstances is slightly
enriched on the lagging strand. Such an output could be caused by certain types of
DNA lesions which under normal circumstances are less accurately replicated when
on the template of the lagging strand, e.g. due to a lower fidelity of Pol δ or Pol α
compared to WT Pol ε when replicating these lesions. In POLE-MUT samples the lack
of replication-associated proofreading would then lead to a strong relative increase in
these mutations on the leading strand, explaining the flipped orientation of signatures.
The nature of which types of DNA damage could underlie these observations is
unknown. However, for example bypass of AP sites was observed to be enhanced by
suppression of exonuclease proofreading of Pol ε in human cells, and the exonuclease
inactivation led to decreased sensitivity to H2 O2 (Henninger, 2015; Henninger et al.,
2015). One source of AP sites is depurination of guanine. While REV1-mediated insertion
of C opposite the AP site would lead to restoration of the original C:G pair, insertion
of A according to the A-rule would lead to a C:G>A:T mutations. It is theoretically
possible that the latter is slightly more common on the lagging strand in POLE-WT
cells, while it is markedly increased on the leading strand in POLE-MUT samples, as
C>A mutations form a large proportion of signatures 10, 14, and 18 and are markedly
enriched on the leading strand in POLE-MUT samples.
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5.4.3

Signatures due to environmental mutagens

We observed a strong enrichment of signatures linked to environmental mutagens
(signatures 4, 7, and 22) in the late-replicated regions and a small but significant
replication strand asymmetry.
Previously, higher mutation frequency in late-replicating regions has been observed
in mouse embryonic fibroblast (MEFs) treated with AA or Benzo[a]pyrene (B[a]P,
a mutagen in tobacco smoke) (Nik-Zainal et al., 2015). Differences in chromatin
accessibility could be responsible for the decreased mutagenicity in early-replicated
regions. Open chromatin is on average replicated earlier and is also more accessible
to repair enzymes which could contribute to the decreased mutation frequency in
early-replicating regions (Adar et al., 2016).
Alternatively, this increased mutagenicity in late-replicating regions could be due to
differences of DNA damage tolerance pathways active during early and late replication.
Regions replicated early in S-phase are thought to prefer high-fidelity template switching, whereas regions replicated late are more likely to require translesion synthesis
(TLS) which has a higher error rate (Waters and Walker, 2006; Lang and Murray, 2011;
Karras et al., 2013; Gonzalez-Huici et al., 2014; Bi, 2015; Branzei and Szakal, 2016b;
D’Souza et al., 2016). This is consistent with the observation in yeast that a disruption
of TLS leads to decreased mutation frequency in late-replicating regions and therefore
a more even distribution of mutation frequency between early and late-replicating
regions (Lang and Murray, 2011). In particular, TLS has been observed to increase
in activity and mutagenicity later in the cell cycle when replicating DNA damaged
by B[a]P (Diamant et al., 2012).
The reason for the observed replication strand asymmetry is currently unknown.
However, it matches a previously observed lower efficiency of bypass of DNA damage
on the lagging strand (Cordeiro-Stone and Nikolaishvili-Feinberg, 2002) and a strong
mutational strand asymmetry in cells lacking Pol η, the main TLS polymerase responsible for the replication of UV-induced photolesions (McGregor et al., 1999). Altogether,
our data highlight the importance of replication in converting DNA damage into actual
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mutations and suggest that bypass of DNA damage occurring on the lagging template
results in detectably lower fidelity on this strand.
We also detected a novel mutational signature in melanoma cancers. Compared to
the canonical skin signature 7, this novel signature N3 was very strongly asymmetrical
between the two strands (both in the terms of size effect and consistency across samples)
but uncorrelated with replication timing. As this signature consists mostly of mutations
in T-containing dipyrimidines, it might be caused by erroneous replication of TT-CPDs or
6-4-TTs. The most frequent form of CPDs are TT-CPDs (Bryan et al., 2014), but they are
very efficiently bypassed by Pol η in an error-free manner (Silverstein et al., 2010; Pfeifer
and Besaratinia, 2012). However, TT-CPDs can be also bypassed by other polymerases,
inserting T opposite the 3’ TT (Wang et al., 2007), which could be a potential cause
of the high TTT>TAT peak in signature N3. Moreover, Pol δ was shown to be able to
bypass TT-CPD, causing T>A mutations, both in vitro and in vivo (Narita et al., 2010;
Hirota et al., 2016). This suggests an interesting direction of future investigations, to
determine whether the large enrichment of the TTT>TAT mutations on the lagging
strand in a subgroup of melanoma cancers could be related to the TLS activity of Pol δ.

5.4.4

Signature 17

Signature 17 contained the highest percentage of samples with replication asymmetry
and correlation with replication timing (Fig. 5.4). We also noticed that the timing
asymmetry and exposure distribution around replication origins (Fig. 5.15) closely
resemble that of the signatures of external mutagens (signatures 4 and 7; Fig. 5.14),
suggesting a possible involvement of DNA damage in signature 17. We therefore
explored the existing literature linking the signature 17 to processes potentially causing
damage to the DNA.
5.4.4.1

Importance of acid, bile, and oxidative damage in EAC development

Signature 17 appears early during EAC development (Murugaesu et al., 2015), and it is
also present in BO, a precursor to EAC (Ross-Innes et al., 2015). Gastro-esophageal reflux
disease (GERD) is a key risk factor for EAC and BO (Erichsen et al., 2012; Schlottmann
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et al., 2017). Although the symptoms of GERD have been treated with proton pump
inhibitors in the last 30 years, it failed to produce a positive effect on the incidence
of EAC, which has been one of the fastest rising cancers during that time (Pohl and
Welch, 2005; Schlottmann et al., 2017). Moreover, both beneficial and detrimental
impact of long-term use of proton pump inhibitors on BO and EAC have been observed
(Hvid-Jensen et al., 2014; Hayakawa et al., 2016).
In addition to GERD, BO is also associated with increased duodeno-gastric reflux,
and thus higher exposure to bile (Bernstein et al., 2005; Souza, 2010). Patients with
increased duodeno-gastric reflux are more likely to have oesophagitis and BO (Fein
et al., 2006). Expression of bile acid transporter proteins is increased in BO but decreases
with progression to cancer, suggesting an adaptive mechanism in BO to protect cells
from bile acids, which is gradually lost as BO progresses to EAC (Dvorak et al., 2009).
BO and EAC cells exhibit increased oxidative DNA damage and production of
reactive oxygen species (Sihvo et al., 2002; Bernstein et al., 2005; Jimenez et al., 2005). In
particular, significantly higher levels of 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG) were found in BO and EAC and gastric adenocarcinoma, compared to normal
tissue (Rasanen et al., 2007; Dvorak et al., 2007; Lagadu et al., 2010; Borrego et al.,
2013; Kauppi et al., 2016). Interestingly, the 8-oxo-dG levels are highest in the stage of
low-grade dysplasia and gradually decrease in the higher stages: high-grade dysplasia
and EAC (Rasanen et al., 2007; Dvorak et al., 2007). Several studies show a causal link
between acids and bile from the reflux and the observed oxidative damage (Bernstein
et al., 2005; Jenkins et al., 2007; Bonde et al., 2007). Specifically, exposure to pH 4 and
bile acid cocktail together (but not separately) leads to an increase of 8-oxo-dG in BO
biopsies and oesophageal cells (Dvorak et al., 2007).
5.4.4.2

Incorporation of 8-oxo-dGTP into DNA by TLS causes T>G mutations

As described in the Introduction (sections 1.3.3.3 and 1.3.3.4), 8-oxoG, one of the most
common oxidative DNA lesions, can cause C:G>A:T mutations (when guanine in the
DNA is oxidised) or T:A>G:C mutations (when guanine precursor in the dNTP pool is
oxidised and incorporated into DNA). In particular, Pol η (together with Rev1, and Pol
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ζ) were shown to incorporate 8-oxo-dGTP opposite A, causing T:A>G:C mutations
(Satou et al., 2009).
5.4.4.3

Strand asymmetric bypass of 8-oxo-dGTP

Importantly, the mismatch of 8-oxoG and A has been shown in yeast to be more
efficiently repaired into G:C when 8-oxoG is on the lagging strand template (Pavlov
et al., 2002) by two independent mechanisms: more efficient MMR repair of incorporated
A opposite the template 8-oxoG (Pavlov et al., 2003) and by more efficient bypass activity
of Pol η on the lagging strand (Mudrak et al., 2009). Oxidation of guanine on the DNA
would thus lead to increased C>A mutations on the lagging strand (i.e., 8-oxoG on the
leading strand). However, incorporation of 8-oxo-dGTP opposite adenine also leads to
8-oxoG:A pair. In the next replication, incorporation of cytosine opposite the template
8-oxoG, leads to a T:A>G:C mutation. The asymmetric repair/bypass of 8-oxoG would
thus lead to an enrichment of T>G mutations on the lagging strand template (Fig. 5.20).

Figure 5.20. A model of oxidative damage that could cause signature 17.
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5.4.4.4

