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High-resolution mapping of abasic sites and pyrimidine
modifications in DNA

Zheng Liu

The maintenance of genomic stability is critical for the growth and survival of cells.
Cellular DNA is constantly subject to both endogenous and exogenous sources of damage,
leading to the formation of damage products. Abasic sites occur when a nucleobase is lost
from DNA by hydrolysis and can lead to mutations and genomic instability. This thesis
focuses on the development and application of methodology to map the location of abasic

sites in DNA by next-generation sequencing.

Chemically, abasic sites are reactive entities due to the aldehyde moiety in the ring-
open form of the deoxyribose. Many studies on abasic sites have focused on targeting this
aldehyde, however, a major drawback to this approach is the cross-reactivity of nucleophilic
probes with other aldehyde-containing modifications that naturally occur within genomic DNA.
In this thesis, a chemical method was developed and demonstrated to allow the sequencing
of abasic sites at single-nucleotide resolution by affinity enrichment. Crucially, this method

was shown to selectively target abasic sites in the presence of other reactive sites in DNA.

Glycosylase enzymes excise base modifications from DNA to generate an abasic site.
By treating isolated DNA with a glycosylase in vitro, abasic site sequencing methodology can
be widely applied to study a range of DNA base modifications. This approach was utilised to
investigate the distribution of the modification 5-hydroxymethyluracil at single-nucleotide
resolution in the DNA of trypanosomatids. This study provided proof-of-concept of the
sequencing methodology in a genomic context and also revealed the genomic features and

sequence motifs at which these sites accumulate.

The distribution of endogenous abasic sites was also explored in the human genome.
The genomic location of abasic sites was mapped following depletion of the key repair
enzyme, APE1, where an increase was observed in the number of enriched loci compared
to control cells. A relationship was also revealed between this form of DNA damage and

coding and regulatory regions of the genome upon knockdown of the APE1 protein.



The genomic location of the base modification uracil was studied in the mouse genome.
This base has been implicated in a pathway proposed to regulate the epigenetic DNA marker,
5-methylcytosine during embryonic development. Sequencing of uracil was achieved by
enzymatic conversion into abasic sites followed by genome-wide mapping to investigate the

extent to which the proposed mechanism contributes towards epigenetic reprogramming.

Overall, a versatile method has been developed that can reveal the location of
endogenous abasic sites within DNA at single-nucleotide resolution, as well as abasic sites
generated in vitro from base modifications. This method is useful for studies on both DNA

damage and DNA base modifications.
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Chapter 1

Introduction

1.1 Deoxyribose nucleic acid

The genetic information of living organisms is stored in the biopolymer deoxyribose
nucleic acid (DNA). Passed on through generations, the order in which DNA bases are
arranged within a genome dictates the development, function and reproduction of an
organism. In 1869, Johannes Friedrich Miescher isolated a substance from the nuclei of
leucocytes'. Consisting of carbon, hydrogen, nitrogen, oxygen and phosphorus, this
substance appeared to be distinct from proteins as it was found to be resistant to protease
digestion. This was the first known crude isolation of DNA and Miescher termed this new

class of compound ‘nuclein’.

Although the significance of nuclein to heritable traits was not yet clear, Ludwig Albrecht
Kossel made key observations on its chemical composition and properties. Kossel isolated
the four DNA nucleobases, adenine (A), guanine (G), thymine (T) and cytosine (C) as well
as the RNA nucleobase uracil (U)? (Figure 1.1). Phoebus Levene determined that in addition
to the nucleobases, nuclein also consisted of deoxyribose sugar units, as well as phosphate
groups®. A nucleoside is formed when a nucleobase is linked to the deoxyribose sugar, whilst
the further addition of a phosphate at the 5’-OH of deoxyribose generates a nucleotide. Many
structures of nuclein were proposed, including a tetranucleotide structure by Levene in which
G, C, A and T nucleotides were joined together in discrete tetramer units®. This structure

assumed that the four nucleotides occurred in equal ratios and was later disproven.

(@) NH2 @)
Nf““ NfN %NH ﬁ
/ ¢ |
<” | N/)\NHz N ' N’go Ao J%

G A T C U

Figure 1.1: Structures of the four nucleobases found in DNA, guanine (G), adenine (A), thymine (T)
and cytosine (C), and uracil (U) found in RNA.
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It was not until 1944 that Oswald Avery, Collin MacLeod and Maclyn McCarty showed
that it was DNA, and not proteins as previously believed, which carried the hereditary genetic
information within cells®. They verified that the ‘transforming principle’ first reported by
Frederick Griffith that allowed nonvirulent pneumococcus to become virulent again was DNA.
This transforming principle was found to precipitate in ethanol, and was resistant to protease,
lipase and RNase digestion, but not DNase digestion. Due to its high molecular weight and
reactivity with enzymes, the transforming principle was concluded to be DNA. Inspired by
Avery, MacLeod and McCarty’s work, Erwin Chargaff also made key observations on the
properties of DNA which led to his proposal that DNA obeyed two key rules. Firstly, that the
amount of adenine in DNA samples was equivalent to that of thymine, and the amount of
guanine to that of cytosine, and secondly Chargaff noted that the relative ratios of adenine

and thymine, to guanine and cytosine, varied between species®.

1.1.1 The double helix

By the mid 20" century, the composition of DNA and many of its properties had already
been documented’®. Further critical experiments carried out by Rosalind Franklin, Raymond
Gosling and Maurice Wilkins led to James Watson and Francis Crick’s proposal of the
structure of DNA’. X-ray crystallography data collected by Gosling and Franklin demonstrated
that DNA adopts a double-stranded helical structure®® (Figure 1.2a). Together with the body
of work already reported on the composition and ratios of nucleosides, Watson and Crick
ultimately concluded that DNA exists as two strands joined together by hydrogen bonds,
where a strict pattern was in place between opposing base pairs. Adenine was base-paired
with thymine forming two inter-strand hydrogen bonds, whilst three hydrogen bonds were

formed between guanine and cytosine (Figure 1.2b).

The two strands of DNA in a duplex are antiparallel with one running in a 5'- to 3’-
orientation and the other 3’- to 5’-. The base-pairs between the strands are stacked, forming
- and van der Waals interactions between adjacent pairs'®'". The resultant duplex is
twisted into a right-handed helix with 10.4 base-pairs in every complete turn'? (Figure 1.2c).
In this structure, the highly charged phosphate backbone is positioned on the outer surface
facing the aqueous phase, whilst the nucleobases are shielded within the centre. The
exposed regions of the nucleosides between the phosphate backbones form grooves, which
due to the helical structure are separated into a wider major groove, and a smaller minor

groove. The grooves enable proteins to access and recognise part of the DNA strands without
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the need to fully unwind the duplex. This B form of DNA is accepted as the dominant form of
DNA in solution and in a cellular context. However, alternate structures including a more
compact A form and a left-handed Z form have been observed under specific conditions''4,

whilst secondary structures can also exist'®®.

H
A N N \§ T
N NoH-N
\
O DNA
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DNA" N N
N—HO

H

DNA

Figure 1.2: Double helix structure of DNA. a) ‘Photograph 51’, showing the diffraction pattern of
sodium deoxyribose nucleate from calf thymus by x-ray crystallography. b) Hydrogen bonding pattern
between Watson-Crick base-pairs. ¢) Diagram of helical structure proposed by Watson and Crick.
Figures have been adapted from Franklin et al.8 and Watson et al.”.

1.1.2 Cellular packaging of DNA

Each human nucleus contains around 2 m of DNA, if stretched out end to end. In order
to fit the entire genome within a cell nucleus with a width of a few microns, DNA must be
highly compacted. Within nuclei, double-stranded DNA (dsDNA) is first wrapped around
individual histone protein octamers forming a nucleosome core particle (NPC). DNA within
an NPC consists of around 147 base pairs'’, and individual NPCs are joined by histone-free
linker DNA consisting of around 80 base pairs. Nucleosomes are further condensed into

chromatin fibres, which are then finally condensed into chromosomes (Figure 1.3).

Histone proteins are rich in amino acids such as lysine and arginine, which at
physiological pH are positively charged. These residues can form favourable ionic
interactions with the negatively charged phosphate backbone and overcome the charge
repulsion of phosphate groups within DNA. NPCs that are loosely arranged, resembling a
‘beads on a string’ arrangement form euchromatin, or open chromatin, which is easily

accessible for transcription factors and other cellular machinery. In contrast, regions
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containing highly condensed nucleosomes form heterochromatin, or closed-chromatin; these
are generally associated with repressed genes and centromeres'®. The arrangement and
accessibility of chromatin is dynamic within cells and can be controlled by a variety of factors

including some histone modifications that are discussed below (section 1.2.3).

m Nucleosome

Chromatin fibres

Figure 1.3: Organisation of DNA in the nucleus. The double helix is wrapped around histone octamers
to form nucleosomes in a ‘beads on a string’ model, before condensing further into chromatin fibres
that make up the chromosomes. Thick black lines represent double-stranded DNA, blue spheres
represent histone units.

1.2 DNA modifications

Within eukaryotic cells, DNA is closely associated with histone octamers and
condensed into chromatin. As such, two classes of modifications that can affect DNA function,
structure or accessibility exist; those on the nucleic acid itself, and those on the histone
proteins. Many well-studied modifications that naturally occur in DNA are located on the
nucleobase, thus expanding the DNA alphabet beyond the four canonical nucleobases, whilst
modifications on the backbone are also known'®. Within histones, covalent modifications to
amino acids can be introduced by post-translational modification. Like many cellular proteins,
modified amino acids include lysine, serine, threonine and arginine®. Lysine, and to a lesser
extent arginine, modifications in particular have been studied extensively due to their role in

gene regulation?".
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Epigenetics can be defined as the heritable changes in gene function that are not due
to changes in the primary DNA sequence?. Therefore, it is only those modifications to either
DNA itself or histone proteins that have an effect on gene function or expression that can be
considered epigenetic; lesions or intermediates that have no direct effect do not fall under

this definition.

1.2.1 Cytosine modifications

Often considered the ‘fifth’ base in DNA, 5-methylcytosine (5-mC) was first detected as
a nucleobase in the DNA of Tubercle bacillus*® and was later confirmed to also exist in the
genomes of other species including mammals?*?°>. Much lower in abundance than the four
canonical bases, global levels of 5-mC are generally around a few percent of cytosine in
vertebrates. For example, levels in mouse embryonic stem cells (MESCs) have been

026,27

measured at 4-5% of . 5-mC is the most abundant base modification in many

vertebrates and is a key epigenetic marker that can control the expression of genes.

In mammalian genomes, 5-mC occurs largely in the context of CpG dinucleotides,
locations where cytosine is immediately followed by a guanine, affecting up to 90% of these
sites?®. Methylation of cytosine has been associated with the silencing and inactivation of

2930 and X-chromosome inactivation®'. CpG islands,

transposable elements of the genome
regions in which CpG dinucleotides are densely clustered, occur within over 70% of gene
promoters®. Despite their high CpG content, CpG islands are generally depleted of 5-mC
and are hypomethylated. Methylation of promoters containing CpG islands leads to a
downregulation of transcription, thus providing a way of silencing genes®***. This type of
epigenetic regulation involving DNA methylation is particularly important during embryonic
development and differentiation, and alterations in methylation patterns can lead to
developmental defects®. Aberrant methylation is also observed during cancer, where many
studies report a global hypomethylation status where methylation is depleted®***’. However,
a recent study in which 5-mC was analysed accurately using a more sophisticated approach
suggested an increase of 5-mC in glioblastoma tissue®, whilst localised hypermethylation at

specific tumour suppressor genes has also been associated with human tumorigenesis®.

5-mC is installed into the genome by methylation of cytosine, catalysed by the DNA
methyltransferase family of enzymes (DNMTs). Mechanistically, DNMT enzymes attack the

C6 position of cytosine via a nucleophilic cysteine residue, breaking the aromaticity of the
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pyrimidine ring. A methyl group is donated from S-adenosyl methionine (SAM) to the C5
position, after which cysteine is removed by elimination to restore aromaticity (Figure 1.4).
Within the DNMT family, DNMT1 preferentially methylates cytosines at hemi-methylated CpG

2041 resulting in a symmetrically methylated DNA duplex. DNMT1 is therefore largely

sites
considered a maintenance methyltransferase, whilst DNMT3a and DNMT3b can methylate

DNA de novo and do not require hemi-methylated DNA substrates™.
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Figure 1.4: Mechanism of cytosine methylation by DNMT enzymes.

While passive dilution of 5-mC during DNA replication without enzymatic restoration of
methylation can result in DNA demethylation®?, a number of enzymatic demethylation
pathways have also been proposed. Some experimental evidence has supported an active
demethylation pathway, dependent on the ten eleven translocase (TET) and thymine DNA
glycosylase (TDG) enzymes (Figure 1.5a). In this proposed mechanism, 5-mC is oxidised
stepwise to 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC) and 5-
carboxycytosine (5-caC) by the TET enzymes. TDG recognises and excises both 5-fC and
5-caC, generating an abasic site which is further processed by the base excision repair (BER)
pathway to restore cytosine back into the genome. An overall demethylation of 5-mC is thus
observed. First recognised as a glycosylase that removes thymine and uracil when

mismatched with guanine, TDG has since been shown in in vitro studies to also excise 5-fC



Chapter 1: Introduction

and 5-caC****. In vivo evidence in support of this mechanism is provided by observations
that the combined deletion of TET1/2/3 leads to a loss of 5-hmC and impairs differentiation
of mMESCs*, whilst depletion of TDG results in the accumulation of 5-fC and 5-caC*.
Furthermore, reconstitution of TET, TDG, along with key proteins in the BER pathway in vitro
has been shown to result in the demethylation of DNA*. Together, these studies provide
some support for this mechanism. However, in a study quantifying the global levels of abasic
sites in mESCs, no accumulation of abasic sites was seen in correlation with the removal of
5-fC or 5-caC*’. This may indicate that the abasic site intermediate is short lived and difficult
to detect at steady-state, or that demethylation does not significantly occur via this route. The

true significance of this proposed pathway in a cellular context therefore remains unclear.
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Figure 1.5: Proposed mechanisms of 5-methylcytosine demethylation. a) Active demethylation, where
successive oxidation of 5-mC by TET enzymes generates 5-hmC, 5-fC and 5-caC. The latter two are
substrates for TDG, which initiates DNA repair by the BER pathway to restore cytosine. b) The
oxidation of 5-mC to 5-hmC, followed by deamination forms 5-hmU, a substrate for SMUG1. An abasic
site is generated, followed by BER to restore cytosine. ¢) Processive demethylation, where
deamination of an unmodified cytosine a few base pairs 5- to 5-mC, followed by UNG excision
generates an abasic site. When repaired by long-patch BER, both the uracil and 5-mC sites are
restored with cytosine.
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Alternative mechanisms of demethylation have also been proposed, although these are
less well explored in comparison to active demethylation. It has been suggested that 5-hmC,
generated by TET-mediated oxidation of 5-mC, is a possible substrate for deaminase
enzymes such as activation induced cytosine deaminase (AID). The deamination product, 5-
hydroxymethyluracil (5-hmU) is excised by single-stranded monofunctional uracil-DNA
glycosylase 1 (SMUG1)*° to generate an abasic site, which is then repaired by BER to
restore cytosine® (Figure 1.5b). In support of this hypothesis, it was found using isotope
labelling of 5-mC that upon knockdown of TDG in mESCs, 7% of 5-hmU was derived from
methylated cytosine instead of thymine. However, 5-mC-derived 5-hmU could not be
detected in the presence of TDG, suggesting that this pathway may not be significant in wild-

type cells.

A further alternative pathway, processive demethylation, is also dependent on
deamination®'*2, Instead of enzymatic activity directly on the 5-mC site itself, AID is proposed
to deaminate an unmethylated cytosine a few base pairs 5'- to a 5-mC site. The resultant
uracil is recognised and excised by uracil DNA glycosylase (UNG)® to generate an abasic
site. When repaired by long-patch BER (section 1.2.4), up to 13 nucleotides downstream of
the deamination event may also be replaced. Therefore, if the deamination event and 5-mC
are in close proximity, this mechanism is able to lead to overall demethylation (Figure 1.5c).
In vitro experiments in which xenopus egg extracts were incubated with AID showed elevated
levels of 5-mC demethylation, with this effect minimised in the presence of an UNG inhibitor
(UGI)**. This pathway has been proposed to be particularly important during the wave of

2! which

demethylation that occurs in the paternal genome during embryonic developmen
was supported by immunostaining studies showing demethylation defects in the absence of
AID and UNG enzymes in zygotes. However, as for the other proposed demethylation
pathways, the extent to which each mechanism contributes towards demethylation in vivo
remains unclear. Further investigation, as well as the development of accurate methodology
to study the proposed intermediates within these pathways, is still required in order to

delineate the exact mechanism of DNA demethylation in specific biological contexts.

Cellular levels of 5-hmC are generally lower than those of 5-mC, measured at around
0.07% of deoxynucleotides (dN) in mESCs. Levels of 5-fC and 5-caC are lower still, at around
10 and 0.6 per million dN, respectively®. In addition to the roles of 5-mC oxidation products
as possible intermediates during DNA demethylation, there is emerging evidence that these
modifications have biological significance in their own right. Global measurements in mESCs

have revealed that both 5-hmC and 5-fC can be stable modifications that are maintained,
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rather than transient intermediates™°, whilst depletion of 5-hmC is a hallmark of cancers

such as melanoma®®%

. Evidence that may suggest a function of 5-fC independent of
demethylation includes findings that the aldehyde group in 5-fC can react with lysine tails in
histone proteins, forming a Schiff base. This chemical species has been identified by trapping
with sodium cyanoborohydride reduction®®®®. 5-fC has also been suggested to promote
nucleosome formation and influence nucleosome organisation, based on further

observations that nucleosomes associated with 5-fC are elevated in gene expression®.

1.2.2 Thymine modifications

Beyond cytosine modifications, many modifications of thymine have also been detected
in a range of organisms. Early observations were in bacteriophage genomes, where a large
proportion of all thymines in a genome may be replaced by a modified thymine base®’*®’.
Often, these modifications consist of large or bulky groups attached to the C5 position of T,
for example a-putrescinylthymine (putT)®?, 5-dihydroxypentyluracil (dhpU)®® and a-
glutamylthymine (gluT) (Figure 1.6). These modifications may themselves be further
functionalised. For example, 62% of T in bacteriophage SP-15 is replaced by modified dhpU
residues, in which one hydroxyl group of the dihydropentyl moiety is glucosylated and the
other is attached to a phosphoglucuronate group®. Many bacteriophage hypermodifications
are believed to provide protection from restriction-endonucleases released by the host upon

infection of bacteria whilst putT is also believed to facilitate the packaging of phage DNA®®.
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Figure 1.6: Structures of some thymine modifications found in bacteriophage genomes.

Thymine modifications are also important in the genomes of a number of eukaryotes.

Organisms within the Trypanosomatidae family contain two thymine modifications in their
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DNA; 5-hmU and 5-(B-glucopyranosyl)hydroxymethyluracil (base J). These bases are
involved in transcriptional control in trypanosomatid genomes, where in contrast to

mammalian systems, C modifications are not present at detectable levels.

Species of trypanosomatids where T modifications have been studied in detail include
leishmania, such as Leishmania major and Leishmania donovani, and trypanosomes such
as Trypanosoma brucei and Trypanosoma cruzi. Parasitic species of leishmanias cause
cutaneous leishmaniasis in mammals, presenting as skin lesions on infected individuals®®
and species of trypanosomes cause trypanosomiasis, or African sleeping sickness®’. Both
parasites are transmissible between insects and mammals through insect bites and are
classified by the WHO as neglected tropical diseases. Parasitic trypanosomatids have two
stages in their life cycles, which in Leishmania major take the form of procylic promastigotes
in their insect host, female sandflies, as well as amastigotes in the human bloodstream®®

(Figure 1.7a).
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Figure 1.7: Thymine modifications in the Leishmania major genome. a) Life cycle of L. major. b)
Biosynthetic pathway of 5-hmU and base J in trypanosomatids.

In trypanosomatids, 5-hmU can be generated enzymatically through oxidation of
thymine by the J binding protein family of enzymes, JBP1 and JBP2, which are homologues
of the TET enzymes®. A portion of these sites are glucosylated by J-glucosyl transferase
(JGT), forming base J (Figure 1.7b). Global quantification of these modifications by mass
spectrometry has revealed that 5-hmU and base J replace 0.01% and 0.08% of thymine
respectively in Leishmania major, and 0.02% and 0.5% in Trypanosoma brucei (bloodstream
form)’®"". Depletion of JBP proteins is found to reduce levels of 5-hmU by three-fold and

render base J no longer detectable’.
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Members of the Trypanosomatidae family have polycistronic genomes, in which groups
of genes are clustered together’®. Rather than transcriptional initiation as in many mammalian
systems, it is the accurate termination of transcription at gene clusters that heavily influences
gene expression. Antibody-based detection and mapping of base J has shown that this
glucosylated modification is strongly enriched within telomeric regions, with around 50% of
base J in T. brucei, and up to 99% in L. major found to be localised at telomeres. The
remaining non-telomeric base J sites in L. major have been found to occur at RNA
polymerase Il (RNAP Il) termination sites, suggesting that this bulky modification is important
in mediating the correct transcriptional termination of polycistronic genes’. RNAP Il
transcription is initiated and terminated largely at strand-switch regions (SSRs) in Leishmania
major, as well as head-tail sites that are located between adjacent gene clusters on the same
DNA strand. Inhibition of the Fe?* and 2-oxoglutarate dependent JBP enzymes is possible by
treatment of cultures with dimethyloxalylglycine (DMOG), an analogue of 2-oxoglutarate.
DMOG treatment of L. major reduces the levels of base J, in both telomeric regions and within
chromosomes’®. Defects in transcriptional termination were observed upon DMOG-induced
loss of base J at both SSRs and head-tail sites, where the degree of readthrough past
transcriptional termination sites correlated with the degree of base J loss. A similar effect was
observed upon JBP2 knockout in Leishmania tarentolae, which became hypersensitive
towards 5-bromouracil treatment’®. In contrast to leishmania, the effect of DMOG
suppression of base J in T. brucei did not affect transcriptional termination in the majority of
convergent SSRs analysed. Instead, base J was found to affect the termination of RNAP Il
at a small number of genomic loci within polycistronic gene clusters, leading to the proposal
that this hypermodification regulates the expression of specific genes in a more specialised

manner in T. brucei than in L. major.

Genome-wide mapping of both 5-hmU and base J in L. major has further confirmed
that both 5-hmU and base J are enriched in SSRs’°. In the same study, a small number of 5-
hmU loci were detected in which base J was not detectable, suggesting the existence of base
J-independent 5-hmU. These regions were found to be largely depleted within genomic
features and occurred mainly in intergenic regions, whilst sites that were unique to base J
that were depleted in 5-hmU were enriched within tRNA genes. Together, the body of work
on thymine modifications in trypanosomatids reveals potentially important roles of these
bases in parasite genomes and further investigation is required to elucidate the function of

these modifications.
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Thymine modifications 5-hmU and 5-fU have also been detected at low levels in higher
eukaryotes including mammalian genomes. Levels of 5-hmU are around 0.5 per million dN,
and levels of 5-fU are approximately 2.5 per million dN in mESCs®. Specific reader proteins
have been identified that interact with the 5-hmU:A base pair including some transcription
factors. This raises the possibility that this modification can have biological significance

beyond trypanasomatids; however, the evidence of this is currently very limited.

Although commonly a deamination product of cytosine, uracil can be considered a
thymine modification due to the similarities in Watson-Crick base-pairing. Uracil derived from
cytosine is therefore mutagenic by subsequent mismatch with adenine. In addition to
spontaneous deamination, enzymatic deamination of cytosine can also be mediated by AID
and apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like (APOBEC) enzymes.
This process is essential for antibody diversification, during somatic hypermutation and class-

77,78

switch recombination of DNA in B cells’"’®, as well as the proposed processive pathway of

5-mC demethylation discussed above® (section 1.2.1).

The aberrant expression of AID has been associated with cancer. Elevated levels of
AID can lead to cytosine deamination at genomic loci independent of antibody generation, as
well as in cell types in which this mechanism is not normally active, leading to development
of lymphomas’®. Furthermore, deficiencies in UNG may also lead to carcinogenesis as
suggested by the 22-fold increased incidence of lymphoma in mice lacking UNG compared
to wild-type mice®. Interestingly, the UNG gene is absent in Drosophila melanogaster where
uracil is tolerated in genomic DNA, and global levels are highest during the larval stages of

development®'

. Uracil has thus been suggested to play a role during the development of this
species. The quantification of global levels of uracil is technically challenging. Due to the high
rate of cytosine deamination particularly in single-stranded DNA, and the large quantities of
cytosine in comparison to basal uracil levels, artificial elevation of measurements through
additional deamination is possible. Measurements vary significantly between reports and can
differ by over three orders of magnitude. Towards the lower end of this range, uracil has been

measured at less than 0.2 per million dN in human and murine genomes by LC-MS/MS®,

Genome-wide mapping of uracil in human cells has revealed a non-random distribution
of this modification across multiple human cell lines, where an accumulation was observed
in centromeres, intergenic regions and satellite repeats®. The tolerance of uracil at specific
genomic loci may indicate a biological role of this modification beyond being a product of
DNA damage.

12
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1.2.3 Histone modifications

Like many proteins, amino acids within histone units can be heavily modified. In
particular, the methylation and acetylation of lysine residues have been shown to influence
gene regulation. Nucleosomes consist of a central histone fold domain, along with two
histone tails that are rich in lysine®*. The acetylation of lysine is carried out by histone
acetyltransferases and removed by histone deacetylases®. The methylation of lysine is
stepwise, where mono-, di- and tri-methylated species of lysine can all exist on histone
proteins®. This methylation is mediated by histone lysine methyltransferase enzymes and
removed by demethylases. The methylation of arginine residues in histones can also be
considered epigenetic, and similarly is installed and removed by specific enzymes®’. In
general, the acetylation of histone lysines is associated with an open-chromatin state that is
accessible to transcriptional machinery, and the acetylated histone sites such as H3K9ac and
H3K27ac are considered to be activating histone markers®®. The methylation of lysine in
histones can be associated with both the activation and repression of transcription. For
example, H3K4me3 is associated with active transcription, whilst H3K27me3 is a marker for

repressed transcription®,

1.2.4 DNA damage

The faithful replication and transcription of DNA is essential in order to maintain
genomic stability. Cellular DNA is constantly subject to a variety of sources of damage, both
endogenous and exogenous to cells and therefore the efficient repair of DNA damage is of
great biological importance. Damage to DNA can occur on the nucleobase or the backbone;
it also manifests as cleavage of DNA to form either single-strand breaks (SSB) or double-
strand breaks (DSB). Many of these products of DNA damage have the potential for severe

biological consequences, such as polymerase stalling and mutagenesis.

The repair of a wide range of DNA base damage is through the base excision repair
(BER) pathway®. This pathway is initiated by glycosylase enzymes, which recognize and
excise base lesions to generate an abasic site. At least 11 distinct glycosylases have been
identified to date in mammals®', and more are known that are unique to other organisms
including bacteria and plants. The substrates of a glycosylase commonly comprise a single

nucleobase, or a small number of nucleobases that share some structural similarity®'-3

13
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(Table 1.1). Some glycosylases may also have overlapping substrates. After removal of the
damaged DNA base by hydrolysis, the first common intermediate in the BER pathway is an
abasic (apurinic, AP) site. DNA glycosylases can be divided into two main classes;
monofunctional and bifunctional. Monofunctional glycosylases are responsible only for the
hydrolysis of a nucleobase substrate, leaving behind an intact abasic site as the product. In
contrast, bifunctional glycosylases also have an associated AP lyase functionality, and cleave
the abasic site after formation at the 3’- end, by forming a Schiff-base followed by -

elimination of the sugar backbone (Figure 1.8a).

Glycosylase Substrates WMono-/Bi-
functional
UNG1 U, 5-FU (mitochondrial) Mono
UNG2 U, 5-FU (nuclear) Mono
SMUG1 U, 5-hmu, 5-fU, 5-hoU Mono
TDG U:G, T:G, 5-fC, 5-caC Mono
MBD4 U:G, T:G, 5-hmU Mono
MPG 3-mA, 7-mG, 3-mG, hypoxanthine Mono
OGG1 8-0x0G, FapyG Bi
MUTYH A:80x0G, A:G, A:C Mono
NTH1 Tg, FapyG, 5-hoC, 5-hoU Bi
NIEL1 Tg, FapyG, FapyA, 8-oxoG, 5-hoU, dhU, Sp, Gh Bi
NIEL2 Tg, FapyG, FapyA, 8-oxoG, 5-hoU, dhU, Sp, Gh Bi
NIEL3 FapyG, FapyA, Sp, Gh Bi

Table 1.1: List of mammalian glycosylases and substrates. Abbreviations: 5-fluorouracil (5-FU), 5-
hydroxyuracil (5-hoU), 5-hydroxycytosine (5-hoC), 2,6-diamino-4-hydroxy-5-formamidopyrimidine
(FapyG), 4,6-diamino-5-formamidopyrimidine (FapyA), thymine glycol (Tg), dihydrouridine (dhU),
spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh). Mismatches are shown with the substrate
base first. Table adapted from Krokan et al.%2.

For both an abasic site and its B-elimination product, AP endonuclease 1 (APE1)
continues BER by creating a nick in the DNA backbone 5'- to the abasic site to generate a
SSB. One strand contains the abasic site on the DNA end as a 5’-phosphorylated sugar and
the other strand released contains a 3’-OH group (Figure 1.8a). The BER pathway then
divides into two sub-pathways; short-patch repair and long-patch repair®®*. In short patch

repair, DNA Pol (8 fills in a single-nucleotide to base-pair with the nucleobase opposite the
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abasic site on the complementary DNA strand (Figure 1.8b). In the event of a monofunctional
glycosylase, DNA Pol B also has inherent AP lyase activity that removes the 5'-
phosphorylated deoxyribose unit whilst in the event of bifunctional glycosylase activity this
step is already completed. The SSB, with the abasic site now replaced is then sealed by a
DNA ligase. For long-patch repair, DNA Pol  continues DNA synthesis for 2-13 nucleotides
beyond the original abasic site, leaving an overhang with a 5’-phosphorylated deoxyribose
end. This is removed by Flap endonuclease 1 (FEN1), and the SSB is again sealed by a DNA
ligase. The identity of the DNA ligase involved is not fully understood, however both DNA
LIG1 and LIG3 have been implicated in both short-patch and long-patch repair.
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Figure 1.8: Abasic site formation and BER pathway. a) After abasic site formation, bifunctional
glycosylases have an additional AP lyase step. Both the B-elimination product and intact abasic sites

are recognised and cleaved by APE1 at the 5-end. b) Processing of abasic sites by the short-patch
and long-patch BER pathways.

A major source of DNA damage is from oxidative stress. This may be caused by
reactive oxygen species (ROS) that can be endogenous to cells, with levels further elevated
under exogenous oxidative stress. Amongst the four canonical bases, guanine has the lowest

oxidation potential and its oxidation product, 8-oxoguanine (8-oxoG) is one of the most
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abundant DNA damage products with levels measured at around 5 per million dN in mESCs®°.
Beyond its role as a product of DNA damage, there is some evidence that 8-oxoG may
function as an epigenetic marker that can sense ROS under specific cellular conditions,
capable of controlling gene expression. Under hypoxic and inflammatory conditions, the
formation of 8-0xoG in promoter sequences has been associated with an upregulation of
gene expression, possibly mediated by the 8-oxoG glycosylase OGG1%°%. Similarly, whilst
the majority of 5-hmU and 5-fU may be attributed to oxidative damage of T in mammalian
systems, there is emerging evidence that these modifications may also have biological
function. Up to 80% of 5-hmU in mESC DNA has been found to be generated in a ROS-
independent manner®. Together, these findings offer some support that bases traditionally
associated solely with oxidative damage may be further harnessed in a cellular context to

mediate biological processes.

Alternative pathways are in place to repair a range of DNA lesions alongside BER.
Bulky adducts that arise in the event of UV damage such as cyclopyrimidine dimers and 6-4
photoproducts, as well as adducts from some chemotherapy drugs including cisplatin, are
removed instead by the nucleotide excision repair (NER) pathway®’. Here, a preincision
complex consisting of a number of proteins that recognise and bind to damage substrates is
recruited, followed by dual incision around the site by two endonucleases, ERCC1-XPF and
XPG, to release a ssDNA fragment of roughly 25-30 nucleotides in length. DNA polymerases
0 and € and DNA ligase are then amongst the key proteins responsible for DNA synthesis
and repair to complete NER. Some mismatched bases in DNA that do not fall within the
substrates of BER can be repaired by mismatch repair (MMR)%, whilst misincorporated
ribonucleotides are removed by the ribonucleotide repair (RER) pathway®. As in NER, and
in contrast to BER, these repair pathways depend on direct endonuclease activity after
recognition of the damage site, and do not proceed via glycosylase activity or an abasic site

intermediate.

Strand breaks in DNA can be cytotoxic and the repair of these types of damage is
usually very efficient. The repair of single-strand breaks depends on the mechanism of SSB
formation. SSBs are intermediates formed during BER and are efficiently processed after
formation in this pathway by ligases. SSBs can also arise as result of direct damage to the
DNA sugar backbone, or through enzymatic activity such as cleavage by DNA topoisomerase
1. These lesions are primarily detected by poly ADP-ribose polymerase-1 (PARP1), which
then initiates the recruitment of protein complexes including DNA Pol  and DNA LIG3, in a

pathway that closely resembles the latter stages of BER'®.
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Double-strand breaks occur when both strands of DNA are broken around the same
genomic location. They can be repaired in one of two processes; homologous recombination
and non-homologous end joining (NHEJ). Homologous recombination requires a
homologous donor, such as part of a sister chromatid to template DNA synthesis before the
two DNA ends can be annealed together and joined by ligation™". In contrast, during NHEJ
Ku protein recognises and binds the broken DNA ends. After activity from a series of
signalling molecules and repair enzymes to blunt the DNA ends, these are directly ligated
together without annealing'®. DSBs in DNA are detrimental to cellular processes and are
typically processed quickly. To prevent activation of DNA repair pathways, DSBs at the ends
of telomeres are closely protected by shelterin’®. Independent of telomeric ends, an
estimated 50 DSBs are further generated per cell, per day'®. Genome-wide mapping of
DSBs has revealed a correlation with genomic regions of elevated transcription and
nucleosome-depleted chromatin'®. Despite the negative consequences of these lesions, a
detectable accumulation occurs in genomic DNA, which appears to be tolerated by cells at

steady-state.

1.2.5 DNA abasic sites

The loss of a nucleobase in DNA by hydrolysis leads to the formation of an abasic
(apurinic, AP) site (Figure 1.9a). When left unrepaired, abasic sites can lead to strand breaks

106-108

as well as mutations due to their non-coding nature . A number of high-fidelity

polymerases are not able to efficiency pass an AP site and lead instead to stalling during

replication%61%7

, whilst some polymerases are capable of translesional synthesis past AP
sites. In Escherichia coli and some mammalian systems, an ‘A-rule’ is observed, where
adenine is installed preferentially opposite the non-instructional AP site whilst cytosine can
be preferred in a ‘C-rule’ in yeast'®. The misincorporation of a nucleotide, or deletions that
may occur at abasic sites lead to mutations and this type of DNA damage must be removed

efficiently to maintain genomic stability.

The spontaneous hydrolysis of nucleobases alone generates an estimated 10,000
abasic sites per mammalian cell, per day''’. Weaker than in RNA, the N-glycosidic bond
linking the backbone to each nucleobase in DNA is susceptible to hydrolysis, particularly
under acidic conditions'". In vitro studies have shown that for DNA, the rate of spontaneous
depurination is much higher than depyrimidination under aqueous conditions''2. In addition

to spontaneous hydrolysis, AP levels can be further elevated in the presence of exogenous
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damage. For example, ROS can lead directly to the formation of abasic sites''®. Certain
damaged DNA bases such as N7-methylguanine (7-mG) can also increase the rate of
depurination compared to the canonical bases'*. A number of DNA damaging agents
associated with oxidative damage such as bleomycin and calicheamicin generate oxidised
abasic sites, rather than true abasic sites, such as C4’-oxidised and 2-deoxyribonolactone

abasic sites (Figure 1.9b)""°.
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Figure 1.9: Structure of DNA abasic site. a) Formation of a DNA abasic (AP) site by hydrolysis of a
nucleobase. b) Structures of oxidised derivates of an abasic site.

Hydrolysis of the N-glycosidic bond can also be catalysed enzymatically in vivo. As
discussed above (section 1.2.4), a range of glycosylases have been identified that form
abasic sites as a common intermediate (Figure 1.10). Bifunctional glycosylases are
suggested to immediately process abasic sites upon generation, to form the B-elimination
product. However, the dual functionalities of OGG1, glycosylase and AP lyase, have been
successfully decoupled under specific conditions including those that contain a resemblance
to the magnesium concentration in vivo''®. This suggests that although AP lyase activity is

possible for this enzyme, this step may not be carried out significantly in vivo.
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Figure 1.10: Example of routes to abasic site formation in DNA. Direct formation by spontaneous
hydrolysis is outlined in black boxes, whilst all other routes shown are enzyme mediated. Examples of
glycosylases are shown that are found in humans (blue) and E. coli (green). Substrate lists are not
exhaustive.

DNA abasic sites are in equilibrium between the ring-closed and ring-open form (Figure
1.9a). Although the equilibrium is pushed towards the ring-closed form, the aldehyde exposed
in the ring-open form is highly reactive. This aldehyde group leaves the sugar susceptible to
B-elimination, possibly followed by further &-elimination, leading to cleavage of the DNA
backbone and the formation of strand breaks (Figure 1.11). The rate of this elimination is
enhanced under alkaline conditions as well as elevated temperatures''’. Under physiological
conditions, the half-life of an abasic site towards elimination in a duplex context has been
found to vary between 273 to 974 hours, depending on the base on the opposing strand'"®.
Therefore, although chemically labile, abasic sites can be stable for weeks in the absence of

DNA repair machinery.
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Figure 1.11: Elimination at DNA abasic sites. Both 8- and d-elimination are base-catalysed.

The aldehyde functionality of abasic sites has been suggested to facilitate the formation
of crosslinks with DNA in an opposing strand, as well as histone proteins. Interstrand
crosslinks between DNA abasic sites and the exocyclic amine of a guanine or adenine base
in the opposing DNA strand have been detected upon incubation of DNA under
physiologically relevant conditions in vitro; however, long reaction times (120 h) were
required to observe detectable levels of crosslinking (15%)'"°. DNA-protein crosslinks at
abasic sites have also been reported in nucleosome core particles'?’, with 10% of abasic
site-containing DNA found to be crosslinked with histones within 1 h incubation under
physiological conditions'*'. The Schiff base formed between lysine residues and the abasic
site was also suggested to accelerate DNA backbone elimination, resulting in a reduced half-
life of abasic sites of around 24 h, compared to weeks for free abasic sites. In contrast, the
formation of SSBs at abasic sites by APE1 enzyme activity is reduced in certain nucleosome
contexts. The orientation of abasic sites within a nucleosome core particle influences the
efficiency of cleavage by APE1, with those that have their phosphate backbone oriented

towards the histone protein being cleaved less efficiently'?2

. Together, these studies highlight
the changes to AP reactivity and biology once nucleosomes and chromatin are taken into

account.

Measurement of genomic levels of abasic sites by mass spectrometry detection after

functionalisation with a hydroxylamine probe (Figure 1.12a) has shown that these lesions
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occur at around 0.88 lesions per million dN in mESCs, whilst the B-elimination products of
abasic sites are slightly more abundant, occurring at 1.7 per million dN*. The levels
measured in other cell types, including neural stem cells and somatic HEK293T cells were
comparable. An increase in AP levels was found when APE1 activity was inhibited, by either
siRNA knockdown, or treatment with the small-molecule inhibitor CRT0044867.
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Figure 1.12: Aldehyde reactivity in DNA. a) Structure of abasic site sensitiser probe used for LC-
MS/MS quantification*” and ARP. b) Structures of reactive aldehydes found in DNA.

Analysis of DNA fibres using an aldehyde reactive probe (ARP, O-
biotinylcarbazoylmethyl hydroxylamine)'>-'%> (Figure 1.12a) has revealed that aldehyde-
containing damage within DNA is non-random'?®. 68% of detected sites were spaced less
than 500 base-pairs (bp) apart from another site, suggesting that they preferentially cluster.
In a further study using the same detection method, ARP-labelled lesions were found to
preferentially occur at regions of DNA undergoing replication'®”. Whilst these ARP-labelled
sites were interpreted as abasic sites, the occurrence and relative abundance of other
aldehyde-containing DNA modifications that may also react with ARP calls into questions the
true identity of these sites. Two naturally-occurring DNA nucleobases, 5-fC and 5-fU (Figure
1.12b), have previously been shown to react with ARP and have been detected at higher
levels than AP sites in genomic DNA'?312° A study has also been reported in which the
genome-wide distribution of both abasic sites and 8-oxoG, which were marked as abasic
130

sites by in vitro treatment of isolated DNA with OGG1, were mapped in human HepG2 cells

In both cells treated with x-rays to induce oxidative damage and control cells, a non-random
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distribution of these two oxidative damage products was found, as well as a correlation of
these lesions with open-chromatin, transposable elements and repetitive regions of the
genome. However, this study also utilised the molecule ARP to target abasic sites and the
contribution from alternative reactive sites in DNA remains unclear. With the exception of
mass spectrometry studies in which aldehyde modifications in DNA can be easily
distinguished from one another by molecular weight, many of the studies on abasic sites that
utiise ARP or a similar nucleophilic probe may be confounded by the presence of
formylpyrimidines in DNA. Therefore, the accurate study of abasic sites remains a challenge
and the development of accurate methodology to detect these sites is crucial for further

investigation.

Abasic sites are a common putative intermediate in many biological processes,
particularly those that involve BER. It has been suggested that specifically in the context of
4-stranded DNA G-quadruplex structures, abasic sites and the APE1 enzyme can be
associated with transcriptional control. Single-stranded nucleic acids rich in guanine can form
G-quadruplexes as an alternative structure to B-form duplex DNA. These structures consist
of stacks of guanine quartets that are connected by hydrogen-bonds using both the Watson-
Crick and Hoogsteen faces'™'. In support of earlier proposals that 8-oxoG can act as an
epigenetic marker®, this hypothesis is also based on the generation of oxidative damage in
the form of 8-0xoG in specific gene promoters that contain a sequence capable of forming a
G-quadruplex. The VEGF promoter has been used as an example in a plasmid-based system
introduced to mammalian cells, where a G-quadruplex sequence consisting of five runs of
guanine exists, while only four are required for quadruplex folding'2. Upon generation of 8-
ox0G, the base lesion is excised by OGG1 to form an abasic site. The destabilising effect of
the loss of base-pairing at this site shifts the equilibrium from duplex to denatured DNA, which
can then refold into the quadruplex structure. To exclude the damaged site, the fifth run of
guanines is used instead during folding. APE1 binds the AP substrate; however, in the
quadruplex context cleavage is inefficient, and the prolonged binding of APE1 is associated
with transcriptional upregulation. Both knockdown and small-molecule inhibition of APE1

decreased this upregulation, offering some support for this hypothesis.

