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Abstract 
DNA oxidation occurs frequently in our cells and is linked to both beneficial and detrimental outcomes 
concerning human health. Exposure to chemicals or radiation can promote the production of reactive 
oxygen species (ROS), which oxidize DNA to predominantly form 8-oxoguanine (8-oxoG). 8-oxoG is 
repaired through base excision repair (BER), which employs enzymes such as 8-oxoG glycosylase 1 
(Ogg1) to safeguard the DNA from genomic instability. However, incomplete or deficient repair of 8-
oxoG can result in mutations or cell death, contributing to carcinogenesis and aging. Thus, 
understanding how exposure to chemicals or radiation produce 8-oxoG and how it is repaired is 
important to assess its impact on human health. Current methods to characterize 8-oxoG are limited 
in specificity and resolution, causing inconsistent results, and preventing comprehensive elucidation 
of its distribution in the human genome. Furthermore, 8-oxoG analyses are challenged by artifactual 
DNA oxidation and strategies in reducing artifacts often remain unvalidated. The goals of this thesis 
are to develop methods to quantify and sequence DNA damage as tools for studying how exposure to 
chemicals and radiation promote the formation of 8-oxoG in the human genome and explore the 
impact of enzymatic repair on 8-oxoG levels and distribution. Two methods, fluoroclick and click-code-
seq, were optimized for the quantification of chemical- and radiation-induced DNA damage and 
sequencing of endogenous 8-oxoG in human cells. 

Chapter 1 outlines oxidative stress and its role in causing DNA oxidation, highlighting its significance 
for human health. Various forms of oxidative DNA damage are presented with a special focus on the 
major DNA oxidation product 8-oxoG. This introduction describes the repair mechanisms associated 
with 8-oxoG and its impact, both harmful and beneficial, in cells. Finally, current techniques used to 
measure and sequence 8-oxoG are described, including the challenges involved in accurately detecting 
8-oxoG in the human genome. 

Chapter 2 is focused on the development of fluoroclick, a method to quantify oxidative DNA damage, 
apurinic/apyrimidinic (AP) sites, and single-strand breaks (SSBs) in DNA. Fluoroclick is based on using 
genomic repair enzymes to produce 3'-OH-containing gaps at damage sites, into which propargyl-
modified nucleotides are inserted to serve as a reactive handle for covalent linkage with a fluorophore 
via copper-catalyzed azide-alkyne cycloaddition (CuAAC). Using oligonucleotides with a single 8-oxoG 
to establish suitable reaction conditions for fluoroclick, we found that AF594 fluorescence of 
fluoroclick-modified DNA correlated with 8-oxoG concentration. After adaptation to quantify damage 
in human gDNA, fluoroclick was used to optimize click-code-seq for accurate 8-oxoG sequencing. By 
mapping endogenous 8-oxoG in human chronic-myeloid-leukemia-derived HAP1 cells we observed a 
correlation with oxidative stress-related mutational signatures. As a result of this study, fluoroclick and 
click-code-seq are available as complementary tools to precisely quantify and sequence 8-oxoG in the 
human genome. These tools can contribute to an improved understanding of the factors that influence 
the distribution of 8-oxoG in the human genome. 

Chapter 3 is centered on the formation and repair of 8-oxoG in response to UVA and potassium 
bromate (KBrO3) exposure of human epithelial osteosarcoma-derived U2OS cells. To address the 
influence of repair on 8-oxoG levels, we exposed U2OS wildtype (WT) and Ogg1-deficient cells to 
10 J/cm2 UVA or 50 mM KBrO3 followed by recovery up to 24 h. Levels of 8-oxoG, AP sites and SSBs 
were quantified using fluoroclick. We observed a significant 8-oxoG increase in KBrO3-exposed 
compared to unexposed cells, which fully declined after 24 h in WT but not in Ogg1-deficient cells. We 
attributed this to ongoing repair and observed a similar decline in UVA-exposed WT cells. These data 
serve as a basis for further sequencing analyses and will eventually contribute to understand how 8-
oxoG profiles are shaped by exposure to chemicals or radiation and the impact of cellular repair 
mechanisms.  
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Chapter 4 is a summary of the results presented in thesis, specifically the development of fluoroclick 
and click-code-seq and their application to characterize 8-oxoG in the human genome. Methodology 
and data are compared with published results from other research groups with a focus on current 
limitations and potential solutions. Finally, an outlook for future research is presented. 
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Zusammenfassung  
DNA-Oxidation geschieht häufig in menschlichen Zellen und wird sowohl mit förderlichen als auch mit 
schädlichen Auswirkungen auf die menschliche Gesundheit in Verbindung gebracht. Die Exposition 
gegenüber Chemikalien oder Strahlung kann die Produktion reaktiver Sauerstoffspezies (ROS) anregen, 
die die DNA oxidieren und dabei hauptsächlich 8-Oxoguanin (8-oxoG) bilden. 8-OxoG wird durch die 
Basen-Exzisionsreparatur (BER) repariert, die Enzyme wie die 8-oxoG-Glycosylase 1 (Ogg1) nutzt, um 
die DNA vor genomischer Instabilität zu schützen. Eine unvollständige oder mangelhafte Reparatur von 
8-OxoG kann zu Mutationen oder zum Zelltod führen und so zur Krebsentstehung und Alterung 
beitragen. Daher ist es wichtig zu verstehen, wie 8-oxoG durch die Exposition mit Chemikalien oder 
Strahlung entsteht und wie es repariert wird, um die Auswirkungen auf die menschliche Gesundheit 
zu beurteilen. Die derzeitigen Methoden zur Charakterisierung von 8-oxoG sind in Bezug auf Spezifität 
und Auflösung begrenzt, was zu widersprüchlichen Ergebnissen führt und ein genaues Bild seiner 
Verteilung im menschlichen Genom einschränkt. Darüber hinaus werden 8-oxoG-Analysen durch 
artefaktische DNA-Oxidation erschwert, und die Strategien zur Verringerung von Artefakten sind selten 
validiert. Ziel dieser Arbeit ist es, Methoden zur Quantifizierung und Sequenzierung von DNA-Schäden 
zu entwickeln, um zu untersuchen, wie die Exposition gegenüber Chemikalien und Strahlung die 
Bildung von 8-OxoG im menschlichen Genom fördert, und die Auswirkungen enzymatischer Reparatur 
auf die Menge und die Verteilung von 8-OxoG zu untersuchen. Zwei Methoden, Fluoroclick und Click-
Code-Seq, wurden für die Quantifizierung von chemikalien- und strahleninduzierten DNA-Schäden und 
die Sequenzierung von endogenem 8-oxoG in menschlichen Zellen optimiert. 

Kapitel 1 gibt einen Überblick über oxidativen Stress und seine Rolle bei der Verursachung von DNA-
Oxidation und beschreibt seine Bedeutung für die menschliche Gesundheit. Es werden verschiedene 
Formen von oxidativen DNA-Schäden vorgestellt, wobei ein besonderer Schwerpunkt auf dem 
wichtigsten DNA-Oxidationsprodukt 8-oxoG liegt. In dieser Einführung werden die mit 8-oxoG 
verbundenen Reparaturmechanismen und seine sowohl schädlichen als auch nützlichen Auswirkungen 
in den Zellen beschrieben. Schließlich werden aktuelle Techniken zur Messung und Sequenzierung von 
8-oxoG beschrieben, einschließlich der Herausforderungen, die mit dem genauen Nachweis von 8-
oxoG im menschlichen Genom verbunden sind. 