Links of signature 17 with 8-oxoG

Our data show a strong lagging-strand bias of T>G mutations and overall higher
exposure to signature 17 on the lagging strand, supporting the hypothesis that signature
17 is a by-product of oxidative damage. The correlation of signature 17 with replication
timing would be in line with increased TLS in late-replicated regions. We observe
an enrichment of signature 17 in EAC patients with acid reflux, an even stronger
association with history of BO, in line with the suggested role of a combination of acid
and bile reflux in the pathogenesis of BO. Moreover, a decrease of both the signature
17 (Murugaesu et al., 2015; Stachler et al., 2015) and 8-oxoG levels (Rasanen et al.,
2007; Dvorak et al., 2007) were observed during the progression of BO, both possibly
resulting from a treatment of reflux.
Signature 17 was observed also in other tissues, although with a lower frequency
than in EAC and BO. The highest frequency was observed in gastric adenocarcinoma,
the cancer type molecularly most similar to EAC (Kim et al., 2017). Moreover, the
mutation types corresponding to signature 17 were higher in gastric MSS tumours
arising from the antrum compared to other locations, but did not show any association
with Helicobacter pylori infection status (Wang et al., 2014), suggesting that they are
induced by other carcinogens in the antrum, such as the bile acids. The other cancer
types with (less frequent) presence of signature 17 have a known component of oxidative
stress: breast cancer, lung cancer, melanoma, B-cell lymphoma, pancreas (Ikehata and
Ono, 2011; Peroja et al., 2012; Wang et al., 2016; Hecht et al., 2016; Martinez-Useros
et al., 2017). Interestingly, signature 17 was also observed in in vitro expansion of cells
from small-bowel organoids (Behjati et al., 2014), whole genome mutation profiles of
clones derived from primary Hupki mouse embryo fibroblast (Nik-Zainal et al., 2015),
and inflammatory bowel disease associated colorectal cancers (Robles et al., 2016), all
of which could be influenced by oxidative stress (Parrinello et al., 2003; Colussi et al.,
2002; Balmus et al., 2016; Rouhani et al., 2016; Moura et al., 2015; Pereira et al., 2016).
The role of MMR in the repair of oxidative damage is still under debate, but
the current evidence suggests that it helps to prevent C>A mutations by detecting
misincorporated A opposite template 8-oxoG, it helps to prevent indels resulting from
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misincorporated 8-oxo-dGTP, but it does not prevent incorporation of 8-oxo-dGTP
opposite A nor C (Larson et al., 2003; Macpherson et al., 2005; Russo et al., 2004).
MMR would be therefore predicted to enhance fixation of the 8-oxo-dGTP opposite
A into A:T>C:G mutations, via increased incorporation of C opposite 8-oxoG in the
next round of replication. This is in line with our observation of decreased signature 17
in MMR-deficient MSI samples compared to MSS samples (Fig. 5.16). Moreover, this
difference is largest in the early-replicated regions, in line with the assumed enriched
activity of MMR early in the replication (Supek and Lehner, 2015; Stamatoyannopoulos
et al., 2009; Chen et al., 2010).
Interestingly, we observed a strong influence of nucleosome positioning on the
mutations of signature 17 in the two strands (Fig. 5.19). This observation supports
the suggested involvement of DNA damage in the aetiology of signature 17, as the
geometric orientation within the nucleosome core particle and other factors influence
the efficiency of BER glycosylases to recognise and repair DNA damage (Olmon and
Delaney, 2017; Bacolla et al., 2014; Menoni et al., 2012, 2017).
Both EAC and the subgroup of gastric cancers similar to EAC can be characterised
by high chromosomal instability (Kim et al., 2017). Signature 17 could have two
potential links with chromosomal instability. First, signature 17 was observed enriched
in CTCF/cohesin binding sites (Katainen et al., 2015; Piraino and Furney, 2017), which
are subject to double-strand breaks, and thereby a source of chromosomal instability
(Canela et al., 2017). Moreover, Pol η promotes fragile site stability (Rey et al., 2009;
Bergoglio et al., 2013) and was implicated in DNA synthesis in homology-directed
repair of double-strand break (Buisson et al., 2014; Kawamoto et al., 2005; Mcllwraith
et al., 2005). These observations suggest a possibility that Pol η is recruited to the
CTCF/cohesin binding sites to synthesise DNA during double-strand break, at the
cost of introducing point mutations and misincorporation of 8-oxo-dGTP into the
DNA (Fig. 5.20).
Second, the increased presence of 8-oxoG in the DNA, excised by MUTYH could
lead to increased single-strand and double-strand breaks (the latter for proximal 8-oxoG
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on opposite strands). It would be therefore interesting to explore whether single/double-strand break repair inhibition (Srivastava and Raghavan, 2015; Helleday, 2011),
potentially combined with MTH1 inhibition, could lead to an effective treatment in
MUTYH-WT patients with high signature 17. Therapeutic potential of MTH1 inhibition
has recently brought hopes (Gad et al., 2014; Huber et al., 2014) and hypes (Kettle et al.,
2016; Ellermann et al., 2017). Along the research of how the individual inhibitors work
(Wang et al., 2017b), how dNTP pool sanitation works (Rudd et al., 2016), and what
are the implication of MTH1 inhibition for neurodegeneration (Nakabeppu et al., 2017;
De Luca et al., 2008; Sheng et al., 2012), we propose that these activities should be
complemented with a research of mutational signatures and identification of patients
in which the incorporation of oxidised dNTPs is already present as a strong mutagen.

5.4.5

Concluding remarks

In conclusion, our findings demonstrate how the relationship between mutational
signatures and DNA replication can help to illuminate the mechanisms underlying
several currently unexplained mutational processes, as exemplified by Signature 17 in
oesophageal cancer. Crucially, our computational analysis produces testable hypotheses
which we anticipate to be experimentally validated in the future. Our results also add a
new perspective to the recent debate regarding the correlation of tissue-specific cell
division rates with cancer risk (Tomasetti and Vogelstein, 2015). It has been argued
that this correlation is primarily attributable to “bad luck” in the form of random errors
that are introduced during replication by DNA polymerases. However, the range of
mutational signatures observed in cancer samples makes a purely replication-driven
aetiology of cancer mutations unlikely (Gao et al., 2016; Crossan et al., 2015). Here,
we show that most mutational signatures are themselves affected by DNA replication,
including signatures linked to environmental mutagens. The presence of mutational
signatures on the one hand and a strong relationship between replication and the risk of
cancer on the other therefore need not be mutually exclusive. In summary, our results
provide evidence that DNA replication interacts with most processes that introduce
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mutations in the genome, suggesting that differences among DNA polymerases and postreplicative repair enzymes might play a larger part in the accumulation of mutations
than previously appreciated.
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Beneath the stains of time
The feelings disappear
You are someone else
I am still right here
— Nine Inch Nails, performed by Johnny Cash Hurt
Neste mě, neste, ptáci, do nebes
netřeba na jih, stačí Polárka
Neste mě, neste, ještě voní bez
tam, kde je Petřín a kde Vikárka, cigárka
— Zuzana Navarová Do nebes

6

Conclusion
6.1
6.1.1

Results summary
Aim 1, chapter 3

The first aim was to investigate how frequently hydroxymethylated positions are
mutated in cancer. We integrated maps of 5mC and 5hmC in normal tissues with
somatic mutations in cancer patients in the respective tissues. Since 5hmC has been
shown to be most abundant in human brain (Li and Liu, 2011; Nestor et al., 2012),
we have initially focussed on assessing the relationship between mutability and DNA
modifications in brain cancers. Based on DNA sequencing data from five brain cancer
types encompassing 665 patients, we show that the dominant mutational signature in
brain cancers, CpG>TpG, is modulated by the modification state of cytosine. Strikingly,
the CpG>TpG mutation frequency of 5hmC is reduced nearly two-fold compared to the
methylated state. We find that the ratio of 5hmC to 5mC in genomic regions correlates
with CpG>TpG mutation frequency even after accounting for confounding factors
like gene density or CpG islands. When we expand our analysis to include mutations
and 5hmC maps from kidney and myeloid lineage of blood cells, we observe a clear
tissue-specific effect of 5hmC on mutagenicity. Finally, we measured global 5mC and
5hmC levels using a methodology of high accuracy in eight different human tissue
types and show that reduced 5hmC levels associate with an increased proportion of
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modified CpG>TpG mutations in cancers of the corresponding tissue. Together, our
findings suggest that hydroxymethylation has a significant influence on the likelihood
of mutations at CpG sites across many human tissue types.
A limitation of the used approach was that the modification maps were from
different individuals than the cancer mutations (because individual-matched maps
did not exist). However, since the time of these results being published (Tomkova
et al., 2016), the same conclusions were confirmed in a single Glioblastoma patient
using modification maps from a neighbouring healthy tissue of the same patient
(Raiber et al., 2017).

6.1.2

Aim 2, chapter 4

The second aim was to explore the role of DNA modifications in other processes than
spontaneous deamination; in particular we focused on mutational processes associated
with replication, UV exposure, tobacco exposure, and APOBEC enzymes. The results
suggest that all of these mutagenic processes are affected by DNA modifications.
The correlation between mutation frequency and modification levels is in some cases
positive (such as spontaneous deamination or tobacco-induced mutagenesis), in some
cases negative (APOBECs-induced mutagenesis), and in other cases even non-linear
(UV-induced mutagenesis; however the non-linearity seems to result from a positive
correlation for 5mC and a strong negative correlation for 5hmC). Together with the
results in the previous chapter, we show that individual DNA modifications can have
different effects on the mutagenicity. Interestingly, 5hmC seems to be associated with
decreased mutagenicity compared to 5mC in all these mutational processes; albeit this
observation needs validation with high-quality tissue-matched 5hmC maps. Using
consensus of the existing 5hmC maps predicts a particularly large decrease in UVinduced mutagenesis. In addition to DNA modifications, we observed that the C>T
mutations in melanoma cancers are strongly affected by nucleosome positioning and
exhibit an unexpected asymmetry on the two strands around the nucleosome dyad.
Finally, results in this chapter show a surprising link between DNA modifications
and replication, affecting tumours with defective Pol ε or MMR. These tumours exhibit
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extremely high numbers of mutations, which are thought to arise as errors during
replication. It would be expected that these errors should quickly outnumber the
mutations due to spontaneous deamination of 5mC. Contrary to this expectation, we
observe that the frequency of CpG>TpG mutations in tumours with defective Pol ε
or MMR is approximately six-fold higher than for other types of mutations. We show
that the increased CpG>TpG mutation rate in Pol ε or MMR mutant cancers is linked
to DNA methylation, has a clear replication strand asymmetry, being enriched on
the leading strand, with a common preference for a GCG sequence context. We also
detect a weaker but consistent replication strand asymmetry of GCG>GTG mutations
in Pol ε and MMR proficient samples. Together, our results suggest that a substantial
fraction of C>T mutations at methylated cytosines is independent of spontaneous
deamination, instead arising during DNA replication. A surprising but theoretically
possible explanation, most consistent with the observed data, is that the Pol ε has
a decreased fidelity when replicating 5mC.

6.1.3

Aim 3, chapter 5

The third aim was to assess the role of DNA replication in individual mutational processes by analysing mutational signatures with respect to replication strand asymmetry
and replication timing. We developed a method for quantification of replication strand
asymmetry in individual samples and applied the method on 3056 WGS samples from
19 cancer types. We show that replication affects the distribution of most mutational
signatures across the genome, including those that represent chemical mutagens. The
unique strand-asymmetry and replication timing profiles of different signatures reveal
novel aspects of the underlying mechanisms. For example, we discovered a strong
lagging strand bias of T>G mutations in oesophageal adenocarcinoma, suggesting an
involvement of oxidative damage to the nucleotide pool in the aetiology of the disease.
Together, our results highlight the critical role of DNA replication and the associated
repair in the accumulation of somatic mutations.
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Future work

The results suggest a number of predictions about the mechanisms of mutagenesis,
which can be tested experimentally. In this section I briefly summarise wet-lab experiments which we plan (and in one case have already started) to use for the validation
of some of the predictions. I also suggest future directions of bioinformatics analyses,
which form a natural follow-up of the obtained results.