Elevated levels of abasic sites in DNA have been associated with cancer. Infection of
gastric epithelial cells with Helicobacter pylori, which has been associated with gastric cancer,
elevated the levels of intracellular ROS and abasic sites'*®. The repair of oxidatively damaged
DNA bases such as 8-oxoG with OGG1, as well as abasic sites, was accompanied by

genomic instability that has been suggested to play a role in cancer development.
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The repair of abasic sites in mammalian systems is largely through BER, for both
spontaneously and enzymatically generated sites. APE1 accounts for up to 95% of
endonuclease activity at abasic sites'®*, thus initiating the BER pathway. Mechanistically,
APE1 cleaves DNA at the 5- side of an abasic site via a Mg®" dependent one-step
hydrolysis'®. Key residues include Tyr171 and Glu96, which are involved in guiding the DNA
substrate and coordinating the Mg?* ion, whilst His309 activates the nucleophile. AP
endonuclease 2 (APE2) is also present in humans, however, much less is currently known
about this endonuclease. It is suggested that although AP endonuclease activity is possible
for this enzyme, its main function is as a 3'-5’ exonuclease'®. In yeast it has also been shown
that in addition to BER, the nucleotide excision repair pathway can also be involved in abasic

site repair'>’~1%,

APE1 is a multifunctional enzyme with a range of possible functions. At the C-terminus,
in addition to AP endonuclease activity there is also evidence of weaker activity of this protein
as a 3’-5-exonuclease, phosphodiesterase and 3’-phosphatase, as well as RNase H
activity'*®'*1_ At the N-terminus, APE1 is more commonly referred to as Ref-1 and has redox
function to activate transcription factors by reduction at cysteine residues'?'*3, A number of
transcription factors that are activated by APE1/Ref-1 have been identified that are involved
in apoptosis, inflammation, angiogenesis and survival pathways amongst others. The
activities at the two termini can be independent of each other. The small molecule lucanthone
has been shown to inhibit the endonuclease, but not the redox or exonuclease activities of
APE1'* Whilst knockout of APE1 is embryonic lethal, with deaths occurring within 6.5 days

145 APE1 knockout has been successfully carried out in a murine cell line™**.

post implantation

Much of the work on DNA abasic site repair has focused on this lesion in the context of
double-stranded DNA. More recently, 5-hydroxymethylcytosine binding ESC-specific
enzyme (HMCES) has been reported to act as a sensor of abasic sites in single-stranded
DNA™¢ HMCES, originally identified as a binder and potential reader of 5-hmC in mESCs'’,
was found to bind DNA at replication forks and crosslink single-stranded DNA at abasic sites,
which was proposed to shield the abasic site from translesion synthesis during replication.
Instead, HMCES acts as a suicide enzyme to prevent repair by BER. In double-stranded
DNA, the identity of the base-pair at an abasic site is retained in the opposing base, which
can guide BER to restore the correct nucleotide in place of the missing nucleobase. In the
event of newly-synthesised DNA opposite a single-stranded abasic site, the opposing base
is likely to be incorrectly installed and further translesional synthesis by BER is error-prone.

The downstream resolution of the HMCES-abasic site complex, resulting in the proposed
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error-free repair of abasic site has not been fully determined. However, this study highlights
the potential need for alternative repair pathways when abasic sites are not accompanied by

an opposing base-pair to direct DNA repair.

1.3 Methods of detecting DNA modifications

In order to elucidate the role of DNA modifications, it is important to develop
methodology to accurately detect them. Quantitative detection of global levels across a
genome is an important and powerful tool, whilst the advent of high-throughput NGS has

allowed the mapping of DNA modifications in different biological contexts.

1.3.1 Global quantification of DNA modifications

Quantification of the levels of a given DNA modification globally across a genome can
be achieved in different ways. Earlier work in this area relied on the ability to bind to
modifications through antibody recognition and quantify levels by colorimetric means, often

48 Genomic DNA is first immobilised and then incubated with

using dot-blot or ELISA assays
a primary antibody of interest followed by removal of unbound antibody by washing. A
secondary antibody specific to the primary antibody is then introduced, which is often capable
of amplifying a colorimetric signal such as by incorporation of a horseradish peroxidase unit.
This allows the catalytic oxidation of peroxide to water, which in turn catalyses the redox
reaction of a suitable fluorogenic substrate. Colorimetric quantification allows the amount of
bound antibody and therefore original modification to be calculated, often alongside
calibration against known quantities of standard. This type of quantification has been applied

using antibodies against 5-mC, as well as a biotinylated probe to target abasic sites'?*'49,

Accurate global quantification of DNA modifications can also be achieved by mass

1%0-152 This can be a highly sensitive technique, capable of detecting

spectrometry detection
low abundance modifications. First, DNA is digested using a cocktail of nuclease and
phosphatase enzymes into a mixture of individual nucleosides which can then be detected
at high accuracy by tandem LC-MS/MS'*'** (Figure 1.13). It is essential to spike-in stable
isotopically labelled synthetic standards (SILs) in samples to normalise for differences in

ionisation efficiency between species in the mass spectrometer that may arise due to the
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presence of salts, contaminating species and technical variation in instrumentation. By
recording the ratio of analyte/SIL signal instead of absolute ion abundance, accurate
quantification is possible down to femtomolar concentrations, or less than one modification
per million canonical bases. It is also essential to generate a calibration curve using known
amounts of synthetic standard in order to accurately quantify the levels of modification. By
quantifying both the modification of interest and at least one of the canonical bases,

measurements can be represented as a proportion of the genome.

lon current

dA dC
Enzymatic digestion LC-MS/MS
SRR\ —— ax  oVSmS
dG Spike in SIL
Genomic DNA dT

Mass ratio
(standrd/SIL)

Concentration

Figure 1.13: Quantification of base modifications by LC-MS/MS. A calibration line using synthetic
standards must be generated to carry out accurate quantification. The ion current of known amounts
of synthetic standard is measured alongside an internal isotopically labelled standard of fixed
concentration and expressed as a standard/SIL ratio to obtain the calibration line. Genomic DNA is
digested into nucleosides, and the SIL is also added. The concentration of the modification of interest
(dX, red) can then be calculated from the calibration line. At least one of the canonical nucleosides
must be quantified in the same way with a further set of synthetic standards, to express the
quantification results as a proportion of the genome.

For relatively high-abundance modifications, such as 5-mC and also 5-hmC in some
contexts where levels are up to a few percent of cytosine, LC-MS/MS quantification is easily
achieved without the need for highly sensitive instrumentation. For rare modifications that are
around the parts per million (ppm) levels of the genome or lower, an enhancement of the
mass spectrometry signal may be required. Chemical derivatisation of modifications such as
the reaction of Girard’s reagents T and P'>® with the aldehyde groups in 5-fC or 5-fU allows
the formation of ionic species that can improve the sensitivity of LC-MS/MS detection by up
to 750-fold'®"%7_ Abasic sites are also difficult to directly quantify by mass spectrometry, due
to ionisation difficulties of the deoxyribose unit obtained after digestion. Derivatisation of
deoxyribose using reactive probes has similarly been used to enhance detection limits to less

than 1 abasic site per million dN*71%8:1%9,
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1.3.2 DNA sequencing

DNA sequencing is a powerful tool that has been essential in the furthering of our
understanding of genetics over the past four decade. Techniques developed by Frederick
Sanger'®, as well as Allan Maxam and Walter Gilbert'®" gave rise to a first generation of DNA
sequencing methods. Although low-throughput and costly on a large scale, these techniques
were used to successfully complete the human genome project where the vast majority of

the human genome was decoded*?.

Since the initiation of the human genome project, a second generation of DNA
sequencing, or next-generation sequencing (NGS) techniques, has been made possible'®2¢3
allowing the speed of sequencing to be dramatically increased, along with higher throughput
and lower costs'®*. Individual techniques include lllumina (previously Solexa) sequencing'®®,
lon-torrent'®®, Roche 454'%” and SOLID sequencing (Applied Biosystems)'®. Due to the high
throughput and reduced cost of Illumina sequencing, this technology in particular has been

widely adopted in the past decade.

Like many other sequencing platforms, lllumina sequencing is based on the concept of
sequencing by synthesis. In order to decode the order of bases in a given DNA template, the
identity of the bases installed by a polymerase on a newly synthesised, complementary DNA
strand is recorded. This information can then be used to reveal the original template
sequence. To identify each incorporated base in a controlled and stepwise manner, non-
natural triphosphates are used in place of natural ones in which two key modifications are
present; a dye unique to each triphosphate attached to the base allowing identification by
fluorescent imaging, and a removable group on the sugar ring to temporarily inhibit further
polymerase extension after each incorporation cycle'® (Figure 1.14). Specifically, the O-
azidomethyl group is used at both the 3’-OH of the sugar, and within the linker between the
nucleobase and dye. Treatment with TCEP reduces the O-azidomethyl group into a
hemiaminal, which under aqueous conditions rapidly hydrolyses into a free hydroxyl. This
generates both an uncapped 3’-OH, and a truncated linker on the base free of the fluorophore
that does not significantly hinder further polymerase activity. This method of reversible
termination allows successive cycles of DNA synthesis to occur, with enough time to allow
the collection of data by imaging between cycles. Another key advantage of lllumina
sequencing is the use of massively parallel processing technology. By sequencing millions
of unique DNA fragments in parallel on a single flow-cell, throughput is vastly increased, and

the cost of sequencing is reduced. As the detection of single fluorophores is challenging and
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costly, clones are generated on the flow-cell prior to sequencing by a process known as
bridge amplification. This allows the amplification of fluorescence signal, as the fluorophores

within each clonal cluster are identical.
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Figure 1.14: Structure of a modified triphosphate used during lllumina sequencing. The 3-OH is
capped with a removable azido group, which is also incorporated into the linker between the dye (green
circle) and the base. In the presence of a reducing agent such as TCEP, the 3’-OH is uncapped and
the dye linker is cleaved, allowing another round of polymerase synthesis to occur.

Before DNA can be loaded onto a sequencing flow cell, a sequencing library must be
generated (Figure 1.15). As the quality of individual reads obtained by lllumina sequencing
rapidly drops beyond a few hundred base pairs, it is necessary to break genomic DNA into
shorter pieces. By computationally aligning millions of such shorter reads together against a
known reference genome, coverage is possible for the majority of the genome.
Fragmentation of genomic DNA can be achieved enzymatically by controlled partial
degradation of non-specific nucleases, or more commonly by mechanical or acoustic
shearing via sonication. The ends of the resultant DNA fragments are generally uneven with
partial overhangs, and an enzymatic end-repair step is often required to create blunt ends

and also phosphorylate the 5’- end.

In order for sequencing libraries to be recognised and amplified on the flow-cell,
sequencing adapters are introduced onto both ends of DNA fragments. The adapters contain
a universal priming region to allow for amplification of the library, as well as a sequencing
primer region on both ends adjacent to the fragment insert at which sequencing can be
initiated. Often, one or more barcodes of typically 6 nucleotides in length are also included in
the adapter to label all the DNA in a library from a given sample. This allows multiple libraries
to be sequenced in parallel, and the combined data can be demultiplexed later based on the

identity of the barcode'®'"". Enzymatic ligation is typically used to introduce adapters onto
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DNA fragments. The adapters are synthesised with a 3’-dT overhang, whilst library
preparation incorporates a 3’-dA tailing step to generate a single base-pair complementary
overhang with the adapter to enhance ligation efficiency. Optional library amplification then
completes library preparation, which is ready for bridge-amplification on the flow-cell followed
by successive rounds of sequencing by synthesis. Sequencing from only one of the two ends
is known as single-end sequencing, thereby generating data only in ‘read 1'. Alternatively,
clusters can be regenerated from the opposing DNA ends mid-way through sequencing; ‘read
2’ data is also collected to obtain sequencing data initiated at the complement sequence at
the other end. This is known as paired-end sequencing. The barcodes are usually read in a

separate step, using a further primer specific to the barcode region within the adapter.
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Figure 1.15: lllumina sequencing technology. a) Key steps during sequencing library preparation. High
molecular weight genomic DNA is fragmented by e.g. sonication into short (100-1000 bp) fragments.
DNA ends are blunted and 5’-ends are phosphorylated during end-repair, followed by dA-tailing of the
3’- ends. Y-shaped sequencing adapters are then introduced by ligation, followed by PCR to straighten
out DNA ends. b) Flow-cell during sequencing. Adapter-ligated libraries are introduced to flow-cells,
which are amplified into clusters via bridge-amplification. Sequencing primers are introduced (red) to
the flow-cell, complementary to part of the adapters and cycles of sequencing by synthesis using
reversible terminator dyes occurs. The output is a series of images, when can be decoded
computationally.
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1.3.3 Mapping DNA modifications by sequencing

Currently, NGS methods can only decode the four canonical bases. PCR amplification
of DNA is generally required both during library preparation and on the flow-cell, during which
DNA modifications are erased. Therefore, to map the location of DNA modifications, an

alternative readout is required.

For low resolution DNA modification mapping, affinity enrichment has been widely used
for a range of base modifications (Figure 1.16). After sonication, DNA fragments containing
a feature of interest are isolated preferentially over background DNA fragments. Sequencing
of libraries enriched in this way results in the pile-up of reads at genomic locations where the
modification accumulates, which can be detected bioinformatically as peaks with higher
sequencing coverage than the background. Specific primary antibodies have been raised
against a number of modifications, allowing the enrichment mapping of a number of
modifications by DNA immunoprecipitation (DIP-seq) including 5-mC'"2, 5-hmC'"® and N6-
methyladenine (6-mA)'"*. The requirements for input DNA quantities for DIP-seq are
relatively low, and peaks can be called even when sequencing depth is kept relatively low.
However, potential drawbacks of DIP-seq include a density bias of some antibodies'”®, whilst
IgG antibodies have been observed to bind preferentially to short tandem repeats in
mammalian DNA and therefore show a false enrichment in these regions'’®. This can be
overcome to some extent by the careful use of control antibodies alongside enrichment
libraries. A similar approach is also routinely used to identify features within chromatin during

chromatin immunoprecipitation sequencing (ChlP-seq).

An alternative to DIP-seq is the use of a specific chemical probe to introduce a biotin
moiety to DNA modifications, which can then be enriched using streptavidin

pu”down70,128,129,177,178

. Depending on the functional groups available for tagging, this
approach can be more specific than antibody recognition. Suitable candidates include the
aldehyde groups at 5-fC'?8177 and 5-fU'2%17°18 \here the latter can also be used to map 5-
hmU when a selective oxidation step is included”. The relative enrichment of modified to
unmodified DNA achieved by chemical pulldown can often be much higher than that offered
by antibodies'?, thus improving the sensitivity and reliability of enrichments. Despite being a
non-covalent interaction, the binding interaction between biotin and streptavidin is one of the

strongest known in nature, with a Kp of around 10°"° M'8"182,

Together with the strong
covalent linkages often used to tag biotin at target DNA modifications, this allows the use of

extensive washing steps to minimise non-specific binding of background DNA during
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pulldown and can greatly improve specificity. Chemical pulldown approaches are, however,
limited to modifications for which selective chemistry can be designed, whilst modifications

such as 5-mC remain challenging to target in the presence of canonical bases.
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Figure 1.16: DNA modification mapping by enrichment. High-molecular weight genomic DNA is
sonicated into shorter fragments. The modification of interest (red) is tagged using e.g. an antibody or
biotinylated probe (green), then captured using either a secondary antibody or streptavidin beads,
respectively (brown). The sample is washed extensively to remove non-bound DNA, then the captured
fragments are eluted, amplified by PCR and sequenced. The sequencing output is compared to an
input sample without enrichment, in order to identify loci of read pile-ups as peaks.

NGS has also been used to map a number of modifications at single-nucleotide
resolution. One widely used technique is the mapping of 5-mC by bisulfite sequencing'®18*,
This approach is based on the differences in reactivity of 5-mC and C towards bisulfite. Whilst
canonical cytosine is quantitatively deaminated in the presence of bisulfite at low pH, the rate
of deamination of 5-mC is up to 100 times slower. The deamination of cytosine to uracil
changes its base-pairing pattern, which upon PCR amplification will be replaced by thymine.
Therefore, it is possible to replace all cytosine sites in a genomic sample with thymine via
uracil, leaving 5-mC as the only sites that will still be decoded as cytosine during sequencing
(Figure 1.17a,b). This powerful technique is also quantitative, as the amount of residual
cytosine detected by sequencing at a given site in the genome can be compared to the reads
in which the same location is read as a T, and thus a ratio of 5-mC to C can be calculated. A
major drawback of bisulfite sequencing is the depth required to obtain sites reliably, which
has an impact on cost. For example, more than 100X sequencing coverage would be required

to consistently detect 5-mC levels of 1% at a given site. To reduce the sequencing depth
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required, reduced representation bisulfite sequencing (RRBS) has been developed as a way
to cover a subset of the genome in which 5-mC is most relevant'®. Genomic DNA is first
digested with a methylation insensitive restriction enzyme, Mspl'®, which recognises and
cuts in the middle of a CCGG motif. The DNA fragments generated in this way end in a CpG
site, and thus is enriched for these locations. Around 1% of the genome is covered by this
method, allowing the information from those regions to be selectively obtained using 100-fold

less sequencing power than during whole genome bisulfite sequencing.
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Figure 1.17: Mapping DNA modifications at base-resolution. a) Cytosine is deaminated by bisulfite to
form uracil, while 5-mC is not. b) Schematic representing the expected base-calling pattern before and
after bisulfite conversation. ¢) Key steps during ox-bisulfite sequencing. d) Key steps during red-
bisulfite sequencing.

After the discovery of the importance of the oxidised derivatives of 5-mC, it was found
that standard bisulfite sequencing was not specific to 5-mC. 5-hmC is also resistant to
bisulfite conversion, and therefore all datasets generated using bisulfite alone map both 5-
mC and 5-hmC simultaneously. To differentiate between 5-mC and 5-hmC, a selective

oxidation of 5-hmC to 5-fC using the water soluble oxidant potassium perruthenate was
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developed and combined with bisulfite sequencing'®’

(ox-bisulfite sequencing). As 5-fC is
deaminated in the presence of bisulfite, 5-hmC can be identified as the sites that are read as
a C after bisulfite treatment, but T after ox-bisulfite treatment. The true 5-mC sites are then
those that persist as C after both bisulfite and ox-bisulfite treatment. Using a similar concept,
5-fC sites can be sequenced after sodium borohydride reduction in a reduced-bisulfite (red-
bisulfite) treatment'®® when compared with standard bisulfite sequencing. The base-
resolution mapping of other modifications, including 5-fU, has also been made possible by
similarly detecting a mutational signature, which in the case of 5-fU is selectively introduced

at 5-fU sites under specific PCR conditions'®°.

A further way to obtain nucleotide-resolution mapping information by NGS is to mark
sites with the start or end of sequencing reads. This can be achieved by inducing polymerase-
stalling at the modification site, or through chemically induced DNA fragmentation at the
modified nucleotide. The pattern of polymerase-stalling has been used to map both DNA and
RNA secondary structure, due to the natural tendency of polymerases to halt DNA synthesis

at non-canonical structures'®'®

. This approach can also be applied to certain DNA
modifications. The intra-strand bulky adduct formed between cisplatin and guanine bases in
DNA, for example, can be used to cause polymerase-stalling during primer extension (Figure
1.18a). Sequencing of the truncated DNA strands synthesised allows the stall site, and
therefore site of the cisplatin adduct, to be identified as the genomic position after which a
pile-up of sequencing reads begin'®2. Endogenous DNA double-strand breaks (DSBs) can
also be sequenced at base-resolution in a similar approach (Figure 1.18b). Here, the DNA
is already truncated at the site of interest, so the in vitro stalling of a polymerase is not

required to generate a signature. In the DSBcapture method'®

, a biotinylated adapter is
introduced to genomic DSBs in situ, and isolated using streptavidin to enrich the signal. Upon
sequencing, peaks appear that are centred around the DSB site. A similar concept has also
been used to map modifications in RNA; ribose sugar (2’-O)-methylation sites were mapped
using Nm-seq by inducing RNA fragmentation at this modification'®® (Figure 1.18c). Iterative
oxidation—elimination—dephosphorylation (OED) cycles were used to cleave the RNA
backbone at the 3'- position of 2’-O-methylation sites, whilst leaving unmethylated sites intact.
Sequencing of the resultant fragments reveals a pile-up of reads directly adjacent to
methylated sites of the transcriptome, thus mapping this modification at base-resolution. The
read depth required to identify polymerase stalling or alternative fragmentations can be high;
a significant proportion of the genome must be marked by start sites as background, before

a positive signal can be detected. Often, these methods can be coupled with a biotinylated
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tag as in DSBcapture'® or a pre-selection of genomic DNA using a specific antibody'®?, to

initially focus reads to specific regions of the genome.
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Figure 1.18: Single-nucleotide resolution mapping of DNA modifications by marking sequencing read
start sites. a) Polymerase-stalling at DNA-cisplatin adducts (grey) causes termination of primer
extension. After sequencing libraries generated from the truncated DNA products, the cisplatin adduct
site is identified as the position directly preceding sequencing read start sites. b) Mapping of
endogenous double-strand breaks (DSBs) in DNA. A biotinylated adapter is introduced at the ends of
DSBs, which are isolated and used to generate an enriched library. The centre of read pile-ups after
sequencing is identified as the original captured DSB site. ¢) Mapping of 2’-O-methylated (red) RNA
sites. RNA is fragmented preferentially at methylated sites. The resultant RNA fragments are prepared
for sequencing, and the 2’-O-methylated site is identified as the position directly 3'- to sequencing read
start sites.

Third-generation DNA sequencing techniques have been in development in recent
years that hold great potential for the direct detection of DNA modifications. Single-molecule
real-time (SMRT) sequencing'® (PacBio) collects data not only on the identity of an
incorporated triphosphate during sequencing by synthesis, but also on the amount of time
that the polymerase is associated with its substrates during each cycle. This temporal
information is often enough to distinguish between modifications in the template that lead to
the same Watson-Crick base-pairing patterns. Alternatively, Nanopore sequencing

technology (Oxford Nanopore Technologies)'® does not rely on the traditional sequencing
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by synthesis approach. Instead, the ionic current of a piece of DNA passing base by base
through a nanopore is recorded, generating a unique signature for each of the four canonical
nucleobases and often for different modifications as well. Both of these third-generation
sequencing methodologies have the additional advantage of much longer read lengths
compared to lllumina sequencing, up to 10s or 100s of kilobases. Highly repetitive DNA in
parts of some genomes is difficult to align using short reads from current lllumina technology
and is challenging to study, but it may be possible to align to these regions using much longer
reads. Together, these advantages of third-generation sequencing are promising, however
further development is still needed, particularly regarding the accuracy of base calling. The
high error rates currently limit these methods to smaller genomes such as bacterial DNA.
With future developments, third-generation sequencing is likely to provide exciting

opportunities in the field of genomics and DNA modifications.

1.4 Objectives

The removal and repair of a range of DNA modifications is dependent on the BER
pathway. As such, abasic sites are common intermediates that are central to the regulation
of a number of DNA modifications. Independent of enzymatic generation, abasic sites are
also formed directly in the event of endogenous and exogenous DNA damage. Furthermore,
there is emerging evidence that abasic sites may in their own right able to influence biological
processes, beyond simply being a passive intermediate. Despite the many ways in which
abasic sites have biological significance, both as an intermediate and as a potential DNA
modification, there is currently no methodology to accurate locate these sites in DNA. With
the exception of LC-MS/MS detection, many studies on abasic sites that rely solely on the
reactivity of the aldehyde functionality may be confounded by cross-reactivity with alternative
sources of aldehydes in DNA such as 5-fC and 5-fU, which can be more abundant than
abasic sites. The main focus of this thesis was therefore to develop and apply methodology

to accurately detect the location of DNA abasic sites by next-generation sequencing.

The first key objective was to develop a chemical method to selectively target abasic
sites and combine this with sequencing on the lllumina platform. A chemical pulldown
approach is described in Chapter 2, involving the targeting of the aldehyde functionality of
abasic sites. Extensive controls were used to ensure chemical selectivity over alternative

sources of aldehydes in DNA before application of the method to synthetic DNA containing
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an abasic site at a known location, as a proof of concept that abasic sites can be mapped at

single-nucleotide resolution.

Further objectives in this thesis were to apply this sequencing method in different
biological contexts. Methodology to map abasic sites is useful in wider applications due to
the availability of glycosylase enzymes that can be used to treat isolated DNA in vitro to
replace specific modifications with an abasic site. As such, any modification for which a
glycosylase is available can also be mapped using AP mapping technology. As a validation
of the sequencing method in a genomic context, studies on thymine modifications in the
Leishmania major genome are described in Chapter 3; these modifications were converted
to abasic sites by treatment of DNA with the SMUG1 enzyme. A low-resolution map of 5-
hmU has been generated previously in this genome and was compared to the data generated
here, allowing validation of the new method. The high-resolution data was also used to further
analyse the distribution and sequence-context of 5-hmU, to further shed light on the potential

role of this modification where low-resolution data may be limited.

In Chapter 4, the objective was to map the distribution of endogenous abasic sites in
the human genome. Knockdown of the repair protein APE1 was carried out using siRNA
control, and a map of endogenous AP sites was generated in these cells as well as control
cells to assess whether DNA damage accumulates preferentially in certain parts of the
genome. The data was also analysed relative to genomic features, as well as the
transcriptional levels of mRNA to investigate whether AP damage can influence gene

expression.

Finally, in Chapter 5 the significance of the uracil-dependent processive demethylation

°152 is described. The location of uracil was mapped genome-wide at single-

pathway
nucleotide resolution by pre-treatment of DNA with UNG to mark these locations as abasic
sites, followed by abasic site sequencing. This approach was first explored and optimised in
the E. coli genome which was easier to investigate due to its small size. Uracil mapping was
then carried out on mESC DNA, where levels of the key components of the proposed pathway
have been manipulated to investigate whether deamination of cytosine can be detected to

support this hypothesis.
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Chemical tagging of DNA abasic sites

2.1 Background

Amongst the many different possible products of DNA damage, abasic sites are
frequent lesions with levels measured at around 1 per million dN in mESCs by mass
spectrometry*’. In addition to their role as markers of DNA damage that may arise in the
event of either endogenous or exogenous damage to genomic DNA, abasic sites are also
central intermediates in the base excision repair (BER) pathway. At least 11 distinct
mammalian glycosylases have been identified to date that initiate the repair of a wide range
of DNA base lesions as part of BER, during which abasic sites are the first common
intermediate® %2, Therefore, the ability to accurately detect and investigate abasic sites is
useful both in the study of DNA damage and in further understanding a number of important
biological pathways that rely on BER, such as the removal and regulation of epigenetic DNA

modifications*4#6:1%

In addition to decoding the primary sequence of DNA, sequencing is also a powerful
tool for the study of DNA modifications. Despite the fact that next-generation sequencing
(NGS) techniques are generally limited to readouts that decipher between only the four
canonical bases, methods to detect base modifications have been developed on these
platforms at both low (100s of bp) and single-nucleotide resolution. These approaches
typically rely either on the detection of a distinct mutational signature that can be induced at

1183184187 or the affinity enrichment of DNA

specific modifications by chemical treatmen
fragments containing specific modifications to selectively increase sequencing coverage at
locations where modifications accumulate. The latter can be achieved by affinity capture
using an antibody or by selective covalent chemistry using a functionalised probe. Third
generation sequencing methods such as SMRT or Nanopore sequencing show promise in
mapping DNA modifications''%8; however, due to high error rates these platforms are not

yet suitable for the routine analysis of large mammalian genomes.
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Despite the prevalence and severe biological consequences of abasic sites, there is
still a lack of understanding of the distribution and dynamics of these features within genomic
DNA. Many methods of detecting abasic sites that are currently available utilise O-
biotinylcarbazoylmethyl hydroxylamine, also known as ARP. This biotinylated nucleophile
reacts with the aldehyde group exposed in the ring-open form of abasic sites to form an oxime
linkage. This approach has been coupled with ELISA or dot-blot assays to quantify the global

levels of AP sites in DNA'23124

, as well as to map the genomic location of AP sites by NGS.
In AP-seq'°, fragments of genomic DNA that have been treated with ARP were enriched by
isolation using magnetic streptavidin beads, and eluted by enzymatic treatment (PreCR
repair mix, NEB). The enriched DNA was then used to generate a sequencing library. A major
drawback to the use of ARP in labelling abasic sites is that naturally occurring DNA
modifications such as 5-fC and 5-fU also contain reactive aldehydes that can be targeted by
nucleophilic probes'?12:129  Ag these modifications have been measured at higher levels
than AP sites in mammalian DNA (mESCs)*"*°, it is imperative that methods used for the
detection and mapping of abasic sites do not cross-react with these alternate base
modifications. The aim of this chapter was therefore to develop a method to enrich for DNA
abasic sites in the presence of genomic DNA, including aldehyde-bearing bases. This affinity
enrichment strategy was then combined with sequencing on the lllumina platform, to develop
a method of mapping abasic sites that can be applied widely to a range of genomes and
biological contexts. Some antibodies used to map the location of base modifications as part
of DIP-seq have been found to display density bias, whilst IgG antibodies have been
suggested to preferentially bind to short tandem repeats and lead to false positives in these

175,176

genomic regions . Due to these drawbacks associated with antibody detection, a

chemical probe that can react selectively at abasic sites was explored instead.

The biotin-streptavidin linkage is one of the strongest non-covalent interactions found
in nature. Chemical probes that contain a biotin moiety have been utilised in the affinity
enrichment of a number of DNA modifications, effected by isolation using magnetic

70128177 1t was therefore envisaged that an abasic site probe should either

streptavidin beads
directly contain a biotin moiety, or a reactive handle through which a biotin moiety can be
introduced at a later stage. The further functionalisation of chemically modified DNA has

177,199

previously been demonstrated with high efficiency using click reactions , including the

copper catalysed azide-alkyne Huisgen cycloaddition (CuAAC).

The rate of depurination, and to a lesser extent depyrimidination, of DNA is enhanced

under acidic conditions and elevated temperatures’'?®. In order to avoid the generation of
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AP site artefacts, it is essential that such conditions are avoided during chemical tagging
reactions. Furthermore, the rate of strand-cleavage at pre-existing AP sites via - or B-0-
elimination at the 3’- and 5’- phosphate groups of the backbone is increased under alkaline
conditions'"”. Both the artefactual generation of AP sites, and AP removal by base-catalysed
elimination is likely to change the distribution of AP sites and affect sequencing results.
Therefore, any probes developed in this chapter should react cleanly with abasic sites under

near-neutral conditions, without the need for elevated temperatures.

Abasic sites cause stalling during DNA synthesis for many polymerases, including the
high-fidelity polymerases that are generally required to prepare samples for NGS'%2%" Whilst
it is sometimes possible to use PCR-free methods to generate a library, amplification of DNA
on the sequencing flow-cell still remains essential during lllumina sequencing. Polymerases
that carry out translesional synthesis, such as Vent from Thermococcus litoralis, or Dpo4
from Sulfolobus solfataricus are able to partially bypass abasic sites?®2. However, the
efficiencies of synthesis past abasic sites are still hundreds of times lower than that past the
canonical bases. PCR bias against a target modification is detrimental to enrichments by
underrepresenting modified DNA. The inefficient polymerase bypass of biotin-tagged 5-fC
has been shown to hinder PCR amplification of 5-fC DNA after affinity capture. This bias has
been removed by introducing a cleavable linker into the functionalised probe, so that the
bulky biotin moiety could be removed after streptavidin pulldown, prior to PCR amplification?®.
A further desirable feature of an abasic site probe is therefore the ability to allow efficient
PCR amplification of enriched DNA prior to sequencing, possibly via a cleavable linker or a

ligation that is reversible under controlled conditions.

Affinity enrichment mapping of DNA modifications is largely achieved at low resolution.
The resolution is often determined by the size of DNA fragments obtained upon the breaking
of high-molecular weight genomic DNA, which is generally limited to a few hundred base
pairs. An increase in this resolution has been demonstrated during the affinity enrichment of
some modifications. For example, in cisplatin-seq, cisplatin-treated DNA is first
immunoprecipitated using an antibody that recognises cisplatin-DNA adducts. By utilising the
subsequent polymerase stalling at cisplatin-DNA crosslink sites to generate the sequencing
library, an accumulation of truncated reads allows the crosslink site to be identified at single-
nucleotide resolution'?2. A similar strategy was also utilised in this chapter, to improve the
resolution of the mapping method beyond hundreds of base pairs. Together, the points

highlighted above outline the requirements for a suitable chemical probe for DNA abasic sites.
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2.2 Results and discussion

2.2.1 Aldehyde reactive probes

Amine nucleophiles are used widely in organic synthesis to form imines with aldehyde
groups. In particular, hydroxylamines and hydrazines are suitable candidates for reaction at
aldehydes due to the increased nucleophilicity of these functional groups, provided by the a-
effect?®2%. The condensation reaction between hydroxylamines and carbonyl groups
typically requires acidic conditions, whilst hydrazines react more readily under near-neutral
conditions?®®. However, the resultant hydrazones are less stable than oximes and are labile
to reversal by hydrolysis under aqueous conditions®’. The relatively slower formation of
oximes can be catalysed by nucleophiles such as aniline or p-anisidine'®. Whilst such
nucleophiles have been used to catalyse the reaction between hydroxylamines and 5-fC,
amine catalysts have been shown to degrade DNA at abasic sites by strand-cleavage and

are therefore less suitable for these purposes®®.

In order to study the reactivity of abasic sites, short synthetic DNA obtained by solid-
phase synthesis was used. The direct incorporation of deoxyribose as an abasic site into
synthetic DNA is incompatible with solid-phase synthesis as the exposed aldehyde is
susceptible to degradation. Whilst it is possible to use a protected abasic phosphoramidite to
obtain synthetic AP sites?®®, a commonly used method is to install uracil residues into DNA
and generate an abasic site by enzymatic treatment with uracil DNA glycosylase (UNG)®.
All AP oligodeoxynucleotides (ODNs) used in this thesis were generated this way, via
excision of uracil from the corresponding uracil-ODNs (Figure 2.1a). The UNG reaction on
U-ODN1 was followed by LC-MS, which showed that quantitative base excision was
achieved within 2 h with no degradation of the abasic site product by elimination detected
under the conditions used. The retention times of the uracil ODN and AP product were very
similar, however, the identity of the product was confirmed by mass spectrometry (Figure
2.1b). (See Table 7.3 for sequences of all ODNs used.)

ARP has been previously used to study abasic sites, as well as 5-fC and 5-fU in DNA'%,
It has been assumed in AP-seq for example, that acidic conditions (pH 5) are required for
efficient oxime formation between ARP and 5-fC, whilst the reaction with abasic sites is
favoured around neutral pH'. The further cross-reactivity of ARP with 5-fU has largely been

ignored in previous studies, despite evidence that this modification also exists in genomic
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DNA. The reactivity of ARP was therefore compared between these three aldehyde
modifications. Short, single-stranded ODNs (ssODNs) containing either an AP site, 5-fC or
5-fU were incubated with ARP (5 mM), at pH 7.4 (phosphate buffer, 40 mM) for 2 h at 37 °C.
Quantitative conversion was observed for both AP-ODN1 and fU-ODNZ2; however no product
formation was detected for f{C-ODN3 (Figure 2.2). This result corroborates reports on the
reduced reactivity of 5-fC towards nucleophiles compared to 5-fU which has also been

confirmed by ab initio quantum mechanical calculations'
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Figure 2.1: Generation of an AP site from uracil in DNA. a) Scheme showing the excision of uracil in
synthetic DNA by UNG to generate an AP site, which is then used to study the reactivity of abasic site
probes. b) LC-MS UV trace of i) U-ODN1 and ii) U-ODN1 after treatment with UNG to generate AP-
ODN1. Mass spectrum of iii) U-ODN1 and iv) AP-ODN1. The Elution times of starting material and
product are very similar at around 16.5 min; however, from the mass traces iii) and iv) a loss of 31 is
observed for the M- ion, corresponding to the mass of uracil minus water (112-18 = 94). See Table
7.3 for sequences of all ODNs used.
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Figure 2.2: Reactivity of DNA modifications with ARP. Scheme showing reaction of ARP with a) 5-fC
and b) 5-fU. ¢) LC-MS UV traces of ODNs before and after reaction with ARP, i) and ii) correspond to
AP-ODN1, iii) and iv) to fU-ODN2, v) and vi) to fC-ODN3. ODNs (10 uM) were incubated with ARP
(5 mM) in phosphate buffer (pH 7.4, 40 mM) for 2 h at 37 °C. UV absorption at 260 nm is shown.

Interestingly, when the reaction buffer was replaced with PBS (pH 7.4) in conditions
that reflected those in AP-seq'®, quantitative conversion was also observed for fC-ODN3
(Figure 2.3). This somewhat surprising result was confirmed on a further 5-fC containing
ODN (fC-ODN4). The two reaction conditions differ in the concentration of phosphate, and
the inclusion of sodium chloride in PBS. A possible explanation for the change in reactivity is

that the buffer capacity is exceeded in PBS when using high probe concentration (5 mM),
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due to the relatively low phosphate concentration (4 mM). Measurement of the reaction pH
in PBS confirmed that this drops to around pH 6 in the presence of 5 mM ARP, whilst the pH
in 40 mM phosphate buffer remains above 7. Together, these results confirm that 5-fU and
abasic sites are both good targets for ARP and also show that 5-fC may be labelled under
specific conditions. Therefore, this probe does not appear to offer the selectivity required and
measurements relying on this probe alone are likely to be confounded by the presence of
both 5-fC and 5-fU.
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Figure 2.3: LC-MS UV traces of ODNs before and after reaction with ARP. i) and ii) Correspond to
AP-ODN1, iii) and iv) to fU-ODNZ2, v) and vi) to fC-ODN3, vi) and viii) to fC-ODN4. ODNs (10 uM)
were incubated with ARP (5 mM) in PBS (pH 7.4) for 2 h at 37 °C. UV absorption at 260 nm is shown.

1,3-diketones are nucleophilic compounds that can react with aldehydes through the
aldol condensation to form an a,B-unsaturated diketone (Scheme 2.1). The condensation
between reducing sugars and diketone nucleophiles has previously been reported under

210-212

aqueous conditions and a functionalised indandione probe has also been used to react
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with the aldehyde group in 5-fC""". The reactivity of this class of compounds was therefore
tested on abasic sites. Mildly basic conditions, achieved by addition of sodium hydrogen
carbonate, as well as elevated temperatures are generally required for the efficient
condensation of diketone compounds with glucose. These conditions are likely to lead to 8-
elimination at abasic sites and were avoided. The condensation between pentane-2,4-dione
and mannose, however, proceeds in the absence of sodium hydrogen carbonate®',
suggesting that neutral conditions may still be compatible for this ligation. The reactivity of
three diketone compounds including 1,3-indandione 3 and pyrazolone 4 were tested on an
AP-ODN, where reaction conditions were kept mild at pH 7 with incubation at room

temperature.

o) o}
mg j:j: M?)m OH 0 -H,0O ng o]
OH _, OH - > OH

Scheme 2.1: Reaction mechanism of aldol condensation of diketone compounds at an AP site.

Probe 1 2 3 4
OUO Oﬁo 0 0 0
Conversion
None None None Trace
2h
Conversion 1%
n.d. n.d. 53%
24h/% (48% cleavage)

Table 2.1: Reactivity of diketone probes with AP sites. AP-ODNS5 (10 pM) was incubated with probes
(10 mM) in phosphate buffer (pH 7.0, 40 mM) for 2-24 h at room temperature. Reactions were followed
by LC-MS, and conversions were calculated by integration of UV signal at 260 nm. n.d. = not
determined.
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Out of the four compounds tested, only compound 4 showed traces of reactivity after 2
h (Table 2.1). The reaction time was therefore extended to 24 h. Although the yield of ligated
product increased slightly (11%), cleavage of the abasic site started to also occur. A
moderate yield for the reaction with indandione 3 was observed after 24 h reaction, however,
further extension of the reaction time was impractical as long incubations are likely to subject
DNA to further damage. Raising the reaction pH to 9.0 did not further improve yields. Given

that yields were modest even after 24 h, this class of compounds was not further explored.
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Figure 2.4: Reactivity of diamine probes with AP sites. a) Reaction mechanism of o-phenylenediamine
with an abasic site. b) Outcomes of reactions of AP-ODN5 with derivatised diamine probes. AP-ODN5
(10 yM) was incubated with probes (10 mM) in phosphate buffer (pH 6.0, 40 mM) for 2 h at room
temperature. Reactions were followed by LC-MS, and conversions were calculated by integration of
UV signal at 260 nm.
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o-Phenylenediamine has previously been used as a probe to react at 5-fU sites in
DNA'2179.213 The 1,2-diamine group cyclises with aldehydes, and the resultant aminals
readily oxidise in air to form a stable benzimidazole ring (Figure 2.4a). Reaction of o-
phenylenediamine 5 with an AP-ODN generated the expected benzimidazole adduct.
However, cleavage of the AP site through B-elimination was also observed. A number of
functionalised diamines were therefore screened for reactivity without causing DNA cleavage.
Of the compounds tested, the difluoro derivative 10, and diaminonaphthalene 14 showed
good reactivity without significant elimination (< 5%) and were chosen as potential candidates
for an abasic site probe. Some of the more reactive diamines functionalised with electron
donating groups were found to reduce DNA recovery, possibly by non-specific degradation
(Figure 2.4b). Although less reactive, electron-withdrawing groups on the aromatic ring were

found to be more suitable.

2.2.2 Hydrazino-iso-Pictet-Spengler reaction

The Pictet-Spengler reaction was first reported in 1911, in which B-arylethylamines
condense with carbonyl groups to form cyclic adducts®™ (Figure 2.5a). The reaction is slow
for phenylethylamine, requiring reflux under acidic conditions. The initial condensation to form
an iminium ion is accelerated in the presence of acid, after which an intramolecular cyclisation
leads to the formation of a carbon-carbon bond. In nature, tryptamine undergoes an enzyme-
catalysed Pictet-Spengler reaction during the biosynthesis of alkaloids?'® (Figure 2.5b). The
reaction has also been used synthetically as a route to form tetrahydro-B-carbolines,
including asymmetric versions in which the stereochemistry of the cyclic product can be

controlled?'®.

Whilst the original Pictet-Spengler reaction requires harsh conditions, a biocompatible
version of this reaction has also been reported®'’. In the Hydrazino-iso-Pictet-Spengler (HIPS)
reaction, a C2 functionalised indole is used instead of tryptamine where the carbon chain is
located on C3, and the amine nucleophile exchanged for a more nucleophilic hydrazine
moiety (Figure 2.5c). The traditional Pictet-Spengler reaction with tryptamine has been
suggested to involve cyclisation by attack from the more nucleophilic C3 carbon, forming a
spirocyclic compound, which requires migration of the carbon-carbon bond to the C2 position
before re-aromatisation can occur?'®. The rate of reaction proceeds more efficiently under
biocompatible conditions when a stable 6-membered ring is formed directly after attack from

the C3 carbon. Indole 18 has been shown to be a good substrate for the HIPS reaction with
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aldehyde residues within proteins at near-neutral conditions. It was therefore reasoned that
a similar reaction could also occur at an abasic site, and HIPS probe 19 was designed
(Figure 2.6). This probe contained the same reactive scaffold as 18 and the linker at the
indole nitrogen was switched for a propargyl handle to allow biotinylation at this position at a

later stage via a CUAAC reaction.
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Figure 2.5: Mechanism of Pictet-Spengler reaction. a) Pictet-Spengler reaction between
phenylethylamine and an aldehyde. b) Pictet-Spengler reaction between tryptamine and an aldehyde.
¢) Hydrazino-iso-Pictet-Spengler (HIPS) reaction.