Kapitel 2 befasst sich mit der Entwicklung von Fluoroclick, einer Methode zur Quantifizierung von 
oxidativen DNA-Schäden, apurinischen/apyrimidinischen (AP) Stellen und Einzelstrangbrüchen (SSBs) 
in der DNA. Fluoroclick basiert auf der Verwendung genomischer Reparaturenzyme zur Erzeugung von 
3'-OH-haltigen Lücken an Schadensstellen, in die propargylmodifizierte Nukleotide eingefügt werden, 
die als reaktiver Griff für die kovalente Verknüpfung mit einem Fluorophor über die kupferkatalysierte 
Azid-Alkin-Cycloaddition (CuAAC) dienen. Bei der Verwendung von Oligonukleotiden mit einem 
einzelnen 8-oxoG, um geeignete Reaktionsbedingungen für Fluoroclick zu schaffen, beobachteten wir, 
dass die AF594-Fluoreszenz der Fluoroclick-modifizierten DNA mit der 8-oxoG-Konzentration 
korrelierte. Nach der Anpassung zur Quantifizierung von Schäden in menschlicher gDNA wurde 
Fluoroclick zur Optimierung von Click-Code-Seq für eine genaue 8-oxoG-Sequenzierung verwendet. 
Durch die Sequenzierung von endogenem 8-oxoG in menschlichen HAP1-Zellen, die von chronisch-
myeloischer Leukämie abstammen, konnten wir eine Korrelation mit Mutationssignaturen im 
Zusammenhang mit oxidativem Stress feststellen. Als Ergebnis dieser Studie stehen Fluoroclick und 
Click-Code-Seq als komplementäre Werkzeuge zur Verfügung, um 8-oxoG im menschlichen Genom 
präzise zu quantifizieren und zu sequenzieren. Diese Werkzeuge können zu einem besseren 
Verständnis der Faktoren beitragen, die die Verteilung von 8-oxoG im menschlichen Genom 
beeinflussen. 
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Kapitel 3 befasst sich mit der Bildung und Reparatur von 8-oxoG als Reaktion auf UVA- und 
Kaliumbromat (KBrO3) Exposition menschlicher epithelialer Osteosarkom-Zellen (U2OS). Um den 
Einfluss der Reparatur auf die 8-oxoG-Konzentration zu untersuchen, haben wir U2OS-Wildtyp- (WT) 
und Ogg1-defiziente Zellen 10 J/cm2 UVA oder 50 mM KBrO3 ausgesetzt, gefolgt von einer 
Erholungsphase von bis zu 24 h. Die Konzentrationen von 8-oxoG, AP-Stellen und SSBs wurden mit 
Fluoroclick quantifiziert. Wir beobachteten einen signifikanten Anstieg von 8-oxoG in KBrO3-
exponierten Zellen im Vergleich zu nicht-exponierten Zellen, der nach 24 Stunden in WT-, nicht aber in 
Ogg1-defizienten Zellen vollständig zurückging. Wir führten dies auf die laufende Reparatur zurück und 
beobachteten einen ähnlichen Rückgang in UVA-exponierten WT-Zellen. Diese Daten dienen als 
Grundlage für weitere Sequenzierungsanalysen und werden letztendlich dazu beitragen, zu verstehen, 
wie 8-oxoG-Profile durch die Exposition mit Chemikalien oder Strahlung geformt werden und welche 
Auswirkungen zelluläre Reparaturmechanismen haben. 

Kapitel 4 ist eine Zusammenfassung der in der Dissertation vorgestellten Ergebnisse, insbesondere der 
Entwicklung von Fluoroclick und Click-Code-Seq und ihrer Anwendung zur Charakterisierung von 8-
oxoG im menschlichen Genom. Die Methodik und Daten werden mit veröffentlichten Ergebnissen 
anderer Forschungsgruppen verglichen, wobei der Schwerpunkt auf aktuellen Limitationen und 
möglichen Lösungen liegt. Abschließend wird ein Ausblick auf die zukünftige Forschung gegeben. 
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Abbreviations 
2Ih 5-Carboxamido-5-formamido-2-iminohydantoin 
8-oxoA 8-Oxoadenine 
8-oxoG 8-Oxoguanine 
A Adenine 
acyNTP Acyclic nucleotide triphosphate 
AF594 Alexafluor 594 picolyl azide 
AP site Apurinic/Apyrimidinic site 
APE1 Apurinic/apyrimidinic endonuclease 1 
BER Base excision repair 
bp Base pair 
C Cytosine 
CPD cyclobutane pyrimidine dimer 
CuAAC Copper-catalyzed azide–alkyne cycloaddition 
ddNTP Dideoxy-nucleotide 
DFO Deferoxamine 
DNA Deoxyribonucleic acid 
dRP Deoxyribose phosphate 
dsDNA Double strand DNA 
ELISA Enzyme-linked immunosorbent assays  
ENDOIV Endonuclease IV 
FADU Fluorometric analysis of DNA unwinding 
FapyA 4,6-diamino-5-formamidopyrimidine 
FapyG 2,6-diamino-4-hydroxy-5-formamidopyrimidine 
FPG Formamidopyrimidine-DNA glycosylase 
G Guanine 
gDNA Genomic deoxyribonucleic acid 
GG Global genomic 
Gh Guanidinohydantoin 
GSH Glutathione 
KBrO3 Potassium bromate 
LC-MS Liquid-chromatography mass-spectrometry 
LC-MS/MS Liquid Chromatography with tandem mass spectrometry 
LigIII DNA Ligase III 
LOD Limit of detection 
LOQ Limit of quantification 
LP Long patch 
MTH1 MutT homolog 1 
MUTYH mutY homolog 
NEIL Endonuclease VIII-like 
NER Nucleotide excision repair 
nt Nucleotide 
NTP Nucleoside triphosphate 
Ogg1 8-oxoguanine glycosylase 1 
PAGE Polyacrylamide gel electrophoresis 
PARP Poly(adenosine diphosphate-ribose) polymerase  
PBN N-tert-butyl-�r-phenylnitrone 
Pol �t/ �w/ �x Polymerase �t/ �w/ �x 
Prop-dNTP 3 -̀(O-propargyl)-deoxynucleotide triphosphate 
ROS Reactive oxygen species 
RT Room temperature 
SNRS Single-nucleotide resolution sequencing 
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Sp Spiroiminodihydantoin 
SP Short patch 
SSB Single-strand break 
ssDNA Single strand DNA 
T Thymine 
T4 PNK T4 Polynucleotide Kinase 
TC transcription coupled 
TES Transcription end site 
TG Thymine glycol 
THPTA Tris(3-hydroxypropyltriazolylmethyl) 
TSS Transcription start site 
UV Ultraviolet 
WT Wild type 
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Chapter 1 - Introduction 
1.1 Oxidative stress in health and disease 
Every human cell requires a constant energy supply to function properly. Our cells have chosen a 
double-edged sword by relying on oxygen consumption to convert energy from food to a bioavailable 
form. On the one hand, the cell receives substantially more energy through complete oxidation of 
macronutrients during mitochondrial respiration compared to glycolysis alone, which greatly 
contributed to the evolution of higher order organisms.1 On the other hand, highly reactive compounds 
called reactive oxygen species (ROS) are formed during the process of mitochondrial respiration.2 
Major ROS include hydroxyl radicals, superoxides, and singlet oxygen.3 A primary location for the 
generation of ROS are mitochondria, the energy center of the cell. In the mitochondria, when the 
energy stored in macronutrients is converted for usage in the cell, oxygen from the respiratory chain 
can be incompletely processed and form ROS.4 In particular, if the cell is highly metabolically active, 
the amount of ROS formed can dramatically increase.5 Exogenous factors, such as exposure to heavy 
metals, tobacco smoke, and sunlight, stimulate the production of ROS.6 While ROS serve important 
cellular functions as signaling compounds or as defenses against pathogens, excessive amounts of ROS 
can cause damage to the cell.7 Therefore, each cell has to continuously balance the formation and 
detoxification of ROS to ensure both energy supply and cellular integrity. 