6.2.1

Fidelity of Pol ε in 5mC using maximum-depth sequencing

Our results suggest an increased infidelity of Pol ε when replicating 5mC. If this
surprising hypothesis proved to be true, it would change the paradigm of spontaneous
deamination of 5mC being the only ubiquitous1 source of CpG>TpG mutations, the
most common mutation type in cancer, normal somatic cells, and germline.
The existing knowledge about in vitro fidelity of human Pol ε comes from lacZ
forward mutation assay (Korona et al., 2011). Interestingly, insertion of adenine opposite
a template cytosine was the second most common error type observed in the human
Pol ε lacking the exonuclease domain. This could be the cause of the relatively high
frequency of C>T in a CpH context or unmodified CpG context observed in our results.
However, as the assay by Korona et al. (2011) did not contain methylated cytosines,
any infidelity when replicating DNA modifications would not be detected. Stably
introducing DNA methylation into lacZ assay would be difficult and this assay moreover
does not allow measurements of mutations in all sequence contexts.
We are therefore designing a system that will allow accurate measurements of
fidelity of Pol ε in methylated and unmethylated cytosine in any ca. 300 bp long
genomic region, using maximum-depth sequencing (MDS), a modern technique for
detecting extremely rare variants in a population of cells through error-corrected, highthroughput sequencing (Jee et al., 2016). The experiments are being performed by
Michael McClellan and our collaborators, I have set-up a bioinformatics pipeline for
analysis of the sequencing data, and we are in the process of iterative optimisation
of the method.
1

By ubiquitous we mean mutagenesis present in all cells, independent of external mutagens.
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Briefly, the experimental design contains the following steps. A region of interest
is inserted into pUC18, CpGs are methylated (or left unmethylated), the top strand
is removed, and the single-stranded region is filled in by Pol ε. The region of interest
is restricted and a unique molecular barcode (random 19mer), a pad (indexing the
condition and improving library complexity) and Illumina adapter are added by PCR.
Each uniquely barcoded DNA fragment is first linearly and then exponentially amplified
using a high fidelity polymerase, and subsequently sequenced. The molecular barcoding
and linear amplification enable to distinguish mutations that happened during (or
before) the Pol ε synthesis from errors caused by amplification of the DNA fragment.
Sequencing both the template and daughter strand will enable comparing a background
mutation frequency with errors introduced by Pol ε. A control experiment without
Pol ε, in which the whole plasmid and ROI are heated in water, but sequenced in an
identical way, will allow us to evaluate the rate of 5mC>T mutations due to spontaneous
deamination with Pol ε-induced mutations. Finally, although the primary purpose
is to validate the hypothesis about Pol ε and 5mC, the same technique can be used
to explore a number of other directions suggested by the observations made in this
thesis (such as how the individual polymerases interact with different types of DNA
lesions and changes to the nucleotide pool and whether any of these conditions result
in the POLE-associated signatures).

6.2.2

The role of oxidative damage in mutational signature 17

Our results support the oxidative damage to the nucleotide pool as the cause of
mutational signature 17. If this hypothesis proved to be true, it could have important
impact on the prevention of the disease (by prioritising treatment of both gastrooesophageal reflux and duodeno-gastric reflux) and maybe also the treatment of the
disease (discussed in section 5.4.4.4). A number of combined wet-lab and dry-lab
experiments could be performed to validate the hypothesis:
1. Does signature 17 in BO samples correlate with the amount of 8-oxoG in the
DNA or dNTP pool? What is the relationship with MTH1 expression and other
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proteins involved in the predicted pathway (POLH, REV1, REV3L, MTH2, NUDT5,
NUDT15)?

2. What is the relationship between signature 17 and chromosomal rearrangements?
We plan to explore this using publicly available (and in-house) data sets, correlating signature 17 with the amount of chromosomal breakpoints, and comparing
the locations of breakpoints with mutations of signature 17.
3. Can pH 4 and bile acid cocktail (as used in Dvorak et al. (2007)) induce signature 17
in a cell-line that is otherwise free of signature 17? Would the same experiment,
but with an overexpressed/knockdown of MTH1 lead to decreased/increased
(respectively) signature 17?
4. What are the levels of 8-oxoG in the in vitro experimental settings that were
previously observed to lead to signature 17 (organoids, MEFs)?

6.2.3

The role of nucleosomes in mutagenesis

Results in this thesis suggest nucleosome rotational positions as a novel genomic feature
modulating the mutation landscape in cancer genomes. Moreover, we observed an
unexpected novel type of mutation strand asymmetry: on the two strands around the
nucleosome dyad. A number of computational and experimental future plans can be
done to explore further context, the frequency and impact of these observations:
1. We plan to use sequencing data sets of CPDs, their repair, and mutations in
NER-deficient samples to assess which of the components of the UV-induced
mutational process (CPD formation, CPD repair, deamination within CPD) cause
the nucleosome strand asymmetry and nucleosome-associated modulation of
mutagenesis.
2. The nucleosome-associated hypotheses resulting from the first point could be
validated experimentally, possibly also using the MDS-based assay.
3. One of the limitations of the current analysis is a use of only a single map of
nucleosome positioning. Validation of the results using multiple, ideally tissuematched maps, and grouping by strongly and weakly positioned nucleosomes,
would allow for quantification of robustness and generality of the results.
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4. We have also performed an analysis of effects of nucleosomes (distance from
dyad, nucleosome occupancy, nucleosome strand asymmetry) on all mutational
signatures, and plan to explore the results in the context of current knowledge
about each of the signatures.

6.2.4

Modulation of mutational processes by DNA replication

The analysis of replication strand asymmetry in mutational signatures is limited by
tissue-unmatched replication maps. Repeating the analysis with tissue-matched maps
(when such maps are available) would enable to assess the tissue-specificity of the
effects and possibly even stronger signal could be revealed. Moreover, the analysis
could be extended with further techniques of measuring replication origins, such as
OK-seq (Petryk et al., 2016) and ini-seq (Langley et al., 2016). However, since OK-seq
gives similar ORI maps as replication timing domains (Petryk et al., 2016) and ini-seq as
the SNS-seq (Langley et al., 2016), we do not expect dramatic differences in the results
of mutation signatures analysis. Indeed, our very preliminary results using maps from
OK-seq confirm similar results, including the increase of signatures 6 and N4 (but also
several others) around the replication origins. Nevertheless, explorations of results
using these complementary approaches is one of the possible future steps.

6.2.5

Modulation of mutational processes by DNA modifications

Maps of 5hmC in skin (ideally exposed to sun), lung (ideally from smokers), and one
of the tissues with APOBEC-associated mutagenesis (ideally breast, a tissue with a
high number of sequenced cancer samples) are needed for more accurate examination
of the effects of 5hmC vs. 5mC on mutagenesis in the respective tissues. The highest
priority could be given to the skin maps, as our results predict the strongest protectivity
of 5hmC in this tissue, and as these results could be interesting to link with the
increased 5hmC after UV exposure, but decreased 5hmC during cancer progression,
as discussed in section 4.4.5.1.
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Concluding remarks

Understanding the mechanisms of mutagenesis is essential for several aspects of
applying the cancer research into practice. First, it can be used to understand which
changes in the lifestyle are needed for cancer prevention. Second, it is important for
understanding the molecular pathways in the disease: to distinguish which mutated
positions give selective advantage to the cancer cells and are therefore driving the
disease, from positions that are simply favoured by the mutational processes present
in the cell. Finally, mutagenesis is the basis of many types of anti-cancer therapies:
from the old types as radiation therapy and chemotherapy, to the targeted and more
recent approaches based on DNA repair-mediated synthetic lethality or immunotherapy.
Understanding the mutational processes is therefore needed for design of anti-cancer
therapeutics, prediction of effective therapies for individual patients (such as suggested
in Secrier and Fitzgerald, 2016), understanding resistance to existing therapies, and
finding approaches to overcome the resistance.
Results in this thesis show that both DNA modifications and DNA replication play
a larger part in the accumulation of mutations than previously appreciated. The results
provide novel insights into the mechanisms of a number of mutational processes. We
hope that this improved knowledge will help in the long-term efforts of finding effective
and personalised cancer treatment.

In the days of my youth, I was told what it means to be a man.
Now I’ve reached that age, I’ve tried to do all those things the best I can.
No matter how I try, I find my way into the same old jam.
Good Times, Bad Times, you know I’ve had my share.
— Led Zeppelin Good Times Bad Times
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Uh! Party over there
Ha! Hands in the air
No! We don’t stop
Ha! We rock the spot
No! We don’t quit, get ready ya’ll this is it
— Captain Jack Lyrics Dream A Dream
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Appendix: Supplementary introduction
8.1

History of epigenomics

The history of epigenetics dates back to the debate about how a single fertilised egg
can give rise to a complex organism: is it by enlarging cells which contain preformed
elements (preformationism) or by gradual developmental changes involving chemical reactions among cellular components (epigenesis)? Foundations of the idea of epigenesis1
were laid already by Aristotle in his De Generatione Animalium (Van Speybroeck et al.,
2002; Felsenfeld, 2014). In 1950s, Conrad Waddington defined the study of epigenetics by
combining epigenesis and genetics, as “how genotypes give rise to phenotypes during
development” (Waddington, 1957). The developmental focus later diverged into “the
study of mitotically and/or meiotically heritable changes in gene function that cannot
be explained by changes in DNA sequence” (Russo et al., 1996). Although this definition
is still sometimes used, the field of epigenetics also studies genomic marks which are
short-lived and not necessarily transmittable between generations (Bird, 2007). It is
rather viewed as an additional information beyond the DNA sequence, which is used
for coding of states of the cell and in the regulation of gene expression. In 2007, Adrian
Bird proposed an updated definition of epigenetic events as “the structural adaptation
of chromosomal regions so as to register, signal or perpetuate altered activity states”
1

Although not the term itself.
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with an emphasis on responsiveness compared to proactivity of the epigenetic marks
(Bird, 2007). The terminology is further complicated by the term epigenomics, which has
a relationship to epigenetics similar as genomics has to genetics; however epigenomics
and epigenetics are more interchangable and often used in the same context.

8.2

Chromatin and other epigenomic modifications

Tails of the histones in the nucleosome can be post-translationally modified by acetylation, methylation, phosporylation, and other reactions. Depending on the histone
core, site on the tail, and type of modification, the histone marks are associated
with different states (Zhou et al., 2011; Berger, 2007; Barski et al., 2007; Shlyueva
et al., 2014). For instance active promoters are often marked by histone H3 lysine 4
dimethylation (H3K4me2), H3K4me3, and acetylation (ac), and histone variant H2A.Z,
whereas promoters of silenced genes commonly have elevated levels of H3K27me3
or H3K9me3. Similarly, active enhancers are associated with H3K4me1 and H3K27ac,
whereas closed or poised enhancer regions are associated with H3K27me3 mark. Histone
mark H3K36me3 is often found deposited on transcribed gene bodies, whereas H3K9me3
is a repressive mark.
Not only the marks on histone tails, but also the nucleosome positioning itself is
viewed as an epigenetic mark. Nucleosomes are often depleted in active promoters,
terminator regions, and enhancers, while they occupy genes and intergenic regions
(Struhl and Segal, 2013). Nucleosomes tend to be especially well-positioned2 around TSS,
having a strongly positioned nucleosome downstream of the TSS (“+1 nucleosome”),
but being depleted upstream of the TSS, form so-called nucleosome depleted regions
(NDR; also called nucleosome free regions, NFRs) (Bai and Morozov, 2010). However,
some of these established features can be confounded by technical artefacts of the
used techniques to measure nucleosome positioning, such as those which employ
micrococcal nuclease (MNase) digestion. MNase is known to preferentially cleave
DNA at A/T-rich sites (Bai and Morozov, 2010). Indeed, a different technique based on
2
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chemical mapping detects nucleosomes in regions upstream of the TSSs, which appear
to be nucleosome-depleted when measured by MNase-seq (Voong et al., 2016).
Other epigenetic marks involve chromatin interactions and chromatin domains
(such as topologically associated domains (TADs), lamina associated domains (LADs),
large organized chromatin K9 modifications (LOCKs), long-range epigenetic activation
domains (LREAs), long-range epigenetic silencing domains (LRESs), etc.), non-coding
RNAs, and numerous modifications of the RNA bases (RNA modifications) (Stricker
et al., 2016; Pope et al., 2014).