Compound 19 was obtained in six steps in a synthesis modified from that reported by
Agarwal et al.?'" (Figure 2.6b). Propargylation of indole 21 at the endocyclic nitrogen was
achieved in the presence of sodium hydride and propargyl bromide, forming indole 22 in good
yield. The ester group in 22 was then reduced by lithium aluminium hydride to generate 23,
followed by oxidation with Dess-Martin periodinane to form aldehyde 24. 1,2-
dimethylhydrazine 25 was Fmoc-protected on one end. Here, a mixture of mono- and bis-
protected hydrazines was obtained and a modest yield of the mono-protected compound 26
was isolated. Protected hydrazine 26 was then coupled to aldehyde 24 by reductive

amination using sodium triacetoxyborohydride. A final Fmoc deprotection affords 19.
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Figure 2.6: HIPS probes for aldehyde tagging. a) Structures of probes capable of HIPS ligation. 18
has been shown to react with formylglycine residues in proteins?'’, and 19 and 20 were designed for
reactivity with abasic sites. b) Synthetic route for HIPS probe 19. ¢) Synthetic route for HIPS probe 20.

47



Chapter 2: Chemical tagging of DNA abasic sites

Incubation of HIPS probe 19 with an AP-ODN afforded only a small amount of the
expected adduct (30%). A major side product was formed instead (70%), for which the mass
was 14 Da lower than expected (Figure 2.7). As this mass difference corresponds to the loss
of a methyl group, it was reasoned that demethylation of the probe may occur during the
HIPS reaction. HIPS probe 20 was therefore synthesised, in which the terminal nitrogen is
unmethylated. Whilst it was possible that demethylation of the non-terminal nitrogen was
occurring, a probe lacking a methyl group at this position would cause problems with potential
imine formation from both ends of the hydrazine. This would lead to a mixture of products
forming both 5- and 6-membered rings upon cyclisation. The synthetic route to 20 was similar
to 19 with the exception that a Boc-protected mono-methylated hydrazine 28 was used
instead of 1,2-dimethyl hydrazine (Figure 2.6c). This protected hydrazine was further
protected with Fmoc on the exposed nitrogen, then treated with acid to remove the Boc group.
The resultant hydrazine was coupled to aldehyde 24 as before, then deprotected to generate
20. Reaction of HIPS probe 20 with AP-ODN affords a single product corresponding to the
expected mass, and demethylation at of the hydrazine did not appear to significantly hamper
the HIPS reaction (Figure 2.7).
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Figure 2.7: LC-MS UV traces of AP-ODNS5. i) Untreated, ii) after reaction with 19 and iii) after reaction
with 20. ODN (10 uM) was incubated with 19 or 20 (10 mM) in sodium phosphate buffer (40 mM, pH
7.4) for 2 h at room temperature. UV absorption at 260 nm is shown. The expected mass for product
with 19 is 1573 (M), whilst the side product with a mass shift of around 4.8 for the M- ion corresponds
to loss of methyl group (14 Da).
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2.2.3 Comparison of probes

Two diamine probes, 10 and 14 and HIPS probe 20 have shown good reactivity towards
abasic sites to generate adducts without forming side products or leading to DNA degradation.
The relative reactivity of these probes, along with the ARP molecule was therefore compared
on an AP-ODN and followed by LC-MS. As reaction pH is an important consideration when
studying abasic sites in order to preserve their distribution within DNA, reactions were tested
over a range of conditions around neutral pH (5.0-7.4). Given that acidic conditions should
be avoided to prevent depurination, and strongly alkaline conditions should be avoided to

prevent elimination, physiological pH (7.4) was selected as an appropriate compromise.
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Figure 2.8: Reactivity of abasic site probes at varying pH. AP-ODNS5 (10 uM) was incubated with each
probe (1 mM, except 14 which was at 0.5 mM) for 2 h at room temperature. Reactions were buffered
by sodium acetate (pH 5.0) or sodium phosphate (pH 6.0-7.4) buffers at 40 mM. % conversion was
calculated by integration of ODN species at 260 nm UV absorption.

The reactivity of diamine 10 and ARP were found to drop with increasing pH (Figure
2.8). Oxime formation is catalysed by acid, and low reactivity at and above neutral pH has
previously been observed with these types of probes?'. As expected, HIPS probe 20 retains
reactivity well at up to pH 7.4, due to the hydrazine nucleophile. Whilst a hydrazone linkage
would subsequently suffer from hydrolytic instability, the combination of a reactive hydrazine
and stable HIPS adduct makes this probe particularly suitable for use under biocompatible
conditions. Diamine 14 was found to be exceptionally reactive across the pH range tested
and the concentration of this probe had to be reduced (0.5 mM) compared to the other probes

tested (1 mM) in order to observe detectable differences over the pH range. At this lower
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concentration, reactivity is still maintained well up to pH 7.4. Overall, these results suggest

that 14 and 20 are the most suitable for labelling abasic sites at physiological pH.

As the ultimate goal for an abasic site probe is to enable enrichment mapping, it is
important that probes form a stable adduct with an AP site that will not reverse or degrade
during the DNA treatment steps required during library preparation. The functionalised AP-
ODNs with each probe were treated with methoxyamine to assess the stability of adducts
towards displacement by a nucleophile, and sodium hydroxide to assess the stability of
adducts towards DNA degradation by backbone cleavage. Probes 10, 14 and 20 were all
stable in the presence of methoxyamine (Figure 2.9). In contrast, 36% of the ARP adduct
reacted with methoxyamine to form an oxime, suggesting that this adduct is susceptible to
nucleophilic attack. Whilst the conditions used here are much harsher than DNA is generally
subject to during library preparation, the results suggest the possibility that some ARP
adducts may be lost during the processing of labelled DNA. For HIPS probe 20, it was difficult
to determine by LC-MS alone whether the obtained DNA adduct had undergone cyclisation
or was halted after hydrazone condensation as the masses of the two ODN products were
difficult to distinguish. The inability of methyoxyamine to displace 20 suggests that cyclisation
had occurred as the hydrazone would be expected to be unstable in the presence of a
stronger nucleophile. All the adducts were relatively stable towards DNA degradation when
heated under alkaline conditions (100 mM sodium hydroxide), with only the oxime formed

with ARP showing small amounts of elimination (< 10% after 15 min at 70 °C).
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Figure 2.9: Stability of functionalised AP-ODNS5 in the presence of a nucleophile (methoxyamine) and
towards backbone elimination in the presence of sodium hydroxide. Reactions conditions were 100
mM sodium hydroxide at 70 ‘C for 15 min, and 100 mM methoxyamine, pH 6.0 for 2 h at room
temperature. % product was calculated from integrated area of UV absorption at 260 nm. Mean and
S.E.M. of three independent reactions are shown.
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2.2.4 Removable biotinylation of abasic sites

A desirable feature for an abasic site probe is the ability to remove the biotin moiety
after pulldown to minimise the hindering of polymerase-mediated synthesis during
subsequent PCR amplification. It was found that for the adduct between HIPS probe 20 and
an AP site, a unique cleavage reaction could occur that resulted in removal of the biotin
moiety from the tagged DNA, which was not possible for the other probes. Probe 20 bears
an alkyne handle which can be functionalised via a CuAAC reaction. This was designed to
allow DNA adducts formed with this probe to be biotinylated at a later stage under mild,
biocompatible conditions that will not interfere with other sites in DNA. Treatment of HIPS-
functionalised AP-ODN with biotin-PEG3-azide in the presence of copper (1) bromide and the
ligand tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) was confirmed to generate a
single, biotinylated species. The inclusion of THPTA in CuAAC reactions on DNA has been
shown to protect DNA from copper damage'®2'. Interestingly, the mass of the biotinylated
product was lower than the calculated mass by 4 Da, suggesting that oxidation of the product
also occurs alongside the click reaction. The most likely site of this oxidation is at the six-
membered ring formed during HIPS cyclisation, leading to aromatisation of the adduct. A
cationic pyridazinoindole structure was therefore proposed for this adduct (Figure 2.10). This
slightly unusual aromatic species has previously been reported®?. Whilst the initial HIPS
adduct was found to be stable at high pH (Figure 2.9), this oxidised adduct becomes labile
towards elimination. Similar to an unfunctionalised abasic site, the oxidised, biotinylated
HIPS-AP adduct undergoes quantitative elimination upon heating at 70 °C in 100 mM sodium
hydroxide (Figure 2.10). Analysis of the fragmentation products by LC-MS showed that (3-6-
elimination dominates under the conditions used, whilst traces of the incomplete B-elimination
product could also be detected. Although relatively harsh, these alkaline-cleavage conditions
do not show signs of leading to non-specific degradation and should be otherwise compatible
with DNA.

The base-catalysed elimination of biotinylated HIPS-AP adducts generates two
fragments of DNA. Depending on whether - or 3-6-elimination has occurred, the ends of the
fragment generated on the 5- side of the initial abasic site will differ. In the case of B-
elimination, the biotin moiety is still attached to this fragment, forming a non-natural DNA end.
If 5-elimination then follows, the biotin moiety is cleaved also from the 5'- fragment, leaving
a 3’-phosphorylated end (Figure 2.10a). In contrast, for both 3- and B-0-elimination, a single
fragment species is released from the 3'- side of the abasic site that is free of modification

and no longer biotinylated. Therefore, this DNA cleavage presents an opportunity to remove
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biotin from abasic sites after they have been isolated by streptavidin pulldown. It was
envisaged that the fragment released from the 3’- side of the abasic site could be recovered
for sequencing. Similar approaches have been successfully carried out to map cleavage-
sensitive sites in RNA at single-base resolution when the alignment of the sequencing start
site was considered'®®. As such, base-catalysed elimination simultaneously allows the
removal of biotin to avoid the hindering of PCR amplification, as well as the position of abasic

sites to be marked at single-nucleotide resolution.
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Figure 2.10: Elimination of the DNA backbone at biotinylated HIPS-AP adducts. a) Reaction
mechanism of HIPS probe 20 with abasic sites, followed by biotinylation via the CUAAC reaction. The
adduct generated is labile towards - and B-0-elimination in the presence of base at 70 °C. b) LC-MS
UV traces of AP-ODNA1. i) Unfunctionalised ODN after treatment with sodium hydroxide (100 mM,
70 °C, 15 min), ii) oligo after HIPS and biotinylation reaction treated with sodium hydroxide (100 mM,
room temperature, 15 min), and iii) oligo after HIPS and biotinylation reaction treated with sodium
hydroxide (100 mM, 70 °C, 15 min). The minor products between 20.0 and 22.5 min correspond to 8
-elimination, and the products around 12.5 min to B-0-elimination.
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Figure 2.11: Comparison of HIPS probe reactivity and stability on AP-, fU- and fC-ODNSs. a) LC-MS
UV trace of ODNs (10 uM) before and after reaction with HIPS probe 20 (10 mM, pH 7.4, 2 h at room
temperature). i) and ii) Correspond to AP-ODN1, iii) and iv) to fU-ODN2, v) and vi) to fC-ODN3. b)
Stability of ODNs towards DNA cleavage after treatment with 100 mM sodium hydroxide for 15 min.
All reactions are carried out at 70 °C, except where labelled ‘RT’, which was carried out at room
temperature. Reactions were followed by LC-MS; % cleavage was determined by integration of the
UV signal at 260 nm. Mean values of three independent reactions are plotted.
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Comparison of the initial HIPS reaction between 20 and AP-, 5-fU- or 5-fC-containing
ODNSs showed that similarly to ARP, reactivity at both an abasic site and 5-fU is high in
phosphate buffer (pH 7.4), whilst there was minimal adduct formation with 5-fC (Figure
2.11a). Therefore, selectivity relative to 5-fC is easily achieved by maintaining the pH of
reactions above 7.0. Furthermore, the stability of the HIPS adducts formed with these three
aldehydes was found to differ drastically. Upon biotinylation of the HIPS adduct with 5-fU, a
product also reduced by 4 Da was obtained. This biotinylated adduct showed no signs of
degradation after heating in 100 mM sodium hydroxide (Figure 2.11b), in contrast to the
same adduct formed with an AP site. Although reactivity of 20 with 5-fC was already low at
pH 7.4 and cross-reactivity with this base was minimal, the stability of the trace amounts of
adduct expected to form with 5-fC was also explored. To obtain quantitatively tagged 5-fC
ODN, the HIPS reaction pH was lowered to 5.0 and incubation was carried out over 24 h.
After the CuAAC reaction a pure biotinylated 5-fC species was obtained, which was
confirmed to also be stable towards sodium hydroxide treatment. Whilst the oxidised HIPS
adduct renders the deoxyribose at an AP site unstable under basic conditions, no similar
effect was observed when the adduct forms with a nucleobase. Together, these results show
that the combined HIPS biotinylation and subsequent removal by DNA cleavage can be
considered a highly chemoselective method for the capture and release of abasic sites.
Combined with streptavidin pulldown, this can be utilised as a selective elution in which only
abasic site-derived DNA is recovered. A degree of cross-reactivity of the initial HIPS probe
on formylpyrimidines is tolerable when these can be distinguished from abasic sites during
the recovery of DNA. Furthermore, weakly electrophilic sites in DNA such as the C6 position
of pyrimidines also have the potential to react with nucleophiles. Although much less reactive
than aldehydes, these sites within the canonical bases are substantially higher in abundance.
The two-step process of biotinylation and cleavage is likely to further distinguish abasic sites
from these possible sites of cross-reactivity. Although labile, the biotinylated HIPS-AP adduct
is stable at room temperature even in the presence of 100 mM sodium hydroxide for 15 min
(5% cleavage, Figure 2.11b). Therefore, any substantial loss of this adduct prior to

streptavidin pulldown and controlled alkaline-cleavage remains unlikely.

The removal of the biotin moiety from abasic sites after streptavidin capture is also
beneficial for PCR amplification of enriched DNA. PCR bias against biotinylated DNA adducts
is likely to reverse enrichments, resulting ultimately in the underrepresentation of abasic site
DNA. As the fragments released from the 3’- end of the AP site upon sodium hydroxide
treatment consist of canonical DNA bases and an unmodified 5’-phosphorylated end, these

pieces of DNA are particularly suitable for recovery to generate a sequencing library, where
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efficient PCR amplification can occur. Many methods that involve the enrichment of DNA

177,203, or

fragments through biotin capture incorporate a cleavable site in the linker region
otherwise the biotinylated probe may be displaced by a smaller group such as
hydroxylamine’® to minimise the chemical scarring of DNA. Following alkaline-cleavage, the

3’- end fragment is free of chemical modification.

Compared to the other probes that also displayed good reactivity towards abasic sites,
DNA cleavage under alkaline conditions was unique to the oxidised HIPS adduct. Although
not functionalised, derivatives of 10 and 14 could be synthesised to contain biotin or another
intermediate handle to allow chemical pulldown. However, the adducts formed between an
abasic site and either 10 or 14 were found to be extremely stable and did not show signs of
cleavage (Figure 2.9). A small amount of DNA cleavage was observed for the ARP adduct,
however conditions harsher than those currently used would be required for quantitative
elimination, which may begin to lead to non-specific DNA degradation. Interestingly, another
hydrazone adduct, between biotin hydrazide and AP-ODN, also undergoes quantitative
elimination when heated in 100 mM sodium hydroxide. However, due to the use of a
hydrazide rather than hydrazine nucleophile, the initial condensation is much slower here
and low conversion rates (< 50%) were achieved within 2 h at pH 7.4. HIPS probe 20 has the
combined advantages of high reactivity and controllable cleavage under DNA compatible

conditions, thus providing a way to discern abasic sites from other electrophilic sites in DNA.

2.2.5 Enrichment of abasic sites in synthetic double-stranded DNA

HIPS probe 20 reacts with DNA at abasic sites and can be used to tag these locations
with biotin. Although the initial HIPS reaction is not selective for AP sites alone and 20 was
also found to react with 5-fU in DNA, the selective removal of the biotin tag can be achieved
at abasic sites after streptavidin pulldown, allowing specific recovery of DNA derived solely

from abasic sites.

To test whether this combined pulldown-elution strategy can enrich for DNA abasic
sites in the presence of DNA comprising the canonical bases as well as 5-fC and 5-fU, longer
double-stranded DNA (dsDNA) models that were more representative of genomic DNA were
used. DNA sequences between 100-105 bp in length containing either a single AP site, 5-fU
or 5-fC on only one strand of the duplex were designed. To represent unmodified, bulk

genomic DNA, a GCAT DNA sequence consisting of only canonical bases was also included.
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Duplex AP DNA was obtained by primer extension of a uracil-containing ODN, followed by
UNG treatment to generate an abasic site (Figure 2.12). GCAT DNA was obtained by PCR
amplification of the template sequence using unmodified dNTPs, and 5-fU and 5-fC DNA
were obtained by a single-primer extension where dTTP or dCTP had been replaced
respectively by the formylated analogue. By careful design of the template DNA, it was
ensured that a single 5-fC or 5-fU site was installed into the synthesised strand. For 5-fU
DNA, a single adenine base was designed in the template or ‘reverse’ strand after the position
of primer annealing, and a similar constraint was in place in the 5-fC template for guanine.
To minimise an imbalance in base composition due to this constraint, primer lengths were
kept long. This resulted in the position of modification for 5-fC and 5-fU DNA being slightly
further along the DNA strand than for AP DNA (position 64, compared to position 28).
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Figure 2.12: Method of obtaining dsDNA models by primer extension. a) AP DNA is obtained by primer
extension of uracil-containing DNA which is then treated with UNG to reveal the abasic site. b) GCAT
DNA is obtained by PCR amplification of an unmodified template. ¢) 5-fU DNA is obtained by primer
extension of an unmodified template in the presence of dfUTP instead of dTTP. d) 5-fC DNA is
obtained by primer extension of an unmodified template in the presence of dfCTP instead of dCTP.
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The dsDNA models were pooled together and treated with HIPS probe 20 followed by
CuAAC-catalysed biotinylation. The purified DNA was then incubated with magnetic
streptavidin beads followed by extensive washing to remove unbound DNA. The captured
AP DNA was then eluted by elimination, and recovered fragments were quantified by qPCR.
This was achieved by DNA amplification using sets of primers specific to each DNA sequence,
and the extent of gPCR amplification was compared to that of an input sample that had not
undergone streptavidin enrichment (Figure 2.13). Primers used for gPCR were designed 3’-

to modification sites, so that any potential DNA cleavage would not affect amplification.
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Figure 2.13: Method of quantification of DNA enrichment. dsDNA models were subjected to HIPS
reaction followed by biotinylation (pink circles) and enriched on streptavidin beads (orange circles).
After washing, only AP DNA is eluted from beads by alkaline-cleavage, and the DNA recovered from
beads is quantified by gPCR.

To first ensure successful recovery of the tagged AP sites, the enrichment of AP DNA
was compared relative to that of unmodified GCAT DNA. Differing wash and elution
conditions were also explored. In the absence of a cleavable linker or adduct, biotinylated
DNA is typically released from streptavidin beads by heating in formamide'®. Under these

conditions, around 50-fold enrichment was achieved for AP relative to GCAT DNA (Figure

57



Chapter 2: Chemical tagging of DNA abasic sites

2.14a). As the dsDNA sequences used here were designed with only a single modification
on one strand within the duplex, it was possible to remove complementary, unbiotinylated
DNA strands by denaturation in aqueous sodium hydroxide. The biotinylated HIPS-AP adduct
was confirmed on a shorter ODN model to be largely stable under these denaturation
conditions (100 mM sodium hydroxide, room temperature, Figure 2.11b) and the inclusion
of this denaturation step was found to improve the enrichment further to around 100-fold.
This is likely due to further removal of non-specific DNA binding. When DNA was eluted under
alkaline-cleavage conditions (100 mM sodium hydroxide, 70 °C, 15 min) after denaturation,
the enrichment was moderately improved to an average of 110-fold over three independent
replicates. In a control experiment where DNA was not treated with 20 prior to pulldown, no
enrichment of AP DNA was observed, demonstrating that the results were not due to gqPCR

amplification artefacts, for example.
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Figure 2.14: Enrichment of AP DNA relative to 5-fC-, 5-fU-, GCAT DNA. Pooled DNA samples were
treated with HIPS probe 20 and biotinylated, then incubated with magnetic streptavidin beads. The
beads were washed six times with wash buffer (see methods) for all conditions. a) Enrichment of AP
DNA relative to GCAT DNA under differing wash and elution conditions. For duplex DNA, after 6
washes samples were eluted directly by heating in 95% formamide solution. For sodium hydroxide
wash, DNA was further denatured in 100 mM sodium hydroxide at room temperature, then eluted in
95% formamide solution. For alkaline-cleavage elution, after DNA denaturation samples were eluted
by heating in 100 mM sodium hydroxide for 15 min at 70 ‘C. b) Enrichment of AP DNA relative to
sequences after denaturation and alkaline-cleavage elution. DNA recovery was quantified by gPCR
by comparison against input samples, and fold enrichment was calculated by comparing recovery of
DNA sequences relative to AP DNA. Mean and S.E.M. of three independent reactions are shown.

58



Chapter 2: Chemical tagging of DNA abasic sites

d

AP AN e A
biot?n lati Streptavidin beads
5-fU ylation A
N\ = 7\ =
5-fC
/\ /\/\ PRI N\
GCAT
Wash
Second <
enrichment RN NaOH, heat
AN

Collect supernatant

DNA A

PCR quantification
U

Cycl(;s

120+

-—
(=}
(=}
1
)'.

Recovery / %
(2nd enrichment)
(=2}

s

O
R

Figure 2.15: Enrichment of DNA using HIPS probe 20. a) DNA is treated with HIPS 20 and biotinylated
using the CuAAC reaction. Tagged DNA is isolated on streptavidin beads, and unbound DNA is
removed by extensive washing. The captured AP site DNA is eluted by alkaline-cleavage (100 mM
sodium hydroxide, 70 °C). The eluted DNA is further enriched in a second round using fresh
streptavidin beads, where the eluent containing truncated DNA after alkaline-cleavage at AP sites is
collected, and non-specific release of DNA such as 5-fU is recaptured on the beads. DNA is then
quantified by gPCR to calculate enrichments. b) Recovery of AP and 5-fU DNA after second incubation
with streptavidin (second enrichment). High recovery of AP DNA is found in the supernatant, whilst 5-
fU is removed by binding to beads once again. DNA was quantified by qPCR and represented as a
percentage of samples prior to second enrichment. Results from three replicates are shown.
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Elution of DNA by alkaline-cleavage also resulted in good enrichment of AP DNA
relative to 5-fC DNA (> 100-fold). This suggests that as found by LC-MS for the shorter ODN
model, reactivity of probe 20 at 5-fC is minimal and comparable to that at the canonical bases.
However, despite DNA cleavage being specific to the HIPS-AP adduct, high recovery of 5-
fU DNA was also observed. The adduct between 5-fU and 20 was confirmed to be stable
under the cleavage conditions on a shorter DNA model (Figure 2.11b) and therefore it is
more likely that the biotin-streptavidin interaction is disrupted under the harsh alkaline
conditions used. Although a relatively strong interaction, the biotin-streptavidin complex can
be broken by heating in water at 70 °C?*'. Importantly, however, any 5-fU DNA released in
this way remains biotinylated. To recapture these pieces of DNA, the eluent after the first
round of enrichment was incubated with a further sample of fresh streptavidin beads to
undergo a second round of ‘reverse’ enrichment. As the AP DNA is no longer biotinylated,
these fragments should remain in the supernatant during the 5-fU recapture (Figure 2.15a).
Quantification of DNA purified from the supernatant after the second treatment with
streptavidin beads confirmed that near-quantitative amounts of AP DNA were recovered
during this step, whilst less than 5% of 5-fU DNA remained (Figure 2.15b). Therefore, AP
sites can be selectively enriched after two successive rounds from both unmodified DNA and
formylpyrimidines sites. The use of this method of distinguishing AP sites from DNA bases in
conjunction with lllumina sequencing was explored next, to enable the sequencing of DNA

abasic sites.

2.2.6 Design of snAP-seq library preparation

The selective cleavage at oxidised adducts between abasic sites and 20 generates two
DNA fragments that comprise of bases directly adjacent to captured abasic sites. It was
reasoned that upon sequencing, one of these fragments can be aligned to the bases directly
3’- to the abasic site, and therefore the original abasic site can be located at single-nucleotide
resolution. The mapping method thus developed was termed single-nucleotide AP-

sequencing (snAP-seq).

The preparation of sequencing libraries compatible with the lllumina platform using
DNA enriched from the HIPS strategy was explored next. lllumina sequencing libraries
consist of short DNA inserts (~100s of bp) that are decoded during sequencing, flanked by
two adapter sequences. The P5 adapter is on the 5- end, and P7 on the 3’-end. DNA

recovered after two rounds of streptavidin enrichment using the HIPS approach is single-
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stranded, due to denaturation during the alkaline wash and cleavage steps. Whilst it is
possible to prepare libraries using ssDNA, these methods are generally less convenient and
efficient than using dsDNA?%2. As the amount of DNA recovered after streptavidin enrichment
with stringent washing is expected to be low, further loss of DNA by inefficient enzymatic

activity should be avoided. Therefore, a custom library preparation scheme was designed.
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5 primer 2 Barcode primer 3
@ r ' N \S
pacer
AP
EEEREANENENRER o)
Spacer
3 5
P7 DNA insert P7
Second ligation (P5)
Universal Sequencing Sequencing Universal
5 primer  primer 1 primer 2 Barcode primer 3’
1 1 1

1 1
4 \14 A\ r hYS \ V4 \

Spacer

3 5
P5 Cleaved DNA insert P7

Figure 2.16: Design of sequencing adapters. Top: A custom P7 adapter is introduced first onto duplex
DNA fragments at both ends. Bottom: A P5 adapter is then introduced adjacent to positions of abasic
sites. Only DNA containing both the P5 and P7 adapters can be amplified and sequenced. Barcodes
and regions corresponding to primer sequences used on the flow-cell are labelled.

For the most streamlined library preparation protocols, the two sequencing adapters,
P5 and P7, are introduced simultaneously in a single step during the construction of lllumina
sequencing libraries. During snAP-seq, the P7 adapter is introduced first in a separate step
onto both ends of DNA prior to streptavidin pulldown. This is carried out after sonication,
HIPS treatment and biotinylation, whilst DNA is still in the duplex form. As such, traditional
methods of adapter ligation using T4 DNA ligase with high efficiency can be used. A custom
version of the P7 adapter is used, which contains 5-OMe and 3’-spacer modifications to
avoid self-ligation (Figure 2.16). As this adapter is designed to ligate to both ends of the DNA
insert, it can also act as a protecting group so that only the free DNA ends generated during

alkaline-cleavage are able to accept the P5 adapter later on in the protocol. The sequence
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design of this adapter follows that used in lllumina TruSeq technology, with a 6-nucleotide
barcode for library multiplexing (Figure 2.16). The P7 ligated DNA is then enriched in two
rounds as optimised using streptavidin and eluted by alkaline-cleavage. To generate dsDNA
from the recovered ssDNA, the P7 adapter is used for priming during a polymerase extension
step. Prior to adapter ligation, DNA ends are typically blunted, and the 5- ends are
phosphorylated whilst the 3’- end is adenylated with a dA-overhang to be complementary
with a dT-overhang designed within the adapter sequence. As the 5’-end of DNA fragments
after alkaline-cleavage are already phosphorylated due to the mechanism of elimination,
further treatment of this end is not required before adapter ligation. A polymerase with an
inherent dA-tailing property is used to add a dA tail onto the synthesised duplex, after which
a P5 adapter is introduced by ligation. The resultant DNA can be amplified by PCR to
generate the final library (Figure 2.17).
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Figure 2.17: DNA library preparation during snAP-seq. After HIPS treatment and biotinylation (i), a P7
adapter is introduced onto duplex DNA by ligation (ii). Samples are then enriched in two rounds on
streptavidin beads (iii, v), during which unmodified and formylpyrimidine DNA is lost. AP DNA is eluted
and cleaved in a combined step by heating in sodium hydroxide (iv). The P7 adapter is used to prime
polymerase synthesis to generate dsDNA (vi). The P5 adapter is then introduced by ligation (vii), after
which PCR amplification and sequencing can be carried out.
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A phosphatase treatment was also included in the strategy to deactivate any remaining
DNA ends that had not received the first P7 adapter on both ends. This approach has been
demonstrated to improve ligation specificity in AlkAniline-seq??®, in which RNA abasic sites
generated from the hydrolysis of N7-methylguanine and N3-methylcytosine residues in RNA
were enriched. Aniline-catalysed elimination at RNA abasic sites resulted in RNA
fragmentation and the 5’-phosphorylated ends that were generated at fragments directly 3'-
to RNA abasic sites were used to selectively ligate adapter sequences, whilst
unphosphorylated ends were unable to undergo ligation. Even in the absence of prior
enrichment by an alternative method such as streptavidin pulldown, this ligation step alone
was found to offer sufficient selectivity to map cleavage sites in RNA. The importance of an
extensive phosphatase treatment of RNA prior to enrichment was found to be particularly
beneficial for enrichment, by removal of non-specific adapter ligation at residual

phosphorylated ends.

2.2.7 Sequencing results

The work described in this section was carried out in collaboration with Dr Sergio Martinez
Cuesta, Balasubramanian group, who performed the bioinformatical analysis of sequencing
data.

An input library was prepared in which equal amounts of the four dsDNA models were
pooled together and standard library preparation was carried out using Y-shaped lllumina
adapters in a single step. Analysis of the sequencing reads revealed an underrepresentation
of AP DNA (Figure 2.18a). For analysis, the number of reads aligning to the modified, forward
DNA strands were normalised against the unmodified reverse strands to further ensure equal
input of the four duplexes. The underrepresentation of the AP strand was expected here, due
to the inability of high-fidelity polymerases including the Q5 polymerase used to amplify DNA
containing an abasic site. An input library generated with the same DNA with additional HIPS
20 and biotinylation treatment resulted in a similar distribution of reads after sequencing

(Figure 2.18b), showing that the chemical treatment alone does not alter this pattern.

Application of snAP-seq on the same pool of DNA dramatically changed the distribution
of sequencing reads. Over 98% of reads aligned to the AP sequence, with each of the
unmodified GCAT, 5-fU and 5-fC sequences accounting for less than 1% of the total reads

(Figure 2.18c). These results suggest that good enrichment is obtainable by snAP-seq
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relative to bulk genomic DNA, as well as known aldehyde modifications that naturally occur
in DNA. Furthermore, over 98% of these reads start at the nucleotide immediately adjacent
to the AP position (Figure 2.18d). Therefore, by considering the position directly 5'- to the
start of sequencing read starts, snAP-seq allows the location of abasic sites to be identified

at single-nucleotide resolution (Figure 2.18e).
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Figure 2.18: Analysis of sequencing reads after different library preparation methods. a) Input library
without HIPS treatment, b) input library after HIPS treatment and CuAAC biotinylation, and ¢) snAP-
seq. For ‘input’ libraries, standard Y-shaped adapters (TruSeq, lllumina) were introduced onto DNA
and were sequenced without enrichment. For all three libraries, reads aligning to the forward strand
only are represented and were normalised to the number of reads of the corresponding unmodified,
reverse strand in the input (untreated) sample. d) Sequencing coverage across the 100 nucleotide AP
DNA sequence after snAP-seq. A sharp increase is seen after the AP position (labelled T in the forward
sequence, representing U in the original template), demonstrating that the AP site can be mapped at
single-nucleotide resolution. The total number of raw reads covering each position is shown. e)
Schematic illustrating the expected sequencing reads after snAP-seq.
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To confirm that the observed enrichments using synthetic DNA were not due to
potential sequence biases, snAP-seq was applied to a further set of dsDNA models with
differing sequence. Furthermore, the initial dsDNA models were designed largely at random
and consistency in the DNA length and position of modification was not purposefully designed.
To account for these differences, a further set of sequences was designed. AP DNA2, which
matched the length and position of modification of 5-fC and 5-fU in the first set of models was
generated, along with 5-fC DNA2 and 5-fU DNA2, which matched the length and position of
AP DNA1. A further GCAT sequence, GCAT DNA2 was also designed at random. snAP-seq
libraries generated from the eight combined oligos were dominated by AP DNA1 and AP
DNAZ2, with underrepresentation of the remaining sequences (Figure 2.19a). Therefore, the

enrichments seen in snAP-seq were not explainable by sequence biases.
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Figure 2.19: Analysis of dsDNA sequences after snAP-seq. a) Normalised number of reads aligning
to the forward strand of dsDNA models. b) Enrichment of AP DNA relative to 5-fU DNA (1 and 2) after
snAP-seq, with and without phosphatase treatment (shrimp alkaline) prior to streptavidin pulldown. An
improvement in enrichment is seen when 5-fU DNA ends are deactivated by dephosphorylation prior
to PS5 adapter ligation.

Despite good retention of 5-fU DNA on streptavidin beads during the second round of
enrichment (Figure 2.15), the overall recovery of 5-fU was still slightly higher than 5-fC or
GCAT DNA after the streptavidin enrichment steps, resulting in a weaker AP/5fU enrichment
(around 20-fold, compared to > 100-fold AP/GCAT and AP/5-fC). It was found that the
alkaline phosphatase treatment of DNA ends prior to enrichment and alkaline-cleavage was
important in enhancing the enrichment of AP DNA, by increasing the specificity of P5 adapter

ligation. As this step requires a 5-phosphorylated end, which is generated by alkaline-
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cleavage for AP DNA, deactivation of remaining DNA ends by dephosphorylation could
further improve selectivity. This was most evident for 5-fU DNA, where a further reduction in

recovery could be seen (Figure 2.19b).

As all AP DNA models used in this study were obtained through excision of uracil by
UNG, a control experiment was carried out to confirm that enrichments observed were due
to abasic sites and not residual uracil. UNG treatment was carried out only on AP DNA2,
leaving AP DNA1 as a uracil-containing sequence. The two oligos were pooled together with
5-fC, 5-fU and GCAT sequences and snAP-seq was applied. The sequencing results show
that only AP DNA2, which had undergone UNG treatment, was enriched and the uracil-
bearing AP DNA1 was underrepresented (Figure 2.20a). This confirms that the method is

specific for abasic sites, and not uracil.
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Figure 2.20: Normalised number of reads aligning to the forward strand of sequences in control
libraries. a) UNG treatment was carried out for AP DNA2 only and not AP DNA1 which remains as a
uracil-containing duplex. Enrichment was observed for AP DNA2 and not AP DNA1, confirming that
enrichment is specific to abasic sites and not the uracil precursor used to generate this species. b) AP
DNA1 was added to pooled samples after the treatment of other DNA sequences with HIPS probe 20,
thus representing the AP sites that may be generated in the presence of copper during the CuUAAC
biotinylation reaction. Enrichment of AP DNA2 and not AP DNA1 was observed, suggesting that any
potential oxidative damage generated during the CuAAC reaction is not likely to affect sequencing
results.

The treatment of DNA with copper has been suggested to generate oxidative damage
through generation of ROS?*, some of which may take the form of abasic sites. A possible
way to avoid the use of copper would have been to synthesise an azide-functionalised HIPS
probe and introduce the biotin moiety through a strain-promoted alkyne-azide cycloaddition
(SPAAC) reaction. However, this approach would not have allowed the oxidation of the HIPS

adduct to occur as a side reaction in the presence of copper, which is an essential step in
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enabling the subsequent elimination reaction in snAP-seq. Although the copper ligand
THPTA has been shown to offer protection of DNA'® and has been supplemented at the
optimum THPTA to copper ratio of 5:12'° in snAP-seq, the possible effects of this source of
AP site artefacts was explored. AP DNA2, along with 5-fC, 5-fU and GCAT sequences were
subject to reaction with 20. After purification of DNA, AP DNA1 was then added during the
CuAAC reaction, and therefore represents the AP sites that may be generated in the
presence of copper. The remaining steps of snAP-seq were carried out as described and this
control library was sequenced. The aligned data showed no enrichment of AP DNA1 (Figure
2.20b). Therefore, in the event of AP site generation during the CuAAC step, these sites are
unlikely to be captured by snAP-seq. Any artefacts from copper treatment, if present, are

unlikely to appear in sequencing data.

2.3 Conclusions and future directions

Using short, synthetic ssODNs, a number of probes were tested for their reactivity at
abasic sites. The LC-MS data showed that the widely used probe ARP is susceptible to cross-
reactivity at alternative aldehyde sites in addition to abasic sites in DNA. The aldehyde in 5-
fU was found to be comparable in reactivity to abasic sites, whilst under certain conditions
the aldehyde in 5-fC can also be highly reactive towards nucleophilic probes. As such, a
single-step labelling using an aldehyde probe is unlikely to easily distinguish between these

three sites and selectively label abasic sites.

Two diamine probes, along with HIPS probe 20 were demonstrated to display good
reactivity at DNA abasic sites. In particular, the adduct between 20 and a DNA abasic site
was found to undergo an elimination reaction under alkaline-cleavage conditions, thus
removing the biotin moiety from one or both of the resultant DNA fragments, which did not
occur for the analogous adducts on either 5-fU or 5-fC. This alkaline-cleavage reaction was
therefore used as a way to discern tagged abasic sites from tagged formylpyrimidines, in a
selective recovery step after capture of the biotin tag. This approach was combined with a
library preparation strategy to provide a method of mapping abasic sites at single-nucleotide
resolution, termed snAP-seq. The specificity of the chemistry was demonstrated on short
ssODNs (< 20 bp), whilst the overall snAP-seq approach was demonstrated on longer dsDNA
models (100-105 bp). A strong enrichment (> 100-fold) was obtained for AP DNA relative to

5-fC and 5-fU containing DNA and unmodified DNA upon sequencing on the Illlumina platform.
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Whilst the ability of snAP-seq to enrich for a known abasic site in synthetic DNA has
been demonstrated, the applicability of this method to map modifications at unknown
locations in genomic DNA will be explored in the following chapters. As snAP-seq is an
enrichment-based method, the limit of detection will be dependent on the frequency of
modification at specific genomic loci across a population of cells. The sequencing depth and
coverage obtained will also likely affect the detection limit, which will also be discussed in the

remainder of this thesis.

A further possible extension of the snAP-seq approach is to modify this method to target
specific regions of the genome. For some applications, it may be desirable to focus
sequencing at chosen locations without the need to explore the entire genome; this may also
improve the limit of detection for low frequency modifications. One way to selectively increase
sequencing coverage is to pre-select for regions of interest in the genome in a targeted
approach. Whilst PCR amplification is a common way to target for parts of the genome, this
is not possible when studying modifications to the primary DNA sequence. It may be possible
instead in future work to focus on the incorporation of a primer extension step that is selective
for targeted regions of the genome within the snAP-seq protocol to selectively increase

sequencing coverage. This is further explored in Chapter 5.

Finally, the snAP-seq method may be adapted to study base modifications by pre-
treating DNA with a glycosylase. A number of natural and engineered glycosylases are
known that can excise a wide range of base modifications®*??>??®, UNG has already been
used to generate abasic sites from synthetic uracil sites in this chapter and glycosylase-

coupled snAP-seq will be further discussed in Chapters 3 and 5 of this thesis.
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Chapter 3

Mapping thymine modifications in parasite
genomes

3.1 Background

In the genomes of a number of species within the Trypanosomatidae family, a small
proportion of thymine is replaced by two modified bases, 5-hmU and base J. Organisms
within this family include the unicellular parasites Leishmania major and Trypanosoma brucei
that are responsible for causing leishmaniasis and trypanosomiasis, respectively, when
transmitted into the human bloodstream. 5-hmU can arise biosynthetically in these organisms
from oxidation of thymine by the Fe(ll) and 2-oxoglutarate dependent enzymes JBP1 and
JBP2%. Further glucosylation of 5-hmU by the JGT enzyme generates the hypermodification,
base J’? (Figure 3.1a).
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Figure 3.1: Base modifications and features in trypanosomatid genomes. a) Biosynthesis of thymine
modifications, 5-hmU and base J. b) Boundaries between polycistronic clusters can be separated into
head-tail and divergent or convergent strand-switch regions. Black arrows represent the direction of
transcription.
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Global levels of 5-hmU and base J in the L. major genome have been measured by
LC-MS/MS at around 0.01% and 0.08% of total thymine, respectively’®. Detection of base J
using anti-J antiserum in DIP-seq experiments has revealed that up to 99% of this
modification exists within telomeric repeats in L. major DNA, whilst the remaining 1% is
internal to chromosomes and has been associated with RNA pol Il termination sites’®. The
genomic structure of trypanosomatids differs from most eukaryotes in that groups of genes

are organised within large polycistronic clusters®?®

. Adjacent clusters that are oriented in the
same direction with transcription occurring on the same coding DNA strand are separated by
head-tail regions. Alternatively, the coding DNA strand may switch between two adjacent
clusters, which are then separated by strand-switch regions (SSRs). The SSRs are classified
as convergent when the two clusters meet in a tail-to-tail orientation, or divergent when they
start from a common region in a head-to-head configuration (Figure 3.1b). The 1% of base
J that is internal within chromosomes has been found in both types of SSRs in L. major. The
correct termination of transcription is particularly important in convergent SSRs, to prevent
readthrough into the non-coding strand of an adjacent polycistronic cluster. Loss of base J
by knockout of the JBP2 enzyme in Leishmania tarentolae has been associated with such
transcriptional readthrough, where transcription of the non-coding strand was subsequently

detected by RNA-seq®.

Whilst the role of base J has been explored in detail in the L. major genome, the
significance of the likely precursor to this hypermodification, 5-hmU is less well understood.
Recently, two chemical methods capable of independently mapping the locations of 5-hmU
and base J sites were reported and applied to study these modifications in L. major’®. In both
cases, the modification was oxidised to a reactive aldehyde that was enriched by treatment
with a biotinylated hydrazide probe followed by streptavidin pulldown. Oxidation of 5-hmU to

5-fU was achieved by treatment with potassium perruthenate®®°

178

, Whilst the sugar moiety in
base J was oxidised to a dialdehyde using sodium periodate'’*. As these two oxidations are
selective without detectable cross-reactivity at the other modification, genomic maps of 5-
hmU and base J were generated independently. Over 80% of 5-hmU and base J peaks were
overlapping. In concordance with DIP-seq data’®, peaks that were in common between 5-
hmU and base J were enriched in SSRs, and peaks unique to base J were enriched in
telomeric regions. Interestingly, 19% of the detected 5-hmU peaks were unique to 5-hmU

and not enriched in base J. These sites were also enriched in telomeric regions.