To maintain beneficial levels of ROS, cells have developed intricate antioxidant mechanisms to 
eliminate excess ROS. These include the biosynthesis of small molecules such as glutathione or the 
expression of enzymes such as superoxide dismutase.8 The condition where the cell’s capacity to 
neutralize excess ROS is surpassed is called oxidative stress.9, 10 In a state of oxidative stress, excess 
ROS can damage all cellular components, including major biomolecules such as proteins, lipids and 
DNA.11 Thus, oxidative stress has been considered to play an integral role in many neurodegenerative 
and cardiovascular diseases such as Parkinson's disease, Alzheimer's disease, strokes and heart 
attack.12-15  

ROS-induced DNA damage can have detrimental consequences for the cell. For example, an increase 
in DNA oxidation products is positively correlated with age-related symptoms in most tissues.16 The 
accumulation of ROS-induced damage over time and their contribution to ageing was summarized in 
concept known as the free radical theory of aging.17 Furthermore, DNA oxidation can cause 
malfunctioning cellular maintenance processes, which can promote uncontrolled cell growth, a main 
factor of tumorigenesis.3 Even though ROS levels are usually elevated in cancer cells due to hyperactive 
metabolism, they still maintain oxidant balance to stay alive. Excess ROS eventually kill cancer cells, 
which is why many current cancer treatment forms, such as chemotherapy, are based on increasing 
ROS in cancer tissue.18 The role of ROS-induced DNA damage in ageing and cancer is undeniable, but 
is not exclusively linked to outcomes that threaten cellular integrity. 
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Figure 1. Schematic of oxidative stress, ROS, and biological implications. Excessive ROS can be produced through metabolism 
and external agents. If ROS surpass the antioxidant capacity of cells, they cause oxidative stress and oxidation of genomic 
DNA. DNA oxidation is linked to beneficial and detrimental effects, such as cell death, aging, or cancer. Created with 
BioRender.com 

In addition to the harmful effects of excessive ROS on cellular homeostasis, oxidative stress is also 
linked to several protective pathways and beneficial outcomes. For example, ROS play an important 
role in the immune defense of mammalian cells, directly attacking bacteria or by acting as 
proinflammatory agents and regulators of immune-system-related pathways.19, 20 While the life- and 
health-span-promoting effects of oxidative stress may appear at first contradictory to the free radical 
theory of aging, the concept of mithormesis can be used to explain these beneficial outcomes21, 22: 
while external stimuli can cause mitochondria to produce excess ROS, these also activate defense 
mechanisms of the cell. Therefore, if ROS levels do not exceed a threshold for harmful consequences, 
the stress response of the cell is improved to counteract ROS more efficiently and prevent damage 
from oxidative stress. This process is thought to underpin the health-promoting effects of physical 
exercise and fasting.23 Therefore, the currently popular use of antioxidants as food supplements is 
considered controversial, since not only negative but also positive effects of oxidative stress can be 
diminished.24 
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Oxidative stress has widespread implications for human health. Many downstream effects of oxidative 
stress in cells originate in gene expression changes and chemical modification of DNA. Reaction of DNA 
with ROS can cause numerous modifications of nucleobases and the deoxyribose backbone.25 These 
modifications both trigger protective mechanisms such as upregulation of genes coding for antioxidant 
enzymes and leave persistent damage in DNA in the form of mutations, which distort genetic 
information necessary for proper cell functioning.26 ROS-induced modifications of DNA components 
constitute the field of oxidative DNA damage. Due to its widespread implications in human health, 
oxidative DNA damage has been extensively researched in the past decades. However, many questions 
about DNA oxidative damage remain to be elucidated such as where it accumulates in the genome and 
how repair and genomic architecture impact its distribution. As DNA is the basis for cellular integrity, 
answering these questions is vital to improve our understanding of the merits and threats that the 
cell's dependence on oxygen consumption has caused. 

 

1.2 Oxidative DNA damage and repair 
Approximately 10,000 oxidative DNA modifications are formed per day in each cell.27 Purines and 
pyrimidine bases are both prone to oxidation, yielding many oxidation products. As these oxidized 
bases pose a threat to proper cell functionality, sophisticated repair mechanisms have evolved to 
maintain DNA integrity, including base and nucleotide excision repair. These repair mechanisms 
employ DNA glycosylases to specifically remove modified bases, which is followed by insertion of the 
correct nucleotide. The variety of oxidized bases together with the different glycosylases as part of 
DNA repair form a dynamic and intertwined network that determine genomic stability and integrity. 

1.2.1 Chemistry of oxidative DNA damage 
More than 20 different types of oxidatively modified nucleobases have been identified.28 Both purine 
and pyrimidine nucleobases can be oxidized through abstraction of a proton or the addition of ROS to 
double bonds. Depending on the redox environment and available reaction partners, different 
nucleobase oxidation products are formed. For example, pyrimidine nucleobases can form C5-OH 
adducts, which further react with water to form cytosine glycol and thymine glycol (TG).29 The 
formation of an allyl radical at the methyl group of thymine and the addition of water results in 
hydroxymethyluracil (5-HmU), which can also be formed by the oxidation and subsequent deamination 
of 5-methylcytosine (5-mC).30 Considering purine nucleobases, guanine is more prone to oxidation 
compared to other nucleobases because of its low redox potential.31 After radical attack, the C8-OH 
adducts of purine nucleobases can be further oxidized to form 8-oxoguanine (8-oxoG) or 8-oxoadenine 
(8-oxoA), though due to its higher redox potential, 8-oxoA is formed at a rate of only one tenth 
compared to 8-oxoG. Guanine radicals can also be reduced to form 2,6-diamino-4-hydroxy-5-
formamidopyrimidine (FapyG) and 4,6-diamino-5-formamidopyrimidine (FapyA).32Finally, 8-oxoA can 
be further oxidized to a purine iminoquinone intermediate, which can react with guanine or adenine 
to form interstrand cross-links.33 Amongst these products, 8-oxoG is one of the most prevalent and 
significant forms of oxidative DNA damage and receives special attention in the context of genomic 
instability and disease. 