8.3

Functions of DNA modifications in normal cells

DNA methylation has multiple functions. It is important for X chromosome inactivation3 , where it helps to maintain the silent state of genes on the inactive X chromosome
(Lock et al., 1987).
Similarly, methylation is used in imprinting4 to maintain long-term silencing of the
inactive allele. Disruption of methylation in these regions can lead to loss-of-imprinting
(LOI), which is found in cancer, Beckwith–Wiedemann syndrome, and other diseases
(Robertson, 2005; Peters, 2014).
Methylation is important for genome and chromosomal stability, especially by
suppressing expression of transposable elements and preventing instability in repeat
regions (Jones, 2012). Mutations in DNMT3B can lead to immunodeficiency, centromere
instability and facial anomalies syndrome (ICF syndrome) (Moarefi and Chédin, 2011).
The most studied role of DNA methylation is the regulation of gene transcription.
While most CpG sites are highly methylated, CpGs in CpG islands (CGIs) near TSSs
are mostly unmethylated (Jones, 2012). CGI shores are defined as regions up to 2 kbp
from CGIs and CGI shelves are regions 2–4 kbp from CGIs (Rechache et al., 2012).
3

For dosage compensation, one of the X chromosomes is epigenetically inactivated during development of female mammalian cells. The choice of the chromosome is random, but is kept for the rest of
the lifetime of the cell.
4
Imprinting is a process in which several genes are expressed only on one of the two alleles and the
other one is silenced. Currently, there are 84 known imprinted genes in the human genome (Morison
et al., 2005; Peters, 2014).
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Methylated CGIs are often found in repressed (inactive) genes, commonly in a tissuespecific manner (Bird, 2002). The timing and direction of causation of this correlation
have been extensively debated. Does the methylation come first and directly cause
gene inactivation? Or is the promoter CGI methylation a secondary consequence of the
gene being silenced (by other mechanisms)? Once the methylated DNA in a CGI near
TSS is assembled into nucleosome, the transcription cannot be initiated (Jones, 2012;
Hashimshony et al., 2003; Kass et al., 1997; Venolia and Gartler, 1983). The assembled
nucleosome is often marked by repressive H3K9me3, while the active acetylation marks
are removed by histone deacetylases, which can be recruited by methylated-DNA
binding proteins (Jones and Baylin, 2002; Wade and Wolffe, 2001). In the generally
preferred and more supported model, silencing precedes CGI methylation, which serves
as a “molecular mark” of the silenced state and demethylation is required for long-term
reactivation, while short-term reactivation might be achieved by chromatin remodelling
(Jones, 2012; Raynal et al., 2012).
Methylation appears to be important also in regulatory regions with low CpG
density (in promoters without CGI, enhancers, and insulators5 ), where methylation also
tends to be negatively correlated with expression, especially in tissue-specific genes
(Farthing et al., 2008; Han et al., 2011; Gal-Yam et al., 2008). The mechanism is linked to
transcription factors, which are often bound to these regions when unmethylated
(Schübeler, 2015).
However, the exact mechanisms causing this correlation are also not simple to
disentangle. The methylation status can have a direct effect on the transcription factor
binding. For instance, the presence of 5mC inhibits binding of MYC (Prendergast and
Ziff, 1991) and methylation at CpG-poor LAMB3 and RUNX3 promoters can directly
lead to transcriptional silencing of these genes (Han et al., 2011). However, binding of
other TFs is not affected by cytosine methylation, such as in the case of SP1 (Harrington
et al., 1988). Moreover, systematic survey on the effects of DNA methylation on TF
binding showed that some TFs bind specifically methylated CpG sites (Hu et al., 2013).
5

Insulators can be defined as elements that block the interaction between an enhancer and a promoter
(Jones, 2012).
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The alternative explanation for decreased methylation of regulatory regions of active
genes is that transcription factors bind methylated CpG-poor regulatory regions, leading
to their demethylation (Schübeler, 2015; Jones, 2012). In this case, the methylation
does not instructively cause changes in the gene expression, instead it is itself altered
by the transcriptional regulation.
These models are further complicated by recent whole-genome sequencing studies,
which show that many methylated CpG-island promoters in male germ cells are actively
transcribed (Hammoud et al., 2014) and most differentially methylated regions are not
in the promoters or CGIs, but rather in enhancers (Xie et al., 2013; Ziller et al., 2013)
and regions adjacent to CGIs (Doi et al., 2009; Irizarry et al., 2009; Edgar et al., 2014).
In summary, examples of different models of relationship of transcription and DNA
methylation in regulatory regions have been observed (summarised in Spruijt et al.
(2013)), but their quantification in different tissues and diseases and their regulation
remain to be elucidated.
Finally, gene bodies are extensively methylated and the 5mC levels are often
correlated with gene expression (Wolf et al., 1984; Hellman and Chess, 2007; Ogoshi et al.,
2011; Aran et al., 2011; Maunakea et al., 2010; Kulis et al., 2012; Varley et al., 2013). This
specific hypermethylation of the active gene bodies is linked to the activity of DNMT3B,
as this correlation is severely disrupted in cells of DNMT3B-mutated patients with
ICF syndrome (Aran et al., 2011). The gene body methylation might have translational
implications, as treatment with DNA methylation inhibitor 5-aza-2’-deoxycytidine
induces demethylation in gene bodies, altering expression of the genes (Yang et al., 2014).
Two main functions of gene body methylation have been proposed. In the first
proposed function, gene body methylation prevents spurious transcription initiation
that can stem from cryptic promoters or remnants of transposable elements (Yoder et al., 1997).
In particular, histone methyltransferase SETD2 is recruited by RNA Pol II during
transcription elongation to deposit H3K36me3 marks (Wagner and Carpenter, 2012).
The H3K36me3 marks are recognised by DNMT3B, which methylates the transcribed
gene body to protect the gene body from spurious RNA polymerase II entry and
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cryptic transcription initiation, as shown by recent experiments in mouse Dnmt3B−/−
embryonic stem cells.(Neri et al., 2017; Teissandier and Bourc’his, 2017).
The second proposed function of the gene body methylation is to regulate alternative
splicing. DNA methylation is enriched at exons relative to introns (Lister et al., 2009)
even after normalisation by the number of CpG sites (Choi, 2010; Gelfman et al.,
2013). Moreover, sharp spikes of methylation at 5’ splice sites and sharp dips at 3’
splice sites were observed (Laurent et al., 2010), supporting the hypothesis that DNA
methylation aids the spliceosome in the process of exon definition, which may be
possible because spliceosome assembly occurs co-transcriptionally (Pandya-Jones and
Black, 2009). RNA sequencing has shown a higher level of DNA methylation in included
exons than in excluded exons (Choi, 2010) and inhibition of DNA methylation resulted
in aberrant splicing (Maunakea et al., 2013). It was estimated that the splicing of
about 22 % of alternative exons is regulated by DNA methylation (Lev Maor et al.,
2015). Two mechanisms of how DNA methylation can affect alternative splicing
were described and other predicted to exist (Lev Maor et al., 2015). Inclusion or
exclusion of exons can be regulated by modulation of RNA Pol II elongation rate via
methylation-affected binding by CTCF Shukla et al. (2011) and MeCP2 (Maunakea et al.,
2013). Alternatively, DNA methylation can directly affect mRNA alternative splicing
by chromatin changes, binding of heterochromatin protein 1 (HP1), and recruitment
of splicing factors (Yearim et al., 2015).
Also 5hmC has been proposed to regulate alternative splicing. In brain, 5hmC is
slightly but significantly increased on the sense strand (Wen et al., 2014). All three TET
proteins bind preferentially near TSS (Williams et al., 2011; Deplus et al., 2013) and the
binding of TET2 correlates with gene expression (Chen et al., 2012). 5hmC is enriched
especially at the 5’ splice sites at the exon-intron boundary in human brain cells (Wen
et al., 2014). Moreover, in human frontal cortex, constitutive exons contained higher
levels of 5hmC relative to alternatively spliced exons (Khare et al., 2012).
Both 5mC and 5hmC have been implicated in the CTCF-regulated splicing. Methylation inhibits binding of CTCF to exon 5 in CD45, causing exclusion of exon 5 from
the transcript, whereas in normal conditions, when exon 5 is not methylated, CTCF
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binds to it and promotes inclusion of exon 5 in spliced mRNA through enforcing RNA
polymerase II to pause (Shukla et al., 2011). Interestingly, the levels of 5mC negatively
correlated with 5hmC levels in this CTCF-binding site and TET-catalysed oxidation
of 5mC is required for CD45 exon inclusion, while low TET levels allow methylation
of the binding site and subsequent exon exclusion (Marina et al., 2015). Moreover,
the same scenario was observed also on genome-wide level: CTCF-binding sites with
increased 5hmC and decreased 5mC are associated with upstream exon inclusion,
while the opposite situation happens when the upstream exon is excluded (Marina
et al., 2015; Marina and Oberdoerffer, 2016).
Similarly as for 5mC and 5hmC, a potential involvement of 5fC and 5caC in splicing
regulation has been explored. CTCF preferentially interacts with 5caC-containing
DNA and 5caC was detected within CTCF binding sites in the CD45 gene (Marina
et al., 2015). Moreover, 5fC and 5caC reduce the rate of RNA Pol II elongation both
in vitro (Kellinger et al., 2012) and in vivo (Wang et al., 2015), which may be also used
in the regulation of alternative splicing.