Sequencing data obtained by both antibody DIP-seq and chemical pulldown to study

T-modifications have been limited to low resolution, typically down to ~200 bp. As such, the
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exact location of thymine modifications in the L. major genome and the precise sequence
contexts in which they occur remain unknown. High-resolution sequencing data can aid in
further elucidating the roles that these modifications play. The objective of this chapter was
to sequence 5-hmU at single-nucleotide resolution. The human glycosylase SMUG1 excises
5-hmU, in addition to other thymine modifications including 5-fU, uracil and 5-hydroxyuracil
(5-hoU), from DNA to generate an abasic site*®. Therefore, by treating isolated genomic DNA
with the SMUG1 enzyme, 5-hmU locations can be marked with an AP site. Using snAP-seq,
these sites can then be detected at base-resolution. SMUG1 treatment and snAP-seq are
combined in the SMUG1-snAP-seq strategy to map the location of all SMUG1 substrates
simultaneously. As 5-hmU is not the only possible substrate of SMUG1, control experiments
were also carried out to assess the degree to which SMUG1-sensitive sites were specifically
due to 5-hmU.

In contrast to L. major, up to 50% of base J in the T. brucei genome is internal within
chromosomes?'. The global levels of T modifications change within the T. brucei life cycle;
whilst base J is absent in the procyclic form, levels increase to around 0.4% of total thymine
in the bloodstream form. 5-hmU levels also increase from the procyclic to the bloodstream
form, from 0.008% to 0.04% of thymine (measurements by Dr Fumiko Kawasaki, University
of Cambridge). Whilst deletion of both JBP enzymes is lethal in L. major, thymine
modifications do not appear to be essential in T. brucei as knockout of both JBP enzymes is

possible without obvious phenotypic defects?*2

. DIP-seq experiments investigating the
genome-wide distribution of base J has revealed an enrichment in both SSRs and telomeric
regions®®. Despite this, the relationship between base J and transcriptional termination is not
as clear in this organism. Although base J occurs in SSRs, inhibition of 2-oxoglutarate-
dependent enzymes including the JBP family with DMOG does not lead to genome-wide
defects in transcription termination and no transcriptional readthrough was detected at
SSRs’®. Instead, a small number of genes were upregulated that were internal to polycistronic
clusters. A number of these genes were expressed at low levels in wild-type cells and located
towards the ends of clusters. It was therefore suggested that base J may be involved in
terminating transcription at locations before the end of polycistronic clusters and plays a more

specialised role compared to in L. major.

In this chapter, the role of 5-hmU was explored in trypanosomatid genomes by
sequencing. A genome-wide map of 5-hmU in the L. major genome has previously been
reported that has been generated by direct chemical pulldown’™ and was compared to the
data obtained here by SMUG1-snAP-seq in the same genome. The SMUG1-snAP-seq data
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was also used to further explore the genomic significance of 5-hmuU sites in L. major at high
resolution. In the T. brucei genome, base J and possibly therefore 5-hmU have already been
determined to have non-essential roles. The distribution of 5-hmU was also explored in this
genome, as well as the enzymatic pathways of 5-hmU formation, to further elucidate the role

of this base in the T. brucei genome.

3.2 Results and discussion

This project was carried out in collaboration with Dr Sergio Martinez Cuesta,
Balasubramanian group, who performed the bioinformatical analysis of sequencing data

generated in this chapter.

3.2.1 Development of SMUG1-snAP-seq

In Chapter 2, the specificity of snAP-seq was demonstrated on abasic sites within
synthetic DNA that were obtained by pre-treatment of uracil-containing DNA with UNG, when
compared to a number of control DNA models. To demonstrate that this approach can be
extended to other modifications by using different glycosylases, a synthetic ssODN
containing a 5-hmU site was treated with SMUG1. To ensure efficient conversion, the
enzymatic treatment was carried out over an extended period of 18 h. LC-MS analysis
showed successful base excision from the ODN to generate an AP site (Figure 3.2). No side
products were detected and despite the long incubation time at 37 °C, no degradation of the
AP site was observed in the reaction buffer. Further reaction of this product with probe 20
resulted in HIPS ligation and the CuAAC reaction formed the oxidised biotinylated adduct.
This oxidised product was confirmed to undergo quantitative fragmentation under alkaline-
cleavage conditions (100 mM sodium hydroxide, 70 °C, 15 min), with the LC-MS UV trace

matching that of the alkaline-cleavage of the unfunctionalised 5-hmU-excised (abasic) ODN.

5-fU is a known substrate of SMUG1 and therefore is likely to influence SMUG1-snAP-
seq results if present in DNA samples. However, 5-fU has not been detected in L. major DNA
by LC-MS/MS analysis (below limit of detection)’”® and therefore contributions from this base
may not be significant when compared to the more abundant 5-hmU sites (0.01% of T). Base

J contains a sugar moiety and is present in relative abundance in L. major and therefore the
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reactivity of 20 on this modification was also investigated. LC-MS analysis of a short ssODN
containing three base J sites did not show a change in mass after treatment with 20 or with
further CuAAC-catalysed biotinylation from the expected starting ODN (Figure 3.3).
Consistent with reports®**, SMUG1 was also not found to display any activity on the base J
ODN. Together, these results show that base J is not expected to be detected by SMUG1-
snAP-seq. The extent to which other substrates of SMUG1 may affect the specificity of
SMUG1-snAP-seq for analysing 5-hmU are more difficult to predict and is discussed in further

detail below (section 3.2.5).
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Figure 3.2: LC-MS UV trace of 5-hmU ODN. i) untreated starting material, ii) after SMUG1 treatment
(18 h, 37 °C), iii) after SMUG1 and HIPS 20 treatment, iv) after SMUG1, HIPS 20 and CuAAC
biotinylation treatment, v) alkaline-cleavage (100 mM sodium hydroxide, 70 °C, 15 min) of biotinylated
ODN after SMUG1 and HIPS treatment, and vi) alkaline-cleavage of SMUG1-treated (abasic) ODN.
Details of ODNs and corresponding masses are given in section 7.6.
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Figure 3.3: LC-MS UV trace of base J ODN. i) After treatment with HIPS probe 20, ii) after HIPS 20
and CuAAC biotinylation reactions and iii) after SMUG1 treatment (18 h, 37 °C). Calculated mass of
the untreated ODN is 4220 (M=3=1406).

During the affinity enrichment of modifications within genomic samples, it is important
to include spike-in sequences as positive and negative controls to follow the extent of
enrichment. These can be used to check the enrichment within a library prior to sequencing,
for example by qPCR quantification of the spike-in sequences. Alternatively, reads aligning
to the spike-ins can be retrieved from sequencing data by alignment to the known sequences,
to confirm enrichments prior to the detailed analysis of the remaining genomic DNA within
the same library. In the absence of these controls, it is difficult to ensure the success of the
pulldown and therefore the quality of the library. The synthetic dsSDNA models used for
method optimisation in Chapter 2 were designed also for this purpose. In addition to the
sequences used in Chapter 2, a 5-hmU spike-in was also obtained by primer extension using
dhmUTP in place of dTTP, in the same design as for the generation of 5-fU DNA (section
2.2.5 and Figure 2.12). To follow the pulldown efficiency, the pool of spike-in DNA was added
to DNA from L. major and treated with SMUG1 followed by snAP-seq (Figure 3.4a).

The sequencing reads obtained after NGS were first aligned to each of the known
spike-in sequences. An enrichment was observed for both 5-hmU DNA and 5-fU DNA, in
addition to the uracil-derived AP DNA representing endogenous AP sites that are pre-existing
in DNA prior to SMUG1 excision, relative to unmodified GCAT DNA (Figure 3.4c). In contrast,
in the absence of SMUG1 treatment enrichment was observed only for the spike-in
representing endogenous AP sites. Therefore, any signals observed by snAP-seq alone can
be subtracted from SMUG1-snAP-seq data, to discern SMUG1-generated AP sites from

endogenous AP sites that may be present in the genomic samples due to DNA damage.
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Figure 3.4: Analysis of sequencing reads aligning to synthetic dsDNA models that were added as
spike-ins during SMUG1-snAP-seq of genomic DNA. a) Workflow for the preparation and use of spike-
ins during SMUG1-snAP-seq. b) Normalised reads aligned after snAP-seq without SMUG1 treatment,
showing enrichment of AP DNA only. ¢) Normalised reads aligned after SMUG1-snAP-seq shows
enrichment of AP DNA, along with 5-hmU and 5-fU DNA. The total number of sequencing reads
aligning to the forward strand of each DNA model was normalised against the number of reads aligning
to the corresponding reverse strands in the input library, which were prepared without chemical
pulldown.

3.2.2 Detecting SMUG1-snAP-seq sites in the Leishmania major genome

Using the spike-in DNA as an internal control, it was confirmed that enrichment for 5-
hmU was achieved using SMUG1-snAP-seq. The L. major DNA within the same sequencing
libraries was therefore processed for further analysis. Reads were aligned to the reference
L. major genome (Sanger Institute assembly), for two technical replicates of both SMUG1-
snAP-seq and input libraries. Although the detection of abasic sites by snAP-seq only
requires single-end sequencing, paired-end sequencing was performed here in order to
identify PCR duplicates. For PCR-amplified libraries, duplicates arise when individual
sequencing reads correspond to the exact same DNA insert. These are considered artefacts

and are removed computationally prior to genomic analysis. Typically, single-end data is
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sufficient to identify PCR duplicates as reads that begin at the same genomic location.
However, as snAP-seq relies on the enrichment of reads beginning at the same position,
paired-end sequencing is required to also obtain information on the read end site, generated
during sequencing read 2. Inserts that both start and end at the same position can then be

identified as true PCR duplicates.

To identify genomic positions that precede the pile-up of sequencing reads, genome-
wide modelling and comparative assessment of read counts was performed at each genomic
position. Defining each nucleotide in the reference genome as position ‘0’, the total number
of reads that begin at the base adjacent in the 3’- direction, at position ‘1’, was compared
between the enriched and input libraries. Each sequencing read is therefore assigned to the
location of the expected AP site, immediately adjacent to the fragmentation site. For simplicity,
reference genomes are only represented using the sequence of a forward DNA strand. As
SMUG1-snAP-seq data retains strand specificity, the reverse strand of the genome can be
obtained as the reverse complement of the reference sequence. For each genomic location
in the reverse reference strand (position 0), the number of reads beginning at the position ‘-

1’ was used.

The analysis of individual sites was represented in a volcano plot (Figure 3.5), showing
the fold-change in the number of reads obtained in the two SMUG1-snAP-seq replicates
compared to the two input libraries at individual genomic loci and the associated FDR values.
A positive logz fold-change indicates enrichment after SMUG1-snAP-seq, which is expected
for captured abasic sites, whilst any loci detected with negative log. fold-change indicates a
greater pile-up of reads in the input library. As input libraries represent the entire genome
without enrichment, these negative enrichments are attributed to sequencing artefacts. A
skew is observable in the data, with more sites identified that have positive log» fold-change,
suggesting that sites have been successfully enriched by SMUG1-snAP-seq. The artefacts
that appear as loci with negative log. fold-change can be removed by setting a stringent
probability threshold when detecting sites. For example, an FDR threshold of 10™'° ensures
that only sites with positive logz fold-change are detected in these libraries without detection
of sites with negative log. fold-change (Figure 3.5). A highly stringent threshold was chosen
here to ensure that only high-confidence sites were obtained for further analysis, which
results in the loss of some sites with weaker enrichment that are likely to correspond to a

weaker accumulation of 5-hmU.
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Figure 3.5: Volcano plots representing genomic loci with differential coverage in SMUG1-snAP-seq
and input libraries. Reads were split between those that align to the forward and reverse strands based
on the reference L. major genome; the number of reads beginning one nucleotide 3’- to each position
is represented as a logz fold-change in coverage (SMUG1-snAP-seq vs. input libraries). Analysis was
carried out on two replicates of each library preparation strategy in parallel.

At the stringent threshold of FDR < 107, 3,200 high-confidence sites were detected in
the SMUG1-snAP-seq data. A visual representation of example sites is depicted in Figure
3.6. Interestingly, some of the captured SMUG1-snAP-seq sites are spaced very closely
together. Within the snAP-seq protocol, it is expected that multiple abasic sites located on
the same individual piece of sonicated DNA will ultimately be detected as a single site. When
simultaneous fragmentation occurs at multiple positions along an individual DNA strand
during the alkaline-cleavage step, the smallest possible fragment product is expected to be
obtained, corresponding to the AP site closest to the 3’- end of the DNA strand. These are
then the fragments that are successfully processed by the remaining steps in snAP-seq to
generate the final library. Therefore, the ability to detect closely spaced sites may suggest
the possibility of non-quantitative efficiency of the enzymatic reaction by SMUG1 or the HIPS
reaction when sites are in close proximity. Whilst these steps were individually optimised at
high efficiency on synthetic DNA models representing a single site on a short piece of DNA,
efficiency may decrease in the presence of nearby reactive sites. Alternatively, it is also
possible that at the single-cell level there is a degree of heterogeneity in the distribution of 5-
hmuU in the L. major genome. Closely spaced sites may represent sub-populations in which
5-hmU is located in closely clustered but differing positions. Such sites should be detected

simultaneously by snAP-seq enrichment. Due to the lack of understanding of the prevalence
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of 5-hmU in a population of L. major at the single-nucleotide level, it is difficult to distinguish

between the two possible scenarios with confidence.
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Figure 3.6: Representative genome browser (IGV) view of high-confidence sites detected by SMUG1-
snAP-seq. A pile-up of reads is observed in SMUG1-snAP-seq libraries (blue) compared to input
libraries (green), which can be used to detect individual nucleotides after alignment to the reference
genome sequence. Blue bars represent detected sites (FDR < 107, red bars represent loci previously
detected as 5-hmU peaks’®.
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To assess the degree to which the SMUG1-snAP-seq signal was due to endogenous
abasic sites that were present in the DNA samples prior to SMUG1 treatment, two replicates
of snAP-seq libraries were generated in the absence of SMUG1 treatment. The data was
analysed using the same bioinformatic pipeline as described above. At the chosen threshold
of FDR < 107, no sites were detected in these control libraries (Figure 3.7). These results
suggest that endogenous AP sites, if present, are not significantly contributing to the high-
confidence SMUG1-snAP-seq sites. This analysis also shows that the non-specific pile-up of
reads as artefacts during snAP-seq is low, and that the SMUG1-snAP-seq signal is highly
specific to SMUG1 activity.
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Figure 3.7: Volcano plot representing genomic loci with differential coverage in snAP-seq and input
libraries. Reads were split between those aligning to the forward and reverse strands based on the
reference L. major genome; the number of reads beginning one nucleotide 3’- to each position is
represented as a logz fold-change in coverage (snAP-seq vs. input libraries). Analysis was carried out
on two replicates of each library preparation strategy in parallel.

Comparison of the normalised read counts averaged across the 3,200 high-confidence
sites showed that the snAP-seq libraries prepared without SMUG1-treatment closely
resembles that of the input library and is largely unchanged from the background, whilst a
sharp increase in read depth is seen in the SMUG1-snAP-seq libraries (Figure 3.8). This
further confirms that there is no clear accumulation of AP sites in the absence of SMUG1

excision in these samples and the sites detected are generated only in the presence of
SMUGH1.
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Figure 3.8: Normalised coverage in reads per kilobase million (RPKM) at high-confidence SMUG1-
snAP-seq sites (3,200) in SMUG1-snAP-seq, snAP-seq and input libraries.
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Figure 3.9: Correlation of normalised read counts in two technical replicates of SMUG1-snAP-seq, at
the 3,200 consensus sites detected using both datasets in parallel. Analysis was divided into sites that
correspond to the forward and reverse strand according to the reference genome.
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To also assess the technical variability of SMUG1-snAP-seq libraries, the two technical
replicate libraries were separated and the correlation in normalised read counts at the 3,200
consensus sites was calculated. A correlation coefficient of 0.91 and 0.92 for sites in the
forward and reverse strand, respectively, was found, indicating that these have good

technical reproducibility (Figure 3.9).

3.2.3 Genomic analysis of SMUG1-snAP-seq sites

In L. major, 5-hmU is expected to be derived biosynthetically from the oxidation of
thymine. As such, 5-hmU sites would be expected to align exclusively to thymine positions in
the genome. Analysis of the sequence identity of the 3,200 SMUG1-snAP-seq sites showed
that 98% of called sites correspond to thymine in the reference genome (Figure 3.10). As
the forward strand of the reference genome was used here, sites in the reverse strand appear

as the complement, adenine.
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Figure 3.10: Plot of base composition around identified SMUG1-snAP-seq sites in the forward and
reverse strands of the reference genome. Position ‘0’ corresponds to the called SMUG1-AP site.

When the ‘0’ position of all reads, corresponding to the nucleotide directly preceding
the aligned read start site, were directly analysed without focusing on the called sites, no
global enrichment in T could be detected (Figure 3.11). These results suggest that although

the site-specific accumulation of modifications at distinct thymine locations is strong and
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detectable with high-confidence using SMUG1-snAP-seq, the abundance of these SMUG1-
sensitive sites on a global level across this genome is relatively low. Global quantities have
been measured at 0.01% of T, which equates to around 32 per million dN and therefore 5-

hmU remains a relatively low-abundance modification on a global scale.
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Figure 3.11: Plot of base composition around the start sites of total reads aligned to the L. major
reference genome, in two combined replicates of SMUG1-snAP-seq and input libraries. Reads begin
at position ‘1°, and therefore captured sites are expected at position ‘0’. Only reads aligning to the
forward strand of the reference genome are shown.

The high-confidence SMUG1-snAP-seq sites were also compared to both 5-hmU and
base J peaks that have been detected by enrichment sequencing upon oxidation and
chemical pulldown™ (Figure 3.12). A high degree of overlap was observed with both datasets,
with 96% and 97% of the SMUG1-snAP-seq sites detected within 5-hmU and base J peaks,
respectively. Whilst both of these methods of mapping 5-hmU rely on affinity enrichment
using a functionalised chemical probe, the chemical approaches are different. 5-hmU
chemical pulldown utilises the oxidation of 5-hmU, followed by selective reaction with 5-fU,
whilst SMUG1-snAP-seq is dependent on the activity of SMUG1 and abasic site reactivity.
The large overlap in loci detected by these two orthogonal methods provides validation for

both approaches and increases confidence that 5-hmU is being accurately detected.
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Figure 3.12: Overlap of SMUG1-snAP-seq sites (underlined) with a) 5-hmU and b) base J chemical
pulldown peaks™.

The high-resolution data generated by SMUG1-snAP-seq also revealed that within the
broad stretches that are identified by 5-hmU chemical pulldown, these modifications are
densely clustered (Figure 3.13). The resolution of peaks obtained by affinity enrichment is
generally limited by the length of DNA fragments obtained by sonication, which in the case
of 5-hmU chemical pulldown was an average of around 200 bp. The peaks obtained were,
however, typically kilobases long. From the SMUG1-snAP-seq results it can be seen that
these broad pulldown peaks correspond to many closely spaced individual sites that largely

occur on both strands of DNA.
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Figure 3.13: Representative IGV browser view of SMUG1-snAP-seq sites (blue). Genomic loci
corresponding to 5-hmU peaks obtained by chemical pulldown sequencing are also shown (red).
SMUG1-snAP-seq data show that long stretches of 5-hmU identified as peaks from chemical pulldown
are densely modified by clusters of individual 5-hmU sites.
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Figure 3.14: Relative enrichment of SMUG1-snAP-seq sites in different genomic regions, expressed
as logz2 fold-change when compared to randomised sets of peaks obtained through simulation
(N=10,000). Error bars represent 95% confidence intervals.

The individual nucleotides detected by SMUG1-snAP-seq were also analysed in the
context of genomic features. The genomic location of detected sites was compared to the
distribution of sets of sites that were shuffled at random, to calculate an enrichment within
selected genomic regions. This analysis showed that SMUG1-senstive sites were enriched
within SSRs and depleted within gene bodies, telomeric and intergenic regions (Figure 3.14).
This supports previous findings that thymine modifications are enriched within SSRs in L.
major’®"®. The vast majority of base J occurs in telomeric regions’, and it may be expected
that its precursor, 5-hmU, is also overrepresented in these loci. However, standard NGS is
not typically suitable for the analysis of telomeres as sequencing reads from these highly
repetitive regions are difficult to align. Telomeric regions were defined here as 5 kilobases at
the start and end of each chromosome, which does not necessarily correspond directly to the
TTAGGG telomeric repeats that base J and possibly 5-hmU are expected to occur in.
Furthermore, highly clustered 5-hmU sites may remain challenging to detect by SMUG1-
snAP-seq due to excessive fragmentation of DNA during the site-selective cleavage step. In
trypanosomatids, it has also been suggested that G-quadruplexes are associated with the

occurrence of base J%°. To further investigate this relationship, the enrichment of SMUG1-
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snAP-seq sites was investigated in both computationally predicted quadruplex sequences
(PQS)** and locations confirmed experimentally to be able to form quadruplexes by G4-seq
(OQS)'™. No enrichment was observed for SMUG1-senstive sites in either dataset, in
contrast to that suggested for base J. Overall, this genomic analysis further confirms the
correlation between thymine modifications and SSRs in the L. major genome, whilst no

enrichment of SMUG1-snAP-seq sites was found within the other features analysed.

3.2.4 Sequence context of SMUG1-snAP-seq sites

In L. major, JBP enzymes can oxidise thymine to 5-hmU, which can then be
glucosylated to form base J. Whilst the bulky base J modification has been suggested to
control transcriptional termination, it is not known whether 5-hmU plays a role beyond a
biosynthetic intermediate. The localisation of base J to specific regions in the L. major
genome may be controlled at either the oxidation or glucosylation level, or a combination of
these events. The ability to detect enriched sites by SMUG1-snAP-seq at steady-state
suggests that the oxidation of thymine does not occur randomly across the genome and also
shows that a detectable amount of 5-hmU is not immediately processed to form base J. To
investigate whether there is an underlying sequence preference for these SMUG1-snAP-seq
sites, motif analysis was performed using the DREME package®’. For this analysis, motifs
of a definable length are searched for within a set of sequences, relative to either shuffled
sequences or a control dataset. For ChlP-seq or affinity enrichment data, the exact position
of a modification or feature within a broad peak is not generally known and therefore the
direct relationship between identified motifs and modifications is not clear. In contrast, single-
nucleotide data allows the direct analysis of the local sequence context of sites. 5-mers
centred around the 3,200 sites were used as input for DREME analysis and compared to 5-
mers centred around all thymine positions across the L. major genome. The most strongly
enriched motif was identified as GGTGB, where B is G, C or T (Figure 3.15). An enrichment
in the TpG dinucleotide was also observed within the top motifs, in addition to TpT where the
second T corresponds to 5-hmU. Peak-based motif analysis using chemical pulldown data
also found an enrichment of 5-hmU within G-rich stretches and TpT dinucleotides, in
agreement with the results here’™. The enrichment of cytosine rather than thymine at the
SMUG1-AP site (motif 3) is likely due to the restriction of the control dataset to thymine loci,
leading to statistical significance when analysing the small amounts of non-thymine sites.
These may arise from single-nucleotide mutations in these samples from the reference

genome, or inaccuracies in the reference.

85



Chapter 3: Mapping thymine modifications in parasite genomes

Motif E-value
2
%’1 2.0e-066

0 — -

- N O < 1O

bits

1 T 1.9e-033

all

0~.-Nc'><r

£1 CCC C 1.8e-016
- AN O <
21 A 5.2e-015

0 & ®» < 1

TN

N O < 1

bﬂs

Figure 3.15: Enriched motifs around high-confidence SMUG1-snAP-seq sites obtained by DREME?%",
The detected 5-hmU site is centred at position ‘3’ in each motif.

In an alternative way to assess for motif preferences, the base composition of the 3,200
sites and flanking regions were averaged and represented as a sequence logo (Figure 3.16).
An enrichment for G in the ‘1’ position is seen, corresponding again to a TpG motif.
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Figure 3.16: Sequence logo plot of nucleotides 5 bases upstream and downstream of high-confidence
SMUG1-snAP sites (base ‘0’).
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To be confident that the enriched motifs are accurately detected, it is important to
assess whether there are significant biases in SMUG1 activity that will ultimately influence
the identity of SMUG1-snAP-seq sites. A set of sequencing experiments were designed using
a 100-mer ODN that contained a single 5-hmU site on one strand, flanked by a randomised
10-mer on either side (N-oligo) (Figure 3.17). This double-stranded ODN was directly
subjected to sequencing without any enrichment, to first determine the relative amount of
each of the canonical bases at each position within the two random 10-mers. SMUG1-snAP-
seq was also performed, to assess whether the distribution of bases is changed. As SMUG1-
snAP-seq fragments the DNA, causing the 10-mer on the 5’- end of the 5-hmU site to be lost,
a further enriched complement library was generated in which DNA was treated with SMUG1
and 20, then biotinylated and enriched using streptavidin. The complement was recovered
by denaturation and sequenced without inducing DNA fragmentation. The identity of the
forward strand was then calculated from this complement to assess the composition of bases

in both of the 10-mers after enrichment.
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Figure 3.17: Workflow of generating libraries to assess the sequence context preference of the
SMUG1 enzyme. A synthetic ODN (N-oligo) was used that contained a 5-hmU site flanked by
randomised 10-mers (N1o and Nio). This dsDNA was subjected to SMUG1-snAP-seq, input library
preparation and also library preparation of the complement strand following streptavidin pulldown
(enriched complement).

The randomised 10-mers are expected to contain roughly equal proportions of the four
bases at all positions. The input library without enrichment reveals the basal levels of each

nucleotide, where for example a slight overrepresentation of guanine was consistently
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observed across all 20 positions, accounting for more than the expected 25% of bases
(Figure 3.18a). For the enriched complement, a small enrichment in TpG is observed at the
5-hmU position, which increases slightly in the SMUG1-snAP-seq library. This suggests that
some technical bias is introduced by the sequencing method that favours the TpG motif. To
assess the extent of this bias, the relative enrichment in TpG was compared between the N-
oligo and L. major libraries. The observed genomic enrichment was still significant when
compared to the potential technical bias introduced by SMUG1-snAP-seq (p < 0.05),

suggesting that some of the observed enrichment is expected to be biological (Figure 3.18b).
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Figure 3.18: Analysis of sequencing results of 5-hmU randomised ODN (N-oligo). a) Sequence logos
of 5-hmU and flanking region after input, enriched complement and SMUG1-snAP-seq library
preparation. A weak enrichment for the GpT and TpG motifs is observed after enrichment. b)
Comparison of TpG enrichment in SMUG1-snAP-seq sites identified in L. major, with technical bias
detected from N-oligo experiment (*p < 0.05).

Overall, these results suggest that within the L. major genome, the accumulation of 5-
hmU is non-random both in terms of genomic location and the sequence context of the
thymine positions at which the modification is installed. This may reflect an inherent
preference during the generation of these bases, or suggest that 5-hmuU is better tolerated in

these specific contexts without further processing to form base J.
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3.2.5 Specificity of SMUG1-snAP-seq

The SMUG1 enzyme has a number of substrates that can be excised from DNA,
including uracil, 5-fU and 5-hydroxyuracil (5-hoU), in addition to 5-hmU. In contrast, UNG
displays exceptional specificity for uracil in DNA. Mechanistically, this is due to the exclusion
of steric bulk at the C5 pyrimidine position in the active site of UNG such that only a small
substituent such as hydrogen is tolerated®®. The only other known substrate of UNG, 5-
fluorouracil, is not generally considered to be a naturally-occurring DNA modification. To
assess the contribution specifically of uracil to the 3,200 sites detected by SMUG1-snAP-seq,
SMUG1 was replaced by UNG in the protocol to carry out UNG-snAP-seq on L. major DNA.
The enzymatic treatment conditions were kept consistent at 18 h, which was confirmed by
LC-MS to be sufficient to excise uracil from a ssODN. Analysis of the sequencing data
showed that no sites were detected above the chosen threshold (FDR < 107'°) (Figure 3.19).

These results suggest that uracil is not expected to contribute significantly to the sites
detected using SMUG1.
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Figure 3.19: Volcano plot representing genomic loci with differential coverage in UNG-snAP-seq and
input libraries. Reads were split between those aligning to the forward and reverse strands based on
the reference L. major genome; the number of reads beginning one nucleotide 3'- to each position is
represented as a logz fold-change in coverage (UNG-snAP-seq vs. input libraries). Analysis was
carried out on two replicates of each library preparation strategy in parallel.
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5-hoU, another substrate of SMUG1, is not as well studied as other thymine
modifications in trypanosomatid genomes. This modification has not been reported to occur
in L. major and furthermore, reports have suggested that 5-hoU is a product of oxidative
deamination from cytosine?**?*°. Such sites are therefore largely expected to align to cytosine
in the reference genome. As over 98% of SMUG1-snAP-seq sites correspond to thymine loci,

5-hoU is not expected to contribute to a large proportion of the detected sites.
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Figure 3.20: Methoxyamine (MX) blocking of reactive aldehyde modifications prior to SMUG1-snAP-
seq. a) Treatment of DNA with methoxyamine prior to SMUG1-snAP-seq results in reaction at 5-fU to
generate an oxime adduct, leading to an increased specificity towards 5-hmU during subsequent
SMUG1-snAP-seq. b) Sequencing reads aligning to each synthetic spike-in model after SMUG1-
snAP-seq. c¢) Sequencing reads aligning to each synthetic spike-in model after methoxyamine
treatment followed by SMUG1-snAP-seq (MX-SMUG1-snAP-seq). Only reads aligning to the forward
strand are shown. The number of reads were normalised against the number of reads aligning to the
corresponding reverse strand in the input library.

As discussed in section 3.2.1, levels of 5-fU in the L. major genome are below that of
5-hmU. In addition, when pulldown of 5-fU was directly carried out in L. major DNA without
prior oxidation of 5-hmU, no peaks were detected, suggesting that any 5-fU present does not
cluster strongly within this genome’. Analysis of the spike-ins during SMUG1-snAP-seq
shows that if 5-fU accumulates at sufficient levels, the method will detect these sites in
addition to 5-hmU. To further assess the significance of 5-fU to SMUG1-snAP-seq results,
DNA samples were treated with methoxyamine (MX) prior to SMUG1 treatment. This
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nucleophilic compound reacts with 5-fU sites in DNA to form an oxime that is no longer a
known substrate of SMUG1. To confirm that SMUG1 activity is reduced at this oxime adduct,
synthetic spike-ins were treated MX prior to SMUG1-snAP-seq (MX-SMUG1-snAP-seq).
Analysis of the read counts after sequencing demonstrated that specificity for 5-hmU is
indeed improved, whilst the relative recovery of 5-fU is reduced (Figure 3.20).
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Figure 3.21: Overlap of sites detected by SMUG1-snAP-seq and MX-SMUG1-snAP-seq in L. major
DNA. a) Overlap of sites detected by the two sequencing methods at a threshold of FDR < 1070, b)
overlap of the 3,200 sites detected by the two sequencing methods with the lowest FDR values. For
the calling of individual sites, two replicates of each enrichment library were processed in parallel with
two input libraries.

MX-SMUG1-snAP-seq was carried out on L. major DNA to investigate whether 5-fU
was contributing to SMUG1-snAP-seq sites. Using the same analysis pipeline and a
threshold of FDR < 107, a total of 2,084 sites were detected. 52% of the 3,200 high-
confidence SMUG1-snAP-seq sites overlap with the sites detected after MX blocking (Figure
3.21a). This would suggest that almost half of the 3,200 sites are sensitive to methoxyamine
reactivity and therefore may be due to 5-fU. However, the number of sites that remain
significant beyond a given FDR threshold is heavily dependent on a number of factors
including the depth of sequencing. Therefore, it was difficult to conclude with confidence that
the 48% of sites that did not pass the FDR threshold were truly due to 5-fU. In an alternative
analysis, sites of enrichment were ranked by FDR values, and the top 3,200 sites detected
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by MX-SMUG1-snAP-seq were compared to the 3,200 high-confidence sites obtained by
SMUG1-snAP-seq. This analysis was expected to be less sensitive towards some factors
that lead to subtle variability between libraries, as no direct FDR threshold is used. Here, the
overlap increased slightly to 61%. Given that technical variation will also be present between
these two sets of data, there is a substantial degree of overlap between the MX-treated and
untreated samples. These results indicate that a majority of sites are unaffected by treatment
with methoxyamine, however, the enrichment of some sites is weakened. This may suggest
that some of the signal detected here by SMUG1-snAP-seq are due to the oxidised derivative
5-fU, rather than 5-hmU.

Overall, application of SMUG1-snAP-seq to the L. major genome has demonstrated
that this method is capable of detecting glycosylase-generated abasic sites in a genomic
context at single-nucleotide resolution. The results also reveal that in this genome, a strong
site-specific accumulation of thymine modification occurs. A preference was found for these
sites in strand-switch regions, which has previously also been found for base J. SMUG1-
sensitive sites were also found to be closely clustered within broad stretches and enriched in
TpT and TpG motifs, suggesting that there is a preference for 5-hmU accumulation in these
sequence contexts. Whilst the methodology used is highly dependent on the activity and
inherent biases of the SMUG1 enzyme, control experiments have shown that the majority of
sites detected by SMUG1-snAP-seq is not likely to be due to other known substrates of this

enzyme or strongly influenced by any sequence preferences.

3.2.6 5-Hydroxymethyluracil in the Trypanosoma brucei genome

The work described in this section was carried out in collaboration with Dr Fumiko Kawasaki,
Balasubramanian group and Professor Mark Carrington, Department of Biochemistry,
University of Cambridge. Sequencing data were generated by Dr Kawasaki where indicated.

T. brucei samples, including knockout strains, were generated by the Carrington group.

In T. brucei, up to 50% of base J is located outside of telomeric repeats®'. Whilst not
essential to T. brucei survival, base J has been associated with transcriptional regulation in
a small number of genes largely found to be internal within polycistronic gene clusters.
Interestingly, whilst the combined deletion of both JBP enzymes results in the complete loss
of base J, a reduced level of 5-hmU remains’. To further study the role of 5-hmU in this

genome, the location of these sites was mapped by sequencing.
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Application of SMUG1-snAP-seq in the bloodstream form of T. brucei, where 5-hmU
levels are highest, identified a total of 103 high-confidence single-nucleotide sites. This is
much lower than that detected in L. major, despite a similar global level of 5-hmU in the two
genomes, possibly suggesting that the accumulation of these sites is less strong at the single-
nucleotide level in T. brucei. Interestingly, the overlap of these single-nucleotide sites with
data generated by 5-hmU DIP-seq was relatively low, with an additional 2,355 peaks that
were uniquely detected by DIP-seq (Figure 3.22a). Similarly, DIP-seq data overlapped poorly
with peaks obtained by an independent method of 5-hmU chemical pulldown’® in this genome
(10.6%, data generated by Dr Kawasaki). Whilst each of these three methods has been
demonstrated using synthetic DNA spike-ins to efficiently enrich for DNA containing 5-hmU
(section 3.2.1 and ref.”), it is possible that the two chemical methods, SMUG1-snAP-seq and
chemical pulldown, are less suitable for analysing 5-hmU particularly when these
modifications are very closely spaced together. During the chemical pulldown of 5-hmU,
hydrazide adducts are introduced to 5-hmuU sites after oxidation, which possibly hinders PCR
amplification if the adducts are in close proximity at high density. During snAP-seq it is
possible that closely clustered sites lead to an excessive fragmentation of DNA during
alkaline-cleavage, resulting in difficulties in sequencing such regions. In contrast, antibody
pulldown is not generally hindered by a high local density of modifications and does not
introduce additional chemical modifications to the DNA. Further experiments on 5-hmU in
this organism were therefore carried out using DIP-seq, to explore the peaks that are
detected by this method.
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Figure 3.22: Overlap of loci enriched in thymine modifications in the T. brucei genome. a) Overlaps
between 5-hmU loci detected by SMUG1-snAP-seq, chemical pulldown and DIP-seq. Single-
nucleotide sites are underlined. b) Overlap between 5-hmU DIP-seq peaks and base J peaks. 5-hmU
chemical pulldown, DIP-seq and base J datasets were generated by Dr Kawasaki.
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DIP-seq experiments investigating the distribution of 5-hmU in the bloodstream form of
T. brucei have indicated that the majority of enriched loci do not also correspond to an
enrichment of base J, in contrast to that observed for 5-hmU in the L. major genome (Figure
3.22b, experiments by Dr Kawasaki). Two thymine hydroxylases, JBP1 and JBP2, have been
identified in T. brucei. To investigate the possible source of these 5-hmU DIP-seq sites, T.
brucei strains in which JBP1 or JBP2 was removed were generated by CRISPR-mediated
knockout (experiments by the Carrington group). 5-hmU DIP-seq was carried out in these
knockout samples in addition to wild-type cells and high-confidence peaks were defined as
DIP-seq peaks that appear in at least two out of three technical replicates. Overlap of the
high-confidence peaks detected in the knockout strains with those detected in wild-type T.
brucei revealed that knockout of either one of the JBP enzymes does not lead to a strong
depletion in 5-hmU DIP-seq peaks (Table 3.1). There was some variation between the two
biological replicates generated for the knockout samples; however, on average around 90%
of 5-hmU DIP-seq peaks remain after each knockout. To ensure that the DIP-seq peaks were
not due to non-specific binding of the IgG antibody, a control pulldown library was generated
using a control IgG antibody that has no known recognition specificity. A total of 89 peaks
were detected in this control library using DNA from wild-type T. brucei, corresponding to a
1.5% overlap with 5-hmU DIP-seq peaks. This suggests that the non-specific recovery of
DNA during DIP-seq was low, and the signal obtained is largely due to binding of the 5-hmU
antibody. The binding specificity of this antibody to thymine modifications has previously been
investigated, where it was shown that the antibody has a strong affinity to synthetic 5-hmU
DNA relative to DNA containing thymine or other modifications’®?*2, This offers some support
that the antibody is selective for the 5-hmU base. However, it remains unknown whether the
antibody exhibits subtle binding preferences for specific sequences or motifs within DNA in

the absence of 5-hmU modifications, which may influence the accuracy of the DIP-seq data.

Sample (technical triplicate) 5-hmU DIP-seq peaks (% overlap with WT)
Wild-type 100% (2,337)
JBP1 knockout (bio rep 1) 93.0%
JBP1 knockout (bio rep 2) 83.4%
JBP2 knockout (bio rep 1) 78.0%
JBP2 knockout (bio rep 2) 95.5%
Wild-type IgG control 1.5%

Table 3.1: Overlap of high-confidence 5-hmU DIP-seq detected in wild-type T. brucei, with DIP-seq
peaks detected in JBP1 and JBP2 knockouts and an antibody control (IgG). Consensus peaks that
appear in at least two out of three technical replicates were used for each sample described.
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The peak-calling approach used here relies on detecting signal in a DIP-seq library
when compared to an input library at a fixed probability threshold (p < 107°). Therefore,
modest changes in the magnitude of signal within peaks may not be detected by only
assessing the total number of peaks at this threshold. To investigate whether there were any
such differences in the 5-hmU DIP-seq signal, the average read counts around the high-
confidence wild-type peaks were compared between the knockout and wild-type samples.
This analysis revealed that whilst there was some biological variation, overall neither JBP
knockout resulted in a consistent reduction in average 5-hmU DIP-seq signal compared to
wild-type cells (Figure 3.23). In agreement with the peak-based analysis, these results
suggest that removal of either JBP1 or JBP2 alone in T. brucei is not sufficient to reduce the

signal detected by 5-hmU DIP-seq.
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Figure 3.23: Normalised coverage in RPKM at high-confidence 5-hmU DIP-seq peaks identified in
wild-type T. brucei (2,337, p < 10°'°, peaks that appear in at least two out of three technical replicates).
The sequencing coverage from combined technical replicates of 5-hmU DIP-seq using JBP1 and JBP2
knockout samples, as well as 5-hmU DIP-seq, input and IgG control DIP using wild-type samples are
shown. The two biological replicates of the knockout strains are shown separately.

Whilst it has previously been found that the majority of 5-hmU DIP-seq peaks do not
overlap with base J loci in T. brucei, the small number of loci that are common to the two
modifications showed interesting changes upon JBP knockout. At the slightly more relaxed
peak-calling threshold of g < 0.05, the 6,149 total DIP-seq peaks were separated into 112
that overlap with base J, and 6,037 that were unique to 5-hmU. As for the total peaks (Figure
3.23), no consistent change in DIP-seq signal was observed between the biological replicates

for either the JBP1 or JBP2 knockout in regions uniquely enriched by 5-hmU DIP-seq. In
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contrast, a partial reduction in DIP-seq signal was found for the JBP1 knockout strain at the
112 DIP-seq peaks in which base J could also be detected (Figure 3.24). A previous study
investigating base J in the absence of JBP enzymes in T. brucei found that JBP1 was more
closely associated with the generation of base J loci internal to chromosomes, whilst JBP2
was involved in the biosynthesis of telomeric base J%*. As telomeric regions are difficult to
align during NGS due to their repetitive nature, the sequencing data analysed here are largely
internal to chromosomes. Therefore, the reduction of 5-hmU DIP-seq signal upon JBP1
knockout at the 112 enriched loci associated with base J (1.8% of total 5-hmU DIP-seq peaks)
supports the observation that JBP1 is essential during base J biosynthesis in regions internal
to chromosomes. In contrast, knockout of either one of the JBP enzymes was not found to

be sufficient to deplete the 5-hmU DIP-seq signal in loci independent of base J.
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Figure 3.24: Normalised coverage in RPKM at 5-hmU DIP-seq peaks identified in wild-type T. brucei
(6,149, g < 0.05, peaks that appear in at least two out of three technical replicates). The total 5-hmU
DIP-seq peaks were separated into those that overlap with base J loci (right) and those unique to DIP-
seq (left). The sequencing coverage from three combined technical replicates of 5-hmU DIP-seq using
JBP1 and JBP2 knockout samples and wild-type T. brucei are shown. The two biological replicates of
the knockout strains are shown separately.