At steady state, about 1-2 per million guanines were estimated to be 8-oxoG, equal to approximately 
10,000 8-oxoG per nucleus.34 The redox potential of 8-oxoG is lower than that of guanine, making it 
prone to further oxidation.35 The two major hyperoxidation products of guanine are 
spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh). Sp can undergo further hydrolysis to form 
5-carboxamido-5-formamido-2-iminohydantoin (2Ih). Even though 2Ih is present in similar amounts in 
the genome under physiological conditions, it has not received much attention in research as it is even 
more difficult to detect compared to 8-oxoG.36 Guanine oxidation is also dependent on the local 
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sequence context such as that multiple guanines are preferably oxidized compared to isolated 
guanines.37 The outcome of guanine oxidation is influenced by its redox environment and is also 
dependent on the type of ROS it reacts with. 

In addition to the nucleobase, the 2'-deoxyribose can also be oxidized.38 In fact, all five carbon positions 
of the deoxyribose can be oxidized to form products such as 2-deoxyribonolactone39, erythrose 
derivates40 or propenoic acid residues.41 The outcome of deoxyribose oxidation depends on the type 
of ROS it reacts with. In an in vitro setup 8-oxoG was preferentially formed after reaction with 
carbonate anion radicals, while reaction with hydroxyl radicals produced high yields of sugar oxidation 
products such as 5',8-cyclo-dG42 or the release of the base from the sugar after H1' abstraction.43 This 
has important implications for research as in in vitro studies ROS are often generated through 
chemicals that primarily yield hydroxy radicals, while in conditions resembling cellular environments 
carbonate radical anions that specifically oxidize the base moiety are generated.44 Oxidation products 
of both nucleobase and sugar pose a threat to genome integrity and thus need to be efficiently 
repaired to ensure the survival of the cell.   
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Figure 2. Guanine oxidation products. ROS, such as the hydroxyl radical, react with guanine to form an 8-hydroxy-guanine 
radical. This radical species can be oxidized to 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) or reduced to 8-
oxoguanine (8-oxoG). Further oxidation of 8-oxoG yields guanidinohydantoin (Gh) or spiroiminodihydantoin (Sp). Sp can 
further be hydrolyzed to form 5-carboxamido-5-formamido-2-iminohydantoin (2Ih). 

 

1.2.2 Excision repair protects against oxidative damage 
Base excision repair (BER) is a highly conserved and fundamental DNA repair pathway primarily 
responsible for repairing small, non-helix-distorting lesions in DNA in mammalian cells, and is 
considered the main repair pathway for removing oxidative DNA lesions such as 8-oxoG and TG.45 In 
BER, damaged bases are recognized by a DNA glycosylase, followed by excision of the damaged base 
by cleaving the glycosidic bond between the base and the sugar-phosphate backbone. In humans, the 
main glycosylase is 8-oxoguanine glycosylase 1 (Ogg1).46 Ogg1 constantly scans the genome by altering 
the DNA structure and flipping out guanines.47 While undamaged guanines are repulsed, 8-oxoG 
inserts in the active site of Ogg1 and is excised.48 The resulting apurinic/apyrimidinic (AP) site is 
removed by apurinic/apyrimidinic endonuclease 1 (APE1) in eukaryotic cells, generating a single-
stranded DNA break with a 3'-OH and a 5'-deoxyribose phosphate (dRP) terminus.49 At this stage, BER 
continues via either long-patch or short-patch repair.  
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Short-patch BER is the dominant pathway for repairing DNA by inserting the correct nucleotide in the 
damage site.45 First, ���E�����‰�}�o�Ç�u���Œ���•�����t���~�W�}�o���t�•��catalyzes the release of dRP group from the AP site to 
allow subsequent gap filling. Pol �t inserts the correct nucleotide, guided by the complementary base 
on the undamaged DNA strand. DNA ligase III (LigIII) completes the repair process by sealing the nick 
in the DNA strand.50 During short-patch BER X-ray repair cross-complementing protein 1 (XRCC1) acts 
as a scaffolding protein to guide the repair process. It interacts with Pol �t, LigIII and Ogg1, increasing 
the activity of the latter.51, 52 XRCC1 furthermore limits excessive activity of poly(ADP-ribose) 
polymerase 1 (PARP1), thereby preventing apoptosis, a potential outcome of high PARP-1 activity.53 
Short-patch BER is involved in the repair of many types of DNA damage and efficiently corrects single-
nucleotide lesions. 

While in short-patch BER a single nucleotide is replaced, long-patch BER causes the substitution of two 
or more nucleotides to restore the damaged DNA sequence.54 The factors that determine if short- or 
long-patch BER is employed have not been fully resolved, but cell cycle and the type of lesion to be 
repaired seem to play decisive roles.55 In long-patch BER, proliferating cell nuclear antigen (PCNA) acts 
as a scaffolding protein to guide the repair. PCNA binds DNA polymerase �w ���v���� �x���~�W�}�o���w�l�W�}�o���x�•56, 57, 
which synthesize the new strand at the damage site. The old strand is then removed by flap 
endonuclease 1 (FEN1), which is also bound to PCNA.58 Finally, the repaired strand and the DNA 
template are sealed by DNA ligase I (LigI)59. By repairing a broad spectrum of small DNA lesions, BER is 
a fundamental mechanism to safeguard genomic integrity.  

While BER is primarily responsible for the repair of small DNA lesions, the processing of bulky DNA 
adducts such as cyclobutane pyrimidine dimers (CPDs) is performed by nucleotide excision repair 
(NER).60 Although NER is not the main pathway for the removal of small DNA lesions such as 8-oxoG, 
recent evidence nonetheless suggests an important role of NER in the repair of oxidative DNA 
damage.61 NER, similar to BER, can be divided into two different pathways termed global genomic NER 
(GG-NER) and transcription coupled NER (TC-NER).62 In contrast to BER, the process of lesion excision 
and repair is identical for GG- and TC-NER. However, GG-NER is active on all parts of the genome, while 
TC-NER is only employed if DNA damage blocks transcription of a gene.63 Important proteins in NER 
include the xeroderma pigmentosum complementation group (XPs) and Cockayne syndrome proteins 
CSA and CSB.64, 65 In GG-NER, XPC forms a complex with the nucleotide excision repair protein RAD23 
homolog B (RAD23B), which scans the genome for helix-distorting lesions and recruits repair proteins 
to a detected damage site. Proteins such as UV-damage-binding proteins 1 and 2 (UV-DDB1/2) bind to 
lesions and initiate the repair process.66 In TC-NER, RNA polymerase stalling during transcription acts 
as the damage recognition signal complemented by CSA/B binding to the damage site. After damage 
recognition, transcription factor II H (TFIIH) is recruited to the damage site. TFIIH is a ten-subunit 
protein complex, composed of multiple XPs and other proteins, such as excision repair cross-
complementing 1 (ERCC1). These unwind the DNA and excise the damaged nucleotide. Replication 
factor C (RFC) and PCNA enable DNA polymerases and ligases to fill and seal the damage site to 
complete the repair.62 NER is a pivotal pathway for repairing bulky DNA lesions and involves multiple 
proteins that are involved in multiple repair pathways in human cells. 