8.4

History of cancer genomics

The link between DNA mutations and cancer dates back to the time of von Hansemann
(Hansemann, 1890) and Boveri (Boveri, 1914), when a somatic mutation theory of
cancer was proposed, inspired by observations of chromosomal aberrations of dividing
cells under the microscope. This was followed by discoveries of other chromosomal
abnormalities in cancer (Nowell and Hungerford, 1960; Rowley, 1973), in parallel with
studies showing induction of cancer after exposure to various chemicals (reviewed in
Loeb and Harris, 2008), such as coal tar (Yamagiwa and Ichikawa, 1918), benzo[a]pyrene
(Kennaway, 1930), and aflatoxin (Adamson et al., 1973; Croy et al., 1978). Finally, in 1971
the first tumour suppressor genes were discovered (Knudson, 1971) and in 1982 the first
naturally occurring human cancer-causing somatic point mutations were identified
(Tabin et al., 1982; Reddy et al., 1982).
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Well it’s been a long day but I don’t like to moan
It’s the middle of summer and I’m chilled to the bone
There’s holes in my shoes where the rain comes in
I’m sitting on top of the world
— The Pogues Sitting On Top Of The World
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Tissue
Brain
Kidney r1
Kidney r2
Kidney total
Blood dendritic r1
Blood dendritic r2
Blood dendritic r3
Blood dendritic r4
Blood dendritic r5
Blood dendritic r6
Blood dendritic total
Breast
Pancreas
Lung
Liver
Stomach
Blood (HMPC)

BS-seq
CpGs
Average
53388534 0.7912
54117976 0.759816
53861360 0.756454
54857866 0.757601
24586388 0.791371
23524704 0.786322
24419613 0.782467
24452547 0.787728
24399654 0.774058
24533745 0.790145
25586845 0.789083
53222114 0.735273
54341922 0.697484
54236520 0.77405
51884076 0.757123
54054176 0.762082
51822931 0.85217

TAB-seq
CpGs
Average
53847986 0.221845
46303252 0.088314
54585341 0.094624
54928295 0.092868
27754454 0.029103
-

Source
(Wen et al., 2014)
(Chen et al., 2015)
(Chen et al., 2015)
(Chen et al., 2015)
(Pacis et al., 2015)
(Pacis et al., 2015)
(Pacis et al., 2015)
(Pacis et al., 2015)
(Pacis et al., 2015)
(Pacis et al., 2015)
(Pacis et al., 2015)
Epigenome Roadmap
Epigenome Roadmap
Epigenome Roadmap
Epigenome Roadmap
Epigenome Roadmap
Blueprint

Link
BS-seq
TAB-seq
GSM1135081 GSM1135082
GSM1546664 GSM1546660
GSM1546666 GSM1546662
GSM1565940
GSM1565942
GSM1565944
GSM1565946
GSM1565948
GSM1565950
GSM1127125
GSM983651
GSM983647
GSM916049
GSM1010984
FTP

GSM1565996

Table 9.1. DNA modification data sets used in chapter 3. HMPC = haematopoietic multipotent progenitor cell. Consortia: Blueprint (http://www.blueprint-epigenome.eu/, dcc.blueprintepigenome.eu), Epigenome Roadmap (http://www.roadmapepigenomics.org/).
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Tissue
blood lymphoid
blood myeloid
blood HMPC
blood dendritic
blood dendritic
bone
brain
brain
breast
colorectum
gastric
kidney r1
kidney r2
kidney r1
kidney r2
liver
lung
oesophagus
oral
ovary
pancreas
prostate
skin
uterus
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Method
BS-seq
BS-seq
BS-seq
BS-seq
TAB-seq
BS-seq
BS-seq
TAB-seq
BS-seq
BS-seq
BS-seq
BS-seq
BS-seq
TAB-seq
TAB-seq
BS-seq
BS-seq
BS-seq
BS-seq
BS-seq
BS-seq
BS-seq
BS-seq
BS-seq

Source
Blueprint
Blueprint
Blueprint
(Pacis et al., 2015)
(Pacis et al., 2015)
Blueprint
(Wen et al., 2014)
(Wen et al., 2014)
Epigenome Roadmap
TCGA
Epigenome Roadmap
(Chen et al., 2015)
(Chen et al., 2015)
(Chen et al., 2015)
(Chen et al., 2015)
Epigenome Roadmap
Epigenome Roadmap
Epigenome Roadmap
Blueprint
Epigenome Roadmap
Epigenome Roadmap
(Pidsley et al., 2016)
(Vandiver et al., 2015)
TCGA

Link
FTP
FTP
FTP
SRR1725812, SRR1725813, SRR1725814, SRR1725815
SRR1725859, SRR1725860, SRR1725861
FTP
SRR847423, SRR847424
SRR847425, SRR847426, SRR847427, SRR847428
FTP
TCGA-AA-3518-11A-01D-1518-05
FTP
SRR1654399, SRR1654400, SRR1654401
SRR1654404, SRR1654405, SRR1827571
SRR1654388, SRR1654389, SRR1654390, SRR1654391
SRR1654394, SRR1654395, SRR1827569
FTP
FTP
FTP
FTP
FTP
FTP
FTP
SRR1042910
TCGA-AX-A1CI-11A-11D-A17H-05

Table 9.2. DNA modification data sets used in chapter 4. HMPC = haematopoietic multipotent progenitor cell. Consortia: Blueprint (http://www.blueprint-epigenome.eu/, dcc.blueprintepigenome.eu), Epigenome Roadmap (http://www.roadmapepigenomics.org/), TCGA = The
Cancer Genome Atlas (https://cancergenome.nih.gov/, https://portal.gdc.cancer.gov/).
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Cohort
Glioblastoma
Glioma Low Grade
Medulloblastoma
Neuroblastoma
Pilocytic Astrocytoma
Kidney Chromophobe
Kidney Clear Cell
Kidney Papillary
ICGC RECA EU
Acute Myeloid Leukaemia
Acute Myeloid Leukaemia
Acute Lymphoblastic Leukaemia
Chronic Lymphoid Leukaemia
Lymphoma B-cell
Myeloma
Breast
Liver
Lung Adeno
Lung Small Cell
Lung Squamous
Pancreas
Stomach
Stomach
Total sum

Tissue
brain
brain
brain
brain
brain
kidney
kidney
kidney
kidney
blood myeloid
blood myeloid
blood other
blood other
blood other
blood other
breast
liver
lung
lung
lung
pancreas
stomach
stomach

WES
Patients SNVs
39
22954
215
9678
210
5027
65
1646
325
30273
100
6479
147
2214
140
1869
103
3998
24
824
69
3973
844
55731
636
248519
70
17639
176
70485
98
5093
212
102110
3473
588512
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WGS
Patients
SNVs
100
139553
101
12989
95
488922
7
3659
49
176164
1
7881
28
54746
24
142753
119
647692
88
899445
24
1505512
15
122787
100
1995618
751
6197721

Source
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
ICGC
(Alexandrov et al., 2013a)
TCGA
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Alexandrov et al., 2013a)
(Wang et al., 2014)

Table 9.3. Mutation data sets used in chapter 3. WES = whole exome sequencing, WGS =
whole genome sequencing, ICGC = International Cancer Genome Consortium (http://icgc.org/,
https://dcc.icgc.org/), TCGA = The Cancer Genome Atlas (https://cancergenome.nih.gov/,
https://portal.gdc.cancer.gov/).
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Cohort
ICGC BOCA FR
ICGC BRCA EU
ICGC CLLE ES
ICGC COCA CN
ICGC EOPC DE
ICGC ESAD UK
ICGC LICA FR
ICGC LINC JP
ICGC LIRI JP
ICGC LUSC CN
ICGC LUSC KR
ICGC MALY DE
ICGC MELA AU
ICGC ORCA IN
ICGC OV AU
ICGC PACA AU
ICGC PACA CA
ICGC PAEN AU
ICGC PAEN IT
ICGC PBCA DE
ICGC PRAD CA
ICGC PRAD UK
ICGC RECA EU
TCGA AML
TCGA MSI
TCGA POLE COAD
TCGA POLE READ
TCGA POLE UCEC
AML
Lung Adeno
Lymphoma B cell
Bass Colon
bMMRD
Dulak Oesophagus
Wang Gastric MSI
Wang Gastric MSS
Total sum
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Tissue
Bone
Breast
Blood lymphoid
Colorectum
Prostate
Oesophagus adenocarcinoma
Liver
Liver
Liver
Lung squamous
Lung squamous
Blood lymphoid
Skin
Oral
Ovary
Pancreas
Pancreas
Pancreas
Pancreas
Brain
Prostate
Prostate
Kidney clear cell
Blood myeloid
Colorectum MSI
Colon POLE-MUT
Rectum POLE-MUT
Uterus POLE-MUT
Blood myeloid

Samples
97
560
150
26
62
203
14
31
258
4
30
100
183
25
93
161
159
48
37
236
124
108
95
49
9
7
3
2
7

Source
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
ICGC
TCGA
TCGA
TCGA
TCGA
TCGA
(Alexandrov et al., 2013a; Ding et al., 2012)

Lung adenocarcinoma

24

Blood lymphoid
Colorectum
Brain POLE-MUT
Oesophagus adenocarcinoma
Gastric MSI
Gastric MSS

24
9
2
16
10
90
3056

(Alexandrov et al., 2013a; Imielinski et al.,
2012)
(Alexandrov et al., 2013a)
(Bass et al., 2011)
(Shlien et al., 2015)
(Dulak et al., 2013)
(Wang et al., 2014)
(Wang et al., 2014)

Table 9.4. WGS data sets used in chapter 4 and 5. For chapter 4, from each patient only
one sample was taken. ICGC = International Cancer Genome Consortium (http://icgc.org/,
https://dcc.icgc.org/), TCGA = The Cancer Genome Atlas (https://cancergenome.nih.gov/,
https://portal.gdc.cancer.gov/).

You know it feels like you’re going insane
And I’ve done everything you told me to take away the pain
Then you change my medication again
It’s getting harder to tell just who or what’s insane
— Levellers The Fear
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Appendix: Supplementary results
10.1

Tobacco-induced mutagenesis in modified cytosines

Tobacco-induced mutagenesis is another major mutagenic process with a known link
to DNA modifications. As reviewed in the Introduction (section 1.4.3), it is known
that BPDE adducts from tobacco smoke preferentially bind guanines of methylated
CpGs (Denissenko et al., 1997), in particular when the 5mC is opposite the guanine
(Guza et al., 2011). We could therefore expect to see a linear relationship between the
tobacco-induced C>A mutations and methylation levels. Such relationship has however
not yet been verified in human cancer samples.
Here we explored the mutation spectra in CpG positions of 58 lung cancer patients
with a history of smoking and with whole genomes sequenced, combining the data
with BS-seq derived modification levels from normal lung tissue. We first binned the
CpG positions by their modification level (0-0.1, ..., 0.9-1.0) and computed the frequency
of C>A mutations separately for each sequence context in each lung cancer sample.
In all four sequence contexts, the average C>A mutation frequencies were positively
correlated with DNA modification levels (Fig. 10.1A). This relationship was relatively
consistent across the samples (Fig. 10.1B,C). Fitting a linear model for each sample
showed that the slope of the correlation is in the vast majority of cases positive (Fig.
10.1D). In line with this observation, the overall slope of CpG>ApG correlation with
229
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Figure 10.1. C>A mutations positively correlate with modification levels in lung cancer
samples. All CpGs were binned according to normal lung BS-seq measured mod levels (0-0.1,
. . . , 0.9-1.0). The first bin represents unmodified sites and the last bin represents fully modified
sites. C>A mutation frequency was computed in each bin, separately for each sequence context
(columns). A: Mean over samples. B: One trace per sample. C: Only the low mod (first bin),
high mod (last bin), and middle mod (mean of the two middle bins) values are shown. The
percentage of samples with the highest mutation frequency in the low mod, middle mod, and
high mod are written at the top of the figure. For example in TCG context, 86 % of samples have
the middle mod value higher than the two extreme values. D: Distribution of slopes of linear
fits to data in (B) in individual samples. Numbers of samples with negative and positive slope
are printed on the sides of the histogram.

modification levels (all contexts together) strongly correlated with the mutational
signature 4, the signature associated with tobacco smoking, (Pearson correlation 0.99
with p-value of 4.3 · 10−47 ; Fig. 10.2).
The highest number of samples with a negative correlation with modification levels
was in a TCG context (8 samples; Fig. 10.1D). A possible explanation is via the activity
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of APOBEC enzymes, which can also contribute to TCN>TAN mutations, albeit with
lower frequency than to TCN>TGN and TCN>TTN mutations (Alexandrov et al., 2013a;
Akre et al., 2016; Roberts et al., 2013; Burns et al., 2013b). All the 8 samples had a
strong component of APOBEC-associated mutations in their mutation spectra (in all
the 8 samples, exposure to signature 2 was ≥ 426, exposure to signature 13 was ≥ 723),
suggesting that the negative slope is due to decreased APOBEC activity in methylated
cytosine, rather than an effect of tobacco-induced mutagenesis.