The T. brucei knockout strains explored here lack only one of the two JBP enzymes
and therefore the ability to consistently detect the majority of 5-hmU DIP-seq peaks may
suggest that there is a degree of overlap in function of these two enzymes such that the loss
of one can be compensated largely by the other. The sequence differences between JBP1
and JBP2 has been suggested to indicate differing functions in these two enzymes; whilst a

thymine dioxygenase domain is common to both proteins, JBP1 further contains a J-binding
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domain, and JBP2 contains a chromatin-remodelling domain?*'. Despite these differences, it
has previously been shown that whilst base J is absent by dot-blot quantification in a T. brucei
strain that is null in both JBP enzymes, base J can be detected again once either JBP1 or
JBP2 is expressed in these cells. This suggests that both enzymes may have the ability of
de novo base J synthesis, and can function in the absence of the other®*. Furthermore, the
biosynthesis of base J is dependent on both thymine oxidation and subsequent glucosylation
of the 5-hmU intermediate; therefore, it remains unclear whether changes in base J levels
reflect differences in oxidation activity, or further interactions with the JGT enzyme that
functionalises 5-hmU with glucose. The data generated here by 5-hmU DIP-seq suggests
that at the 5-hmU level, knockout of either JBP1 or JBP2 alone is not sufficient to deplete the
majority of the 5-hmU DIP-seq signal, whilst the small proportion of enriched loci that overlap
with base J appear to be dependent on JBP1 activity (Figure 3.25). This indicates that JBP1
is essential only in the biosynthetic pathway for 5-hmU sites that are further associated with
base J. It has been reported that global levels of base J are only partially reduced when either
one of the JBP enzymes are deleted in isolation, whilst the double knockout no longer
contains detectable levels of base J%?. The deletion of both JBP enzymes in combination
was not explored here, but may be valuable in further investigating the oxidation activities of
these enzymes at the genomic level. Interestingly, in contrast to base J, a total absence of
5-hmU has not been found in the double JBP1/2 knockout, where a three-fold reduction was
observed relative to wild-type T. brucei’®. This therefore suggests that alternative enzymatic
pathways independent of either JBP enzymes, or possibly non-enzymatic mechanisms such

as oxidative damage, may be responsible for generating a minority of 5-hmU sites in this

organism.
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Figure 3.25: Summary of key findings from studies on the distribution of 5-hmU by DIP-seq analysis
in the T. brucei genome. 5-hmU DIP-seq peaks identified in regions independent of base J loci are
unaffected by either JBP1 or JBP2 knockout, whilst a reduction in 5-hmU DIP-seq signal is detected
upon JBP1 knockout in loci that coincide with base J.
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3.3 Conclusions and future directions

Using synthetic DNA models that contain modifications at known positions, it was
shown in this chapter that SMUG1-snAP-seq can be used to enrich for 5-hmU DNA in
addition to DNA containing other SMUG1 substrates and endogenous abasic sites. These
results also emphasised the need to carry out extensive control experiments when utilising
this glycosylase-mediated application of snAP-seq, in order to distinguish a substrate of
interest from other possible glycosylase substrates and endogenous abasic sites. Application
of SMUG1-snAP-seq to L. major DNA identified thousands of high-confidence sites at single-
nucleotide resolution. Control libraries prepared on DNA in the absence of SMUG1 treatment
showed that these sites were not due to endogenous AP sites and can therefore be
considered SMUG1-sensitive. Out of the possible substrates of SMUGH1, the contribution of
uracil to these sites was found to be unlikely due to the lack of peaks when SMUG1 was
replaced with the uracil-specific glycosylase UNG. Chemical discrimination between 5-hmU
and 5-fU, a further substrate of SMUG1, suggested that some of the signal detected by
SMUG1-snAP-seq may be due to 5-fU. Therefore, the SMUG1-snAP-seq sites can be
concluded to be largely detecting oxidised thymine derivatives, the majority of which likely

corresponds to 5-hmU.

Comparison of the genomic location of SMUG1-snAP-seq sites in L. major DNA with
5-hmU peaks obtained by chemical pulldown showed a large overlap between the two
datasets. The consistent results obtained by these two orthogonal approaches provides
validation for SMUG1-snAP-seq, and more generally the snAP-seq approach, and also
provides proof-of-concept that this method can be applied genome-wide. In addition, a large
overlap was also seen in the L. major genome between SMUG1-sensitive sites and base J
pulldown peaks, further confirming the relationship between these two modifications as
suggested in the biosynthetic pathway. Motif analysis of the obtained sites suggested that 5-
hmU preferentially occurs within the TpG dinucleotide. Whilst it was also found that the
method has some intrinsic bias for the TpG motif, the degree of enrichment of this motif in
the genomic data was statistically significant when compared to the technical contribution
estimated using synthetic DNA models. An enrichment in the TpT dinucleotide was also
found, suggesting that 5-hmU accumulation is also preferred in these sequence contexts.
Together, these results provide further insight into the accumulation of thymine modifications

in the L. major genome at high resolution.
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The distribution of 5-hmU was also studied in the T. brucei genome, using three
independent mapping methods. Compared to the two chemical-based enrichment methods,
5-hmU DIP-seq was found to detect a larger number of peaks in this particular genome.
These peaks were not detectable by a control IgG antibody with no known binding specificity.
A small proportion of 5-hmU sites (2.8%) did not overlap with base J loci in the L. major
genome, whilst for T. brucei 98% of peaks detected by 5-hmU DIP-seq did not coincide with
base J, suggesting that these 5-hmU sites do not then get glucosylated. To further investigate
how these modifications are generated, knockout of each of the two known thymine oxidases,
JBP1 and JBP2, was carried out. Neither knockout strains resulted in a strong loss of 5-hmU
DIP-seq signal, suggesting that JBP1 or JBP2 alone is not solely responsible for the
generation of a substantial amount of the 5-hmU signal detected. However, JBP1 knockout
was found to affect the 5-hmU signal in loci where 5-hmU and base J co-occur, suggesting
that JBP1 is essential for the generation of 5-hmU sites associated with base J. As it is
possible that the two JBP enzymes have a degree of functional overlap, future work should
focus on investigating 5-hmU in cell lines where both JBP enzymes are deleted in
combination. This can then reveal the extent to which the DIP-seq signal is truly due to the
JBP enzymes. Any persistent 5-hmU in the absence of both JBP enzymes is then suggestive
of an alternative formation pathway, either from currently unidentified enzymes in the T.
brucei organism, or through oxidative damage. As DIP-seq was used here to study the
genomic location of 5-hmU sites, future work should also focus on further investigating the
binding specificity of the 5-hmU antibody. Whilst both input and IgG control libraries were
used here for comparison against the 5-hmU DIP-seq libraries, validation of the detected

peaks by an orthogonal method or further controls will ensure the accuracy of the data.

The work in this chapter has also shown that uracil may be mapped using UNG as part
of UNG-snAP-seq. Whilst the SMUG1 enzyme has multiple substrates that must be
distinguished when interpreting sequencing results, UNG is a highly specific glycosylase. The
application of UNG-snAP-seq to investigate the role of uracil during DNA demethylation in

embryonic stem cells is described in Chapter 5.
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Mapping abasic sites in the human genome

4.1 Background

The loss of a DNA nucleobase by hydrolysis leads to the formation of an abasic (AP)
site. Amongst the many possible products of DNA damage, abasic sites are one of the most
abundant that can arise in the event of both endogenous and exogenous damage. When AP
sites are not repaired and persist within DNA, these lesions can cause polymerase stalling
and mutations, leading to genomic instability’®"?*2. Abasic sites are chemically unstable and
single-strand breaks can form on the 3’ side of the AP sugar by B-elimination at the aldehyde

moiety.

Despite the severe biological consequences of AP sites, there is still a lack of
understanding regarding their distribution within genomic DNA. Global levels of AP sites and
the B-elimination products have been measured in mESCs by LC-MS/MS at 0.9 and 1.7 per
million dN*/, respectively, with similar levels reported in other cell types including HEK293T
cells. These levels are comparable to rare base modifications, such as 5-carboxycytosine
(0.6 per million dN). Whilst low in abundance, the mapping of 5-caC by affinity enrichment
has revealed a non-random distribution across genomic DNA such that sites of accumulation
can be detected as peaks. DNA base lesions that have commonly been considered to be by-
products of DNA damage such 8-oxoG and 5-fU have also been shown by genome-wide
mapping to accumulate within peaks in mammalian DNA'®%243. The accumulation of 8-oxoG
has been found to differ amongst genomic features. Mammalian genomes consist of both
genic and intergenic regions, where the expression of a gene is regulated by a promoter
located to the 5’- end of the gene body. Protein coding genes may consist of multiple coding
exons and non-coding introns, and also contain a untranslated region (UTR) on both the 5’-
and 3’- end. 8-0xoG has since been proposed to act as an epigenetic marker capable of
controlling gene expression in specific biological contexts'243, Furthermore, DNA damage
in the form of double-strand breaks has also been shown to accumulate within genomic loci'®.
Together, these observations suggest that DNA damage products are not equally distributed

within genomic DNA, with some regions more prone to accumulating damage than others.

100



Chapter 4: Mapping abasic sites in the human genome

The hypothesis in this chapter is that abasic sites, whilst relatively low in abundance on
a global level, may similarly be distributed non-randomly across the genome. The overall aim
was therefore to sequence the genomic location of abasic sites. The focus was on human
cells, and the HelLa cell line was chosen for study as it is well characterised and also relatively

easy to manipulate.

At the outset of this project, no method existed for the sequencing of abasic sites. The
detection of aldehyde-reactive lesions in isolated DNA fibres using ARP as a probe has
suggested that the distribution of genomic abasic sites can be non-random and clustered;
however, the exact locations and sequence contexts remain unexplored'?'?’. Furthermore,
these experiments were carried out using ARP, which is able to react with different sources
of aldehydes in DNA. In Chapter 2, this has been shown to include 5-formylpyrimidines in
addition to abasic sites and therefore the true significance of abasic sites within loci detected
by ARP remains unclear. During the course of this project, a method to map abasic sites by
NGS, AP-seq, was reported'. This method also utilises ARP to mark genomic abasic sites
with a biotin moiety. DNA is then sonicated into small fragments and biotinylated fragments
are isolated by streptavidin pulldown and subsequently sequenced. As in the case of the
DNA fibre analysis, the ARP compound used is also able to react with and therefore detect
5-formyluracil and 5-formylcytosine bases (section 2.2.1). Given that higher levels of
formylpyrimidines than abasic sites have been measured in some cell types®*"*°, it is
essential that methods used to study these modifications are able to clearly distinguish
between the different aldehydes in DNA. As demonstrated in Chapter 2, snAP-seq can
selectively detect abasic sites in the presence of formylpyrimidines and is thus suitable for

studying abasic sites in a genomic context.

As part of the base excision repair (BER) repair pathway, the repair of abasic sites in
mammalian systems is largely initiated by APE1. It is estimated that up to 95% of
endonuclease activity at DNA abasic sites is accounted for by APE1, whilst APE2 also has
minor activity at these sites’*'*®. The product of APE1 is a single-strand break, in which the
DNA backbone has been hydrolysed at the 5’- phosphate of the abasic site (Figure 4.1a).
BER is then divided into two possible sub-pathways®; during short-patch BER, DNA
polymerase 3 removes the deoxyribose unit and fills in the single-nucleotide gap, before the
nick is sealed by ligase activity, whilst during long-patch BER, DNA polymerase 3 continues
synthesis for 2-13 nucleotides beyond the initial AP site before the DNA overhang is removed

by FEN1, followed again by ligation. Preference for either of these pathways in vivo is not
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fully understood, with the type of glycosylase used to generate the initial abasic site and cell

cycle stage amongst the factors that can influence the choice of mechanism?*4.

Cellular repair of abasic sites by alternative pathways such as the nucleotide excision
repair (NER) pathway has also been implicated in yeast'"'*°, however, in mammalian cells
BER remains the main route of abasic site repair. Knockdown of APE1 protein by treatment
with siRNA, or inhibition of endonuclease activity by small molecules has been shown to

47,245

elevate global levels of abasic sites , suggesting that the reduction of cellular APE1
activity is a convenient way to control the abundance of abasic sites. In this chapter, the
distribution of abasic sites was explored in cells depleted in APE1, in addition to BER
competent cells to assess whether regions of the genome are more susceptible to abasic site

formation before repair via the BER pathway.
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Figure 4.1: DNA strand-breaks at abasic sites. a) APE1 generates a strand-break on the 5'- side of
an abasic site by enzymatic hydrolysis of the phosphate backbone. BER is initiated, ultimately resulting
in the repair of the abasic site. Inhibition of APE1 is therefore expected to halt BER and elevate levels
of unprocessed abasic sites. b) Abasic sites in DNA can exist in one of at least three forms: 3’-cleaved
by B-elimination (left), intact (centre) and 5’-cleaved (right). Only the intact and 5’-cleaved states can
be captured by snAP-seq, whilst B-eliminated AP sites cannot be detected by snAP-seq.

Abasic sites can exist in at least three different forms in a DNA strand; intact without
association with an adjacent strand break, or with a single-strand break on either the 5'- or

the 3’- end (Figure 4.1b). Both types of strand-breaks can be enzymatically generated by AP
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endonuclease and lyase activity, respectively. Cleavage at the 3’- end can also occur
spontaneously under physiological conditions, where rates may be further accelerated in the
event of crosslinks with proteins such as histone tails'?'. Using ARP as an abasic site probe,
assays on extracted genomic DNA from rat tissue suggested that the majority of abasic sites
are 5'- cleaved whilst a smaller proportion are intact or 3'- cleaved?*®. This set of experiments
relied on the observation that whilst intact abasic sites and those associated with one single-
strand break are reactive towards ARP, simultaneous cleavage at both 5'- and 3'- sides of
an abasic site results in the complete excision of the deoxyribose unit from DNA, with the
released strands being no longer reactive towards ARP. Therefore, by carrying out the ARP
assay before and after selectively inducing DNA cleavage on either side of abasic sites, the
original status of the abasic site can be deduced. The larger amount of 5'- cleaved sites was
consistent across a range of tissues in rat, although the overall level of abasic sites was
highest in brain tissue. As these findings were based on the ARP assay, results should be
treated with caution. Contrasting finding were reported more recently in a study by Rahimoff
et al.*’, where it was shown that using LC-MS/MS quantification, it is possible to distinguish
between 3’- cleaved and intact abasic sites due to differences in saturation of the sugar ring
released upon nuclease digestion of DNA. The method detects 5’- cleaved abasic sites as
intact, as both the 5’- hydrolysis product and intact abasic sites yield 2-deoxyribose upon
DNA digestion and dephosphorylation. A higher level of 3'- cleaved abasic sites was detected
than the combined 5’- cleaved and intact species, suggesting that a large proportion of
genomic abasic sites had undergone B-elimination. A limitation of the library preparation
design of snAP-seq is that 3'- cleaved abasic sites cannot be detected. The snAP-seq method
relies on the pulldown of DNA sequences containing abasic sites, followed by controlled
fragmentation to selectively recover the DNA fragments on the 3’- side to mark abasic sites
at base-resolution. In the event that B-elimination has occurred prior to this process, the 3'-

end fragment is already lost and can no longer be captured (Figure 4.1b).

The chemical instability of abasic sites under basic conditions, as well as the potential
formation of AP artefacts during DNA processing were important considerations in this study.
The genomic distribution of abasic sites can be influenced by both events, which must be
avoided to accurately study endogenous abasic sites. Control experiments were carried out
to assess the effects of key steps during DNA processing that may affect abasic sites.
Optimised conditions were then used to sequence the location of abasic sites in both APE1

deficient and control cells, to investigate the distribution of this type of DNA damage.
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Oxidative DNA base lesions such as 8-oxoG have been associated with the control of
gene expression and it has been suggested that in addition to their role as DNA damage
products, these modifications can be considered epigenetic in conditions of oxidative stress.
The distribution of 8-o0xoG has been found to differ amongst genomic features and also

chromatin structure in multiple genomes?*324

, indicating that the susceptibility of formation
and maintenance of these lesions can differ across the genome. The AP signal obtained by
snAP-seq was also assessed relative to genomic features, chromatin state and mRNA

expression levels to further investigate the biological consequences of persistent AP sites.

4.2 Results and discussion

This project was carried out in collaboration with Dr Sergio Martinez Cuesta,
Balasubramanian group, who performed the bioinformatical analysis of sequencing data

generated in this chapter.

4.2.1 Knockdown of APE1 protein

The overall aim of this project was to investigate the distribution of abasic sites in
human DNA. As the levels of endogenous abasic sites is low in wild-type mammalian cells*’
and may be challenging to detect, global elevation of AP levels by depletion of APE1 protein
was carried out. Furthermore, it was rationalised that the expected increase in abasic sites
upon inhibition or knockdown of APE1 protein would be a good way to verify the accuracy of
snAP-seq results. The investigation of abasic sites in APE1 depleted cells may also reveal

insights into the susceptibility of AP site formation before removal by BER.

A number of small molecules that inhibit the endonuclease activity of APE1 are known,
including lucanthone and CRT0044867232%°_ Whilst an increase of global AP site levels has
been observed upon treatment of cells with these molecules, lucanthone for example, also
interacts with DNA through intercalation®°. To avoid potential off-target effects of small
molecules that may affect genomic DNA in unexpected ways, the direct knockdown of APE1
protein by siRNA control was explored instead. Four individual siRNAs designed to target
APE1 mRNA were obtained (ON-TARGETplus, Dharmacon). Cellular delivery was achieved

by transfection, and for initial optimisation the extent of knockdown was first followed on the
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mRNA level by quantification using RT-qPCR. Transfection of each siRNA sequence, along
with a control pool of non-targeting siRNA (Dharmacon) in HeLa cells was assessed over 96
h. RT-gPCR data obtained using primers specific to APE1 mRNA was normalised to that of
a housekeeping gene, B-tubulin, where levels were not expected to vary between the siRNA
treatments (Table 7.1). Al mRNA levels were analysed by comparison against cells that were
treated with transfection reagent alone and in the absence of siRNA. Normalisation was

carried out by setting the APE1/B-tubulin ratio in transfection reagent-only cells to 100%.

The RT-gPCR results show that 48 h of transfection was sufficient for around 95%
reduction of APE1 mRNA using three of the four siRNAs tested (Figure 4.2). These levels
remained largely constant up to 96 h transfection. There was no strong reduction in
expression for the non-targeting control pool, confirming that the observed differences were
not likely due to non-specific effects of introducing siRNAs. One of the targeting sequences,
siRNA #4, performed much less effectively, with around 50% of APE1 mRNA remaining after
96 h. It is possible that some siRNA sequences are not as efficient or specific as others, and
this effect may be cell line dependent. Another cell line was therefore tested to investigate
whether these results were consistent. In U20S cells, an osteosarcoma line, similar results
were observed. Between 90% and 95% knockdown was found for the first three siRNAs,
which decreased to 60% for siRNA #4. Whilst it is possible to combine multiple siRNA
sequences to further increase knockdown efficacy, three out of the four siRNAs offered over

90% knockdown of APE1 mRNA when used alone and are likely to be adequate for use.
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Figure 4.2: Relative expression of APE1 mRNA after treatment with siRNAs. siRNA #1-4 target APE1
mRNA, and a non-targeting siRNA pool was used as a negative control. APE1 mRNA was quantified
by RT-gPCR and normalised against B-tubulin mRNA. All values are expressed as a percentage of
expression relative to cells that were treated with transfection reagent only. Data from a single replicate
is shown.
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In addition to depletion of APE1 mRNA, it was also important to ensure that effects
were ultimately observed on the protein level. Western blots were therefore carried out to
verify changes in protein expression. Under the same transfection conditions as used for RT-
gPCR analysis, whole cell extracts were collected from treated cells. For western blots, anti-
tubulin antibody was used in addition to anti-APE1, as a loading control for the normalisation
of results. The APE1/tubulin ratios obtained by quantification of western blot band intensities
were normalised to control cells that were treated with transfection reagent only. The results
show that in contrast to mMRNA, the depletion of protein is slightly slower, and levels continue
to decrease between 48-96 h transfection time (Figure 4.3). The most efficient knockdown
was at the longest timepoint. sSiRNA #4 treatment was again less effective than #1-3, resulting
in less than 50% protein knockdown. Between the remaining siRNAs, #3 performed slightly
better. This siRNA was therefore chosen for further sequencing experiments (Figure 4.3c).
The 96 h treatment was selected as this offered the greatest depletion of APE1 protein and

in addition, the longer timepoint may allow for a greater accumulation of AP sites.
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Figure 4.3: Relative levels of APE1 protein measured by western blot. Whole cell extracts from HelLa
cells were used. Anti-APE1 antibody was used along with anti-tubulin as a loading control. For data
analysis, the measured APE1/tubulin ratios were normalised to that in the transfection reagent only
samples and expressed as a percentage of remaining APE1 protein. a) Normalised expression after
transfection of different siRNA sequences. Data from a single replicate is shown. b) Western blot
showing tubulin and APE1 bands. ¢) Normalised expression after transfection of siRNA #3 and
controls. Mean and S.E.M of three replicates are shown.
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The ultimate goal of using APE1 knockdown was to elevate genomic AP levels and
therefore the observation of changes in global AP levels was also important. ARP-based
assays have previously suggested an increase in reactive aldehydes upon depletion of
APE12%; however, results may be misleading due to cross-reactivity using this approach. LC-
MS/MS quantification remains the gold standard for such analysis. Using this technique, it
was reported that a 50% knockdown of APE1 mRNA in mESC resulted in a 30% increase in
AP site levels*’. Although carried out in a different cell line using a differing siRNA system,
these results offer some support that AP levels were expected to increase with depletion of
APE1.

4.2.2 Effect of DNA extraction on abasic sites
In order to accurately detect abasic sites in genomic DNA, it was important to ensure
the integrity of abasic sites prior to chemical tagging, and that the introduction of additional

abasic sites by depurination is avoided. The two key steps preceding the chemical reaction

with HIPS probe 20 during snAP-seq are DNA extraction and sonication.
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Figure 4.4: Schematic to illustrate the steps required to prepare DNA from cells during snAP-seq of
endogenous AP sites (top) and glycosylase-mediated snAP-seq of a base modification such as
SMUG1-snAP-seq (bottom).
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As demonstrated in section 2.2.7, abasic sites introduced as artefacts after treatment
with 20 are not expected to be enriched by snAP-seq and can therefore be tolerated. For
glycosylase-coupled snAP-seq, it is possible to delay the glycosylase treatment to protect
abasic sites. For example, in the case of SMUG1-snAP-seq in the L. major genome, 5-hmU
is less labile than abasic sites and therefore it was beneficial to carry this modification through
DNA extraction and sonication, and treat DNA with SMUG1 immediately prior to reaction with
20 to minimise the time during which free AP sites were exposed (Figure 4.4). In contrast,
for the study of endogenous AP sites that are present at the start of the process, a similar

protection is not possible.
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Figure 4.5: Enrichment of AP DNA relative to GCAT DNA. Pooled DNA samples were used directly,
sonicated, or subjected to DNA extraction conditions. All samples were then treated with 20 and
biotinylated, followed by enrichment on streptavidin beads and eluted by alkaline-cleavage (100 mM
NaOH, 70 °C, 15 min). Recovered DNA was quantified by gPCR and expressed as a fold-change
relative to input samples. Mean and S.E.M. of three replicates are shown. a) Relative enrichment of
AP/GCAT DNA. b) Recovery of AP and GCAT DNA expressed as a percentage of the input.

To assess the effects of DNA extraction and sonication on abasic sites, the synthetic
DNA sequences designed for spike-ins were used. Equal amounts of AP DNA and GCAT
DNA were pooled together and subjected either to sonication using the same settings as
applied for genomic DNA, or a mock extraction using a commercially available kit (Zymo
Research). DNA was then treated with 20 followed by CuAAC catalysed biotinylation and
subjected to streptavidin pulldown. DNA recovery and relative enrichment was assessed by

gPCR. The extent of enrichment of AP DNA remained comparable to a control sample that
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had not undergone extraction or sonication treatments, at over 100-fold relative to GCAT
DNA (Figure 4.5). No significant change was detected between samples (p > 0.9999),
suggesting that these steps do not introduce detectable artefacts. Furthermore, the absolute
recovery of both sequences did not change significantly between treatments (Kruskal-Wallis
test, p = 0.2964 (AP) and p = 0.3607 (GCAT)). The loss of abasic sites, by elimination for
example, would be expected to reduce the recovery of AP DNA, whereas the introduction of

artefacts may lead to increased recovery of GCAT, neither of which were observed.

The synthetic spike-in DNA may not be fully representative of genomic DNA during
sonication or extraction due to the large differences in DNA length. Therefore, further control
experiments were carried out using high molecular weight L. major DNA. In Chapter 3, the
effects of DNA processing steps were not a key consideration, as all SMUG1-snAP-seq
results were compared to snAP-seq without SMUG1 treatment. As these two sets of libraries
were subject to the same DNA processing steps, any artefacts were expected to equally
affect both conditions and be removeable by subtraction. In contrast, endogenous AP sites

were the focus of interest in this chapter, and a similar control is not available in this case.

To assess whether abasic sites are stable during sonication, a set of libraries were
prepared in which SMUG1 treatment was carried out on high molecular weight L. major DNA,
which was then sonicated. The enzymatically generated abasic sites undergo sonication
under these conditions, whereas in the libraries prepared in Chapter 3, SMUG1 treatment
was carried out after sonication and therefore abasic sites were effectively protected from
this step. Over 80% of the 3,200 high-confidence sites detected in Chapter 3 remain
detectable at the same FDR threshold in these samples, suggesting that abasic sites are
largely preserved during sonication (Figure 4.6). In addition, libraries were prepared in which
high molecular weight SMUG1-treated L. major DNA was subjected to an additional mock re-
extraction then subjected to sonication and SMUG1-snAP-seq. The SMUG1-generated AP
sites in this case undergo both DNA extraction and sonication and 67% of the 3,200 control
sites remained detectable. This extraction protocol utilised a commercially available kit (Zymo
Research) that provides a chemical lysis system at room temperature. Interestingly, another
DNA extraction kit tested gave drastically different results, with only 1% of the 3,200 control
sites detected (DNeasy, Qiagen). This kit was based on proteinase K digestion to lyse cells,
which requires the incubation of cells at elevated temperatures to allow efficient enzymatic
digestion. The incompatibility of these conditions with AP enrichment suggests that
degradation of the AP sites may be occurring at high temperatures. These results highlight

the need to maintain mild conditions during DNA extraction that do not affect AP sites. Overall,
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the combination of DNA extraction using the Zymo kit with sonication was found to maintain
AP reactivity without the significant introduction of artefacts; these conditions were therefore
selected for use on HeLa DNA.
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Figure 4.6: SMUG1-snAP-seq sites detected in L. major DNA with and without mock DNA re-
extraction and sonication after generating AP sites using SMUG1. An FDR threshold of 10'° was used
for all analyses; the detected sites are represented as a percentage overlap with the 3,200 sites
detected in the control sample without additional treatment.

4.2.3 Mapping abasic sites in HeLa cells

To investigate the distribution of endogenous abasic sites in genomic DNA, snAP-seq
was carried out on DNA from APE1 deficient cells that had been treated with siRNA #3, in
addition to BER competent cells that had been treated with non-targeting control siRNA. Four
replicates across two independent biological samples were prepared for each cell type, along
with the corresponding input libraries. To assess whether abasic sites were accumulating in
these samples at the single-nucleotide level, comparative assessment of read counts was
performed across the genome between snAP-seq and input libraries as previously carried
out for the SMUG1-snAP-seq data (Chapter 3). The requirement for calling high-confidence
enrichment sites was to set an FDR threshold at which positive logz fold-change (snAP-seq
vs. input) was favoured over negative log. fold-change, as the site-specific accumulation of
reads in the input sample without enrichment detected as negative log: fold-change most
likely corresponds to noise in the data. Inspection of the volcano plots obtained for sites in

both control and APE1 siRNA treated cells revealed a largely even distribution of sites with
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positive and negative log. fold-change, indicating that no such threshold could be set (Figure

4.7). Therefore, no single nucleotides of enrichment could be called with confidence.
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Figure 4.7: Volcano plot representing genomic loci with differential coverage in snAP-seq and input
libraries. Reads were split between those aligning to forward and reverse strands based on the
reference human genome; the number of reads beginning one nucleotide 3’- to each position is
represented as a logz fold-change in coverage (snAP-seq vs. input libraries). Analysis was carried out
on four replicates of each condition in parallel. Only analysis of the forward strand is shown.

Mitochondria have been associated with ROS and oxidative damage?’; it may then be
expected that oxidative DNA damage accumulates more in mitochondrial than nuclear DNA.
Furthermore, the depth of sequencing achieved was much higher in mitochondrial DNA, due
to the higher copy number than for chromosomal DNA. As the sensitivity of snAP-seq is likely
to depend on the sequencing depth, sites may also be more easily detectable in the
mitochondria. Therefore, reads aligning to mitochondrial DNA were analysed separately.
Similar results were obtained to those for all reads, showing a largely even distribution in the
volcano plots (Figure 4.8). Despite the increased depth (over 100X, compared to around
1.5X for nuclear), no snAP-seq sites were detected in mitochondrial DNA suggesting that AP

sites do not accumulate at the single-nucleotide level here either.
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Figure 4.8: Volcano plot representing genomic loci with differential coverage in snAP-seq and input
libraries in mitochondrial DNA only. Reads were split between those aligning to the forward and
reverse strands based on the reference human genome; the number of reads beginning one nucleotide
3’- to each position is represented as a logz fold-change in coverage (snAP-seq vs. input libraries).
Analysis was carried out on four replicates of each condition in parallel. Only analysis of the forward
strand is shown.

The lack of individual sites that were significantly enriched after snAP-seq suggests
that at the single-nucleotide levels, there may be a level of stochasticity of abasic sites across
the population of cells. Typically, a snAP-seq library was generated using up to half a million
HelLa cells. In order for a genomic position to be successfully enriched by snAP-seq, a
substantial proportion or possibly all cells need to contain an abasic site at the same specific
genomic location. The results suggest that this may not be occurring sufficiently for detection
by an enrichment approach. Alternatively, knockdown of APE1 alone may not be sufficient to
observe a substantial accumulation of AP sites at a given location. APE2 is also present in
mammals and may become more active in the absence of APE1 activity'*®, whilst the repair
of AP sites by the NER pathway has also been demonstrated'. Methods capable of
detecting DNA double-strand breaks at nucleotide-resolution have found that this type of
damage accumulates within broadened peaks rather than individual nucleotides'®.
Therefore, in an alternative analysis, peak-calling was used on the snAP-seq data to
investigate whether regions of the genome, rather than single nucleotides, were enriched in
AP sites. Peak-calling was performed using MACS2 software®>?, which is frequently used for

data from ChIP-seq or enrichment sequencing’?®. This type of analysis detects enrichment
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within a library in windows of the genome rather than single nucleotides, and can be used
with or without an input sample for comparison to identify peaks in short stretches of the
genome (Figure 4.9a). Regions of high coverage in the input libraries can cause problems

during the analysis of enrichment-based sequencing methods including ChlP-seq data, and

253

an available blacklist was used to filter out many of these locations*°. As a cancer-derived

cell line that has been used for many decades, the HeLa genome is heavily mutated and

254

many regions present problems during the alignment of reads**. A custom genomic blacklist

was therefore also generated by using MACS2 peak-calling on the input libraries alone. The
regions identified were subtracted from peak-calling analysis, as they represent regions that
have a higher baseline of coverage. This step was designed to further increase confidence

in the peak-calling process.
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Figure 4.9: Peak-calling in HeLa snAP-seq data. a) Representative genome browser (IGV) view of
peaks called in snAP-seq data. Black bars represents high-confidence peaks detected by MACS2
peak-calling. b) Overlap of high-confidence peaks determined by MACS2 software in cells treated with
control and APE1 siRNA.

A stringent threshold of p < 10”° was set for calling peaks in each individual library using
the corresponding input library as a control and only peaks that appear in at least three of
four replicates were considered high-confidence. For control-siRNA treated cells, 14,110
high-confidence peaks were detected. 10,387 (74%) of these were also detected in cells
treated with APE1 siRNA, where a total of 25,080 peaks were found (Figure 4.9b). The
increase in number of peaks detected in APE1 deficient cells was consistent with
expectations and is supported by reports that the number of AP sites is globally elevated
when BER is compromised. These results suggest that whilst on the single-nucleotide level

there was no strong accumulation of abasic sites detected, the distribution of abasic sites is
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partially non-random and clusters weakly within genomic windows across a population of
cells. The ability to detect AP peaks in BER competent cells indicates that some AP damage
may be resistant to repair and can be better tolerated in particular regions of the genome.
The additional peaks that appear upon knockdown of APE1 are therefore likely to be those

associated with APE1 repair, which also cluster non-randomly across the genome.

Between the individual replicates libraries, pairwise overlap ratios between replicates
range between 22% and 79% showing that results are moderately consistent. Variations

between replicates may be further due to the stochastic nature of DNA damage.

a b
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Figure 4.10: Overlap of snAP-seq peaks (p < 10°) between individual replicates in a) cells treated
with control siRNA, and b) cells treated with APE1 siRNA.

4.2.4 Limit of detection of snAP-seq

The ability to detect individual nucleotides by enrichment using snAP-seq is ultimately
determined by the limit of detection of the method. Rather than the global levels of a
modification taken as an average across the genome in a pool of cells, enrichment-based
sequencing methods are more likely to depend on the degree to which a modification is
present at a given genomic location across the population of cells. Therefore, even for
modifications at high global levels, if their distribution is stochastic between individual copies
of the genome, they remain challenging to detect by enrichment. The spike-ins that have
been included in each sequencing library show a strong enrichment of AP DNA relative to
unmodified GCAT DNA (~200-fold), however, these values are based on a fully AP-modified
DNA. In contrast, it is unlikely that across the population of cells from which the genomic DNA

was extracted, the position of abasic sites will be fully consistent.
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Figure 4.11: Diagram illustrating the DNA input for AP DNA dilution to investigate the limit of detection
of snAP-seq. The total amounts of the three DNA models are kept consistently equal. One AP DNA is
kept constant at 100% AP content, whilst the other is diluted using the same sequence where the AP
site is replaced with T. Each library with varying AP/T ratio is then sequenced by snAP-seq.

To experimentally estimate the limit of detection of snAP-seq in terms of the percentage
modification required at a given position within DNA to still observe an enrichment, a series
of libraries were prepared in which an AP containing sequence (AP DNAXx) was diluted with
DNA of the same sequence in which the AP site was replaced with a thymine (Figure 4.11).
GCAT DNA was also added as negative control to assess enrichments, at the same amount
as total AP+T DNA. To avoid a scenario at low AP percentage where a library cannot be
successfully generated due to lack of recovered material, a further AP model (AP DNA1) was
included in each library at 100% modification. Six libraries with AP/T ratios varying from 100%
down to 1% were prepared using snAP-seq and the same DNA samples were also used to

prepare the six corresponding input libraries.
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Figure 4.12: Enrichment of AP DNAs after snAP-seq. Sequencing reads aligning to the forward strand
of each model were normalised against reads aligning to the reverse strand in the corresponding input
library. Normalised read counts were then represented as an AP/GCAT ratio to show relative
enrichment. Data from a single replicate are shown.

Sequencing reads from the six diluted snAP-seq libraries that aligned to each of the
three model DNA sequences were analysed to determine enrichments. In each case, only
reads aligning to the forward strand that bears a modification were considered. These were
normalised against the number of reads for the unmodified, reverse strand in the
corresponding input library to ensure equal overall representation of each sequence. The
results show that the fold enrichment of AP DNA1, which was kept at 100% AP content
throughout, fluctuates between the six libraries (Figure 4.12). This effect is most likely a
result of technical variation. For AP DNAX, even at 1% AP/T an 8-fold enrichment relative to
an equal input of GCAT could still be observed. The enrichments calculated here must be
combined with the sequencing depth of genomic libraries to estimate a limit of detection. The
sequencing depth of the Hela libraries varied slightly between samples, with the lowest being
1.26X. With read lengths of 75 nucleotides, this equated to each nucleotide being covered
on average 0.0168 times. Therefore, to observe a pile-up of at least two reads starting at the
same position in a single replicate library, roughly 100-fold enrichment is required. From the
spike-in dilutions, this would equate to somewhere between 25% and 50% modification. As
four replicate libraries for each siRNA treatment were used, a further increase in the pile-up
of combined reads may be expected at these percentages. It should be noted that
enrichment-based sequencing approaches like snAP-seq are not quantitative, and the

enrichment efficiency can depend on a number of factors including sequencing depth and
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vary significantly between libraries and replicates. Therefore, these values provide only a

rough estimate of the limit of detection.

All reads Sampled reads
(10X) (1.26X)

Figure 4.13: Overlap of SMUG1-snAP-seq sites detected using all reads across two L. major libraries
at a threshold of FDR < 107"° (section 3.2.2), and a subset of reads obtained by sampling to represent
the depth achieved for the Hela libraries (1.26X) at the threshold of FDR < 0.05. Only sites in the
forward strand of the reference L. major genome were analysed; results on the opposing strand are
expected to be largely similar.

The relationship between sequencing depth and ability to detect enriched peaks in
sequencing data has been long known. For ChIP-seq, it has been found that the number of
peaks saturates with increased sequencing depth, with the maximum estimated to be

reached around 40-50 million reads per library for a number of ChIP targets?*®

. As snAP-seq
is single-nucleotide resolution, the coverage required is expected to be higher as each read
of 75 nucleotides is ultimately assigned to represent a single nucleotide position. To further
investigate the limit of detection in a genomic context, the L. major libraries generated in
Chapter 3 were used. For these libraries, a high depth of sequencing was used due to the
small size of the L. major genome (33 Mb), which is around 100 times smaller than the human
genome; sequencing at an average of 10X depth for these libraries was easily achievable at
relatively low costs. Using the raw sequencing reads, the number of reads was sampled to a
similar level as that achieved for the human libraries (1.26X). Data processing was then
carried out in the same way on this subset of reads. Overall, the FDR values associated with
sites decreases with sequencing depth. Therefore, at the same highly stringent FDR
threshold of 107'°, only 18 sites remain in the sampled dataset. However, the volcano plot
remained strongly skewed towards positive log. fold-change (SMUG1-snAP-seq vs. input),
with 1,821 single-nucleotide sites detected in the forward strand with FDR < 0.05. Of the total
high-confidence sites detected in the original dataset, 77% were also detected after sampling
(Figure 4.13), suggesting that the majority of sites remain above the limit of detection at this

lower sequencing depth. The extent to which 5-hmU occurs across populations of L. major
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organisms at each specific genomic loci is not known, but these can be no higher than 100%.
Therefore, these results suggest that at the depth to which the Hel a libraries were sequenced,

it was expected that as a minimum, AP sites with quantitative representation are detectable.

4.2.5 Genomic analysis of snAP-seq sites

The lack of single-nucleotides at which AP sites accumulate suggests that on average
across a population of cells, the expected ~1 per milion dN sites*” are largely not
concentrated at single sites. However, the ability to detect peaks of enrichment suggests that
instead, there are windows of the genome that are more susceptible to damage. The
enrichment of these peaks relative to input is modest, at around 3-fold on average, but
remains statistically significant at a relatively stringent p-value threshold of p < 0.00005. To
further investigate the location of these enriched peaks, the distribution amongst genomic
features was analysed. High-confidence peaks detected for cells treated with control siRNA,
or APE1 siRNA were used, as well as peaks that were common to the two datasets. These
sets of peaks were compared to sets of peaks of the same size shuffled at random across
the reference genome. This allowed the fold enrichment to be calculated amongst the
selected genomic features, which comprised promoters, defined as 1 kilobase (kb) upstream

of transcriptional start sites, 5'- and 3’- UTRs, exons, introns and intergenic regions.

For cells treated with control siRNA, peaks were weakly enriched in intergenic regions
and depleted in all other regions analysed (Figure 4.14). In contrast, peaks detected in cells
treated with APE1 siRNA were enriched in regulatory regions including promoters, as well as
5’-and 3’- UTRs and exons (g < 0.05). This suggests that APE1 may be involved in removing
DNA damage from these regulatory and transcribed regions. This trend was also in line with
findings for the DNA damage marker, 8-oxoG, where levels were found to increase in
promoters and 5’- and 3-UTRs upon knockout of the repair enzyme OGG1 in mouse
embryonic fibroblasts®*®. This effect was suggested to be due to an increased exposure of
these regulatory elements to oxidative damage. Peaks in common to the two siRNA
treatments were overrepresented in promoters, exons and intergenic regions whilst being
depleted in 5’-UTRs and introns; however, the majority of peaks remained within intergenic

regions (62%).
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Figure 4.14: Relative enrichment of snAP-seq peaks in different genomic regions, expressed as log:
fold-change when compared to randomised sets of peaks obtained through simulation (N=10,000).
The total high-confidence peaks detected in control peaks and APE1 peaks were analysed, as well as
consensus peaks common to both datasets. Error bars represent 95% confidence intervals, *q < 0.05.

The location of peaks was also analysed in relation to chromatin accessibility and
histone modifications. Chromatin accessibility datasets, generated by DNase-seq, FAIRE-
seq and ATAC-seq also using HeLa DNA were obtained from the ENCODE or GEO database
(Table 7.2). For FAIRE-seq and ATAC-seq, a small enrichment was seen in accessible
regions of the genome for control cells, whilst no significant change from randomly shuffled
peaks was seen for DNase-accessible regions (g < 0.05). A larger enrichment within
accessible regions from all three datasets was seen for snAP-seq peaks in APE1 deficient
cells (Figure 4.15a). This suggests that open-chromatin may be more susceptible to damage,
particularly in the absence of BER. Accessible chromatin regions have previously been
256,257

suggested to be more prone to the accumulation of a range of DNA damage products

with condensed chromatin suggested to be protected from damage.

Analysis of the distribution of peaks in relation to histone modifications revealed an
enrichment of snAP-seq peaks in APE1 deficient cells within regions associated with
activating histone markers (H3K27ac and H3K4me3) that was not present for control cells.
Activating histone marks are largely associated with open-chromatin, and therefore these
results are consistent with the enrichments found in accessible chromatin regions.
Interestingly, an enrichment was also seen for AP peaks in both cell types in regions
associated with repressive histone marks (H3K27me3 and H3K9me3), despite the general

association of repressive histone modifications with closed-chromatin (Figure 4.15b). It has
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been suggested that whilst regions of closed-chromatin are less accessible to DNA damaging
agents, they can also be less accessible to DNA repair. For example, the repressive histone
mark H3K9me3 has been associated with elevated genomic instability and mutation rates®®.
The relationship between DNA damage and chromatin landscape is therefore complex and
the persistence of DNA damage products is dependent on multiple factors including the
accessibility of both damage agents and repair machinery. The relative increase in AP peaks
around activating histone markers when APE1 levels are reduced compared to control cells
may suggest that this enzyme is most active in open and more accessible regions of the
genome. Overall, the non-random distribution of AP peaks found across different chromatin
states indicates that the accumulation of DNA damage can vary within the chromatin

structure.
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Figure 4.15: Distribution of snAP-seq HelLa peaks relative to a) chromatin accessibility and b) histone
modifications expressed as logz fold-change when compared to randomised sets of peaks obtained
through simulation (N = 10,000). Error bars represent 95% confidence intervals. *q < 0.05.

Although no single-nucleotides of enrichment were called with significance from the
snAP-seq data, it was possible to analyse the entire sequencing library to investigate whether
there was a preference for the nucleotide immediately 5'- to the start of sequencing reads
(position 0) globally across all reads. This assumes that despite the weak local accumulation
of AP sites, there was a global enrichment of AP sites. This is supported by the enrichment
observed within the spike-in DNA. For both control- and APE1 siRNA-treated cells, an
enrichment in the purines, adenine and guanine, was observed that is supported by reports
on the increased rate of depurination compared to depyrimidination observed during in vitro
studies on DNA'"2, The variations observed in base identity at position 0 for input libraries is

due to inherent bias during adapter ligation. A bias for cytosine, and depletion in purines has
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previously been demonstrated in libraries that were similarly generated using dA-tailing

overhangs to assist the ligation of adapters®®.
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Figure 4.16: Relative enrichment of bases at the ‘0’ position, directly 5’- to total read start sites for all
genomic locations in each library. Mean and S.E.M of four replicate libraries are shown, *p < 0.05 (two-
way ANOVA, Sidak’s multiple comparisons test).