Several proteins, which were attributed important functionality in BER, were found to be involved in 
the repair of oxidative DNA damage. UV-DDB2, an initiator of GG-NER, was recently found to bind to 
8-oxoG quickly after formation. It facilitates the recruitment of Ogg1 to the lesion site and repair in 
DDB2-depleted human cells was significantly slowed down.67 UV-DDB increased the activity of Ogg1 
and APE1 lesion excision and stimulated the gap filling activity of Pol �t�����Ç���ï�ì-fold in oligonucleotide 
studies.68 Also, NER proteins, such as XPA and XPC, were discovered to bind sites of oxidative DNA 
damage.67 XPC stimulated the 8-oxoG excision activity of Ogg1 three-fold in studies with 
oligonucleotide DNA.69 A role of TC-NER in oxidative damage became apparent when it was observed 
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that Ogg1 is required to remove 8-oxoG from non-transcribed, but not from transcribed sequences. It 
is likely that the stalling of RNA polymerases at the site of oxidative DNA damage also induces TC-NER 
and enables repair.70 In cells lacking TC-NER-related proteins XPA/XPC and CSA/CSB, 8-oxoG repair was 
diminished.71 These findings could explain how 8-oxoG can be efficiently repaired even if buried in 
otherwise inaccessible chromatin structures of the genome or if Ogg1 fails to act. 

 

 

 

Figure 3. Schematic of long-patch (LP) and short-patch (SP) base excision repair (BER) of 8-oxoG. 8-oxoG is recognized and 
excised by the glycosylase Ogg1. The resulting AP site is removed by APE1, leaving 3'-hydroxy (OH) and 5'-deoxyribose 
phosphate (dRP) termini. In SP-BER, Pol �t removes the dRP moiety followed by insertion of an intact nucleotide and ligation 
of the nick by LigIII. Pol �t and LigIII are scaffolded by the protein XRCC1, which also controls PARP1 activity. In LP-BER, Pol �w 
and �W�}�o�� �x synthesize a short patch at the excision site, displacing the downstream DNA strand. FEN1 removes the created 
flap, and the resulting nick is sealed by LigI. Pol �w/�W�}�o���x, FEN1 and LigI are coordinated by the protein PCNA. Created with 
BioRender.com 

1.2.3 8-oxoG glycosylases 
DNA glycosylases are a fundamental part of BER and NER, as they contribute to the first step of repair 
– damage recognition and excision. To date, eleven DNA glycosylases have been characterized in 
mammalian cells, which are divided into four superfamilies according to their structure and how they 
recognize and excise a damaged base: uracil DNA glycosylases, helix-hairpin-helix (HhH) glycosylases, 
3-methyl-purine glycosylases and endonuclease VIII-like (NEIL) glycosylases. HhH and NEIL glycosylases 
are involved in the repair of oxidative DNA damage, while the other subtypes target e.g. alkylated 
nucleobases.72 DNA glycosylases are highly specific for different types of DNA damage, but share a 
similar mechanism for lesion recognition: they flip out DNA bases and remove them if they fit in the 
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active site of the enzyme.72 Interestingly, cells deficient in a DNA glycosylase have increased DNA 
damage levels, phenotypes of knockout mice are usually not substantially different from wild-type.73 
As one type of DNA lesion often has multiple glycosylases available for its removal, the absence of one 
glycosylase might be compensated by another, albeit less efficiently. Due to their high specificity, DNA 
glycosylases are also popular for use in molecular biology assays for studying DNA damage. Several of 
these glycosylases recognize and excise oxidative DNA modifications.  

8-oxoG DNA glycosylase I (Ogg1), a HhH glycosylase, is the major 8-oxoG glycosylase in human cells, 
targeting 8-oxoG mispaired with cytosine (Figure 4).74 Ogg1 is a bifunctional glycosylase that functions 
to both excise 8-oxoguanine and, through its AP lyase activity, the resulting AP site. This lyase activity 
allows Ogg1 to incise the phosphate backbone, generating a single-strand break in the DNA strand and 
resulting in a 5'-phosphate and a 3'-phospho-�r�U�t-unsaturated aldehyde.46 However, the AP lyase 
activity of Ogg1 is weak and has little physiological relevance since AP site removal in humans is mainly 
performed by AP endonuclease 1 (APE1).75 Ogg1 is very efficient in the detection and repair of 8-oxoG 
by continuously scanning nuclear DNA for oxidative lesions alternating between transient binding to 
damaged sites and free diffusion.76 Upon acute formation of 8-oxoG, Ogg1 is immediately recruited to 
the damage site by other BER proteins.77 Recently, Ogg1 has been attributed a role in epigenetic 
regulation, as its binding to DNA, even in an enzymatically inactive state, can influence gene 
expression.78 Ogg1 is the main glycosylase for 8-oxoG excision in mammalian cells and interacts with 
multiple protein factors for efficient lesions recognition and excision.  

Apart from Ogg1, two other glycosylases, MutT homolog 1 (MTH1) and mutY homolog (MUTYH), are 
involved in the repair of 8-oxoG (Figure 4). MTH1 has a broad substrate range and is known as a 
nucleotide pool sanitizing enzyme. It hydrolyzes a variety of oxidized nucleotides in the nucleotide 
pool, such as 8-oxo-dGTP or 8-oxo-dATP, preventing their incorporation in DNA.79, 80 Deletion of MTH1 
is not directly connected to a pathological phenotype, but mice lacking MTH1 had an increased risk of 
developing cancer compared to wild-type mice.81 Intriguingly, inhibition of MTH1 could have 
therapeutic application, as abrogation of nucleotide pool sanitation killed cancer cells in a study 
performed by Gad and colleagues.82 MUTYH, which excises adenine inserted opposite 8-oxoG, receives 
special attention in disease progression.83 While the absence of MTH1 and Ogg1 is not directly related 
to pathological outcomes, the deletion of MUTYH is linked to a variety of diseases, such as 
adenomatous polyposis and an increased risk of colon cancer84, 85 This highlights the exclusive role that 
each of the 8-oxoG glycosylases plays in the repair of oxidative damage. 
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Figure 4. Role of Ogg1, MUTYH and MTH1 in the repair of 8-oxoG. 8-oxoG (pink 8 in the figure) can be formed by the reaction 
of guanine with reactive oxygen species (ROS) and is repaired by the glycosylase Ogg1 if paired with cytosine. If not repaired, 
8-oxoG can mispair with adenine, which can be recognized by the glycosylase MUTYH for subsequent repair. If this mispair is 
not repaired, a persistent GC>TA transversion mutation can be formed. If dGTP (purple flag) in the nucleotide pool is oxidized 
to 8-oxo-dGTP (pink flag), it can be erroneously incorporated opposite adenine during replication if not previously hydrolyzed 
by MTH1. If this mispair is not repaired during several rounds of replication, a permanent AT>CG transversion mutation can 
be formed. Created with BioRender.com 

Several glycosylases have been recombinantly produced for molecular biology assays to study DNA 
damage. Although Ogg1 is the major 8-oxoG glycosylase, its use is not popular in these assays probably 
due to higher production cost compared to bacterial enzymes.86 Formamidopyrimidine-DNA 
glycosylase (FPG) is the functional analog of Ogg1 in bacterial cells that targets oxidized purines such 
as 8-oxoG or FapyG.87 It is preferentially used for 8-oxoG detection in vitro for example in the comet88 
or the Fluorometric Analysis of DNA Unwinding (FADU) assay89, which is why oxidative DNA lesions are 
often referred to as FPG-sensitive sites.90 The substrate spectrum of FPG is much larger than that of 
Ogg1 and it was suggested that FPG also targets alkylated bases.91 As the broad spectrum goes along 
with a decreased specificity of FPG for 8-oxoG, Ogg1 was recommended to replace FPG in assays for 
higher specificity toward 8-oxoG in the future.92 In contrast to Ogg1, MTH1 and MUTYH have not been 
applied in DNA damage assays so far. 