Figure 10.2. Exposure to signature 4 negatively correlates with the slope of CpG>ApG
correlation with modification levels. Slope of the linear fits from Fig. 10.1 (all contexts
together) is plotted against the exposure to signature 4 (tobacco smoke signature). Samples
with exposure to signature 4 above 500 are shown in dark black.

Finally, we attempted to determine the impact of 5hmC on the tobacco-induced
mutagenesis. To our knowledge, there are no available whole-genome TAB-seq measurements of 5hmC from lung samples. However, whole-genome oxBS-seq measurements
have been recently published (Li et al., 2016). As oxBS-seq measures directly 5mC
and BS-seq measures mod, the difference of BS-seq and oxBS-seq measurements in
individual positions should represent levels of 5hmC. However, due to the noise in
the measurements and other reasons summarised in the General methods (section
2.2), additional steps need to be performed to distinguish truly hydroxymethylated
sites. Li et al. (2016) therefore applied regional smoothing, identified regions with
5hmC significantly higher than zero, and assigned the 5hmC values of CpGs in these
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regions as the subtraction between the smoothed BS-seq and oxBS-seq values. Here, we
used the 2 204 915 CpGs with assigned 5hmC estimates in normal lung and combined
them with mod levels. Due to the relatively low number of CpGs and cancer samples,
we grouped the CpGs into three bins only, according to their estimated 5hmCrel ,
such that each bin contains approximately the same number of CpGs (5hmCrel : 00.0820, 0.0820-0.1139, 0.1139-1).
The frequency of CpG>ApG mutations showed a general decreasing trend with
increasing 5hmCrel levels (Fig. 10.3A). The decrease was only mild (1.4-fold in the third
bin compared to the first bin) and the relationship was not highly consistent across
the samples (17 % of samples had highest mutation frequency in the high 5hmCrel
bin; Fig. 10.3B), but this might be also related to the low statistical power and the
generally low amount of 5hmC in the lung maps: the third bin contains CpGs with
a broad range of 5hmCrel values in between = 0.1139 and 1.

Figure 10.3. C>A mutations are more frequent in CpG sites with 5mC than 5hmC. All
CpGs were binned according to normal lung 5hmCrel levels (0-0.0820, 0.0820-0.1139, 0.1139-1),
such that each bin contained ca. 722 · 103 CpGs (detail in text). The first bin represents fully
methylated sites and the last bin represents sites with at least 11 % of 5hmC. C>A mutation
frequency was computed in each bin. A: Mean over samples. B: One trace per sample. The
percentage of samples with the highest mutation frequency in the low 5hmCrel , middle 5hmCrel ,
and high 5hmCrel are written at the top of the figure.

In summary, our results support the model in which 5mC increases the probability
of a BPDE adduct forming on the guanine opposite the 5mC. The BPDE-dG adduct can
be then replicated in an error-free (such as by Pol κ (Avkin et al., 2004; Jha et al., 2016)),
or error-prone (by Pol η (Zhao et al., 2006; Klarer et al., 2012)) manner, paired with
adenine on the daughter strand, thus creating a C>A mutation. The effect of 5hmC on
the tobacco-induced C>A mutagenesis is less clear (due to the limited statistical power
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of the explored data sets), but our results suggest that also these mutations occur more
frequently in methylated than hydroxymethylated CpGs.

10.2

APOBEC-induced mutagenesis in modified cytosines

Cytosines can deaminate spontaneously, or enzymatically, such as by one of the
AID/APOBEC family enzymes. As reviewed in the Introduction (section 1.4.4), AID
and APOBEC enzymes in vitro exhibit decreased activity on methylated and hydroxymethylated cytosine compared to unmodified cytosine, although the exact values
of deamination rate in C, 5mC, and 5hmC differ between the different members of
AID/APOBEC family. The APOBEC-induced mutation frequency would be therefore
expected to decrease with increasing modification levels. Indeed, tumours with high
APOBEC signature showed two-fold higher frequency of TCG mutation in lowly
methylated than highly methylated cytosines (Seplyarskiy et al., 2016b). However,
this relationship has never been explored into any further detail.
Here we used mutation spectra of 560 breast cancer whole-genome sequenced samples and BS-seq measurements from normal breast tissue to determine the CpG>TpG
mutation frequency with respect to modification levels. First we binned the CpG
positions by their modification level (0-0.1, . . . , 0.9-1.0) and computed the frequency
of C>T mutations separately for each sequence context in each breast cancer sample.
While most samples in ACG, CCG, and GCG contexts showed a clear increase of C>T
mutation frequency, TCG was the only context with a non-trivial proportion of samples
exhibiting decreasing frequency of C>T mutations (Fig. 10.4). In order to quantify
this proportion, we fitted a linear model through the TCG>TTG mutation frequency
of each mod level (i.e., the data shown in in Fig. 10.4B) and defined slopeTCG>TTG as
the slope of the fitted model. The distributions of slopes for individual samples are
shown in Fig. 10.4D separately for each sequence context. In a TCG context, 18.9%
of samples had a negative slope, compared to less than 3% of samples with negative
slope in the other three contexts 10.4D.
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Figure 10.4. C>T mutations negatively correlate with modification levels in breast
cancer samples. All CpGs were binned according to normal breast BS-seq measured mod
levels (0-0.1, . . . , 0.9-1.0). The first bin represents unmodified sites and the last bin represents
fully modified sites. C>T mutation frequency was computed in each bin, separately for each
sequence context (columns). A: Mean over samples. B: One trace per sample. C: Only the low
mod (first bin), high mod (last bin), and middle mod (mean of the two middle bins) values are
shown. The percentage of samples with the highest mutation frequency in the low mod, middle
mod, and high mod are written at the top of the figure. D: Distribution of slopes of linear fits
to data in (B) in individual samples. Numbers of samples with negative and positive slope are
printed on the sides of the histogram.

Based on the in vitro measurements of activity of APOBEC enzymes on 5mC,
we would expect much larger proportion of APOBEC-exposed samples to exhibit
negative slopeTCG>TTG . However, not all samples in this cohort have a dominant APOBEC
component. When taking into account only samples strongly exposed to signature 2,
the APOBEC signature dominated by C>T mutations (exposure > 500), the percentage
of samples with negative slopeTCG>TTG is exactly 50% (52 out of 104 samples; Fig 10.5).
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Figure 10.5. Exposure to signature 2 negatively correlates with the slope of CpG>TpG
correlation with modification levels in breast. Slope of the linear fits from Fig. 10.4 (all
contexts together) is plotted against the exposure to signature 2 (APOBEC-associated signature).
Samples with exposure to signature 2 above 500 are shown in black.

Samples with the strongest signature 2 were generally those with the most negative
slopeTCG>TTG , suggesting that the APOBEC-induced C>T mutagenesis is at least in
some samples enhanced by the lack of cytosine modifications, in line with the in vitro
measurements. We also explored what could be causing that 52 of samples strongly
exposed to signature 2 show positive slopeTCG>TTG (see details in Appendix 10.2.1) and
conclude that this might be result of a combination of spontaneous deamination of
5mC and involvement of APOBEC3H, which exhibits similar activity on C and 5mC,
as opposed to APOBEC3A/B which strongly prefer C.
Finally, when repeating the same analysis for C>G mutations, we observe dominance
of negative slope in most samples (and interestingly also most contexts) (Fig. 10.7) and
a significant correlation of the slopeTCG>TGG with exposure to signature 13, the APOBECassociated signature dominated by C>G mutations (Fig. 10.6), supporting a decreased
APOBEC-induced C>G mutagenesis in modified cytosines. Two mechanisms might
be contributing to the much larger proportion of negative slopeTCG>TGG than negative
slopeTCG>TTG . First, C>T mutations can be also caused by spontaneous deamination of
5mC. Second, the C>G mutations in APOBEC-induced mutagenesis are thought to arise
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Figure 10.6. Exposure to signature 13 negatively correlates with the slope of CpG>GpG
correlation with modification levels in breast. Slope of the linear fits from Fig. 10.7 (all
contexts together) is plotted against the exposure to signature 13 (APOBEC-associated signature).
Samples with exposure to signature 13 above 500 are shown in black.

from excision of the deaminated base and insertion of C opposite the AP site by REV1
(Morganella et al., 2016). While cytosine deaminates into uracil, 5mC deaminates into
thymine. It is possible that uracil will get excised with higher efficiency, especially if the
deamination happened on single-stranded DNA, as APOBECs prefer single-stranded
DNA as their substrate (Chen et al., 2006; Roberts et al., 2012).
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Figure 10.7. C>G mutations negatively correlate with modification levels in breast
cancer samples. All CpGs were binned according to normal breast BS-seq measured mod
levels (0-0.1, . . . , 0.9-1.0). The first bin represents unmodified sites and the last bin represents
fully modified sites. C>G mutation frequency was computed in each bin, separately for each
sequence context (columns). A: Mean over samples. B: One trace per sample. C: Only the low
mod (first bin), high mod (last bin), and middle mod (mean of the two middle bins) values are
shown. The percentage of samples with the highest mutation frequency in the low mod, middle
mod, and high mod are written at the top of the figure. D: Distribution of slopes of linear fits
to data in (B) in individual samples. Numbers of samples with negative and positive slope are
printed on the sides of the histogram.