4.2.6 Association of snAP-seq peaks with gene expression

Out of the 14,110 snAP-seq peaks found in control cells, over 5,000 occur in close
proximity to coding regions. Given that AP sites are roadblocks for both DNA and RNA
polymerases, it is possible that they may influence transcription. To further investigate the
potential biological effect persistent AP sites may have, the association between high-
confidence snAP-seq peaks and gene expression was explored. RNA-seq data generated
using Hela cells were obtained from the ENCODE database. As this dataset corresponds to
wild-type Hela cells, only control siRNA snAP-seq data were used for analysis. The 14,110
snAP-seq peaks were separated into those that were located within a gene body and those
that were not, and the corresponding gene expression was compared. Extended gene bodies
were used here, which was defined as the gene body plus a 1 kb flanking region in either
direction. There was no significant change in the expression of mMRNA levels between genes
that contained AP peaks and those that did not (p < 0.05) (Figure 4.17).
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Figure 4.17: Gene expression shown as logio(transcripts per million reads), for genes that contain
snAP-seq peaks within the extended gene body in control siRNA-treated cells (+), and genes that do
not (-). Two replicates of RNA-seq were obtained from ENCODE and analysed separately. No
significant change was observed for either replicate (p < 0.05). Box plots show first, second (median)
and third quartiles, with whiskers representing 1.5 x the interquartile range.

The expression of genes in mammalian systems is also highly sensitive to changes
specifically in promoter regions, such as the presence of epigenetic modifications including
5-mC?°. mRNA expression was therefore also analysed for peaks that occur in promoters,
defined here as regions 1 kb upstream of transcription start sites. Genes that contained snAP-
seq peaks in their promoters were found to have on average a lower level of expression
compared to those that do not (Figure 4.18), which was consistent across two RNA-seq
replicates (p < 0.05). These results suggest that the accumulation of AP sites may be
associated with lower levels of transcription, however, the overall number of genes identified
that were associated with AP peaks in promoter regions was relatively small (88). Oxidative
DNA damage has previously been associated with transcriptional downregulation?®’. Abasic
sites generated during base excision repair of 8-0xoG have also been shown to lead to gene
inactivation. However, there is also contradicting evidence in specific examples that suggest
under hypoxic conditions, for example, 8-oxoG and BER can be associated with
transcriptional upregulation®. The snAP-seq results here suggest that globally, there is a

weak association between AP damage and genes that are lowly transcribed.
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Figure 4.18: Gene expression shown as log1o(transcripts per million reads), for genes that contain
snAP-seq peaks within promoter regions (1 kb upstream of transcription start sites) in control siRNA-
treated cells (+), and genes that do not (-). Two replicates of RNA-seq were obtained from ENCODE
and analysed separately. *p < 0.05. Box plots show first, second (median) and third quartiles, with
whiskers representing 1.5 x the interquartile range.

An existing RNA dataset in the form of microarray analysis was also used to analyse
gene expression®®?. These data have been generated using Hela cells with and without
APE1 knockdown and were therefore also suitable for analysing the APE1 knockdown snAP-
seq peaks. For control cells, it was found that in a similar trend to the RNA-seq data, a small
decrease was seen in normalised expression for genes that contained snAP-seq peaks within
promoters as well as extended gene bodies compared to genes without snAP-seq peaks;
however, this decrease was no longer statistically significant (p < 0.05) (Figure 4.19). It
should be noted that although referred to here as genes, each datapoint within the microarray
data corresponds to a probe targeting a mRNA; in some cases, multiple probes may
correspond to the same gene. For APE1 knockdown, a small increase in expression levels
was seen instead for genes with peaks in extended gene bodies, as well as in promoters
compared to genes that lacked snAP-seq peaks (p < 0.05). This suggests that in the absence
of efficient DNA repair, abasic sites may be associated with more highly transcribed genes,
in contrast to when BER is fully active. Although polymerases generally stall at AP sites, it is
possible that when BER is compromised, highly transcribed genes become more prone to

the accumulation of DNA damage. In mammalian systems, accessible regions of the genome
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such as those undergoing replication have been shown to accumulate aldehyde-reactive
damage, with highly transcribed regions suggested to display a similar trend'’. In yeast, an
increase in genomic instability and mutations was observed around highly transcribed genes
when BER was disrupted®®. These observations support the hypothesis that highly
transcribed genes may be more susceptible to DNA damage specifically in the event of
aberrant DNA repair.
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Figure 4.19: Normalised gene expression from microarray data for genes that contain snAP-seq
peaks in the extended gene bodies (top) or promoters (bottom) (+), and those without (-), for control
and APE1 deficient HeLa cells. *p < 0.05. Box plots show first, second (median) and third quartiles,
with whiskers representing 1.5 x the interquartile range.
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Finally, to assess how the direct loss or gain of an AP site may be influencing gene
expression, differential expression analysis was carried out by comparing the relative
expression of genes with and without APE1 knockdown. snAP-seq peaks were separated
into those that were unique to the control siRNA treatment and therefore lost upon APE1
knockdown, unique to APE1 siRNA treatment and therefore gained upon APE1 knockdown,
or those common to both treatments. Genes were divided into those that contained a snAP-
seq peak of each class in their promoters and those that did not, and the fold-change in
normalised expression (APE1 knockdown vs. control) was compared. The knockdown of
APE1 did not lead to significant changes in transcription levels for any of three classes of
peaks (Figure 4.20) (p < 0.05). These findings were consistent for peaks that fall within
extended gene bodies also. Although genes with snAP-seq peaks upon APE1 knockdown
were found to be on average slightly more highly transcribed than those without AP damage,
locations that gain an AP peak after knockdown of APE1 do not appear to be directly

associated with either transcription upregulation or downregulation.
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Figure 4.20: Fold-change of normalised gene expression in APE1 knockdown HelLa cells compared
to control cells. Genes were separated into those that do (+) and do not (-) contain snAP-seq peaks
that are unique to control or APE1 siRNA treatment, and those that are common to both cell types. No
significant change is observed for any of the three conditions (p < 0.05). Box plots show first, second
(median) and third quartiles, with whiskers representing 1.5 x the interquartile range.

Whilst a small but significant decrease in mMRNA expression levels obtained by RNA-
seq was seen in control cells for genes in which snAP-seq peaks occur within the promoter
regions compared to genes that lack snAP-seq peaks, the number of genes that satisfy these

criteria was small. Furthermore, this decrease was no longer statistically significant when
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using an RNA dataset obtained instead by microarray analysis. In contrast, a small increase
was seen in expression for genes associated with snAP-seq peaks with APE1 knockdown
compared to genes lacking AP peaks. This may suggest that highly transcribed genes are
more susceptible to DNA damage in the absence of efficient damage repair, however, the
global effect of this was also relatively small. When gene expression was compared with and
without APE1 knockdown, there was no direct association found between AP peaks and
changes in gene expression. Overall, there is no clear correlation between the expression of
genes as measured by steady-state mRNA analysis and the location of AP accumulation in

peaks. On a global level, AP sites do not appear to strongly influence gene expression.

4.3 Conclusions and future directions

In this chapter, the distribution of endogenous abasic sites was studied in the human
genome. Hela cells were chosen for this study, where APE1 deficient cells, generated by
siRNA-mediated knockdown were used alongside control cells that were treated with non-
targeting siRNA. Controls were carried out using both synthetic and genomic DNA to ensure
that the steps required for isolating and preparing DNA for snAP-seq do not alter the AP
landscape. The data from two biological replicates of snAP-seq indicated that AP sites do not
accumulate strongly at the single-nucleotide level for either control or APE1 depleted cells.
An increase in global AP levels was expected upon knockdown of APE1, which has
previously been demonstrated using different quantification techniques*’?*°. However, it is
possible that the degree of knockdown achieved here (~90%) was insufficient to observe a
significant site-specific accumulation of damage. Therefore, future work could focus on the
complete removal of APE1 by knockout, or further knockdown of alternative repair enzymes
including APE2.

Although AP accumulation at specific single-nucleotide sites was not detected, peaks
were detectable in snAP-seq libraries that were not present in input libraries. This suggests
that a degree of stochasticity may be present for AP sites, such that they cluster within small
windows across a population. Peaks were identified in both control and APE1 deficient cells,
where a high degree of overlap was seen between the two cell types, likely due to persistent
AP sites that appear to be resistant to repair by BER at steady-state. An additional 14,693
peaks were found upon knockdown of APE1 protein, consistent with expectations of further
AP accumulation when BER is disrupted. Within the genome, these peaks were not

distributed randomly. Whilst the majority of peaks in cells treated with control siRNA were

126



Chapter 4: Mapping abasic sites in the human genome

intergenic, an enrichment was seen in regulatory regions including promoters, UTRs and
exons for cells treated with APE1 siRNA. Peaks were also analysed in relation to the
expression of mMRNA. There was some indication that peaks detected in control cells were
associated with lowly expressed genes, whilst an association of AP peaks with genes with
higher transcriptional levels was detected in APE1 depleted cells. However, globally both of
these effects were relatively small. Further experiments could focus on the analysis of
nascent RNA, to more directly explore the influence of AP sites on RNA expression that may

not be detectable using steady-state measurements.

The limit of detection of snAP-seq is likely to be dependent both on the extent to which
a modification occurs at a specific genomic location across a population of cells, as well as
the depth of sequencing achieved. For the depth at which libraries were sequenced here, it
was estimated that between 50-100% modification may be required at a given site in order
to be detected. In future work it may therefore be worthwhile to either increase the efficiency

of enrichments by further optimisation of the method, or to sequence at greater depth.

Future work in this area could also focus on the exploration of AP sites in other cell
lines or tissues. An association of AP damage with cancer has been suggested'?, whilst
functional mutants of APE1 have been detected in the human population and associated with
elevated risks of cancer®®. Hela cells originate from tumour samples; however, the
heterogeneity of these cells may be problematic for enrichment sequencing. It may also be
interesting to explore differences between cancer and non-cancer cell lines, to study the

significance of AP sites and DNA damage during the development and progression of cancer.
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Mapping uracil in genomic DNA

5.1 Background

Uracil, one of the four canonical nucleobases in RNA, is largely absent in DNA and
replaced instead with thymine. Within genomic DNA, uracil is a rare base modification that
can be derived from the deamination of cytosine. Under aqueous conditions, cytosine
deamination may occur spontaneously as a product of DNA damage, whilst this reaction can
also be catalysed by the apolipoprotein B mRNA editing enzyme catalytic polypeptide
(APOBEC) family of enzymes. Within this family, AID is a key enzyme that is active during
the process of antibody diversification within B cells in mammals, involving the somatic
hypermutation and class switch recombination pathways’”"4%%%. A number of other APOBEC
enzymes are also involved in the inhibition of retroviruses, by catalysing the mutagenesis of
cDNA from retroviruses upon infection of the host before assimilation into host DNA%%, as

well as reducing the activity of endogenous retroelements within mammalian genomes®®’.

Due to the change in Watson-Crick base-pairing upon deamination of cytosine, uracil
can be considered a mutagenic base. Propagation of the C to T transition mutation outside
of controlled pathways such as antibody diversification is prevented by a number of
mechanisms. Four distinct glycosylases that recognise uracil and initiate base excision repair
are known in mammals; UNG, SMUG1, TDG and MBD4. UNG is highly specific for uracil and
is not active on other nucleobases with the exception of the unnatural modification 5-
fluorouracil®®. Two isoforms of UNG exist in mammals; UNG1 is predominantly localised in
the mitochondria whilst UNG2 is nuclear®®®. The UNG enzyme is active on dsDNA as well as
ssDNA and therefore does not require uracil to be part of a mismatch. The other uracil
glycosylases have a range of pyrimidine substrates in addition to uracil**?%®. On the
triphosphate level, dUTPase dephosphorylates deoxyuridine triphosphate (dUTP) to
deoxyuridine monophosphate (dUMP), thus removing uracil from the triphosphate pool to
prevent misincorporation during DNA synthesis®®®. Deleting or mutating many of these
enzymes involved in removing genomic uracil has been associated with an increased risk in

cancers including lymphomas®27°,
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Measurements of the global levels of genomic uracil in mammalian systems vary by up
to 4 orders of magnitude, from less than 1 to over 1000 per million dN. The large variability
in measurements is partially due to the technical challenges in quantifying this base. For LC-
MS/MS measurements, DNA must first be digested enzymatically into individual nucleosides
before mass spectrometry can be carried out. During this process, uracil has been identified
as an artefact arising from cytosine deamination. The rate of deamination is faster in free
nucleotides and ssDNA compared to dsDNA*' and the process of DNA digestion is
particularly susceptible to uracil formation, thereby inflating measurements. Accuracy can be
increased by carefully controlling the conditions under which the enzymatic steps are carried
out to minimise the rate of deamination. Alternatively, the UNG enzyme may be used to
recognise uracil in quantification methods that do not rely on the digestion of DNA into
nucleosides. For example, abasic sites generated by treatment of genomic DNA with UNG
have been measured and compared to measurements carried out in the absence of UNG

272 \Whilst the direct measurement of abasic sites

treatment to calculate basal uracil levels
using ARP can be unreliable due to the cross-reactivity of this probe in DNA, the subtraction
of signal with and without UNG treatment provides a control for this drawback. The uracil
nucleobase released from genomic DNA upon UNG treatment has also been measured using
LC-MS/MS?™. As DNA is kept in the more stable, double-stranded helical structure, the rate
of artefactual deamination is expected to be greatly reduced compared to nuclease digestion.
However, potential drawbacks include the possibility of incomplete excision activity of UNG
that may be masking uracil levels. At the lower end of the range, uracil levels have been

reported at 0.2 per million dN in mammalian genomes®.

In addition to the role of uracil as a key intermediate during antibody diversification,
there is emerging evidence that this base may also be involved in regulating the levels of 5-
methylcytosine in eukaryotic systems. Whilst the installation of 5-mC, a key epigenetic
modification that can control gene expression in a number of organisms, is understood to be
mediated by the DNMT family of enzymes, the mechanism for its removal remains unclear.
A number of pathways have been proposed for this demethylation process, the most well
studied being the active demethylation pathway involving the oxidation of 5-mC by the TET
enzymes followed by base excision by TDG to initiate DNA repair by the BER pathway*44¢:1%
(Figure 5.1a). During embryonic development, a wave of demethylation occurs shortly after
fertilisation in which global methylation levels in the paternal DNA are reduced genome-wide.
This demethylation of the paternal genome has been observed to occur in two distinct phases,

however, the exact mechanisms involved are not well understood®'. TET3-mediated removal
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of 5-mC through oxidation was found to only occur during the second phase of demethylation
that is coincident with DNA replication. In contrast, TET3 oxidation of 5-mC was not found to
be involved in the first phase. Interestingly, AID was also implicated during this second phase
of demethylation in a TET3-independent pathway. Although AID can act directly on 5-mC to
generate thymine, deamination activity is 5-10-fold lower on 5-mC compared to canonical

cytosine?’

. As such, it was proposed that in the event that AID catalyses the deamination of
cytosine into uracil nearby 5-mC sites, repair of the resultant uracil by long-patch BER may
result in overall demethylation (Figure 5.1b). During long-patch BER, DNA synthesis is able
to extend 2-13 nucleotides downstream of the initial deamination site. Therefore, when AID
deamination occurs within this short window upstream of 5-mC, restoration of unmethylated
cytosine is possible without direct enzymatic activity on 5-mC. This processive demethylation
pathway appears to be distinct from active demethylation. Knockout of AID leads to
decreased levels of 5-mC demethylation during the second phase of demethylation whilst 5-
hmC levels remain unchanged, suggestive of a 5-hmC independent pathway. The

mechanism of demethylation during the first phase remains unclear.
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Figure 5.1: Proposed demethylation pathways for the removal of 5-methylcytosine. a) The active
demethylation pathway, involving the successive oxidation of 5-mC followed by TDG excision activity
to initiate DNA repair by the BER pathway'®®. b) The processive demethylation pathway, dependent
on the deamination of cytosine by AID followed by the repair of uracil by the long-patch BER
pathway®'52,
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In vitro studies using isolated genomic DNA and xenopus egg extracts have
demonstrated that DNA demethylation can be induced by AID activity, and this effect was
reduced in the presence of the UNG inhibitor UGI®?. This process was not specific to the
demethylation of 5-mC and a similar result was seen for methylation sites at 6-mA,
suggesting that the involvement of AID is likely to be at canonical bases and not directly
targeted at 5-mC. Furthermore, expression of an AID-GAL4 fusion protein that was targeted
to GAL4 binding sites in mice induced DNA demethylation of the paternal genome in zygotes
around the expected binding site, which was not seen when a catalytically inactive mutant of
AID was used instead. Together, these results provide support for the hypothesis of
processive demethylation, specifically in the context of paternal demethylation during
embryonic development. This pathway has the potential to be more efficient than active
demethylation, requiring only a single deamination reaction to initiate multiple downstream
demethylation events. Therefore, in scenarios where methylation levels drop substantially on

a global scale, this more efficient pathway may complement active demethylation.

The AID enzyme is active largely on ssDNA. Whilst some other deaminases in the
APOBEC family can also be involved in the deamination of cytidine in RNA, this activity has
not been demonstrated for AID. Human AID targets the consensus sequence WRC, where
W is A or T and R is a purine?’®. During somatic hypermutation, mutations are introduced in
hotspots around the RGYW motif into the variable regions of Ig antibodies®’®. The reverse
complement of this motif is WRCY, which falls within the AID sequence target. Specifically,
the AGCT sequence is an example of this motif, occurring in high density around Ig loci.
AGCT is also enriched in the switch regions. The excision of uracil generated at this
palindromic sequence has been associated with strand breaks at the resultant abasic sites,
where end-joining of the double-strand breaks generated this way then allows class-switch

recombination to occur?”’

. Although the motif favoured by AID is concentrated around Ig loci,
AID activity at non-Ig loci is also known. The aberrant expression of AID has been associated
with deamination outside of Ig regions, which can lead to an increased risk of lymphoma?®’®.

As such, the activity of AID in pathways independent of antibody diversification is possible.

Whilst processive demethylation is an interesting hypothesis that may be important
during embryonic development in addition to active demethylation, the significance of this
pathway has not yet been fully determined genome-wide. If demethylation does progress
significantly through this pathway, uracil should be generated and levels may be expected to
be elevated above basal levels. In particular, cytosine deamination sites must be proximal to

5-mC sites and therefore the ability to detect uracil at high resolution is particularly useful in
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investigating this pathway. As such, the main objective of this chapter was to sequence uracil
at single-nucleotide resolution using UNG-snAP-seq to further investigate the role of
processive demethylation during embryonic development. Mouse embryonic stem cells were
used for this purpose. Whilst zygotes are a more sophisticated model, the amount of DNA
obtainable from zygotes is limited and is not suitable for use with UNG-snAP-seq. The role
of key components during the proposed pathway, namely AID and UNG, were explored by

sequencing uracil when the cellular levels of these enzymes were altered.

5.2 Results and discussion

This project was carried out in collaboration with Dr Sergio Martinez Cuesta,
Balasubramanian group, who performed the bioinformatical analysis of sequencing data

generated in this chapter.

5.2.1 Mapping uracil in the E. coli genome

Before investigating the genomic distribution of uracil in the mouse genome, uracil was
first explored in the Escherichia coli strain CJ236 where global uracil levels are much higher.
The CJ236 strain contains key mutations in two genes involved in the removal of uracil from
DNA; ung and dut. Ung is the primary uracil glycosylase in this organism and excises uracil
from genomic DNA, whilst dut codes for dUTPase, an enzyme that dephosphorylates dUTP
to prevent the misincorporation of uracil during DNA replication. Deactivation of these two
enzymes leads to an elevation in global uracil content, however, like many measurements of
genomic uracil, reports vary depending on the method of detection used. In CJ236, this
ranges between 3,000-8,000 per million dN?"2. In comparison, in the JM105 strain where both
Ung and dUTPase enzymes are active, basal uracil levels were around 1 per million dN.
When the ung gene was deactivated in the JM105 strain, uracil levels increased to around
20-30 per million dN. The high levels of uracil in CJ236 are due to the combined effects of
increased uracil misincorporation during DNA replication and an inability to remove these
sites. As proof of concept for UNG-snAP-seq, the distribution of uracil was first studied in this
E. coli strain where uracil levels are high and should be readily detectable®”®. This also
allowed optimisation of the data analysis strategy before exploration of the lower uracil levels
in MESCs.
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CJ236 E. coli was grown in the recommended media (LB broth) and harvested without
further manipulation. Total DNA was extracted from cells, and two biological replicates of
UNG-snAP-seq were carried out. The UNG treatment was kept relatively short at 2 h to
reduce the risk of further DNA damage and deamination. This treatment was sufficient to
quantitatively excise uracil from a short ssODN (section 2.2.1). Sequencing reads were
aligned to a reference E. coli genome (K-12 MG1655) and the read counts at individual
genomic loci were compared between the UNG-snAP-seq and input libraries. Sites detected
corresponding to positive enrichments (positive log. fold-change, UNG-snAP-seq vs. input)
were possible sites of uracil accumulation, whilst negative enrichments (negative log. fold-
change) where an accumulation was seen preferentially in the input library enrichment were
considered to be noise. Comparison of the FDR values associated with the detected sites
revealed that it was not possible to set a threshold at which positive enrichments were seen
without negative enrichments. However, at FDR < 0.05, a strong skew towards positive log
fold-change was observable and 38,455 UNG-snAP-seq sites were called with positive

enrichment, compared to 534 sites (1.4%) with negative enrichments (Figure 5.2).
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Figure 5.2: Volcano plot representing genomic loci with differential coverage in UNG-snAP-seq and
input libraries and corresponding FDR values in E. coli strain CJ236. Reads were split between those
aligning to the forward and reverse strands based on the reference E. coli genome (K-12); the number
of reads beginning one nucleotide 3’- to each position is represented as a logz fold-change in coverage
(UNG-snAP-seq vs. input libraries). Analysis was carried out on two biological replicates in parallel.
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When enrichments were ranked instead by p-value, it was possible to use a similar
approach to that taken in Chapter 3 to set a p-value at which no false positives in the form of
negative enrichments were detectable. The site with the smallest p-value associated with
negative enrichment was at p = 0.000628 (Figure 5.3). Beyond this threshold, 5,505 sites
can still be detected with positive enrichment. The sites detected at this stringent threshold
were considered high-confidence UNG-snAP-seq sites, whilst the FDR < 0.05 threshold was

more relaxed and likely to capture more weakly enriched loci.
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Figure 5.3: Volcano plot representing genomic loci with differential coverage in UNG-snAP-seq and
input libraries and corresponding p-values in E. coli strain CJ236. Reads were split between those
aligning to the forward and reverse strands based on the reference E. coli genome (K-12 MG1655);
the number of reads beginning one nucleotide 3'- to each position is represented as a logz fold-change
in coverage (UNG-snAP-seq vs. input libraries). Analysis was carried out on two biological replicates
in parallel.

Given that the global level of uracil in CJ236 is up to 20 times higher than 5-hmU in L.
major, the reduction in glycosylase-generated snAP-seq signal is somewhat surprising.
These results highlight the fact that the strength of signal in snAP-seq is dependent not on
the global levels of AP sites, but rather the localised accumulation across a population at a
given genomic position. Despite the high abundance of uracil in this E. coli strain, the
misincorporation of uracil appears to occur throughout the genome. Accumulation is not
entirely random, as suggested by the ability to detect UNG-snAP-seq sites, however, the

extent of site-specific accumulation is much weaker than that observed for 5-hmU in L. major.
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Figure 5.4: Volcano plot representing genomic loci with differential coverage in snAP-seq and input
libraries and corresponding FDR or p-values in E. coli strain CJ236. Reads were split between those
aligning to the forward and reverse strands based on the reference E. coli genome (K-12 MG1655);
the number of reads beginning one nucleotide 3'- to each position is represented as a logz fold-change

in coverage (snAP-seq vs. input libraries). Analysis was carried out on two biological replicates in
parallel.

In contrast to a number of other glycosylases that have multiple possible substrates,
UNG has a high specificity for uracil. The only known exception is the ability of this enzyme
to also excise 5-fluorouracil, however, this unnatural nucleobase is not expected to occur

significantly in genomic DNA without the introduction of fluorine labels. The use of UNG to
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study uracil in genomic DNA has also been demonstrated previously with high selectivity?’#%"3,

and therefore the signal generated by UNG-snAP-seq is expected to be specific for uracil. A
further possible source of signal in UNG-snAP-seq data is from endogenous abasic sites. To
assess the contribution of non-UNG derived abasic sites to the sites detected here, snAP-
seq without UNG treatment was carried out. At FDR < 0.05, no sites were detected after
snAP-seq, whilst a single site was detected at p < 0.000628 (Figure 5.4). These results
suggest that the UNG-snAP-seq sites detected at both thresholds are strongly dependent on

UNG excision activity.

5.2.2 Genomic analysis of UNG-snAP-seq sites in the E. coli genome

The sequence identity of sites called at either the more relaxed FDR threshold (< 0.05),
or the high-confidence sites using the stringent p-value threshold (< 0.000628) revealed a
strong enrichment for T (Figure 5.5). In CJ236, uracil is largely expected to be derived from
misincorporation of uracil and should therefore correspond to thymine in the reference

genome due to the similarities in Watson-Crick base pairing between these two bases.
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Figure 5.5: Base composition of nucleotides around identified UNG-snAP-seq sites in E. coli strain
CJ236. Sites called at the stated thresholds were centred at position 0, and the primary sequence of
bases in the reference genome of flanking sites are shown.
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Without focusing on sites, analysis of the ‘O’ position of total reads, one nucleotide
before aligned start positions also revealed a strong enrichment in T globally across the UNG-
snAP-seq libraries, which was much larger than that observed for the snAP-seq or input
libraries (Figure 5.6). This further suggests that uracil enrichment was successful using HIPS
pulldown and that uracil is abundant in these samples. These findings are in contrast to that
observed in the SMUG1-snAP-seq of L. major, where although the site-specific accumulation

of 5-hmU was strong, a global enrichment in T could not be detected (section 3.2.3).
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Figure 5.6: Base composition of total aligned reads after UNG-snAP-seq, snAP-seq and input library
preparation using DNA from E. coli strain CJ236. Reads begin at position 1, and therefore captured
sites are expected at position 0. Only reads aligning to the forward strand of the reference genome
are shown.
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Figure 5.7: Relative enrichment of UNG-snAP-seq sites within selected genomic features. The
number of sites within each region was compared to that of shuffled sets of sites of the same size.
Analysis for sites called at the more relaxed FDR threshold of 0.05 and more stringent p-value
threshold of 0.00628, are shown. Error bars represent 95% confidence intervals. *q < 0.05.

Although the UNG-snAP-seq signal was relatively weak in E. coli, the ability to detect
thousands of sites even at the stringent p-value threshold suggests that the genomic
accumulation of uracil is non-random. To assess the significance of detected sites in a
genomic context, the relative enrichment of sites within selected genomic features was
compared to sites that had been shuffled at random. This was carried out for uracil detected
at the FDR < 0.05 threshold, as well as the stringent p-value threshold. The analysis showed
that uracil was modestly depleted in a number of non-coding regions and regulatory parts of
the genome, including intergenic, introns, transcription factor binding sites and UTRs (Figure
5.7). In contrast, a weak enrichment in exons and operons was found (g < 0.05). The overall
result was similar for the sets of sites at different thresholds. Unlike mammalian systems,
introns are largely depleted in the E. coli genome and many genes consist of a single coding
sequence, whilst clusters of genes controlled by the same promoter are grouped in operons.
The distribution of UNG-snAP-seq peaks in this genome suggests that transcribed regions
are more susceptible to uracil accumulation, although the effect is very small. Whilst this
enrichment analysis normalises for differences in the size of genomic features by random
shuffling, the GC content is not taken into account. However, exons are on average more GC
rich and correspondingly AT poor compared to non-coding regions®®; therefore the

enrichment of uracil within exons is not likely to be explained by higher thymine content.

138



Chapter 5: Mapping uracil in genomic DNA

To additionally investigate the sequence context of the detected UNG-snAP-seq sites,
motif analysis was carried out. When the proportion of bases around the detected sites were
averaged, the most abundant base flanking the UNG-snAP-seq sites were T and G at the 5'-
and 3'- sides, respectively (Figure 5.8). Motif analysis using the DREME software®’
identified GBTGB, where B is any base excluding A, as the most enriched 5-mer (Figure 5.9).
The identified motifs suggest there may be a preference for uracil to occur in T-rich and G-
rich sequences. Together, the findings here from motif analysis further suggest that in the
absence of Ung and dUTPase proteins, the relatively high levels of uracil that accumulate
are not distributed entirely at random and some subtle sequence preferences exist. The
enrichment of motifs around identified sites is dependent on the excision activity of UNG.
Reports have suggested that any sequence bias of UNG is minimised when used in excess

281 which was used here. UNG isolated from E. coli, which was

relative to the DNA substrate
used to generate these libraries, was previously suggested to display reduced excision
reactivity when two uracil bases are either adjacent to each other or separated by a single
base?®?, whilst the local sequence context in terms of other bases was not found to be as
influential on activity. It is therefore possible that closely clustered uracil sites are

underrepresented in the UNG-snAP-seq data.
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Figure 5.8: Sequence logo plot of nucleotides 5 bases upstream and downstream of high-confidence
UNG-snAP sites (p < 0.000628) in E. coli CJ236 (base ‘0’). Only sites aligning to the forwards strand
of the reference genome are shown.

UNG-snAP-seq was carried out in this section on DNA from the uracil-tolerant E. coli
strain CJ236. Despite the high levels of total uracil in this strain accounting for up to 0.8% of

nucleobases, the signal at individual nucleotides within the genome was weak. This was likely
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explained by a lack of strong accumulation of uracil at specific loci across the population of
cells and a large proportion of uracil was randomly distributed instead. Analysis of the total
reads after UNG-snAP-seq, however, confirms a strong global enrichment for uracil.
Together, these results highlight that the limit of detection of snAP-seq experiments depends
strongly on the local and not global accumulation of modifications. Furthermore, different
ways of bioinformatically identifying UNG-snAP-seq sites were tested, where it was found
that ranking sites by corresponding p-values allowed a more stringent method of calling

enriched sites.
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Figure 5.9: Enriched motifs around high-confidence UNG-snAP-seq sites (p < 0.000628) obtained by
DREME?¥. The detected uracil is centred at position 3 within each motif. Only sites aligning to the
forward strand of the reference genome are shown.

5.2.3 Detection of UNG-snAP-seq sites in mESC DNA

The work described in this section was carried out in collaboration with Dr Fatima Santos and
Dr Poppy Gould from the Reik Group, Babraham Institute, University of Cambridge. Cell lines
were generated and cultured by Dr Gould and Dr Santos. The project was designed in

collaboration.
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Shortly after the fertilisation of oocytes, a wave of 5-mC demethylation occurs in the
paternal genome, resulting in an asymmetry between the maternal and paternal DNA. This
demethylation has been observed to occur in two distinct phases; one prior to, and one
coincident with, DNA replication during the first cell cycle after fertilisation. Evidence for the
involvement of both an active demethylation and processive demethylation pathways in the
second phase has been reported®'®? (Figure 5.1b). Whilst the processive demethylation
pathway has been demonstrated to lead to demethylation of both 5-mC and 6-mA in a non-
specific manner in vitro, as well as around targeted sites in vivo, the extent to which this
pathway occurs endogenously during embryonic development remains unknown. On the
DNA level, a key intermediate within this mechanism is uracil. In order for long-patch BER to
be able to repair uracil and replace 5-mC with unmethylated cytosine as part of a single
process, the position of uracil must be within roughly 13 nucleotides of 5-mC, on the same
strand of DNA. Therefore, single-nucleotide resolution mapping of uracil by UNG-snAP-seq

was carried out to investigate whether demethylation by this pathway could be detected.
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Figure 5.10: Enrichment of uracil DNA relative to GCAT DNA. The combined DNA was subjected to
DNA extraction (DNeasy, Qiagen) and then treated with UNG, followed by HIPS and biotinylation
reactions. Purified DNA was subjected to streptavidin pulldown and the extent of enrichment was
followed by qPCR, by comparison of DNA recovery relative to input DNA. As a control, DNA that had
not undergone extraction was also enriched by the same protocol. Mean and S.E.M of two replicates
are shown.

The deamination of cytosine in dsDNA has been reported to be reduced compared to
ssDNA?"'. Therefore, extraction of DNA in the double-stranded form prior to UNG-snAP-seq

was not expected to introduce substantial amounts of uracil artefacts to genomic samples.

141



Chapter 5: Mapping uracil in genomic DNA

Furthermore, LC-MS/MS experiments have shown that global uracil levels are largely
unaffected by a variety of DNA extraction methods (measurements by Dr Gould). To further
verify these findings in the context of UNG-snAP-seq, the effect of DNA extraction on the
efficiency of HIPS enrichment was investigated. Using synthetic ODNs previously designed
as spike-ins, uracil DNA and unmodified GCAT DNA were subjected to a mock DNA
extraction. The purified DNA was treated with UNG, followed by HIPS and biotinylation
reactions. The tagged DNA was enriched using streptavidin (see Chapter 2) and the overall
extent of enrichment for uracil DNA was compared to a sample that had not undergone DNA
extraction. No significant change was observed between the two samples (p = 0.67, Mann-
Whitney test), suggesting that the extraction method does not significantly influence the
enrichment of uracil (Figure 5.10). Together with the findings using mass spectrometry, the

effects of DNA extraction were concluded to not substantially impact uracil levels.

The hypothesised processive demethylation pathway is initiated by AlD-mediated
deamination of cytosine residues to generate uracil, followed by BER initiated by UNG, the
main uracil glycosylase in mammals. To elevate the levels of uracil generated by this pathway
and enhance detection, both overexpression of AID and knockout of UNG were carried out.
Although earlier work on this pathway was carried out in mouse zygotes, the amount of DNA
extractable from this system was impractical for UNG-snAP-seq. Therefore, stable cell lines
were generated using mouse embryonic stem cells where much more DNA can be obtained
(experiments by Dr Gould). In wild-type mESCs, global uracil levels have been measured by
LC-MS/MS at around 3.1 per million dN. An AID-GFP fusion protein was overexpressed in
mESCs (AID-OE), in which global uracil levels have been confirmed to increase to 6.6 per
million dN (measurements by Dr Gould). A UNG knockout obtained by CRISPR was
generated in which the AID-GFP fusion was also expressed (AID-OE/UNG-KO). Knockout of
UNG was found to increase uracil levels by around 70% compared to wild-type mESCs, and
the combined effects of overexpressing AID and removal of UNG was expected to further

elevate the global levels of uracil in this cell line.

UNG-snAP-seq was applied first to the AID-OE cells, where deamination activity is
elevated. A single replicate was prepared with an input library in parallel. Sequencing to a
maximum practical depth was prioritised over replicates at this stage, in order to generate
preliminary data to assess whether the uracil signal was observable in this cell type. The
sequencing data was aligned to a reference mouse genome (mm10) and individual sites of
enrichment were called by comparing the relative number of reads directly adjacent to each

genomic position in the enriched and input libraries. Although individual sites of positive
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enrichment (positive log. fold-change, UNG-snAP-seq vs. input) could be found, it was not
possible to set a threshold at which these were favoured over negative enrichments (negative
log> fold-change), thus indicating that enriched UNG-snAP-seq sites could not be called with
confidence (Figure 5.11).
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Figure 5.11: Volcano plot representing genomic loci with differential coverage in UNG-snAP-seq and
input libraries and corresponding FDR values in AID-OE mESCs. Reads were split between those
aligning to the forward and reverse strands based on the reference genome; the number of reads
beginning one nucleotide 3'- to each position is represented as a log: fold-change in coverage (UNG-
snAP-seq vs. input).

Visual inspection of the sites with high read accumulation specifically in the input library
revealed that a large proportion of these were in mitochondrial DNA (Chr M). The higher copy
number of mitochondrial DNA relative to nuclear DNA results in a much higher coverage.
Therefore, small relative increases in coverage in mitochondrial DNA are large in absolute
read counts and are subsequently associated with very small FDR values. As mitochondrial
DNA is not involved in the processive demethylation pathway, site-calling was carried out
again where mitochondrial reads were discarded after alignment. This was expected to
reduce noise in the input libraries, and possibly enhance the detectability of signal within the
nuclear genome in the UNG-snAP-seq library. However, the volcano plot after the removal
of mitochondrial reads did not show a relative increase in sites with positive log. fold-change
(Figure 5.12). Instead, more sites were called with negative enrichment. Further inspection
of these additional sites revealed that they were located at loci of high-coverage in the input.
This is a similar scenario to the high-coverage mitochondrial DNA and detected largely due

to biases in the statistical tests used for calling sites. In an attempt to further remove these
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areas of high input coverage, MACS2 peak-calling was carried out on the input library alone
without using a control, to identify the regions with highest coverage. A custom blacklist for
the mouse genome was then made using these peaks. Calling sites after exclusion of the
blacklisted regions still did not shift the volcano plot in the expected direction, and further
additional sites in the input library were called, largely in locations with the next highest
coverage. From the E. coli data, it was found that ranking sites by p-value instead of FDR
gave better sensitivity. This was not found to change the outcome here and it was concluded
that sites of enrichment at the single-nucleotide level could not be confidently detected in the

UNG-snAP-seq data that was significant above the noise observed in the input library.
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Figure 5.12: Volcano plot representing genomic loci with differential coverage in UNG-snAP-seq and
input libraries and corresponding FDR or p-values in AID-OE mESCs. Reads were split between those
aligning to the forward and reverse strands based on the reference genome; the number of reads
beginning one nucleotide 3'- to each position is represented as a log: fold-change in coverage (UNG-
snAP-seq vs. input). Only reads aligning to the forward strand are shown.
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It was rationalised that the lack of uracil accumulation at single nucleotides in the AID-
OE cells may be due to efficient removal of the potentially mutagenic uracil product and
therefore UNG knockout cells, also expressing the AID-GFP fusion protein (AID-OE/UNG-
KO) were investigated. UNG-snAP-seq on these cells gave similar results to the AID-OE cells
(Figure 5.13). A comparable number of positive and negative enrichment sites were detected
across the genome, which remained consistent when mitochondrial, or high-coverage areas

were removed. Ranking of sites by p-value also gave a similar outcome.
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Figure 5.13: Volcano plot representing genomic loci with differential coverage in UNG-snAP-seq and
input libraries and corresponding FDR or p-values in AID-OE/UNG-KO mESCs. Reads were split
between those aligning to the forward and reverse strands based on the reference mouse genome;
the number of reads beginning one nucleotide 3'- to each position is represented as a logz fold-change
in coverage (UNG-snAP-seq vs. input). Only reads aligning to the forward strand are shown.
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Figure 5.14: Analysis of the base composition of sequencing reads in UNG-snAP-seq libraries
generated using DNA from AID-OE mESCs. Total reads were analysed (left), where reads begin at
position 1 and the expected UNG-AP site is located at position 0. A set of peaks with p < 0.05 were
also analysed (right) where the identified sites were centred at position 0. Only reads or sites aligning
to the forward strand of the reference genome are shown.

Although the volcano plots indicate that sites detected with positive enrichment were
not statistically significant when compared to the accumulation of reads also seen in the input
library throughout the genome, the base identity of total reads in the enriched library was
analysed to investigate whether a global enrichment for cytosine deamination could be
observed. The sites of positive enrichment detected with p < 0.05 was also investigated, as
a set of potential UNG-snAP-seq sites. For total reads across the entire library, a small
enrichment in the purines was seen for the nucleotide preceding read start sites, whilst
cytosine was depleted relative to flanking regions (Figure 5.14). For the potential sites of
enrichment (p < 0.05), a weak depletion in cytosine was seen once again and adenine was
the most abundant base. These results suggest that overall, cytosine deamination had not
occurred at a frequency above the limit of detection of UNG-snAP-seq. The ability to observe
a global enrichment in cytosine from averaging total reads is dependent on the overall
abundance of deamination events. In Chapter 3, it was found that a low global abundance of
SMUG1-senstive sites (~32 5-hmU per million dN'°) was insufficient to observe a global
enrichment in thymine, the 5-hmU precursor, for total reads in SMUG1-snAP-seq libraries.
However, the direct base identity of the vast majority of high-confidence sites aligned to
thymine suggesting that site-specific accumulation was strong. In the UNG-snAP-seq data
generated in E. coli (~3,000-8,000 uracil per million dN?"?), both the total reads and the
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identified sites were highly enriched in thymine, suggesting a higher global abundance of
uracil in addition to site-specific accumulation (section 5.2.2). In contrast, application of this
method to the mouse samples shows that uracil derived from cytosine deamination is not
strongly accumulating on either the global or nucleotide level, even with overexpression of

AID protein.

Analysis of the AID-OE/UNG-KO revealed similar results (Figure 5.15). The number of
sites of enrichment with p < 0.05 was very low in these samples, at 67 and 58 in the forward
and reverse strands of the reference genome, respectively. In the total reads, an enrichment
only in the purines was observed, whilst the sites (p < 0.05) were weakly depleted in cytosine

and guanine was the most prominent base.
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Figure 5.15: Analysis of the base composition of sequencing reads in UNG-snAP-seq libraries
generated using DNA from AID-OE/UNG-KO mESCs. Total reads were analysed (left), where reads
begin at position 1 and the expected UNG-AP site is located at position 0. A set of peaks with p < 0.05
was also analysed (right) where the identified sites were centred at position 0. Only reads or sites
aligning to the forward strand of the reference genome are shown.

The work in this section was carried out to explore the involvement of a processive
demethylation pathway during embryonic development. Using embryonic stem cells, the
overexpression of AID, which has been shown to increase global uracil levels, was not
associated with detectable single-nucleotide sites of uracil accumulation using UNG-snAP-
seq. Further knockout of UNG in mESCs also did not enhance uracil accumulation above the

limit of detection. As such, no direct support of the proposed mechanism was found.
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5.2.4 Limit of detection of UNG-snAP-seq

The limit of detection of UNG-snAP-seq is expected to be highly dependent on the
depth of sequencing. The lack of detectable UNG-sensitive sites at the single-nucleotide level
in the MESC data can only be used to conclude that uracil is not accumulating at levels above
this limit of detection. To attempt to quantify this limit, a similar method to that described in
section 4.2.4 was carried out. A bioinformatical approach was taken, using the SMUG1-
snAP-seq data generated from L. major DNA to estimate the sensitivity of the sequencing
used here. Samples were taken from the L. major sequencing reads to obtain a comparable
depth to that achieved with the mouse libraries. Although a similar depth was aimed for in
each of the UNG-snAP-seq and input libraries, the total number of final aligned reads varied
slightly, with an average depth of 1.4X achieved for the AID-OE library, and 2.0X for the AID-
OE/UNG-KO library. Sites in the sampled L. major data were called using a single replicate
library compared to the corresponding input library, to maintain the same experimental design
as used for UNG-snAP-seq. At FDR < 0.05, 20% of the high-confidence sites prior to
sampling remained detectable at 1.4X, and 63% of sites were detected at 2.0X. At p < 0.05,
this increases to 77% and 94%. The sensitivity of detection at the single-nucleotide level is
expected to depend on the proportion of cells that consistently contain a modification at the
same given genomic location. Whilst the extent to which this occurs at each of the 3,200
SMUG1-snAP-seq sites in L. major is not known, these cannot be higher than 100%.
Together, these findings suggest that sites in which uracil occurs in high-abundance,
potentially for up to 100% of the population, should remain largely detectable for the
experimental design used here. Particularly when p-values are used to assess the statistical
significance of sites, the majority of high-abundance sites are expected to remain above the

limit of detection.