Ogg1, MTH1, and MUTYH are part of the HhH glycosylase class, which also includes the endonuclease 
III-like protein 1 (NTHL1 or NTH1).72 Like Ogg1, NTHL1 is a bifunctional glycosylase, but in addition to 
excising oxidized purines, it also targets pyrimidine lesions including TG.93 Similar to MUTYH, mutations 
in the NTHL1 gene are related to the polyposis syndrome and a high risk of colon cancer 
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development.94 If Ogg195 or NTHL196 are absent, a different class of enzymes can act as a backup for 
repairing 8-oxoG and TG: endonuclease VIII-like glycosylases 1 and 2 (NEIL1 and NEIL2) mainly target 
oxidized pyrimidines such as TG but also excise 8-oxoG.97 Although having a similar substrate scope as 
the human HhH glycosylases, these enzymes share structural similarity to the bacterial enzyme FPG.72 
In conclusion, the number of enzymes that target 8-oxoG in humans is large, highlighting the 
importance of this oxidized base in cellular metabolism. The specific effects of 8-oxoG accumulation 
are continuously being investigated, ranging from determinantal mutation formation to beneficial 
epigenetic regulation. 

1.3 8-oxoG: damage or modification? 
Despite the diversity and redundancy of ways in which the cell can remove oxidized bases, 8-oxoG can 
nevertheless lead to mutations. 8-oxoG can mispair with adenosine through Hoogsteen base pairing 
instead of Watson-Crick base pairing with cytosine.98 Misparing can occur if oxidized dGTP from the 
nucleotide pool is incorporated in DNA or by oxidation of guanosine in DNA. When 8-oxoG in DNA pairs 
with incoming dATP, the geometry of 8-oxoG:dATP is almost identical to dG:dCTP in the active site of 
the polymerase, preventing discrimination based on steric differences.99 If 8-oxoG in DNA is not 
repaired, GC>TA or AT>CG transversion mutations can arise.100 These mutations are associated with 
many pathological outcomes, especially tumorigenesis (Figure 5).101 In addition to its mutagenic 
potential, 8-oxoG itself or its repair can also block transcription by stalling RNA polymerase II, thereby 
causing transcriptional silencing, which disrupts proper cell functionality.102, 103 Finally, another major 
threat of guanine oxidation originates from RNA oxidation: levels of 8-oxoG during oxidative stress 
were measured to be 10-25 times higher in RNA than in DNA, correlating with a high risk of 
transcriptional mutagenesis.104 

Recently, the perception of 8-oxoG to be highly mutagenic was challenged. Depending on the 
stereochemical configuration of 8-oxoG, it can still correctly pair with cytosine, enabling fast and 
efficient repair by Ogg1. For example, �v-irradiation-induced 8-oxoG in mouse liver only had a half-life 
of 11 min.105 In bacterial mutagenicity assays, 8-oxoG was only 3% mutagenic, meaning that 97% of 8-
oxoG did not induce any observed mutations.106 In contrast, the hyperoxidation products of 8-oxoG, 
Sp or Gh, are 100% mutagenic and furthermore cause duplex DNA destabilization36. Although 8-oxoG 
levels in mice deficient in Ogg1 increased 3- to 7-fold compared to wild-type mice,107 they developed 
normally and were healthy.36 Although these observations challenge the relevance of 8-oxoG 
mutagenicity in pathology, the damaging effects of 8-oxoG might also be indirect through its repair or 
hyperoxidation products. For example, repair of 8-oxoG causes strand breaks, which can cause 
genomic instability, PARP accumulation and cell death (Figure 5).108 Furthermore, repair of clustered 
8-oxoG can cause the formation of double strand breaks, which are highly mutagenic or lethal.109 
Assessing the mutagenic outcome of human cells exposed to KBrO3, a potent inducer of 8-oxoG, 
strand-break-induced deletions rather than GC>TA transversion mutations were observed.110 The 
harmful effects of 8-oxoG are a subject of debate, yet it is evident that the consequences of guanine 
oxidation go beyond mere direct mutagenicity. 
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Figure 5. Formation and consequences of oxidative DNA damage. A variety of factors such as sunlight, metabolism or food 
additives can cause high ROS levels and oxidative stress in cells. During oxidative stress, DNA is more prone to oxidation and 
8-oxoG (red circles) is formed. If not repaired, 8-oxoG can accumulate or produce mutations, which contribute to cancer and 
aging. Accumulation of repair intermediates as AP sites (green X) or SSBs can cause cell death. 8-oxoG is epigenetic and can 
produce health benefits to the organism. Created with BioRender.com 

Not only the mutagenicity of 8-oxoG but also its common attribute “damage” was recently questioned 
due to emerging potentially beneficial outcomes. For example, 8-oxoG was observed to be epigenetic 
and involved in gene expression regulation. Its epigenetic potential is based on G-quadruplex 
formation in gene promotors enabled through 8-oxoG cleavage and the resulting alteration of DNA 
structure. More specifically, guanosine and 8-oxoG can prevent a DNA sequence from forming a G-
quadruplex, but as 8-oxoG is cleaved, the resulting AP sites enable rearrangement into the quadruplex 
structure to promote gene expression.111 Another mechanism is gene regulation through an 8-oxoG-
promoted change in methylation patterns. For example, demethylation at CpG dinucleotide sites, a 
common element in gene promotors, requires guanine oxidation.112 In particular, Ogg1 bound to 8-
oxoG can recruit ten-eleven translocation methylcytosine dioxygenase 1 (TET1), which then 
demethylates adjacent cytosine sites. In neurons, a demethylation-induced change in gene expression 
was recognized as being central for memory formation.113 Furthermore, by regulating gene expression, 
Ogg1 and 8-oxoG have been identified as important factors in controlling the expression of genes 
involved in tissue repair during inflammatory processes.114 The multifaceted role of 8-oxoG extends 
beyond its mutagenicity and challenges the conventional notion of "damage", as it exerts epigenetic 
function through different mechanisms, thereby contributing to important biological processes. 
However, a limited understanding of the distribution of 8-oxoG and challenges in detecting 8-oxoG in 
the human genome restrict our comprehension of how guanine oxidation eventually influences cellular 
function and human health. 