238

10.2. APOBEC-induced mutagenesis in modified cytosines

10.2.1

Samples with positive correlation of TCG>TTG with mod

Two possibilities could explain the high percentage of samples with positive slopeTCG>TTG .
First, these samples are highly affected by signature 1, which is assumed to be caused
by spontaneous deamination of 5mC to T, and therefore has a positive correlation
with methylation levels. Alternatively, some of these samples are affected by APOBEC
enzymes that have similar or higher efficiency on 5mC as on unmodified cytosine.
Plotting the difference of exposures to signatures 1 (spontaneous deamination) and
signature 2 (APOBEC) against the slopeTCG>TTG shows a strong correlation between
these two variables (Pearson correlation 0.8 with p-value of 10156 , Spearman correlation
0.5 with p-value of 0; Fig. 10.8), supporting the first scenario. Nevertheless, 26 samples
exhibit a strong exposure to signature 2 (exposure > 500), higher exposure to signature
2 than to signature 1, and positive slopeTCG>TTG .

Figure 10.8. The slope of TCG>TTG correlation with modification levels is negative in
samples exposed more to signature 2 than to signature 1, but positive in the opposite
scenario. Slope of the linear fits from Fig. 10.4 in a TCG context (slopeTCG>TTG ) on the y-axis,
plotted against the difference of exposures to signatures 1 (spontaneous deamination) and
signature 2 (APOBEC) on the x-axis.

The only APOBEC enzyme with efficiency on 5mC similar to efficiency on C is
APOBEC3H (see Introduction 1.4.4). This enzyme has been recently implicated to
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play a role in cancer mutagenesis alongside APOBEC3B and especially in APOBEC3Bnull breast cancers (Starrett et al., 2016). It has been also observed that APOBEC3H
deaminates 5mC in a TCG context with a ca. 2-fold higher efficiency than AID or
APOBEC3B (Gu et al., 2016). We therefore explored whether the samples with positive
correlation of TCG>T mutations with modification levels could in fact be more affected
by APOBEC3H than APOBEC3A/B enzymes. As APOBEC3A/B have a preference for
TCA (and TCT) sequence context (Mertz et al., 2017b), we compared the C>T mutation
frequency in TCA vs. TCG in samples with a high exposure to signature 2 (exposure > 500)
and higher exposure to signature 2 than to signature 1. In this group, 50 samples had a
negative slopeTCG>TTG , whereas 26 samples showed a positive slopeTCG>TTG . Interestingly,
the samples with positive slopeTCG>TTG had an increased preference for the TCG context
compared to TCA context (ranksum test, p = 0.002; Fig. 10.9), more so than the samples
with negative slopeTCG>TTG (ranksum test on TCG/(TCA+TCG) in the two groups, p =
0.017; Fig. 10.9). This supports the possibility of APOBEC3H-induced mutagenesis in the
samples positively correlated with modification levels, as the positive slopeTCG>TTG would
be a combination of less steep negative slopeTCG>TTG due to APOBEC3H (compared to
APOBEC3A/B) and a positive slopeTCG>TTG due to the spontaneous deamination of 5mC.
In order to separate these two factors, we also focused on TCG>TGG mutations,
as those would not be confounded by the spontaneous deamination. Compared to
C>T mutation, the C>G mutations were mostly negatively correlated with modification levels: e.g., for TCG context 73.9 % of the 560 breast samples had a negative
slopeTCG>TTGG (Fig. 10.7D).
Finally, we compared the slopeTCG>TGG (Fig. 10.7D) in the same two groups of
samples as in Fig. 10.9, i.e., samples strongly exposed to signature 2 and with either
positive, or negative slopeTCG>TTG . In line with the previous results, the samples with
positive slopeTCG>TTG exhibit also less negative slopeTCG>TGG compared to samples with
negative slopeTCG>TTG (ranksum test, p = 0.006, Fig. 10.10), supporting the potential
involvement of APOBEC3H mutagenesis in these samples.
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Figure 10.9. Samples with TCG>T mutations positively correlated with modification
levels show an increased frequency of TCG>TTG mutations vs. TCA>TTA mutations,
compared to negatively correlated samples, suggesting a potential involvement of
APOBEC3H in the mutagenesis of the positively correlated samples. The breast cancer
samples with exposure to signature 2 above 500 and above exposure to signature 1 were split into
two groups: 50 samples had a negative slopeTCG>TTG and 26 samples with a positive slopeTCG>TTG
(the slope of the linear fits is shown in Fig. 10.4D). Top: Frequency of C>T mutations in a TCA
context vs. a TCG context is compared in the two groups with a ranksum test. Bottom:
Distribution of TCG>TTG mutation frequency divided by (TCG>TTG mutation frequency +
TCA>TTA mutation frequency) was compared between the two groups also using a ranksum
test.
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Figure 10.10. Samples with TCG>TTG mutations positively correlated with modification levels show less negative slopeTCG>TGG , compared to negatively correlated
samples, in line with the suggested potential involvement of APOBEC3H in the mutagenesis of the positively correlated samples. The breast cancer samples with exposure to
signature 2 above 500 and above exposure to signature 1 were split into two groups: 50 samples
had a negative slopeTCG>TTG and 26 samples with a positive slope (the slope of the linear fits
is shown in Fig. 10.4). Top: TCG>TTG mutation frequency divided by (TCG>TTG mutation
frequency + TCA>TTA mutation frequency) plotted against the slope of TCG>TGG mutation
frequency correlation with modification levels. Bottom: Distribution of the slope of TCG>TGG
mutation frequency correlation with modification levels was compared between the two groups
also using a ranksum test.
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10.2.2

Discussion of APOBEC-induced mutagenesis in modified
cytosines

APOBEC-induced mutagenesis has attracted a lot of attention in the recent five years.
They have been shown to play a role in drug resistance (Law et al., 2016), predict
patient survival (Glaser et al., 2017), correlate with the expression of PD-L1 and a
T-cell inflamed signature (Boichard et al., 2017; Rieke et al., 2017), and suggested as
a therapeutic target (Wang and Taylor, 2017; Swanton et al., 2015). Understanding
the mechanisms of APOBEC-induced mutagenesis and how to distinguish potential
different modes of this mutagenicity in the mutation spectra is therefore important
for translating the knowledge into the clinic.
Our results show decreased APOBEC-induced mutagenicity in modified cytosines
in the TCG context, but the effect is smaller than expected. In vitro, the decrease of
deamination efficiency in 5mC compared to C is 5–10-fold decrease in APOBEC3A and
even 50-fold decrease in APOBEC3B (reviewed in the Introduction 1.4.4). The differences
in sequence context and modification status preferences of individual AID/APOBEC
enzymes suggest the possibility to use these features to infer which of the enzymes have
likely been operating in individual cancer samples. In particular, the strongest negative
correlation with modification levels would be expected for APOBEC3G, APOBEC3B and
AID, less for APOBEC3A, and the least for APOBEC3H (especially hap II). This can be
combined with the known preferences of sequence context of the different AID/APOBEC
enzymes: TC[A/G/T] in APOBEC3H, [T/C]TC[A/T] for APOBEC3A, [A/G]TC[A/T] for
APOBEC3B, CCN for APOBEC3G, and finally [A/T][A/G]C[C/T] for AID (Kamba et al.,
2015; Rebhandl, 2015; Gu et al., 2016; Seplyarskiy et al., 2016a; Starrett et al., 2016).
Here, we applied such inference on a cohort of 560 WGS breast cancer samples.
We identified 26 samples which have likely been affected by APOBEC3H mutagenesis,
more than by other of the AID/APOBEC enzymes. Compared to the other samples with
a strong APOBEC signature 2, they have “less negative” slopeTCG>TGG (i.e., negative but
in absolute values smaller than the other samples), corresponding to the only slightly
decreased activity of APOBEC3H on 5mC than C (while APOBEC3A/B exhibit much
larger decrease of activity on 5mC) (Gu et al., 2016). These samples have an enrichment
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of C>T mutations in a TCG context compared to TCA context, in line with the observed
context preference of APOBEC3H compared to APOBEC3A/B (Gu et al., 2016; Mertz
et al., 2017b). Moreover, they have TCG>TTG mutations positively correlated with
modification levels, possibly due to a combined effect of APOBEC-induced deamination
and spontaneous deamination. Combining these observation with survival information,
gene expression, and proteomics data in the future will help to elucidate the role of
individual APOBEC enzymes in cancer mutagenesis.
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Replication-strand asymmetry of mutational signatures

Figure 10.11. Directional signatures 1-5 Each of the 96 mutation types is annotated with
a dominant direction: leading (pointing up), or lagging (pointing down). Asterisks indicate
mutation types exceeding 20 %.
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Figure 10.12. Directional signatures 6-10 Each of the 96 mutation types is annotated with
a dominant direction: leading (pointing up), or lagging (pointing down). Asterisks indicate
mutation types exceeding 20 %.
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Figure 10.13. Directional signatures 12-16 Each of the 96 mutation types is annotated with
a dominant direction: leading (pointing up), or lagging (pointing down). Asterisks indicate
mutation types exceeding 20 %.
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Figure 10.14. Directional signatures 17-21 Each of the 96 mutation types is annotated with
a dominant direction: leading (pointing up), or lagging (pointing down). Asterisks indicate
mutation types exceeding 20 %.
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Figure 10.15. Directional signatures 22-28 Each of the 96 mutation types is annotated with
a dominant direction: leading (pointing up), or lagging (pointing down). Asterisks indicate
mutation types exceeding 20 %.
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Figure 10.16. Inclusion of protein coding genes results in very similar mutation strand
asymmetries. Comparison of resulting mean (a) and median (b) replication strand asymmetry
per signature when all regions were taken into account (y axis) vs. when protein-coding genes
were excluded (x axis).