The lack of sites detected by UNG-snAP-seq in the mESCs explored in this section
suggests that despite removal of UNG from the BER pathway and elevating cellular AID
activity, a significant accumulation of uracil at the single-nucleotide level does not occur in
genomic DNA. It is possible that alternative glycosylases, such as SMUGH1, that are also
active at uracil®® are able to quickly remove a large proportion of uracil generated by AID
when UNG is removed. In vitro studies on processive demethylation have shown that
inhibition of UNG by UGI during AlD-mediated demethylation only partially reduces
demethylation, suggestive of alternative repair mechanisms in the absence of UNG activity
such as the involvement of alternative glycosylases or possibly MMR®2. Whilst evidence in

support of the proposed processive demethylation pathway could not be found here in the
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distribution of genomic uracil, the results from UNG-snAP-seq can only be interpreted relative
to the limit of detection of the method. Using SMUG1-snAP-seq data on the L. major genome,
it can be concluded that in the event that specific genomic loci are quantitatively deaminated,
these are most likely detectable. However, rare deamination events that are not consistent
within the population of cells remain difficult to detect. In vitro studies have shown that AID
activity is not targeted around 5-mC loci when present at high levels and is equally able to
lead to demethylation of 5-mC and 6-mA in an unbiased manner®?. This further suggests that
deamination activity in the event of overexpression of AID may be largely not site-specific.
As for all enrichment-based methods, UNG-snAP-seq is only able to detect sites that are
substantially higher in signal relative to background that is consistent across a population,
and rare events at low levels are challenging for such approaches. Together with the
relatively low depth of sequencing that is practical to achieve in large mammalian genomes,
the current UNG-snAP-seq design may not be suitable for the detection of low abundance
AID deamination sites. To this end, it may be more beneficial to select regions of the genome
in which the demethylation events of interest are most prominent and target sequencing
reads to these areas, than to repeatedly sequence the entire genome at significantly greater
depth. These regions could for example be identified through bisulfite sequencing carried out
on DNA from wild-type and AID-OE cells to determine sites where 5-mC is consistently lost.
A targeted uracil enrichment around these identified regions may then reveal interesting
results that are not easily detected during genome-wide sequencing. A preliminary
experimental design towards targeted AP site sequencing is discussed in the following

section.

5.2.5 Towards a targeted design of snAP-seq

To focus sequencing reads at selected regions of the genome without the need to cover
the entire genome, a targeted version of snAP-seq was designed. Changes to the protocol
were only in the library preparation strategy whilst chemical tagging steps remain unchanged
(Figure 5.16). In this targeted design, the P7 adapter is not introduced by ligation. Instead,
tagged and purified DNA is first treated with phosphatase, to deactivate free DNA ends as in
standard snAP-seq. DNA is then enriched on streptavidin beads, released by cleavage and
repurified on beads to remove non-specific DNA release. Following this, a primer with a
partial overhang is introduced. The priming region is complementary to the sequence of
interest and thus serves to target libraries towards these locations, whilst the overhang

contains the complement of the P7 adapter. Between the primer region and the P7 adapter
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is a random hexamer. This is necessary as during standard snAP-seq, the 5’- ends of multiple
inserts are expected to align to the same position, and therefore random variation in the 3’-
end is required to allow the identification of PCR duplicates as those that also align at the
same position from the 3’- end. In this targeted approach, the location of both 5’- and 3’- ends
are potentially fixed and therefore an alternative way of identifying PCR duplicates is required.
Using randomised hexamers, any reads that contain the same hexamer sequence can be
classified as a duplicate and discarded. Polymerase extension of this custom primer then
generates dsDNA, to which the P5 adapter can be introduced by ligation. PCR amplification

of this product generates a sequencing library.
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Figure 5.16: Workflow of targeted snAP-seq. DNA is treated with HIPS probe 20 followed by
biotinylation. DNA is enriched using streptavidin beads and recovered by cleavage. The P7 adapter
(green) is introduced by primer extension as part of an overhang, where the priming region is
complementary to the target. This primer also contains a random hexamer (grey) to allow the
identification of PCR duplicates as reads that have the same hexamer sequence. Polymerase
extension generates dsDNA, to which the P5 adapter (blue) is introduced. The position directly 5'- to
the start of the insert corresponds to the AP sites, whilst the 3'- end of the insert corresponds to the
target region.
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To test the feasibility of this design, the spike-in DNA models were used. Primers
targeting the 3’- end of AP DNA2 and GCAT DNA2 were designed. The inclusion of a primer
specific for a GCAT control sequence was to ensure that the targeting step does not falsely
enrich for non-AP DNA. A further AP and GCAT sequence were included in libraries that
were not targeted, along with 5-fU and 5-fC sequences as additional controls. The described
protocol was then applied. Upon sequencing, it was found that the large majority of reads
(96%) did not align to any of the known sequences. This unexpected outcome suggests that
non-specific priming, or error-prone DNA synthesis may have occurred during the protocol
leading to unrecognised sequencing reads, which may be due to shortcomings in primer
design. However, out of the small proportion of reads that could be aligned to any of the
model DNA sequences, those aligning to AP DNA2 accounted for a large majority (97.8%)
(Figure 5.17). The number of reads aligning to the targeted negative control, GCAT DNA2,
for which a primer was also included, was slightly higher than for the other negative controls.
However, a 65-fold AP2/GCAT2 enrichment was still observed overall, suggesting that the

primer targeting does not interfere strongly with enrichment.
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Figure 5.17: Normalised number of sequencing reads aligned to DNA sequences after targeted snAP-
seq. Primers targeting the 3'- end of AP DNA2, and GCAT DNA2 were used. The number of reads
aligning only to the forward strand of each sequence is shown, with normalisation to the number of
reads aligning to the corresponding reverse strand in an input library.

It remains unclear whether the alignment problem observed for spike-in DNA using the
targeted snAP-seq protocol was a sequence specific artefact, and whether further application
to genomic DNA would reveal a similar issue. The complementary region between the primer
and target sequences was limited to 20 nucleotides in this library; it is possible that

optimisation of this by varying the length and melting temperature, along with the choice of
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polymerase and primer extension conditions may be able to improve polymerase fidelity and
specificity. These preliminary results provide some support that this method of sequence
targeting is possible and compatible with snAP-seq, however, further optimisation is required

to overcome technical challenges.

5.3 Conclusions and future directions

In a further extension of snAP-seq, the distribution of genomic uracil was explored
through use of the UNG enzyme. Uracil is a putative intermediate in the processive
demethylation pathway, in which 5-mC is removed and replaced by unmethylation cytosine
as part of the long-patch BER pathway. This demethylation pathway has been implicated
during embryonic development, where the precise mechanism or mechanisms that mediate
the wave of demethylation observed for the paternal DNA is still largely unknown. Within the
proposed pathway, the location of uracil generated by AID deamination activity must be no
more than 13 nucleotides away from 5-mC sites. Therefore, the ability to map uracil,

particularly at high-resolution, is of value in further exploring this possible pathway.

Using embryonic stem cells from mouse, the importance of two key enzymes in the
pathway, AID and UNG was examined. In particular, the precise location of uracil sites was
of interest. Uracil levels in wild-type mESCs are relatively low, at around 4 per million dN.
UNG-snAP-seq was first carried out on an E. coli strain, CJ236, in which uracil levels are
much higher and these libraries were expected to aid in further optimisation of the
methodology or data analysis. Despite the high global levels of uracil in this organism, at up
to 8,000 per million dN, accumulation at individual sites within the genome remained modest.
It was found that when using FDR thresholds to call sites, it was not possible to completely
avoid false positives in the input library. Ranking of sites by p-value instead allowed for more
stringent site-calling, where a total of 5,505 high-confidence sites were detected. These sites
were found to be weakly enriched in transcribed regions in the genome, and depleted in
others, possibly suggesting that a further level of control in regulating uracil levels may be in

place even when two key components currently known to regulate uracil were removed.

The results from UNG-snAP-seq in E. coli show that detecting individual nucleotides of
enrichment in this type of data can be challenging even when uracil levels are high. With this
in mind, UNG-snAP-seq was carried out on two mouse cell lines derived from mESCs; AID-

OE, where an AID-GFP fusion protein was expressed in addition to endogenous AID protein,

152



Chapter 5: Mapping uracil in genomic DNA

and AID-OE/UNG-KO, where in addition to AID-OE, UNG activity was removed. No clear
signal could be detected by UNG-snAP-seq in either of these cell types, suggesting that uracil
levels remained low at the single-nucleotide level across the genome. Thresholding using p-
value, which proved to be more suitable in analysing E. coli data, was also used instead of
FDR, however, this did not affect the overall outcome. Further analysis of total reads in the
library, as well as a potential set of sites found at the p < 0.05 threshold showed no clear
enrichment in cytosine, which would be expected for AlD-mediated deamination events.
Therefore, it was concluded that uracil does not accumulate strongly in either of these cell

types.

The limit of detection of UNG-snAP-seq must be considered when drawing conclusions
from the sequencing data. This in turn is highly dependent on the depth of sequencing, which
is a limiting factor particularly when studying large genomes such as the mouse genome.
Using L. major sequencing data where the signal from SMUG1-mediated snAP-seq was very
strong, it was estimated bioinformatically that for the sequencing depth achieved with the
mouse samples, quantitative deamination events at a given genomic location is likely to be
detectable. These results therefore suggest that at this limit of detection, deamination events
mediated by AID as part of the processive demethylation pathway are not significantly
occurring. To further explore this pathway at greater sensitivity, future work should focus on
applying UNG-snAP-seq in a targeted approach. A library preparation strategy to target
genomic regions through complementary priming in combination with snAP-seq was
designed and demonstrated on synthetic DNA. A large proportion of sequencing reads
obtained by this method were not alignable to the input sequences, however, the small
number of reads that were alignable showed some success in this approach. Further
optimisation in improving priming specificity may overcome the problems with read alignment.
This targeted UNG-snAP-seq may then be used to detect uracil at a small number of selected
genomic loci in which processive demethylation is proposed to be most active, to further

explore whether this pathway occurs at significant levels during embryonic development.
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Conclusions

The main focus of this thesis has been on the sequencing of abasic sites in DNA at
high resolution. The chemical reactivity of abasic sites was explored in Chapter 2, to develop
a functionalised nucleophilic probe that allows the affinity enrichment of DNA fragments
containing abasic sites in the presence of background DNA. A key requirement for the
methodology was to allow abasic sites to be distinguished from other potentially reactive sites
in DNA, such as naturally occurring formylpyrimidine bases. The developed strategy, snAP-
seq, was demonstrated to detect abasic sites with high selectivity in the presence of both
unmodified DNA and formylpyrimidine base modifications. Due to a selective chemical
cleavage of the DNA backbone at chemically tagged abasic sites, this approach was also

shown to reveal the location of abasic sites at single-nucleotide resolution.

In addition to exploring endogenous abasic sites, methodology aimed at studying
abasic sites is also useful in the investigation of any base modification that is a substrate of
a glycosylase enzyme. Glycosylases excise base modifications from DNA to generate an
abasic site with high specificity, and thus the in vitro treatment of isolated DNA can be used
to convert modifications of interest into an abasic site intermediate. The extension of the
snAP-seq methodology by combination with glycosylase treatment was explored in Chapters
3 and 5. The study of thymine modifications as part of SMUG1-snAP-seq in the Leishmania
major genome in Chapter 3 was useful in further validating the accuracy of the overall snAP-
seq method, as the data generated was found to overlap well with a previously reported low-
resolution map of 5-hmU generated in the same genome. Furthermore, the single-nucleotide
resolution data generated here provided insights into the distribution and sequence context
preference of 5-hmU accumulation. 5-hmU was also studied in the Trypanosoma brucei
genome, where it has previously been found that despite the role of 5-hmU as a precursor to
the hypermodification, base J, a large proportion of 5-hmU sites does not corelate with base
J. Genome-wide mapping of 5-hmU in T. brucei cell lines in which the JBP1 or JBP2 enzyme
was removed by gene knockout revealed that the signal detected by 5-hmU DIP-seq is not
strongly altered in the absence of either one of these oxidases. These findings suggest that

the two JBP enzymes may have overlapping functions, or that the detected 5-hmuU is largely
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generated by alternative pathways. However, a dependence on JBP1 was found for the small
number of 5-hmU loci that overlap with base J loci, suggesting that JBP1 is essential during

the biosynthesis of these sites.

In Chapter 4, endogenous abasic sites were studied in the human genome by using
DNA isolated from HeLa cells. To further explore the formation of abasic sites, cells in which
the levels of the repair protein, APE1, were reduced by siRNA knockdown were studied in
addition to control cells. The ability to detect abasic sites with high selectivity was particularly
important in this study to avoid potential cross-reactivity at formylpyrimidine sites. Such cross-
reactivity has been a major drawback to many other studies on endogenous abasic sites,
which snAP-seq has been demonstrated to overcome in Chapter 2. The selective detection
of abasic sites revealed that this type of DNA damage does not cluster significantly at the
single-nucleotide level. Instead, windows of accumulation could be detected throughout the
genome as peaks. These were found to be non-randomly distributed, and an enrichment in

regulatory and coding regions was found when APE1 protein was depleted.

Finally, in Chapter 5 snAP-seq was combined with UNG treatment to study the
distribution of uracil during embryonic development. C to U deamination has been proposed
to be a key event during the demethylation pathway of 5-mC during epigenetic programming
shortly after the process of fertilisation, and therefore UNG-snAP-seq was used to further
explore this pathway in mouse embryonic stem cells. The cellular levels of two key enzymes
involved in the pathway, UNG and AID, were altered from endogenous levels to enhance
global levels of uracil; however, no high-confidence uracil signal could be detected in either
cell types. It was concluded that uracil was not accumulating significantly at the single-
nucleotide level in these samples. As this conclusion can only be drawn in relation to the
sensitivity of the method, an estimate of the limit of detection was also explored. Future work
on this area could focus on mapping uracil in a targeted approach, in regions where the
proposed mechanism is likely to be most active. A preliminary design for a targeted snAP-
seq strategy was investigated and demonstrated with some success using synthetic DNA to

enable further exploration of this pathway at higher sensitivity.

Overall, a versatile sequencing method has been developed that can be used to study
both endogenous abasic sites and a range of base modifications in DNA. The methodology
was validated using synthetic DNA, and further applied to a number of genomes to study

DNA damage as well as the role of pyrimidine modifications in different biological contexts.

155



Chapter 7

Materials and methods

7.1 General experimental details

7.1.1 Organic synthesis

All solvents and reagents were used as supplied from commercial sources (Sigma Aldrich
unless stated otherwise). LC-MS was performed on an amaZon ESI-MS (Bruker) connected
to a Dionex UltiMate 3000 UHPLC system (Thermo Fisher Scientific). LC-MS data was
analysed using Bruker Compass DataAnalysis 4.2. Flash chromatography was carried out
using a CombiFlash Rf system (Teledyne Isco) with puriFlash columns (Interchim). NMR
spectra were recorded in Chloroform-d unless stated otherwise on a Bruker 400 MHz Avance
Il HD spectrometer or a 500 MHz DCH cryoprobe spectrometer. Collected NMR spectra
were processed using MestReNova software. Accurate mass spectra were recorded on a

Waters LCT Premier (ESI) spectrometer.

7.1.2 Oligonucleotides

All oligonucleotides were purchased from Invitrogen or Sigma Aldrich with HPLC (up to 30
nucleotides) or PAGE (30-105 nucleotides) purification unless stated otherwise.
Oligonucleotide stocks were prepared in ultra-pure water at high concentration and diluted
with buffer prior to individual experiments. Base modifications in short ODNs (up to 20 bp)
were incorporated by solid-phase synthesis. ODNs containing uracil were also obtained
through solid-phase synthesis, which were then treated with UNG enzyme to generate the
corresponding AP ODNs (see section 7.2.2 for detailed protocol). Long ODNs (100-105 bp)
containing base modifications other than uracil or AP sites were obtained by primer extension
using modified dNTPs and an unmodified template DNA strand (see section 7.2.2 for detailed
protocols). Primer extensions were also used to obtain dsDNA models from ssDNA templates.

Sequences and further details of all ODNS used are given in Table 7.3.
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7.1.3 LC-MS analysis of short ODNs

LC-MS was performed using an XTerra MS C18 column (2.5 yM, 2.1 x 50 mm). The
separation of ODNs was carried out using 5-30% solvent A (100 mM 1,1,1,3,3,3-hexafluoro-
2-propanol, 10 mM triethylamine) in solvent B (methanol) over 25 min, at a flow rate of 0.2
mL/min. The area underneath peaks detected by UV (260 nm) was integrated, and the %
conversion of reactions was calculated by comparing the peak area between starting material

and product peaks. The identity of each species detected by UV was confirmed by ESI-MS.

7.1.4 Enzymatic oligonucleotide reactions

Enzymatic and PCR reactions using oligonucleotides and genomic DNA were performed in
a T100 Thermal cycler (Bio-Rad) or peqSTAR 96X Universal Gradient (Peglab). gPCRs were
performed using a CFX96 Real-Time System (BioRad), and data was processed using CFX

software manager 3.1 (BioRad).

7.1.5 Sequencing

lllumina sequencing was carried out on either an MiSeq or NextSeq 500 machine (lllumina).
All consumables were purchased from lllumina and used according to the manufacturer’s
instructions. Paired-end sequencing using 150-cycle kits were used unless stated otherwise.
Sequencing libraries were quantified using a universal library quantification kit (KAPA

Biosystems) according to the manufacturer’s instructions.

7.1.6 Quantification and visualisation of DNA

DNA concentration was measured with a broad range dsDNA detection kit using a Qubit 2.0
fluorometer (Thermo Fisher Scientific) as well as a Nanodrop one system (Thermo Fisher

Scientific). For visualisation of DNA length, samples were analysed by Tapestation (Agilent),

using either a D1000 or high sensitivity D1000 screentape.
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7.1.7 DNA sonication

Genomic or synthetic DNA was sheared by sonication using a Covaris M220 system, to an
average fragment length of 450 bp or as stated. Fragmentation was confirmed by Tapestation

analysis.

7.1.8 Cell culture

HelLa and U20S cells were cultured in Dulbecco’s modified eagle medium (DMEM, Gibco,
41965039) supplemented with 10% heat-inactivated fetal bovine serum (Thermo Fisher
Scientific). All cell lines were maintained at 37 °C with 5% carbon dioxide. Cells were
authenticated by short tandem repeat (STR) genotyping and routinely tested for mycoplasma
(Microprobe mycoplasma detection kit, R&D systems). For harvesting, cells were washed
once in cold PBS and harvested by scraping into cold PBS (500 pL) followed by centrifugation

at 300 x g. Cell pellets were flash frozen at -80 °C and stored until further use.

7.1.9 Data analysis

Sequencing data processing: The quality of raw sequencing reads was evaluated using

FastQC v0.11.3 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Low-quality
bases were filtered and Illlumina TruSeq adapters were trimmed from the 3' ends of reads
using cutadapt v1.12?%3, Reads smaller than 15 bp after adapter removal and base quality
trimming were discarded. Trimmed reads containing the P7 adapter sequence (GTG ACT
GGA GTT CAG ACG TGT GCT CTT CCG ATC T) at the 5’ end were also discarded.

0284

Alignment of reads: bwa v0.7.15-r114 was used to prepare reference sequences (spike-

ins and genomes), which were then used to align timmed sequencing reads using bwa mem.
References genomes were obtained from publicly available sources as specified. The
resulting alignments were cleaned, merged, sorted and indexed using samtools v1.3.12%,
Duplicate reads in genomic libraries were marked using sambamba v0.6.5°%°. The filtering of
alignments involved the removal of unaligned reads, secondary/alternative alignments, PCR
duplicates, alignments with a quality score of less than 10, reads overlapping blacklisted

regions (see Chapter 4 and 5 methods) and spike-ins. Clean alignments were further split
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into alignments of R1 reads mapping to the forward and to the reverse strands respectively.
These were then converted to tdf format using igvtools v2.3.91% for visualisation. The
bamCoverage function available in deeptools v2.4.2-5-f439d22°% was used to perform
sequencing coverage calculation normalised by RPKM at single-nucleotide resolution (after

merging replicates).

Calling single-nucleotide AP sites: bedtools v2.27.0 genomecov®® was used to obtain the

sequencing coverage of 5" positions for R1 reads aligning to the forward and reverse strands
respectively. Genome-wide modelling and comparative assessment of counts from enriched
and input libraries were performed using negative binomial generalized linear models as
implemented in edgeR v3.16.5%°. This analysis was carried out on all available replicates
along with corresponding input libraries in parallel. High-confidence sites were obtained when
selecting single nucleotides with positive log. fold-change (snAP-seq vs. input) at specified
FDR or p-value thresholds. Volcano plots were generated using ggplot2 v2.2.1 (https://cran.r-
project.org/web/packages/ggplot2/citation.html).

Statistical analysis: statistical tests were performed in the R programming language unless

stated otherwise. For detailed methods, see data analysis section for each chapter. For peak-
calling, the statistical testing of candidate peaks was performed within the MACS2 software
and thresholds were set at p < 107'° or g < 0.05 for the Trypanosoma brucei libraries, and p

< 107 for the human libraries as indicated.
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7.2 Chapter 2 methods

7.2.1 Synthesis of probes

Ethyl 1-propargylindole-2-carboxylate (22)

) Sodium hydride (60 w% dispersion in oil, 0.315 g, 7.95 mmol) was
W dissolved in dry dimethylformamide (38 mL). A solution of ethyl
N OEt indole-2-carboxylate 21 (1.50 g, 7.95 mmol) in dimethylformamide
/ (4.5 mL) was then added dropwise at 0 °C. After stirring for 30 min
// at 0 °C, propargyl bromide (80 w% in toluene, 1.35 mL, 11.9 mmol,
1.5 equiv) was added dropwise and the resulting brown solution stirred for a further 4 h at
0 °C. Ammonium chloride (sat. solution, 35 mL) was added to quench the reaction, and the
mixture poured into brine (35 mL). The mixture was extracted with ethyl acetate (3 x 75 mL),
and the combined organic fractions was washed with brine (25 mL), dried over sodium sulfate
and concentrated in vacuo. The crude product was purified by column chromatography (0-
40% ethyl acetate in hexane) to give a white solid (1.39 g, 77%). '"H NMR (400 MHz,
chloroform-d) & 7.72 (d, J = 7.9 Hz, 1H), 7.53 (d, J = 8.4 Hz, 1H), 7.42 (dd, J = 8.4, 7.0 Hz,
1H), 7.38 (s, 1H), 7.21 (dd, J= 7.9, 7.0 Hz, 1H), 5.48 (d, J = 2.5 Hz, 2H), 4.43 (q, J= 7.1 Hz,
2H), 2.28 (t, J = 2.5 Hz, 1H), 1.45 (t, J = 7.1 Hz, 3H) ppm. *3C NMR (101 MHz, chloroform-d)
5 162.0, 138.9, 126.9, 126.2, 125.4, 122.8, 121.1, 111.4, 110.5, 78.7, 72.0, 60.8, 33.9, 14.3
ppm. HRMS (ESI-TOF) calcd for C14H14NO2 [M+H]": 228.1025; found: 228.1022.

[1-(2-Propynyl)-1H-indol-2-yllmethanol (23)

N\ Lithium aluminium hydride (1.0 M solution, 6.6 mL, 6.6 mmol, 1.2
©\/I\>_\OH equiv) was added dropwise to a solution of ethyl 1-propargylindole-

/ 2-carboxylate 22 (1.25 g, 5.5 mmol) in diethyl ether (20 mL) at 0 °C.

After stirring at room temperature for 2 h, the mixture was added to

a solution of ethyl acetate (70 mL) and water (35 mL), and the layers
separated. The organic layer was washed with water (2 x 30 mL), aqueous sodium hydroxide
(1 M, 20 mL), and brine (20 mL) and dried over sodium sulfate and then concentrated in
vacuo. The crude product was purified by column chromatography (0-40% ethyl acetate in
hexane) to give a white solid (0.79 g, 78%). '"H NMR (400 MHz, chloroform-d) & 7.62 (d, J =
7.9, Hz, 1H), 7.45 (d, J = 8.2 Hz, 1H), 7.30 (t, J = 8.2 Hz, 1H), 7.16 (t, J = 7.9 Hz, 1H), 6.51
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(s, 1H), 5.04 (d, J = 2.5 Hz, 2H), 4.90 (d, J = 6.0 Hz, 2H), 2.31 (t, J = 2.5 Hz, 1H), 1.72 (t, J =
6.0 Hz, 1H), 1.59 (s, 1H) ppm. '™*C NMR (101 MHz, chloroform-d) & 137.7, 137.3, 127.5,
122.5, 121.1, 120.2, 109.4, 102.7, 78.5, 72.4, 57.5, 32.9 ppm. HRMS (ESI-TOF) calcd for
C12H12NO [M+H]*: 186.0919; found: 186.0921.

1-(Prop-2-yn-1-yl)-1H-indole-2-carbaldehyde (24)

0 Dess-Martin periodinane (1.87 g, 4.4 mmol) was dissolved in a
W mixture of pyridine (1 mL) and dichloromethane (8 mL). After stirring
N H for 5 minutes at room temperature, the solution was transferred to a

/ solution of [1-(2-propynyl)-1H-indol-2-yllmethanol 23 (0.75 g, 4.0

// mmol) in dichloromethane (4 mL) and the solution stirred for a further

3 h. The reaction was then quenched by the addition of sodium thiosulphate (10% aqueous
solution, 4 mL) and sodium hydrogen carbonate (sat. aqueous solution, 4 mL). The aqueous
layer was extracted with dichloromethane (3 x 30 mL) and the combined organic phases
dried over sodium sulfate and concentrated in vacuo. The crude product was purified by
column chromatography (0-25% ethyl acetate in hexane) to give a white solid (0.63 g, 85%).
"H NMR (400 MHz, chloroform-d) & 9.92 (s, 1H), 7.79 (d, J = 8.1 Hz, 1H), 7.57 (d, J = 8.5 Hz,
1H), 7.50 (dd, J = 8.5, 6.9 Hz, 1H), 7.32(s, 1H), 7.25 (dd, J = 8.1, 6.9 Hz, 1H), 5.49 (d, J =
2.5 Hz, 2H), 2.29 (t, J = 2.5 Hz, 1H) ppm. *C NMR (101 MHz, chloroform-d) & 182.7, 140.1,

134.5, 127.4, 126.7, 123.6, 121.5, 118.7, 110.8, 78.2, 72.5, 33.9 ppm. HRMS (ESI-TOF)
calcd for C12H1oNO [M+H]": 184.0762; found: 184.0758.

(9H-Fluoren-9-yl)Methyl 1,2-Dimethylhydrazinecarboxylate (26)

N,N’-dimethylhydrazine dihydrochloride 25 (3.990 g, 30

O mmol, 2 equiv) was dissolved in acetonitrile (60 mL).
Triethylamine (18 mL, 43 mmol) was added, and the

O solution centrifuged for 5 min. To the supernatant, a solution

of Fmoc-chloride (3.870 g, 15 mmol) in acetonitrile (30 mL)

e
HN\wJLO

was added dropwise over 2.5 h at -18 °C under argon. The
solution was diluted with ethyl acetate (60 mL), washed with water (50 mL) and brine (50 mL),
dried over sodium sulfate and concentrated in vacuo. The crude product was purified by
column chromatography (0-50% ethyl acetate in hexane) to give a yellow oil (2.104 g, 50%).
'"H NMR (400 MHz, chloroform-d) & 7.80 (d, J = 7.6 Hz, 2H), 7.61 (d, J = 7.5 Hz, 2H), 7.43
(m, 2H), 7.34 (m, 2H), 4.49 (br s, 2H), 4.28 (m, 1H), 3.07 (s, 3H), 2.57 (br s, 3H) ppm. *C
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NMR (101 MHz, chloroform-d) & 143.9, 141.4, 127.7, 127.1, 124.9, 120.0, 67.5, 47.3, 36.3,
35.7 ppm. HRMS (ESI-TOF) calcd for C17H19N202 [M+H]": 283.1447; found: 283.1447.

(9H-Fluoren-9-yl)methyl-1-methyl-2-((1-(prop-2-yn-1-yl)-1H-indol-2-yl)methyl)hydrazine-1-

carboxylate (27)

1-(Prop-2-yn-1-yl)-1H-indole-2-carbaldehyde 24
(380 mg, 2.1 mmol) and (9H-fluoren-9-yl)Methyl

@) 9 1,2-dimethylhydrazinemarboxylate (600 mg, 2.1
mmol) was dissolved in 1,2-dichloroethane (10
mN_N\ O mL). Sodium triacetoxyborohydride (614 mg, 2.9
N mmol, 1.4 equiv) was then added, and the
resulting suspension stirred for 3 h at room
/// temperature under Argon before quenching with
sodium hydrogen carbonate (sat. aqueous
solution, 5 mL). The organic layer was separated and the aqueous layer extracted with
dichloromethane (5 x 5 mL). The pooled extracts were dried over sodium sulfate and
concentrated in vacuo. The crude product was purified by column chromatography (0-40%
ethyl acetate in hexane) to give a yellow oil (350 mg, 37%) 'H NMR (400 MHz, chloroform-d)
67.80(d,J =7.5Hz 2H), 7.56 (d, J = 7.8 Hz, 3H), 7.75-7.53 (m, 3H), 7.51-7.18 (m, 5H),
7.13 (dd, J = 8.0, 7.0 Hz, 1H), 6.43 (s, 0.45H ), 6.15 (s, 0.55H), 5.29-4.21 (m, 6H), 3.70 (s,
1H), 2.80 (m, 4H), 2.19 (m, 3H) ppm. *C NMR (101 MHz, chloroform-d) & 157.0, 155.2*,
144.3%, 143.9, 141.5, 137.2, 134.8*, 134.3, 127.7, 127.1, 125.0, 124.7, 122.0, 120.7, 120.0,
119.8, 109.2, 103.8, 78.9, 72.0, 66.8, , 51.6, 51.0%, 47.3, 40.2%, 39.5, 34.3*, 32.7, 32.2*, 30.4,
29.7* ppm (* = weaker peaks, likely due to different rotamers). HRMS (ESI-TOF) calcd for
Ca9H2sN30, [M+H]": 450.2182; found: 450.2175.

2-((2-Methylhydrazinyl)methyl)-1-(prop-2-yn-1-yl)-1H-indole (19)

\ / (9H-Fluoren-9-yl)methyl-1-methyl-2-((1-(prop-2-yn-1-yl)-1H-
mN_NH indol-2-yl)methyl)hydrazine-1-carboxylate 27 (150 mg, 0.33
N mmol) was dissolved in a mixture of piperidine (0.65 mL, 6.7

/ mmol, 20 equiv) and N,N-dimethylformamide (2.5 mL) and the

// resultant solution was stirred at room temperature for 30 min. The

reaction mixture was then diluted with ethyl acetate (15 mL), washed with water (5 mL) and

brine (3 x 5 mL), dried over sodium sulfate and concentrated in vacuo. The crude product
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was purified by column chromatography (0-8% methanol in dichloromethane) to give a pale
yellow oil (61 mg, 81%). '"H NMR (400 MHz, chloroform-d) 8 7.59 (d, J = 7.8 Hz, 1H), 7.45 (d,
J=8.2Hz 1H), 7.26 (t, J= 8.2 Hz, 1H), 7.14 (t, J = 7.8 Hz, 1H), 6.43 (s, 1H), 5.18 (d, J=2.5
Hz, 2H), 3.95 (s, 2H), 2.62 (s, 3H), 2.44 (s, 3H), 2.27 (t, J = 2.5 Hz, 1H) ppm. "*C NMR (101
MHz, chloroform-d) 6 137.2, 135.3, 127.7, 121.8, 120.5, 119.9, 109.3, 103.5, 79.0, 72.0, 56.0,
43.4, 35.5, 32.9 ppm. HRMS (ESI-TOF) calcd for CisHigNs [M+H]": 228.1501; found:
228.1499.

1-((9H-fluoren-9-yl)methyl) 2-(tert-butyl) hydrazine-1,2-dicarboxylate (29)

To a solution of 1-Boc-1-methylhydrazine 28 (1

D mL, 0.985 g, 6.74 mmol) in tetrahydrofuran (5 mL)

and water (5 mL) was added sodium hydrogen

Q carbonate (1.13 g, 13.5 mmol, 2 equiv) with rapid
stirring. A solution of Fmoc-chloride (1.74 g, 6.74

SN
O)LN/N\"/o
0
mmol) in tetrahydrofuran (5 mL) was then added
dropwise, and the reaction mixture stirred at room temperature for a further 1 h. Ether (10
mL) was added, the organic layer was washed with brine (15 mL), dried over sodium sulfate
and concentrated in vacuo to give a yellow oil (1.64 g, 4.46 mmol, 66%). '"H NMR (400 MHz,
chloroform-d) & 7.78 (d, J = 7.5 Hz, 2H), 7.62 (d, J = 7.4 Hz, 2H), 7.43 (t, J = 7.4 Hz, 2H),
7.33 (t,J=7.5,2H),4.49 (d, J=7.0 Hz, 2H), 4.27 (t, J = 7.0 Hz, 1H), 3.16 (br s, 3H), 1.49 (s,
9H) ppm. *C NMR (101 MHz, chloroform-d) & 143.6, 141.3, 127.8, 127.1, 125.1, 120.0, 68.0,
65.9,47.1, 28.2, 25.6 ppm. HRMS (ESI-TOF) calcd for C21H2sN204 [M+H]*: 369.1809; found:

369.1819.

(9H-fluoren-9-yl)methyl 2-methylhydrazine-1-carboxylate (30)

1-((9H-fluoren-9-yl)methyl) 2-(tert-butyl) hydrazine-1,2-
O dicarboxylate 29 (1.2 g, 3.26 mmol) was dissolved in

dichloromethane (6 mL) and trifluoroacetic acid (2 mL) and

N
~pn~N__O . .
N \n/ stirred at room temperature for 2 h. The solvent was then
O

H

removed in vacuo, and the resulting oil was dissolved in
ethyl acetate (15 mL). Saturated sodium hydrogen carbonate (10 mL) was added, and the
precipitate formed was collected, re-dissolved in dichloromethane (30 mL), washed with
sodium hydrogen carbonate (sat. aqueous solution 15 mL), dried over sodium sulfate and
concentrated in vacuo to give a white solid (0.651 g, 2.43 mmol, 75%). '"H NMR (400 MHz,
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chloroform-d) 6 7.86 — 7.72 (m, 2H), 7.61 (d, J = 7.4 Hz, 2H), 7.51 — 7.39 (m, 2H), 7.34 (td, J
=7.4,1.2 Hz, 2H), 4.48 (d, J = 6.7 Hz, 2H), 4.26 (t, J = 6.7 Hz, 1H), 2.67 (s, 3H) ppm. *C
NMR (101 MHz, chloroform-d) 6 157.1, 143.7, 141.3, 127.8, 127.1, 125.0, 120.0, 67.0, 47.2,
39.3 ppm. HRMS (ESI-TOF) calcd for C16H17N202 [M+H]*: 269.1285; found: 269.1380.

(9H-fluoren-9-ylYmethyl 2-methyl-2-((1-(prop-2-yn-1-yl)-1H-indol-2-y)methyl)hydrazine-1-

carboxylate (31)

1-(Prop-2-yn-1-yl)-1H-indole-2-carbaldehyde 24
Q (200 mg, 1.1 mmol) and (9H-fluoren-9-yl)methyl 2-

0O . methylhydrazine-1-carboxylate 30 (351 mg, 1.68

\ y—O mmol, 1.5 equiv) was dissolved in
mN_NH O dichloromethane (15 mL). Sodium
N triacetoxyborohydride (462 mg, 2.2 mmol, 2 equiv)

was then added, and the resulting suspension

// stirred for 16 h at room temperature under argon

before quenching with sodium hydrogen
carbonate (sat. aqueous solution, 10 mL). The organic layer was separated and the aqueous
layer extracted with dichloromethane (5 x 10 mL). The pooled extracts were dried over
sodium sulfate and concentrated in vacuo. The crude product was purified by column
chromatography (0-40% ethyl acetate in hexane) to give a colourless oil (359 mg, 76%).'H
NMR (500 MHz, chloroform-d) & 7.77 (t, J = 7.0 Hz, 2H), 7.64 — 7.46 (m, 3H), 7.46 — 7.34 (m,
3H), 7.34 — 7.26 (m, 2H), 7.26 — 7.21 (m, 1H), 7.11 (dd, J = 7.9, 7.0, 1H), 6.39 (s, 1H), 5.88
(s, 1H), 5.20 (br s, 2H), 4.43 (br s, 2H), 4.15 (br s, 2H), 2.67 (s, 3H), 2.22 (br s, 1H) ppm.**C
NMR (126 MHz, chloroform-d) & 155.1, 143.7, 141.3, 137.3, 133.9, 127.7, 127.5, 1271,
125.1, 125.0, 122.1, 120.7, 120.0, 109.4, 104.2, 79.0, 72.0, 66.6, 47.2, 44.3, 32.9, 28.2 ppm.
HRMS (ESI-TOF) calcd for C2gH2sN302 [M+H]": 436.2020; found: 436.2031.

2-((1-methylhydrazinyl)methyl)-1-(prop-2-yn-1-yl)-1H-indole (20)

\ (9H-Fluoren-9-yl)methyl  2-methyl-2-((1-(prop-2-yn-1-yl)-1H-
mN_NHZ indol-2-yl)methyl)hydrazine-1-carboxylate 31 (180 mg, 0.41
N mmol) was dissolved in a solution of piperidine (0.65 mL, 6.7

mmol, 16 equiv) in N,N-dimethylformamide (2.5 mL) and stirred

// at room temperature for 30 min. The reaction mixture was diluted

with ethyl acetate (20 mL), washed with brine (4 x 8 mL), dried
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over sodium sulphate and concentrated in vacuo. The crude product was purified by column
chromatography (0-20% methanol in dichloromethane) to give a pale yellow oil (47 mg, 54%).
Probe 20 was stored neat at -80 °C until further use. "H NMR (400 MHz, chloroform-d) & 7.58
(d,J=7.9Hz, 1H), 7.42 (d, J = 8.2 Hz, 1H), 7.24 (m, 1H), 7.12 (m, 1H), 6.42 (s, 1H), 5.12 (d,
J =2.5Hz, 2H), 3.84 (s, 2H), 2.53 (s, 3H), 2.25 (t, J = 2.5 Hz, 1H) ppm. *C NMR (126 MHz,
chloroform-d) 6 137.3, 135.0, 127.7, 122.0, 120.6, 120.0, 109.4, 104.0, 77.5,72.1,60.1, 48.6,
32.9 ppm. HRMS (ESI-TOF) calcd for C13H1sN3 [M+H]": 214.1339; found: 214.1342.

7.2.2 Generation of ODNs

Generation of AP sites from U-ODNs: Uracil containing ODNs (up to 2.5 ug) were incubated
with UNG (10 U, NEB) and UNG Buffer (2.5 pL) in 25 yL reactions at 37 °C for 2 h. Reactions

were cleaned up with either a mini quick-spin column (Roche) or a DNA clean and

concentrator-5 kit (Zymo research) according to the manufacturer’s instructions.

Generation of double-stranded AP DNA, 5-fU DNA, 5-fC DNA, 5-hmU DNA: Reaction
volumes (20 pL) contained template ODN (2.5 pg), primer (10 uM), either dGTP, dCTP, dATP,
dfUTP (200 uM) for 5-fU DNA, dGTP, dfCTP, dATP, dTTP (200 uM) for 5-fC DNA, dGTP,
dCTP, dATP, dhmUTP (200 puM) for 5-hmU DNA, or dNTPs (200 uM), for AP DNA,
DreamTaq Buffer (2 yL) and DreamTaq polymerase (0.4 uL, 2 U). Samples were heated to
95 °C for 30 s, then annealed at the stated temperatures (Table 7.3) for 60 s then held at
72 °C for 10 min, before purification with a GeneJET PCR purification kit according to the

manufacturer’s protocol.

Generation of double-stranded GCAT DNA: Reaction volumes (20 uL) contained template
ODN (100 ng), forward and reverse primers (10 uM), dNTPs (200 uM), DreamTaq Buffer (2
bL) and DreamTaq polymerase (0.4 pL, 2 U). Samples were heated to 95 °C for 1 min,

followed by 30 cycles of denaturation at 95 °C for 30s, annealing for 30s (Table 7.3), and
extension at 72 °C for 20s. The final extension was held at 72 °C for 10 min, before

purification with a GeneJET PCR purification kit according to the manufacturer’s protocol.

165



Chapter 7: Materials and methods

7.2.3 Chemical reactions on DNA

Screening of probes: Purified AP ODNs were treated with probes at the concentration stated,

in aqueous buffers as detailed. All reactions were incubated at room temperature for 2 h
unless stated otherwise and purified using a mini-quick spin oligo column (Roche) according

to the manufacturer’s instructions. Purified DNA was then analysed by LC-MS.

CuAAC bictinylation: Purified DNA after reaction with 20 was incubated with CuBr (250 uM),
THPTA (1.25 mM) and biotin-PEG3-azide (500 uM) at 37 °C for 2 h. Samples were purified
using either a mini-quick oligo column (Roche) or a pre-washed Amicon Ultra-0.5 mL 10K
centrifugal filter (500 yL water) and washed on the filter with water (450 pL) and Tris-HCI
buffer (450 uL, 10 mM, pH 7.4) and eluted in Tris-HCI buffer (50 uL).

Sodium hydroxide cleavage: Sodium hydroxide (100 mM final concentration) was added to

purified ODNs in 50 pL reactions and incubated at 70 °C for 15 min. Reactions were
immediately quenched with either Tris-HCI (pH 7.0, 5 pL, 1 M) or hydrochloric acid (5 pL, 1

M) and purified with a mini quick-spin column (Roche).

Methoxyamine displacement: Methoxyamine hydrochloride (10 mM) was added to purified
ODNSs in 50 pL reactions in sodium phosphate buffer (40 mM, pH 6.0) and incubated for 2 h

at room temperature. Reactions were purified with a mini quick-spin column (Roche).

7.2.4 Assessment of enrichment by qPCR

DNA enrichment: Enrichments were based on a reported protocol with modifications'?2.

MagneSphere streptavidin magnetic beads (50 ug, Promega), were washed with 1 x binding
buffer (5 mM Tris pH 7.5, 0.5 mM EDTA, 1 M NaCl, 0.05% Tween 20) (3 x 500 yL) and
resuspended in 50 pL 2 x binding buffer (10 mM Tris pH 7.5, 1 mM EDTA, 2 M NaCl, 0.1%
Tween 20). Input DNA (1 ng/ODN) and poly dIl:dC (2 pg, Thermo Fisher Scientific) were
mixed and made up to a final volume of 50 pL, and then added to the magnetic beads, before
incubation for 15 minutes at room temperature with gentle rotation. Beads were washed with
1 x binding buffer (6 x 500 pL), then incubated with NaOH (100 pL, 100 mM) at room
temperature for 10 min. The beads were washed again with NaOH (100 uL, 100 mM) followed
by 1 x binding buffer (3 x 500 pL) then eluted in NaOH (50 L, 100 mM) at 70 °C for 15 min

166



Chapter 7: Materials and methods

and quenched immediately with Tris-HCI (25 pL, 500 mM, pH 7.0). A fresh sample of pre-
washed streptavidin beads (75 ug) was incubated with poly dl:dC (2 pg) and resuspended in
2 x binding buffer (75 uL), to which the neutralised DNA eluent was added. The sample was
incubated at room temperature for a further 15 min, before separating from the beads. The
recovered DNA was purified using a ssDNA/RNA clean and concentrator (Zymo Research)
according to the manufacturer’s instructions with the exception that the IIC column step was

omitted, and eluted in water (25 pL).

gPCR quantification of enrichment: Reaction volumes (10 pL) contained enriched DNA (1

uL), Brilliant Ill ultra-Fast SYBR green gPCR master mix (5 pL, Agilent Technologies), and
the corresponding forward and reverse primers (1 uM each). The mixture was subject to
gPCR according to the protocol outlined by the manufacturer. The extent of DNA
amplification was compared to that of input samples. Primers were designed 3’- to

modifications so that any possible strand cleavage would not affect amplification.