1.4 Characterization of 8-oxoG in DNA 
Accurate quantification and sequencing of 8-oxoG in the human genome is of high relevance, as it 
enables the generation of high precision data that can inform about molecular mechanisms of DNA 
oxidation and its implications in biology. However, its accurate characterization is challenged by its low 
abundance and the risk of artifact formation during analysis. In the past decades, different methods 
have been established with diverse strategies to overcome related challenges. Currently, 
quantification of 8-oxoG is largely performed by liquid chromatography coupled to mass spectrometry 
(LC-MS) or enzyme-linked immunosorbent assays (ELISAs). 8-oxoG sequencing is mainly performed 
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through Illumina® sequencing preceded by library preparations based on antibody pulldown, 
enzymatic excision, or chemical tagging. 

1.4.1 Quantification of 8-oxoG 
A variety of methods to quantify 8-oxoG have been developed and are continuously optimized for 
improved specificity and sensitivity. The most sensitive and specific method to quantify 8-oxoG is ultra-
performance LC–MS/MS (UPLC–MS/MS), which works reliably at concentrations in the femtomolar 
range.115, 116 Since LC-MS sample preparation usually includes time-consuming DNA digestion, 
artifactual DNA oxidation is of particular concern and has caused overestimation of 8-oxoG levels in 
the past.105 At the same time, the 8-oxoG amount can be underestimated in LC-MS analysis if 
incubation times are shortened, causing incomplete DNA hydrolysis in sample preparation.117 
Strategies to avoid artifact formation include the use of antioxidants and optimization of sample 
purification protocols.118 Nevertheless, using LC-MS requires expensive instrumentation and expertise, 
which is why using antibody-based methods such as ELISA is often a preferred option because it is fast, 
easy to perform and does not require expensive instruments. Although it does not reach the sensitivity 
of LC-MS, the broad availability of commercial kits and antibodies has made ELISA a favorable option. 
However, antibodies designed to detect 8-oxoG often suffer from background reactivity, cross-
reactivity, and lack of specificity.119 In addition, ELISA-based methods, especially in kit form, are usually 
insufficiently validated and thus not recommended for use.119 Overall, 8-oxoG is a challenging 
modification to quantify, but recent improvements in sample preparation techniques have helped to 
produce more accurate results.  

In addition to LC-MS and ELISA, the comet assay is a semi-quantitative and commonly used method 
for the detection of oxidative DNA damage.120 The comet assay is based on measuring DNA strand 
breaks of cells embedded in agarose using conventional microscopy. To measure oxidative DNA 
damage, DNA samples are first incubated with FPG, which excises oxidatively modified bases, 
producing strand breaks, which are then quantified in the comet assay. In addition to its low cost, 
simple workflow and fast readout, another advantage of using the comet assay is the simultaneous 
detection of SSBs, AP sites and oxidative DNA damage. Additionally, artifact formation using enzymatic 
methods such as the comet assay is generally lower compared to LC-MS because sample incubation 
times and temperature are short.121 However, owing to the broad substrate spectrum of FPG and 
microscopy readout, the comet assay has the lowest specificity and sensitivity compared to the 
previously mentioned methods.122 

Recently, novel methods to quantify 8-oxoG have been developed that include the use of 
nanomaterials and electrochemical sensing for the specific detection of 8-oxoG.123 Essentially, 
electrodes are coated with nanostructured surface modifiers such as aptamers or antibodies that allow 
specific detection of 8-oxoG. When a sample is applied, 8-oxoG changes the electric potential at the 
electrode surface and produces an electrochemical signal based that can be measured by 
voltammetry.124 Electrochemical sensing offers a variety of advantages such as high sensitivity and 
simplicity in application. A particular challenge are samples that contain molecules that are structurally 
similar to 8-oxoG like uric acid, which can distort the signal of 8-oxoG.125 Nanomaterial-based 
electrochemical sensing methods are continuously developed and might offer highly specific detection 
of 8-oxoG with a fast and low-cost readout in the future. 

Another approach in the detection of oxidative DNA damage is the use of fluorophores. A diverse 
selection of fluorophores and the possibility to conjugate them to virtually any biomolecule offer 
specific targeting of DNA damage, repair enzymes or DNA damage markers.126, 127 A recently developed 
method to quantify 8-oxoG is the fluorometric analysis of DNA unwinding (FADU) assay.128 Similar to 
the comet assay, the FADU assay is based on measuring strand breaks in DNA. Instead of the 
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semiquantitative readout by microscopy, it employs a DNA intercalating dye, which emits fluorescence 
based on DNA integrity. Strand breaks cause a decrease in fluorescence correlating to the amount of 
damage in a sample. Using FPG, which converts 8-oxoG to strand breaks, the FADU assay allows 
quantification of oxidative DNA damage.89 Other recently developed methods include the use of 
fluorescent nucleobase analogs129, damage excision followed by incorporation of fluorescent 
nucleotides130 or probes that directly bind to damage sites.131, 132 Except for the FADU assay, these 
methods still require validation and have not yet been applied on a larger scale. In the future, they 
could replace antibody-based kits for a cost-effective and rapid quantification of oxidative damage in 
DNA from human cells. 

 

1.4.2 Sequencing of 8-oxoG in the human genome 
While quantification does not provide information about the position of 8-oxoG in the genome, 
locating 8-oxoG in DNA allows identification of factors that influence 8-oxoG accumulation or depletion 
in the genome. Several methods to locate 8-oxoG in the genomes of humans, mice and yeast have 
been developed in the past decade (Table 1). These methods use different approaches to selectively 
target and enrich 8-oxoG in DNA stretches and are mainly based on Illumina® sequencing.50 A particular 
challenge in sequencing oxidative DNA damage is the small size of 8-oxoG compared to bulkier lesions. 
Even though some polymerases have difficulties reading across 8-oxoG, it is not considered a stalling 
lesion.133 Thus, a typical approach for DNA damage sequencing by polymerase stalling134, 135 cannot be 
applied without further modification of the lesion. Furthermore, the use of antibodies for enriching 8-
oxoG is regarded as disadvantageous due to cross-reactivity and low specificity.119 Similar to 
quantification methods, the sequencing of 8-oxoG faces challenges due to artifacts formed during 
sample preparation. Most sequencing methods include strategies to improve specificity while avoiding 
artifact formation. Nevertheless, observations regarding the distribution of 8-oxoG within the genome 
may present inconsistencies when comparing outcomes derived from different sequencing 
methods.136 Sequencing of 8-oxoG remains challenging but is essential in understanding the impact of 
oxidative DNA damage on biological functions and its role in diseases. 