Figure 10.17. Exclusion of non-protein coding genes results in very similar mutation
strand asymmetries. Comparison of resulting mean (a) and median (b) replication strand
asymmetry per signature when all genes were excluded (y axis) vs. when protein-coding genes
were excluded (x axis).
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Figure 10.18. Inclusion of protein coding genes results in very similar correlation with
replication timing. Comparison of resulting mean correlation with replication timing per
signature when all regions were taken into account (y axis) vs. when protein-coding genes and
regions with low mappability were excluded (x axis).
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Figure 10.19. Exclusion of non-protein coding genes results in very similar correlation
with replication timing. Comparison of resulting mean correlation with replication timing
per signature per signature when all genes and regions with low mappability were excluded (y
axis) vs. when protein-coding genes and regions with low mappability were excluded (x axis).
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Figure 10.20. Both methods of estimating direction of replication result in very similar correlation with replication timing. Comparison of resulting mean correlation with
replication timing per signature in the two methods of measuring replication direction: from
replication timing (20 kbp bins annotated as in Haradhvala et al.) vs. from measurements of
ORIs using NS-seq (1 kbp bins, see Methods). The absolute values of exposures are different
between the two methods since regions around ORIs cover fewer bases (and therefore also
fewer mutations).
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Figure 10.21. Inverse exposure of signature 14 in POLE-MUT vs. POLE-WT samples.
Frequency of mutations in CCT>CAT, GCT>GAT, and TCT>TAT, the three major components of
signature 14, is higher on the lagging strand than on the leading strand in POLE-WT samples,
whereas it is higher on the leading strand in POLE-MUT. Only samples exposed to signature 14
(exposure above 10) are shown. Signtest was used to evaluate the mutation frequency difference
between the leading and lagging strands.
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Figure 10.22. Inverse exposure of signature 18 in POLE-MUT vs. POLE-WT samples.
Frequency of mutations in CCA>CAA, GCA>GAA, GCT>GAT, and TCT>TAT, the four major
components of signature 18, in POLE-WT and POLE-MUT. Only samples exposed to signature 18
(exposure above 10) are shown. Signtest was used to evaluate the mutation frequency difference
between the leading and lagging strands.
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Figure 10.23. Inverse exposure of signature 28 in POLE-MUT vs. POLE-WT samples.
Frequency of mutations in ATT>AGT, CTT>CGT, and TTT>TGT, the three major components of
signature 28, is higher on the lagging strand than on the leading strand in POLE-WT samples,
whereas it is higher on the leading strand in POLE-MUT. Only samples exposed to signature 28
(exposure above 10) are shown. Signtest was used to evaluate the mutation frequency difference
between the leading and lagging strands.
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Figure 10.24. Replication strand asymmetry and replication timing in signatures 4, 7,
22, and N3 shown in other than their dominant tissue. Columns show directional signature
(column 1), distribution around timing transition regions (column 2) and around replication origins (column 3), per-patient mutation strand asymmetry (column 4; non-significant asymmetry
is shown in light-coloured histogram) and correlation with replication timing (column 5), as
described in Fig. 5.3.
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Other mutational processes

A small but significant strand asymmetry was present also in signature 1 (Fig. 10.25).
This is in line with our results in Chapter 4.3, supporting the notion that CpG>TpG
mutations are slightly enriched on the leading strand even in samples with proficient
post-replicative proofreading and repair.

Figure 10.25. Replication strand asymmetry and replication timing in signatures 1, 3, 9,
N1, N2. Columns show directional signature (column 1), distribution around timing transition
regions (column 2) and around replication origins (column 3), per-patient mutation strand
asymmetry (column 4; non-significant asymmetry is shown in light-coloured histogram) and
correlation with replication timing (column 5), as described in Fig. 5.3.

Signature 1 is also significantly correlated with replication timing. This has been observed previously for SNPs and Human-Chimpanzee substitutions (Stamatoyannopoulos et al., 2009) and suggested to be due to increased methylation in late replicated
regions (Chen et al., 2010). The same reason could underlie the correlation with
cancer somatic mutations. However, at least part of the correlation could also result
from the role of MMR in repairing errors in CpGs introduced by Pol ε, as MMR is
thought to be active primarily in the early-replicated regions (Supek and Lehner, 2015;
Stamatoyannopoulos et al., 2009; Chen et al., 2010).
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A significant replication strand asymmetry is present also in signatures 3 (associated

with a failure of DSBR by HR) and 9 (associated with Pol η and AID-mediated somatic
hypermutation). Interestingly, the T>G part of the signature 9 shares a substantial
similarity with signature 17: both have high NTT>NGT mutations (and signature 9
contains moreover high TTA>TGA and ATA>AGA). It is therefore interesting that in both
signatures the shared mutations are enriched on the lagging strand. As signature 9 has
been associated with the error-prone activity of Pol η (in the context of immunoglobulin
gene hypermutation), this supports our prediction about these mutations being caused
by Pol η incorporating 8-oxo-dGTP into DNA 5.4.4.4.
All the four new signatures exhibited a strong replication strand asymmetry (Fig.
10.26). Both signatures N1 and N2 were detected in acute myeloid leukemia (AML),
suggesting a novel replication-modulated source of mutagenesis in AML cancers.

Figure 10.26. Replication strand asymmetry and replication timing in the four new
signatures: N1, N2, N3, and N4. Columns show directional signature (column 1), distribution
around timing transition regions (column 2) and around replication origins (column 3), perpatient mutation strand asymmetry (column 4; non-significant asymmetry is shown in lightcoloured histogram) and correlation with replication timing (column 5), as described in Fig.
5.3.
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While one of the two liver signatures (signature 16) exhibits a weak but significant
replication strand asymmetry, the other (signature 12) is significantly correlated with
replication timing. Compared to the weak replication strand asymmetry, these two
signatures were previously shown to have a very strong transcription strand bias
(Alexandrov et al., 2013a). Interestingly, the T>C mutations were observed not only
enriched on the transcribed strand, but also depleted on the non-transcribed strand,
compared to intergenic regions; which was suggested to be caused by a transcriptioncoupled damage (Haradhvala et al., 2016).

Figure 10.27. Replication strand asymmetry and replication timing in liver-associated
signatures. Columns show directional signature (column 1), distribution around timing
transition regions (column 2) and around replication origins (column 3), per-patient mutation
strand asymmetry (column 4; non-significant asymmetry is shown in light-coloured histogram)
and correlation with replication timing (column 5), as described in Fig. 5.3.

Finally, only five signatures exhibited no (or weak) replication strand asymmetry
(signatures 5, 8, 19, 23, and 25) (Fig 10.28). Even in these cases, an effect of replication
cannot be entirely ruled out: signatures 19, 23, and 25 were only detected in a small
number of samples, reducing the statistical power to detect replication bias. Notably,
signature 8 was the second most correlated with replication timing (Fig. 5.4C). Only
signature 5 clearly did not show any effects of replication, while being present in a
sufficient number of samples (Fig 10.28). Signature 5 is frequent across different cancer
types (Wellcome Trust Sanger Institute, 2017) and it is the second of the only two
signatures correlated with age at diagnosis (Alexandrov et al., 2015). The biological
processes leading to this clock-like signature are currently completely unknown. Our
results suggest that replication is not likely to be involved in the aetiology.
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Figure 10.28. Replication strand asymmetry and replication timing in signatures with
little or no asymmetry: 5, 8, 19, 23, and 25. Columns show directional signature (column 1),
distribution around timing transition regions (column 2) and around replication origins (column
3), per-patient mutation strand asymmetry (column 4; non-significant asymmetry is shown in
light-coloured histogram) and correlation with replication timing (column 5), as described in
Fig. 5.3.

Baba yetu, yetu uliye
Mjina lako elitukuzwe.
— Christopher Tin Baba Yetu
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Appendix: Abbreviations
• APOBEC:
• AML:
• AP:

apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like

acute myeloid leukemia
abasic site

• ATP:

adenosine triphosphate

• BER:

base excision repair

• BO:

barrett’s oesophagus

• BPDE:

benzo[a]pyrene diol-epoxide adduct

• BS-seq:
• CIMP:

bisulfite sequencing
CpG island hypermethylation phenotype

• CLL:

chronic lymphoid leukaemia

• CPD:

cyclobutane pyrimidine dimer

• CRC:

colorectal

• CS:

Cockayne syndrome

• CSR:
• CTCF:

class switch recombination
CCCTC-binding factor

• DDT:

DNA damage tolerance

• DMR:

differentially methylated region

• DNA:

deoxyribonucleic acid

• dNTP:

deoxyribonucleoside triphosphate
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• DSB:

double-strand break

• DSBR:

double-strand break repair

• EAC:

oesophageal adenocarcinoma

• ESC:

embryonic stem cell

• FPKM:

fragments per kilobase per million sequenced reads

• GBM:

glioblastoma

• GERD:

gastro-esophageal reflux disease

• GG-NER:
• GLM:

global genome nucleotide excision repair

generalised linear model

• HDAC:

histone deacetylase

• HMPC:

hematopoietic multipotent progenitor cell

• HNPCC:
• HPLC:
• HR:

hereditary nonpolyposis colorectal cancer
high-performance liquid chromatography

homologous recombination

• ICGC:

International Cancer Genome Consortium

• IQR:

interquartile range

• KO:

knockout

• LGG:

low grade glioma

• LOI:

loss-of-imprinting

• MACS:

Model-based Analysis for ChIP-Seq

• MAP:

MUTYH-associated polyposis

• MDB:

Medulloblastoma

• MDS:

multidimensional scaling

• MEF:

mouse embryonic fibroblasts

• MMR:

mismatch repair

• MSI:

(samples with) microsatellite instability

• MSS:

microsatellite stable samples, samples without microsatellite instability

• NDR:

nucleosome depleted region

• NER:

nucleotide excision repair

• NGS:

next-generation sequencing

• NHEJ:

non-homologous end joining
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• NMF:

non-negative matrix factorisation

• NRB:

Neuroblastoma

• NS:

nascent strand

• OK-seq:
• ORC:

Okazaki fragment sequencing

origin recognition complex

• ORI:

origin of replication

• oxBS-seq:
• PA:

oxidative bisulfite sequencing

Pilocytic astrocytoma

• PAH:

polycyclic aromatic hydrocarbon

• PCA:

principal component analysis

• PCNA:

proliferating cell nuclear antigen

• PCR:

polymerase chain reaction

• POLE-MUT:

hypermutated samples with a mutation in POLE

• PPAP:

polymerase proofreading-associated polyposis

• RNA:

ribonucleic acid

• ROS:

reactive oxygen species

• RPA:

replication protein A

• SAM:

S-adenosyl methionine

• SHM:

somatic hypermutation

• siRNA:

small interfering RNA

• SNP:

single-nucleotide polymorphism

• SNS-seq:

short nascent strand sequencing

• SNV:

single-nucleotide variant

• SSB:

single-strand break

• TAB-seq:
• TCGA:

TET-assisted bisulfite sequencing
The Cancer Genome Atlas

• TC-NER:

transcription-coupled nucleotide excision repair

• TCR:

transcription-coupled repair

• TDG:

thymine DNA glycosylase

• TES:

transcription end site

• TET:

Ten-eleven translocation enzyme
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• TF:

transcription factor

• TFBS:

transcription factor binding site

• TLS:

translesion synthesis

• TMZ:
• TS:

Temozolomide

template switching

• TSS:

transcription start site

• TTR:

temporal transition region

• UDG, UNG:
• UV:

uracil DNA glycosylase

ultraviolet

• WES:

whole-exome sequencing

• WXS:

whole-genome sequencing

• XP:

Xeroderma pigmentosum

• XPC:

Xeroderma pigmentosum, complementation group C

• XPV:

Xeroderma pigmentosum, variant

• 6-4PP:

pyrimidine (6-4) pyrimidone photoproduct

In this library I could lose myself
Transports, gateways on every shelf
Dark words, bright words of ice and fire
As if an angel did descend and use the writer as a pen
— The Waterboys Universal Hall
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This is the end, beautiful friend
This is the end, my only friend, the end
Of our elaborate plans, the end
Of everything that stands, the end
— The Doors The End