7.2.5 snAP-seq

Reaction with 20 and biotinylation: Purified DNA was treated with 20 (10 mM) in sodium
phosphate buffer (40 mM, pH 7.4) at room temperature for 2 h, then purified using a mini-

quick spin oligo column (Roche) according to the manufacturer’s instructions. The eluted
DNA was incubated with CuBr (250 uM), THPTA (1.25 mM) and biotin-PEG3-azide (500 uM)
at 37 °C for 2 h. Samples were purified using a pre-washed Amicon Ultra-0.5 mL 10K
centrifugal filter (500 yL water) and washed on the filter with water (450 yL) and Tris-HCI
buffer (450 uL, 10 mM, pH 7.4) and eluted in Tris-HCI buffer (50 uL).

Custom P7 and P5 adapter generation: Oligos were purchased from ATDBio with double
HPLC purification. Top and bottom oligos (15 uM each in 10 mM Tris-HCI pH 7.4, 1 mM
EDTA, 50 mM NaCl) were annealed by heating to 95 °C for 2 min, cooled at 0.1 °C/s to 70 °C

and held for 5 min, then cooled at 0.1 °C/s to 20 °C. Annealed adapters were stored at -20 °C

until further use.

P7 adapter ligation: Sequencing adapters were ligated onto labelled DNA using a NEBNext

Ultra Il DNA library preparation kit according to the manufacturer’s instructions, with the

exception that the adapter was replaced with custom P7 adapter (2.5 pL). Ligated DNA was
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then treated with shrimp alkaline phosphatase (NEB, 3 U) in CutSmart Buffer (NEB) for 30
min at 37 °C, before purification with AMPure XP beads (1.4 x volume) and eluted in Tris-
HCI (10 mM pH 7.4, 48 pL).

Streptavidin pulldown: Magnesphere streptavidin beads (Promega, 50 uL) were pre-washed
three times with 1 x binding buffer (5 mM Tris pH 7.5, 0.5 mM EDTA, 1 M NaCl, 0.05% Tween
20) and resuspended in 50 yL of 2 x binding buffer (10 mM Tris pH 7.5, 1 mM EDTA, 2 M
NaCl, 0.1% Tween 20). Poly dI:dC (2 ug, Thermo Fisher Scientific) was added to ligated DNA
samples and incubated with resuspended streptavidin beads at room temperature for 15 min.
Beads were washed with 1 x binding buffer (6 x 500 pL), then incubated with NaOH (100 uL,
100 mM) at room temperature for 10 min. The beads were washed again with NaOH (100
uL, 100 mM) followed by 1 x binding buffer (3 x 500 yL). DNA was eluted in NaOH (50 pL,
100 mM) at 70 °C for 15 min and quenched immediately with Tris-HCI (25 uL, 500 mM, pH
7.0). A fresh sample of pre-washed streptavidin beads (75 uL) was incubated with poly dl:dC

(2 pg) and resuspended in 2 x binding buffer (75 pL), to which the neutralised DNA eluent
was added. The sample was incubated at room temperature for 15 min, then the supernatant
was separated and purified using a ssDNA clean & concentrator (Zymo Research) according

to the manufacturer’s guidelines with the exception that the 1IC column step was omitted.

Primer extension: Reaction (30 pL) containing purified ssDNA, dNTPs (200 uM), P7 primer
(1 uM) and NEBuffer 2 was heated to 95 °C for 1 min, annealed at 65 °C for 30 s and held at
37 °C for 30 min, at which point Klenow fragment (3’->5’- exo-, NEB, 2 U) was added. The

synthesised dsDNA was purified using a DNA clean and concentrator-5 kit (Zymo Research)

according to the manufacturer’s instructions and eluted in Tris-HCI (10 mM, pH 7.4).
P5 adapter ligation: DNA (22.5 pL), Blunt/TA ligase master mix (25 pL, NEB) and custom P5
adapter (2.5 pL) were incubated at 20 °C for 30 min. Libraries were purified with AMPure XP

beads (1.5 x volume) and eluted in Tris-HCI (10 mM, pH 7.4) before amplification using a Q5
hot start high-fidelity master mix (NEB) with library amplification primers (10 uM each).
Libraries were quantified using a KAPA library quantification kit and sequenced on either an

lllumina MiSeq, or NextSeq machine.

Input library preparation: DNA was treated in the same way as above with the NEBNext kit,

with the exception that the custom P7 adapter was substituted by TruSeq Nano indexed
adapters (lllumina, 2.5 yL). Samples were purified twice using AMPure XP beads (1.0 x

volume) to remove excess adapters and then amplified as in snAP-seq.
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7.2.6 Data analysis

The distribution of reads aligning to reference oligonucleotide sequences and patterns of
alignment start sites were obtained using samtools view and standard Unix tools. For each
library, the total number of reads aligned to the forward strand each ODN was first normalised
to the corresponding input library. Only the reverse strand was used for normalisation due to
a large underrepresentation of AP site-containing strands (forward) in input libraries. See

Table 7.3 for definition of forward and reverse strands.

gPCR enrichment: the relative recovery of each dsDNA ODN was calculated from the AC;

value when compared to the amplification of a corresponding input sample prepared without
enrichment. The recovery of AP DNA was expressed as a fold enrichment relative to GCAT
DNA, 5-fC DNA or 5-fU DNA.

7.3 Chapter 3 methods

7.3.1 DNA purification

Leishmania major DNA (product 30012D, lot 62762024) was purchased from ATCC. DNA
was purified before use with a DNeasy blood and tissue kit (Qiagen) according to the
manufacturer’s instructions, with the exception that the protein digestion step was omitted.
The purified DNA was eluted in Tris-HCI (50 yL, 10 mM, pH 7.4).

Trypanosoma brucei DNA was obtained from the Carrington Group and re-purified before
use with a DNeasy blood and tissue kit (Qiagen) according to the manufacturer’s instructions.
The purified DNA was eluted in Tris-HCI (50 yL, 10 mM, pH 7.4).

7.3.2 Enzymatic reactions

SMUG1 excision: DNA was incubated with hSMUG1 (25 U, NEB) in NEBuffer 1
supplemented with BSA (100 ug/mL) at 37 °C for 18 h, and purified using either a oligo clean
and concentrator (Zymo Research), DNA clean & concentrator kit (Zymo Research), or
AMPure XP beads (2.0 x), depending on the size of DNA used. Short ssODNs were then
analysed by LC-MS.
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7.3.3 Sequencing methods

SMUG1-snAP-seq of Leishmania major DNA: Spike-in DNA (50 pg) was added to purified
genomic DNA (400 ng) and the combined DNA was sonicated to an average of 450 bp using
a Covaris M220 system. Samples were treated with hSMUG1 (25 U, NEB) in NEBuffer 1
supplemented with BSA (100 ug/mL) at 37 °C for 18 h before purification using AMPure XP

beads (2.0 x), or a DNA clean & concentrator kit (Zymo Research). Samples were then

subjected to snAP-seq, see section 7.2.5 for detailed protocol.

snAP-seq of Leishmania major DNA: as a control without SMUG1 treatment, standard snAP-

seq was carried out as described above in section 7.2.5 and amplified using the same PCR

conditions as that for SMUG1-snAP-seq libraries.

UNG-snAP-seq of Leishmania major DNA: All steps were carried out as described above for
SMUG1-snAP-seq, with the exception that SMUG1 enzyme was replaced by UNG (10 U,
NEB) and BSA was omitted.

Methoxyamine blocking SMUG1-snAP-seq: sonicated DNA was first incubated with

methoxyamine hydrochloride (10 mM) in sodium phosphate buffer (40 mM) for 2 h at room
temperature and purified using AMPure XP beads (2.0 x). Samples were then subjected to
the standard SMUG1-AP-seq protocol detailed above.

5-hmU DIP-seq: Spike-in DNA (20 pg) was added to T. brucei DNA (200 ng per replicate)

and sonicated to an average length of 200 bp using a Covaris M220 system. Adapters

(TruSeq Nano, lllumina) were introduced onto DNA fragments using a NEBNext Ultra Il library
preparation kit (NEB) according to the manufacturer’s instructions, where the TruSeq
adapters were used in place of NEB adapters. DNA was purified using AMPure XP beads
(0.75 x) and eluted in ultra-pure water. DNA was made up in PBS with 0.1% (v/v) tween-20
to a total volume of 200 uL, and heat denatured by incubation at 95 °C for 10 min. Samples
were immediately placed on ice. For antibody binding, the denatured DNA was incubated
with 5-hmU antibody (ab19735, Abcam, 10 uL) and rabbit anti-goat IgG antibody (ab6697,
Abcam, 5 pL) along with salmon sperm DNA (1 pL, 10 mg/ml, Thermo Fisher Scientific)
overnight at 4 °C with rotation. For immunoprecipitation, Dynabeads protein G (25 L, Life
Technologies) were pre-washed with citrate-phosphate buffer (200 pL, 0.5 x, Alfa Aesar)
followed by PBS with 0.1% tween 20 (2 x 200 pL). DNA samples were then added to beads
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and incubated at 4 °C with rotation for 2 h. The mixture was then placed on a magnetic rack,
and beads were washed with PBS with 0.1% tween 20 (5 x 200 pL) with mild vortexing during
each wash. For elution, beads were suspended in elution buffer (50 mM Tris-HCI pH 8, 10
mM EDTA, and 0.5% SDS) and proteinase K (20 ug/uL, 1.75 pL) was added. The mixture
was incubated at 50 °C with vigorous shaking (1300 rpm) overnight. The supernatant was
collected and purified using a DNA clean and concentrator-5 kit (Zymo Research) according
to the manufacturer’s instructions and eluted in ultra-pure water (27 pL). Libraries were
amplified using TruSeq PCR Master Mix and PCR Primer Cocktail (lllumina) according to the
manufacturer’s guidelines, for a total of 12 cycles. DNA libraries were purified using AMPure
XP beads (0.8 x).

DIP-seq input libraries: For input libraries, adapter ligation was carried out as described for
DIP-seq libraries. Samples were diluted around 200-fold, then subjected to the same PCR

conditions as for DIP-seq.

IgG DIP-seq: IgG antibody was used as a control for DIP-seq libraries. All steps were carried
out as described for 5-hmU DIP-seq, with the exception that 5-hmU antibody was replaced
with IgG control antibody (ab37373, Abcam). Due to the reduced amount of DNA recovered,
PCR amplification was carried out for 3 addition cycles, for a total of 15 cycles.

All DIP-seq libraries, including inputs and controls were sequenced by single-end sequencing,
using a 150-cycle kit (lllumina).

7.3.4 Data analysis

Alignment of reads: Trimmed reads were aligned to the reference L. major genome (Sanger

Institute) using bwa mem. Aligned reads were then filtered with removal of unaligned reads,
secondary/alternative alignments, PCR duplicates, alignments with a quality score of less
than 10 and spike-ins. Clean alignments were further split into alignments of R1 reads

mapping to the forward and to the reverse strands respectively.

Calling high-confidence SMUG1-snAP-seq sites: Single-nucleotides with positive log fold-

change (SMUG1-snAP-seq vs. input) at an FDR threshold smaller than 10™'° across two
technical replicates analysed in parallel were considered high-confidence sites. See section
7.1.9 for details.
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Overlap with 5-hmU and base J datasets: intersections of detected sites with 5-hmU and

base J peaks obtained in Kawasaki et al. 2017° were performed with bedtools intersect.

Base composition profiles: Fasta files containing sequences flanking either the high-

confidence SMUG1-snAP-seq sites, or total reads in sequencing libraries by 10 bp were

generated using bedtools getfasta. Base composition plots were then produced with ggplot2.

Coverage profiles: coverage profile plots were obtained using the computeMatrix and

plotProfile functions available in deeptools, for regions 1 kb on either side of high-confidence
SMUG1-snAP-seq in SMUG1-snAP-seq, snAP-seq and input libraries.

Motif analysis: Fasta files containing sequences flanking the SMUG1-snAP-seq sites by 5 bp
were generated using bedtools getfasta. As a control, similar fasta files were obtained for all
T bases genome-wide. The ggseqlogo library in R was used to generate sequence logo
representations. The dreme tool as available in meme v4.11.2%%” was used to extract

sequence motifs.

Synthetic 5-hmU_N-oligo _analysis: trimmed reads were deduplicated based on the two

randomised N10 stretches flanking the 5-hmU site. Fasta files and tables of nucleotide counts
were generated with in-house Python v2.7.12 scripts. The ratio of nucleotide counts between
the flanking regions of high-confidence SMUG1-snAP-seq sites and the flanking regions of a
randomised set of control thymine positions in the L. major genome was calculated. The
same ratio was also calculated between the enriched and control libraries generated using
the 5-hmU N-oligo. For statistical testing, Fisher's Exact and Pearson's Chi-squared tests
were used to compare the nucleotide counts and calculated ratios between the genomic and
synthetic libraries, as implemented in the R v3.3.2 programming language. This analysis
confirmed that the enrichment in the TG motif within SMUG1-snAP-seq data was significant
compared to that of the synthetic libraries (p < 0.05). Sequence logo representations were
generated with the ggseqlogo v0.1 R library

(https://cran.rstudio.com/web/packages/ggseqlogo/index.html).

DIP-seq: macs2 v2.1.1.20160309%%? callpeak was used to obtain regions of enriched signal
using input libraries as control, with options —nomodel and either p < 107, or g < 0.05 as
indicated. High-confidence peaks were defined as those that appear in at least two out of

three technical replicates.
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7.4 Chapter 4 methods

7.4.1 siRNA knockdown

siRNAs were purchased from Dharmacon (ON-TARGETplus human APEX1 siRNA, product
code J-010237-08-0002 and ON-TARGETplus non-targeting pool, product code D-001810-
10-05) and resuspended in water to give 20 uM stocks. For transfections, HelLa cells were
seeded in 6-well plates at 100,000-200,000 cells/well and grown overnight. On the second
day, cells were transfected with 10 nM of siRNA or control siRNA using Lipofectamine
RNAIMAX according to the manufacturer’s instructions. After 48-96 h cells were washed once
in cold PBS and harvested by scraping into cold PBS (500 uL) followed by centrifugation at

300 x g. Cell pellets were flash frozen at —80 °C for further use.

For analysis of mMRNA expression, cell pellets were collected as above and total RNA was
extracted using a RNeasy mini kit (Qiagen) according to the manufacturer’s instructions.
Isolated RNA was quantified by UV spectrophotometry (Nanodrop One, Thermo Fisher
Scientific), then used as the template for cDNA synthesis using a High capacity cDNA reverse
transcription kit (Applied Biosystems) according to the manufacturer’s instructions. cDNA
samples were diluted 1:4 and 1 pL was quantified in 10 yL gPCR reactions containing Brilliant
[l Ultra-Fast SYBR® green gPCR master mix (Agilent Technologies) and the relevant primer
sets (1 uM each) (Table 7.1). The extent of amplification (Cq value) for APE1 mRNA was

normalised against that of 3-Tubulin and compared to siRNA-free cells.

. PCR product size
Primer sequence (5°-3’)

(bp)

Forward: TGG AAT GTG GAT GGG CTT CGA GCC
APE1 169
Reverse: AAG GAG CTG ACC AGT ATT GAT GA

Forward: TTG GCC AGA TCT TTA GAC CAG ACA AC
B-Tubulin 122
Reverse: CCG TAC CAC ATC CAG GAC AGA ATC

Table 7.1: Primer sequences used for quantification of mRNA levels by RT-gPCR.
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For analysis of protein expression, cell pellets were collected as above and lysed in 100-150
uL cold RIPA buffer (Thermo Fisher Scientific) supplemented with Halt protease inhibitor
cocktail (Thermo Fisher Scientific) and shaken on ice for 15 min. The lysate was centrifuged
at maximum speed for 15 min and the supernatant was collected. The total protein
concentration was quantified using a BCA protein assay kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. A 0.2 mg/mL sample of each lysate was
analysed by Simple Western blot using a 12-230 kDa Wes separation module (Protein
Simple). APE1 protein was detected by anti-APE1 antibody (Abcam ab194, 1:500 dilution),
with anti-B-Tubulin (Cell Signaling #86298, 1:50 dilution) used as a loading control.

7.4.2 DNA extraction

Frozen cell pellets were thawed at room temperature, then DNA was extracted using a Quick-
DNA kit (Zymo Research) according to the manufacturer’s guidelines, where the genomic
lysis buffer was supplemented with TEMPO (20 mM) immediately before each extraction to
reduce DNA damage formation®'. Purified DNA was eluted in Tris-HCI (10 mM, pH 7.4) and

quantified using a Qubit 2.0 fluorometer as well as a Nanodrop.

For comparison, DNA was also extracted using a DNeasy blood & tissues kit (Qiagen)
according to the manufacturer’s instructions. RNase A (400 pg) was added according to the

manufacturer’s guidelines to remove RNA. DNA was eluted in Tris-HCI (10 mM, pH 7.4).

7.4.3 Sequencing methods

snAP-seq: the standard snAP-seq protocol was carried out as described above, using up to
2.5 pg purified genomic DNA per replicate during the chemical reaction with 20,
supplemented with spike-in DNA (50 pg). The total amount of purified DNA subjected to P7

adapter ligation did not exceed 1 pg for library, in line with the manufacturer’s guidelines.

Extraction and sonication controls on L. major DNA: For mock AP sonication, SMUG1

treatment was carried out on full-length genomic L. major DNA and purified with AMPure XP
beads (2.0 x), after which DNA was sonicated then processed as above for snAP-seq. For
re-extraction, SMUG1 treatment was carried out on full-length L. major DNA, which was then

purified using AMPure XP beads (2.0 x) and re-extracted using either the DNeasy blood and
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tissue kit (Qiagen), or the Quick-DNA mini kit (Zymo Research). Both extractions were carried
out according to the manufacturer's instructions, with the exception that proteinase K
digestion was carried out for 30 min at 37 °C for the DNeasy kit. All lysis buffers were
supplemented with TEMPO (20 mM) to reduce additional DNA damage.

7.4.4 Data analysis

Alignment of reads: Trimmed reads were aligned to the reference human genome (UCSC

hg38) using bwa mem. Aligned reads were then filtered with removal of unaligned reads,
secondary/alternative alignments, PCR duplicates, alignments with a quality score of less
than 10, reads overlapping blacklisted regions (http://mitra.stanford.edu/kundaje/akundaje
Irelease/blacklists/hg38-human/) and spike-ins. Clean alignments were further split into

alignments of R1 reads mapping to the forward and to the reverse strands respectively.

Calling single-nucleotides: Genome-wide modelling and comparative assessment of counts

from enriched and input libraries was carried out as described in section 7.1.9 using four
replicates in parallel, and assessment of the volcano plots generated from this analysis
revealed that no threshold could be set in which positive logz fold-change (snAP-seq vs. input)
could be favoured without the detection of sites with negative log. fold-change. Therefore, no
high-confidence sites could be called from this data.

9252

Peak-calling: macs2 v2.1.1.2016030 callpeak was used to obtain regions of enriched
signal of snAP-seq using input libraries as control, with options p < 0.00001, and --nomodel.
To further correct for regions with naturally high coverage of reads, macs2 callpeak with
option --nomodel was also used in the input libraries only. Overlaps between the enriched
and naturally high regions were obtained using bedtools intersect and subtracted from the
regions of enriched signal. High-confidence peaks were defined as consensus peak regions
obtained between three out of four (HeLa) replicates. For visualisation of enrichment within
a given genomic region, raw read counts within the selected region were normalised by

dividing by the total number of reads in the region x 1,000.

Testing genomic associations: hg38 gene feature annotations (promoters, 5UTR, 3'UTR,

exons, introns and intergenic regions) were extracted from the UCSC’s genes.gtf file using

2

the library GenomicFeatures®®? in R and searching for regular expressions using Python

(https://github.com/dariober/bioinformatics-cafe/tree/master/fastaRegexFinder). Computing
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the significance of overlap between the genomic annotations and snAP-seq peaks was

293 Genomic associations were also

performed with the Genomic Association Tester (GAT)
tested against available datasets of chromatin accessibility and histone modifications (Table
7.2). The Storey’s g-value for the relative fold enrichment of each genomic feature was
obtained from the Genomic Association Tester, where a threshold of g < 0.05 was used for

statistical significance.

Genomic assay Accession code

DNase-seq ENCFF950NDW
FAIRE-seq ENCFFO01UYM
ATAC-seq GSM2830381
H3K27ac ENCFF392EDT
H3K4me3 ENCFF862LUQ
H3K27me3 ENCFF512TQl
H3K9me3 ENCFF712ATO

Table 7.2: Encode and GEO datasets used to analyse HeLa snAP-seq peaks.

Nucleotide analysis: To analyse the nucleotide at position ‘O’ corresponding to reads in

sequencing libraries, the frequency of each base occurring at the nucleotide directly 5’- to
sequencing read start sites after alignment was normalised by the frequency of each
nucleobase as an average across the genome, and the fold enrichment was plotted using
Prism. A two-way ANOVA (Sidak’s multiple comparisons test) was performed to compare the

fold enrichment of each nucleobase between different libraries.

qPCR enrichment: the fold enrichment of AP DNA relative to GCAT DNA was calculated as

described in section 7.2.6. The enrichment between the different conditions was compared
using a one-way ANOVA, and the percentage recovery of each model sequence was

compared using a Kruskal-Wallis test.

RNA expression analysis:

RNA-seq data generated using HelLa cells was obtained from ENCODE (accession code
ENCSROOOCPR). Raw reads were trimmed and quality checked, before aligning to the
reference human genome (UCSC hg38) using rsem?®*. To investigate the relationship
between AP peaks and gene expression levels, the co-ordinates of high-confidence snAP-

seq peaks detected in cells treated with control siRNA were intersected with extended gene

176



Chapter 7: Materials and methods

bodies, defined here as the gene body * 1 kilobase using bedtools. The two RNA-seq
replicates were analysed separately, and the normalised expression level (TPM, transcripts
per million reads) was compared between genes that contained at least one snAP-seq peak
in the extended gene body (positive), and genes that did not contain any snAP-seq peak
(negative). In all cases, the number of negative genes was larger than the number of positive
genes. Therefore, to keep the sizes of the two datasets comparable, samples were taken
from the negative genes to reflect the number of positive genes, where such sampling was
repeated a total of five times. Pairwise testing for differences in the normalised gene
expression was carried out for each of the five samples that did not contain snAP-seq peaks
against the genes containing snAP-seq peaks (Wilcoxon test), and the combined samples
were also tested against positive genes using a Kruskal Wallis test. For visualisation
purposes only, normalised gene expression for genes containing at least one snAP-seq peak
was plotted alongside that for all other genes. Data analysis and visualisation was performed

using R programming language unless stated otherwise.

snAP-seq peaks which fall within promoter regions, defined as 1 kilobase upstream of

transcription start sites were analysed using the same pipeline as described above.

Microarray data, generated in control and APE1 siRNA knockdown cells were obtained from
Vascotto et al.?®2. Analysis was carried out in the same pipeline as for RNA-seq, with the
exception that normalised counts for each RNA probe were used instead of TPMs for each
gene. Analysis was carried out separately for snAP-seq peaks which were detected in control
cells and those detected in cells treated with APE1 siRNA, where the corresponding
microarray dataset was used. To investigate the changes in expression between APE1
knockdown and control cells, snAP-seq peaks detected in cells treated with control or APE1
siRNA were intersected using bedtools and separated into those that were unique to control
cells, unique to APE1 siRNA cells, or common to both. RNA probes corresponding to genes
were intersected with each of the three classes of snAP-seq peaks and separated into those
that contained at least one snAP-seq peak of each class, and those that do not. This analysis
was performed for genes that fall within extended gene bodies, as well as promoters. The
change in normalised expression, defined as the log> fold change in normalised counts
(APE1 knockdown vs. control) for each RNA probe was compared for genes containing
snAP-seq peaks and those that did not, where sampling was performed as described above

to ensure equal sample sizes during testing.
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7.5 Chapter 5 methods

7.5.1 E. coli culture and DNA extraction

E. coli strain CJ236 (NEB) stock was streaked on LB agar containing chloramphenicol (15
ug/ml) and grown overnight. A single colony was selected and streaked onto fresh LB agar.
A sample was selected, and culture overnight in LB broth at 37 °C. After incubation, stocks

were made by diluting cultures 1:1 in glycerol, and frozen for further use.

For harvesting of E. coli cells, samples of CJ236 taken from glycerol stocks were grown
overnight in LB broth. Aliquots were collected by centrifugation and washed in PBS. DNA
was extracted using a Quick-DNA fungal/bacterial kit (Zymo Research) according to the
manufacturer’s instructions, with vortexing of BashingBeads for 10 min. DNA was eluted in
Tris-HCI (50 pL, 10 mM, pH 7.4).

7.5.2 mESC DNA extraction

mESCs were cultured by the Reik Group (Dr Fatima Santos). Cells were grown in 10 cm
dishes, and flash frozen after harvesting. Cell pellets were thawed at room temperature, and
DNA was extracted using a DNeasy blood & tissues kit (Qiagen) according to the
manufacturer’s instructions. RNase A (400 ug) was added according to the manufacturer’s
guidelines to remove RNA. DNA was eluted in Tris-HCI (100 pyL, 10 mM, pH 7.4).

7.5.3 Sequencing methods

UNG-snAP-seq: Spike-in DNA (50 pg) was added to purified genomic DNA (up to 2.5 ug per

replicate) and sonicated to an average length of 450 bp using a Covaris M220 system. DNA
was treated with UNG (2 ug, NEB) in UNG buffer (1 x) in a total reaction volume of 25 L for
2 h at 37 °C. The DNA was purified using a DNA clean and concentrator-5 kit (Zymo
Research) according to the manufacturer’s instructions and eluted in Tris-HCI (10 mM, pH

7.4). Samples were then subjected to snAP-seq as detailed above.
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Targeted snAP-seq: DNA was treated with shrimp alkaline phosphatase (NEB, 3 U) in
CutSmart Buffer (NEB) for 30 min at 37 °C, then purified using AMPure XP beads (1.4 x).
Samples were then subjected to streptavidin pulldown as described in standard snAP-seq,
with re-purification in a second streptavidin incubation to remove non-specific release of DNA.
The recovered DNA was purified using a ssDNA/RNA clean and concentrator kit (Zymo
Research) according to the manufacturer’s instructions and eluted in water (25 uL). The
ssDNA recovered was then annealed to one or more P7 target primer (1 uM each) by heating
to 95 °C for 1 min, annealing at 65 °C for 30 s and held at 37 °C for 30 min, in the presence
of dNTPs (200 pM), and NEBuffer 2. Klenow fragment (3'—>5’- exo-, NEB, 2 U) was added
once the reaction mixture reached 37 °C. The synthesised dsDNA was purified using a DNA
clean and concentrator-5 kit (Zymo Research) according to the manufacturer’s instructions
and eluted in Tris-HCI (10 mM, pH 7.4). P5 target adapter was introduced by ligation where
DNA (22.5 uL), Blunt/TA ligase master mix (25 uL, NEB) and P5 target adapter (2.5 uL) were
incubated at 20 °C for 30 min. Libraries were purified with AMPure XP beads (1.5 x volume)
and eluted in Tris-HCI (10 mM, pH 7.4) before amplification using a Q5 hot start high-fidelity
master mix (NEB) with library amplification primers (10 uM each). Libraries were quantified
using a KAPA library quantification kit and sequenced on either an lllumina MiSeq, or

NextSeq machine.

7.5.4 Data analysis

Alignment of reads: Trimmed reads were aligned to the reference E. coli genome (K-12
MG1655, Ensembl bacteria) or GRCm38 using bwa mem for E. coli and mESC libraries,

respectively. Aligned reads were filtered with removal of wunaligned reads,

secondary/alternative alignments, PCR duplicates, alignments with a quality score of less
than 10, reads overlapping blacklisted regions and spike-ins. Clean alignments were further
split into alignments of R1 reads mapping to the forward and to the reverse strands

respectively.

Calling single-nucleotides: Genome-wide modelling and comparative assessment of counts

from enriched and input libraries was carried out as described in section 7.1.9 using either
two replicates in parallel (E. coli CJ236), or a single replicate with corresponding input
(mESCs).
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For E. coli data, a set of sites were obtained using a threshold of FDR < 0.05 and log: fold-
change > 0 (UNG-snAP-seq vs. input). A further set of high-confidence sites were obtained
by setting the p-value threshold below the minimum p-value of sites with negative log.fold-
change (UNG-snAP-seq vs. input), at p < 0.000628.

For mESC data, assessment of the volcano plots generated from this analysis revealed that
no threshold could be set in which positive log. fold-change (UNG-snAP-seq vs. input) could
be favoured without the detection of sites with negative log. fold-change. Therefore, no high-
confidence sites could be called from this data. A potential set of sites, with p < 0.05 and logz

fold-change (UNG-snAP-seq vs. input) > 0 were selected for further analysis.

Testing genomic associations: K-12 MG1655 gene feature annotations (exons, promoters,

intergenic, operons, terminators, transcription factor binding sites, 5’UTR and 3'UTR) were
extracted from the reference genome .gtf file using the library GenomicFeatures®®? in R, or
obtained from the RegulonDB database. Computing the significance of overlap between the
genomic annotations and UNG-snAP-seq peaks was performed with the Genomic
Association Tester (GAT)*®. The Storey’s g-value for the relative fold enrichment within each
genomic feature was obtained from the Genomic Association Tester, where a threshold of q

< 0.05 was used for statistical significance.

Base composition profiles: Fasta files containing sequences flanking either total reads in

sequencing libraries, or the potential set of peaks with p < 0.05, by 10 bp were generated
using bedtools getfasta. Base composition plots were then produced using ggplot2 for

visualisation.
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7.6 Oligonucleotides

ODN Sequence 5°-3’

U-ODN1 AGC GAC AUATCT TGT

AP-ODN1 AGC GAC A-AP-ATCT TGT

fU-ODN2 ATC GCA 5-fUGT A

fC-ODN3 ATC G5-fCG CGT A

fC-ODN4 TAA TTA TC5-fC GGA CTC ATA AG

U-ODN5 AAC ACG AUA GGA AGC

AP-ODNS5 AAC ACG A-AP-A GGA AGC

hmU-ODN p-ATC GCA 5-hmUGT A

Base J-ODN GAA CJG JCJ GAG

AP DNA1 CAC ACC GCC AGC CAC AGC AAC GAA CG-AP GCA GCG ccc

template CTC ACG CCA CAG AAC ATC GCA TTT ACG ACG ATT GAT GTA

(forward) CTA AAT AGT GGG TGG TCG GTT CGC G

AP DNA1/ CGC GAA CCG ACC ACC CAC TA (Tannea = 60 °C)

U DNA primer

AP DNA1/ CGC GAACCG ACCACCCACTATTTAGTA CAT CAATCG TCG

U DNA TAA ATG CGA TGT TCT GTG GCG TGA GGG GCG CTG CAC GTT

(reverse) CGTTGC TGT GGC TGG CGG TGT G

U DNA CAC ACC GCC AGC CAC AGC AAC GAACGU GCAGCas ccee

template CTC ACG CCA CAG AAC ATC GCATTT ACG ACG ATT GAT GTA

(forward) CTA AAT AGT GGG TGG TCG GTT CGC G

5-fU DNA1 CTGTTC GCT GGT CTGCTT GTG CTC TTC TGT CTT GCT TGG

template TTCTCTTGG TTC GTG TGT CTT GGC TTT CCT CCT GAC GTG

(reverse) TCC GGA CGA GGC AGT ATG GCT A

5-fU DNA1 TAG CCA TAC TGC CTC GTC CG (Tanneai = 68 °C)

primer

5-fU DNA1 TAG CCA TAC TGC CTC GTC CGG ACA CG5-fu CAG GAG GAA

(forward) AGC CAA GAC ACA CGA ACC AAG AGA ACC AAG CAA GAC AGA
AGA GCA CAA GCA GAC CAGCGAACAG

5-fC DNA1 CCT CAC TCACCT CCACCCTCT CACTACCTCACTCTT CCT

template CCT AAC CCT CTC CAACCACCT CTC CAC CCT CCT AGATCT

(reverse) CTACCT GAC TGA GCG TGT GCG A

5-fC DNA1 TCG CAC ACG CTC AGT CAG GT (Tanneal = 68 °C)

primer

5-fC DNA1 TCG CAC ACG CTC AGT CAG GTA GAG AT5-fC TAG GAG GGT

(forward) GGA GAG GTG GTT GGA GAG GGT TAG GAG GAA GAG TGA
GGT AGT GAG AGG GTG GAG GTG AGT GAG G
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GCAT DNA1 GGC CAC CAC CCG CAC ATACTC TGG TAC GAT TAC GAA CAC

template AGC CCG ACA CCA CCT CTA ATG AAC GTC GCT TAT AGT GAT

(forward) TAA CGC CCC GTAGAC ACCATG G

GCAT DNA1 Forward: GGC CAC CAC CCG CAC ATACT

primer
Reverse: CCA TGG TGT CTA CGG GGC GT (Tannea = 60 °C)

GCAT DNA1 CCATGG TGT CTA CGG GGC GTT AAT CAC TAT AAG CGA CGT

(reverse) TCATTA GAG GTG GTG TCG GGC TGT GTT CGT AAT CGT ACC
AGA GTATGT GCG GGT GGT GGC C

5-hmU DNA CTGTTC GCT GGT CTGCTT GTG CTC TTC TGT CTT GCT TGG

template TTCTCTTGG TTC GTG TGT CTT GGC TTT CCT CCT GAC GTG

(reverse) TCC GGA CGA GGC AGT ATG GCT A

5-hmU DNA TAG CCA TAC TGC CTC GTC CG (Tanneal = 65 °C)

primer

5-hmU DNA TAG CCA TAC TGC CTC GTC CGG ACA CG5-hmU CAG GAG GAA

(forward) AGC CAA GAC ACA CGA ACC AAG AGA ACC AAG CAA GAC AGA
AGA GCA CAA GCA GAC CAG CGAACAG

AP DNA2 GCG TCA GGG AGT GCG AAT TCC CTC CTA GAC TCC AAT GAG

template CCT AAC GAT TCG GTA GCC AGC GAG ACG CCG CTG CAG GAT

(reverse) TCT AGG CAG CTA GGT ATG CGT AGG TTC

AP DNA2 GCG TCA GGG AGT GCG AAT TC(Tanneal = 65 °C)

primer

AP DNA2 GAA CCT ACG CAT ACC TAG CTG CCT AGA ATC CTG CAG CGG

(forward) CGT CTC GCT GGC TAC CGA ATC GT-AP AGG CTC ATT GGA
GTC TAG GAG GGA ATT CGC ACT CCC TGA CGC

GCAT DNA2 GGC CAC CAC CTG CAC ATA CTC CAT CTG TAG AGA CGG TGG

template ACA CGT CCG AGT ACG CTG GCA TAC CCG TAG TAC TCT GCC

(forward) TAA TGA GGA AGC TAC TTC CAC CCA CGG

GCAT DNA2 Forward: CCG TGG GTG GAA GTA GCT TC

primer Reverse: GGC CAC CAC CTG CAC ATA CT (Tannea = 60 °C)

GCAT DNA2 CCG TGG GTG GAA GTAGCT TCC TCATTA GGC AGA GTACTA

(reverse) CGG GTATGC CAG CGT ACT CGG ACG TGT CCACCG TCT CTA
CAG ATG GAG TAT GTG CAG GTG GTG GCC

5-fU DNA2 TAG CCA TAC TGC CTC GTC CGG ACA CG5-fu CAG GAG GAA

(forward) AGC CAA GAC ACA CGA ACC AAG AGA ACC AAG CAA GAC AGA
AGA GCA CAA GCA GAC CAGCGAACAG

5-fU DNA2 TAG CCA TAC TGC CTC GTC CG (Tanneal = 65 °C)

primer

5-fC DNA2 CCT CACTCACCT CCACCCTCT CACTACCTCACTCTTCCT

template CCT AAC CCT CTC CAACCACCT CTC CAC CCT CCT AGATCT

(reverse) CTACCT GACTGA GCG TGT GCG A

5-fC DNA2 TCG CAC ACG CTC AGT CAG GT (Tanneal = 65 °C)

primer
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5-fC DNA2 TCG CAC ACG CTC AGT CAG GTA GAG AT5-fC TAG GAG GGT

(forward) GGA GAG GTG GTT GGA GAG GGT TAG GAG GAAGAG TGA
GGT AGT GAG AGG GTG GAG GTG AGT GAG G

AP DNAXx CTGTTC GCT GGT CTG CTT GTG CTC TTC TGT CTT GCT TGG

template TTC TCTTGG TTC GTG TGT CTT GGC TTT CCT CCT GAC GTG

(reverse) TCC GGA CGA GGC AGT ATG GCT A

AP DNAXx TAG CCA TAC TGC CTC GTC CG (Tanneal = 65 °C)

primer

AP DNAXx TAG CCA TAC TGC CTC GTC CGG ACA CG-AP CAG GAG GAA

(forward) AGC CAA GAC ACA CGA ACC AAG AGA ACC AAG CAAGAC AGA
AGA GCA CAA GCA GAC CAGCGAACAG

P7 adapter Me-GTG ACT GGA GTT CAG ACG TGT GCTCTT CCGATCT

(top) (also P7

primer) Where Me indicates a 5’-OMe modification

P7 adapter p-GAT CGG AAG AGC ACA CGT CTG AAC TCC AGT CAC-

(bottom) NNNNNN-ATC TCG TAT GCC GTC TTC TGC TTG-spacerC3
where NNNNNN indicates index sequence (TruSeq Nano) and
spacerC3 represents a 3’-C3 spacer modification

P5 adapter GAA TGA TAC GGC GAC CAC CGA GAT CTACAC TCT TTC CCT

(top) ACA CGACGC TCTTCC GATCT

P5 adapter p-GAT CGG AAG AGC G

(bottom)

P7 target GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT CT-

primer N'N'N'N'N’'N’-COMP’
where N'N'N'N’'N’N’ indicates the reverse complement of index
sequence s(TruSeq nano) and COMP’ indicates the reverse
complement of the target sequence.

P5 target Top: CGC TCT TCC GAT CddT

adapter Bottom: p-GAT CGG AAG AGC GTC GTG TAG GGA AAG AGT GTA
GAT CTC GGT GGT CGC CGT ATCATTC
where ddT indicates a dideoxythymine modification

Library Forward: AAT GAT ACG GCG ACC ACC GAG ATC TAC ACTCTT

amplification | TCC CTA CAC GA

primers
Reverse: CAA GCA GAA GAC GGC ATA CGA GAT

AP (U) DNA Forward: GCC CCT CAC GCC ACA GAA CA

gPCR primers
Reverse: CGC GAA CCG ACC ACC CACTA

GCAT DNA Forward: GGC CAC CAC CCG CAC ATACT

gPCR primers

Reverse: CCA TGG TGT CTA CGG GGC GT

5-fU DNA
gqPCR primers

Forward: AAG CAA GGA AGC AAG GCA GA
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Reverse: TGC TTG GCT GCG TGG TCT CG
5-fC DNA Forward: GTA TGG AGG AAT GAG TGT GG
gPCR primers

Reverse: TAA CTA CCT ATC TAC CAT TC

5-hmU N- GTC TAC CTG AAC GCC GCT GTN NNN NNN NNN 5-hmUNN NNN
oligo template | NNN NNG TAG TAG TCG ACT AGA CG TCC AAC CAA CGG AAG
(forward) GGT ATT CGG ACG AGG CAG TAT GGC TA

where N indicates randomised bases
5-hmU N- TAG CCA TAC TGC CTC GTC CG (Tanneat = 65 °C)
oligo primer

Table 7.3: Sequences of all synthetic ODNs used. AP DNA and GCAT DNA templates were purchased
from IDT with PAGE purification. 5-hmU, 5-fC and 5-fC DNA template were purchased from Biomers
with PAGE purification. 5-hmU N-oligo was purchased from ATDBio with HPLC purification. 5-fU-
ODN2 was synthesised using a protected 5-formyldeoxyuridine phosphoramidite?®. 5-fC-ODN3 was
purchased from Eurogentec with HPLC purification. 5-fC-ODN4 was purchased from ATDBio with
HPLC purification. Custom adapters were purchased with double HPLC purification from ATDBio.
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ODN Calculated MW  Calculated ion ESI-MS found
U-ODN1 4554 M3 =1517 M3 =1516.34
AP-ODN1 4459 M= = 1485 M= = 1485.07
AP-ODN1 + HIPS 1 4654 M= = 1550 M= = 1550.04
AP-ODN1 + HIPS 1 + 5099 M= = 1699 -
Biotin PEG3 azide 5095 (oxidised) M = 1697 M= = 1696.99
AP-ODN1 B-5- 2165 M2 = 1082 M? = 1082.09
elimination products 2194 M2 = 1096 M2 = 1096.07
AP-ODN1 + ARP 4772 M= = 1590 M= = 1589.66
fU-ODN2 3041 M2 = 1520 M2 =1519.08
fU-ODN2 + HIPS 1 3236 M2 =1617 M2 =1616.74
fU-ODN2 + HIPS 1 + 3681 M2 = 1840 -
Biotin PEG3 azide 3677 (oxidised) M2 = 1837 M2 = 1836.92
fU-ODN2 +ARP 3354 M2 = 1676 M2 = 1675.84
fC-ODN3 3056 M2 = 1527 M2 = 1526.69
fC-ODN3 + HIPS 1 3251 M2 = 1625 M2 =1624.23
fC-ODN3 + HIPS 1 + 3696 M2 = 1847 -
Biotin PEG3 azide 3692 (oxidised) M2 = 1845 M2 = 1844.52
fC-ODN3 + ARP 3369 M? = 1684 M? = 1683.45
hmU-ODN 3122 M2 = 1560 M2 = 1560.27
hmU-ODN AP 2998 M2 = 1498 M = 1498.33
hmU-ODN + HIPS 1 3193 M? = 1596 M2 = 1595.89
hmU-ODN + HIPS 1 + 3638 M?=1819 -
Biotin PEG3 azide 3634 (oxidised) M2 =1816 M2 =1816.02
hmU-ODN B-5- 1935 M" = 1934 M" =1934.17
elimination product
BaseJ-ODN 4220 M= = 1406 M2 =

1405.44 (1)
1405.45 (1-CuAAC)
1405.63 (SMUG1)

Table 7.4: Calculated and detected masses of short ssODNs (< 20 nucleotides). ODNs were resolved
by LC-MS, and mass values given were detected within peaks observed at 260 nm UV.
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