The first approaches to sequence 8-oxoG were based on antibody enrichment and provided low- 
resolution maps of 8-oxoG in the megabase range.34, 137 Connecting antibody pulldown with Illumina® 
sequencing, as in Oxi-DIP seq, improved detection to 150 base pair (bp) resolution.138 In addition to 
the aforementioned disadvantages of antibodies targeting 8-oxoG, low-resolution sequencing cannot 
provide sequence-specific information about 8-oxoG, a prerequisite for linking damage patterns to 
mutational signatures in cancer genomes. Third-generation sequencing, such as PacBio or Nanopore, 
was also applied to detect 8-oxoG, but so far exclusively in small genomes or plasmids.139, 140 
Furthermore, these methods are more expensive and have higher error rates compared to Illumina-
based techniques.141, 142 Direct chemical-tagging and pulldown-based methods, such as OG-seq143 and 
AP-seq136, employ probes that either react directly or with a chemically modified oxidized base to 
produce 8-oxoG profiles with a 150-250 bp resolution. However, the reagents used in these methods 
to target DNA modifications can undergo side reactions, thereby increasing the prevalence of 
nonspecifically labeled sites. In RADD-seq, the risk of chemical byproduct formation is avoided through 
enzymatic excision of 8-oxoG followed by incorporation of a biotinylated nucleotide for enrichment of 
the damaged strand. 144 However, the applied enzymes also target a variety of other pre-existing 
lesions, and no strategy was involved to mask these sites before damage labeling. Finally, another 
sequencing method in the 100-1000 bp resolution range is enTRAP-seq, in which 8-oxoG sites are 
labeled by a mutant inactive Ogg1 enzyme and enriched through affinity purification.145 Although Ogg1 
specificity for 8-oxoG is high, activity on 8-oxoG paired with bases other than cytosine is low, thereby 
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limiting the method scope.146 OG-Seq, Oxi-DIP-seq, AP-seq, RADD-seq and enTRAP-seq provided 
datasets about the genome-wide distribution of 8-oxoG in the range of 0.1-1 kbp resolution. 

Genome-wide sequencing of 8-oxoG is commonly based on Illumina® sequencing, which requires 
fragmentation of gDNA to short DNA pieces usually performed by sonication. However, DNA sonication 
produces ROS and oxidizes DNA, thereby causing artifacts in sequencing data.147 Additionally, 
sonication produces heat, which can cause additional artifacts.148 If not properly addressed, those 
artifacts confound sequencing data by introducing false positive reads. While OG-seq employs 
antioxidants to prevent artifact formation143, the authors of AP-seq argue that antioxidants may induce 
sequence-specific biases. They furthermore claim that by sequencing control samples, which should 
contain the same artifacts as the effective samples, any background modifications could be 
computationally removed.136 A simple strategy that prevents erroneously labeling sonication-induced 
artifacts is to label 8-oxoG sites before sonication, as applied in enTRAP seq.145 More general measures 
to reduce artifact formation are minimizing sample processing time or storing samples on ice before 
8-oxoG is labeled. 

To study the local sequence context of 8-oxoG, single-nucleotide resolution sequencing (SNRS) is 
required. In single-nucleotide resolution, artifact reduction is of high importance since their prevalence 
might distort accurate location of lowly abundant 8-oxoG. CLAPS-seq chemically modified 8-oxoG in 
DNA to become a bulky lesion, thereby enabling SNRS based on polymerase-stalling. The authors paid 
particular attention to artifact reduction by delaying sonication, minimizing sample handling, and using 
antioxidants.149 Labeling 8-oxoG is achieved by applying the same reagent as in OG-seq with the 
potential to undergo undesired side reactions. Additionally, other bulky lesions in the DNA might stall 
the polymerase used in CLAPS-seq, thereby producing false-positive reads. Apart from polymerase-
stalling, SNRS can be achieved through enzymatic labeling of 8-oxoG. In this approach, enzymes are 
employed to excise 8-oxoG, leaving a one-nucleotide gap at the damage site. In Nick-seq150 and RADAR-
Seq139, a nick-translating polymerase is used to add a DNA sequence to these gaps for recognition in 
downstream sequencing. However, enzymatic ligation of DNA can be inefficient and works only with 
double-stranded DNA, thus requiring additional oligonucleotides, referred to as splinter-DNA, if the 
sample is single-stranded. Compared to using enzymes, chemical ligation is more efficient and works 
with single-stranded DNA.151 Click-code-seq (CCS) also makes use of repair enzymes to excise 8-oxoG, 
but instead of nick-translation, the alkynylated nucleotide 3`-(O-propargyl)-dGTP (prop-dGTP) is 
inserted in the damage site enabling chemical ligation to sequencing adapters via copper-catalyzed 
azide–alkyne cycloaddition (CuAAC).152 This strategy allows SNRS of 8-oxoG with high efficiency and 
has already been applied by other research groups.153 

CCS is based on Illumina® sequencing, currently the most accurate and cost-effective sequencing 
method.142 The use of glycosylases enables specific targeting of 8-oxoG, does not rely on unspecific 
antibodies119, and opens the potential to target other modified nucleobases by using different 
enzymes. prop-dGTP is less bulky compared to e.g. biotinylated nucleotides and can be efficiently 
incorporated by Therminator IX polymerase, which was engineered for efficient incorporation of non-
natural nucleotides.154 The CuAAC reaction allows highly specific, cost-effective and fast sequencing 
adapter ligation. Since azides and alkynes do not naturally occur in biomolecules, the risk of undesired 
side reactions is avoided.155 Most importantly CCS allows SNRS, which is required to study the local 
sequence context of 8-oxoG and creates detailed damage distribution maps providing insights in e.g. 
strand- or function-specific enrichment of 8-oxoG. However, CCS was developed to sequence 8-oxoG 
in the yeast genome.152 Advancing to much larger genomes, e.g. from humans, requires efficient 
strategies to reduce background modification that could impede accurate 8-oxoG detection. Similar to 
other sequencing methods, the currently published click-code-seq protocol includes initial sonication 
of gDNA, a significant source of artifacts.147 Although using dideoxy-nucleotides (ddNTPs) to reduce 
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background lesions is part of the CCS library preparation, this strategy was not validated, and no other 
artifact reduction strategies were employed. The current primer design restricts the mapping to 
modified guanines by preassigning a cytosine for annealing with the damage site, thus inhibiting the 
potential of CCS to expand mapping other types of damage. Furthermore, duplicate reads from PCR 
cannot be distinguished in their origin, rendering the method unable to deliver quantitative data. 
These factors highlight the need for further improvements and refinements in CCS methodology for 
SNRS of 8-oxoG. 

1.5 Summary 
Oxidative stress-induced DNA damage, especially the formation of 8-oxoG, is a hallmark of cancer 
development and aging-related pathologies. Both our metabolism and exogenous factors contribute 
to the accumulation of 8-oxoG in our genome over time. Precise quantification and sequencing of 
oxidative DNA damage are important to understand the intricate relationship between DNA damage 
and its biological consequences. To gain insights into these complex biological phenomena, it is 
essential to quantify and sequence oxidative DNA damage accurately. Quantification helps in assessing 
the extent of damage, identifying specific lesions and tracking changes in damage levels over time. 
High- resolution whole-genome damage sequencing methods are necessary to accurately detect and 
characterize the distribution of 8-oxoG in the genome. However, the accuracy of both quantification 
and sequencing methods is challenged by artifact formation, confounding background lesions and the 
specificity of probes or enzymes employed for 8-oxoG detection. Thus, methods to quickly estimate 
DNA damage levels and strategies to minimize artifactual DNA damage to eventually improve the 
accuracy of 8-oxoG characterization in the genome are still needed. Oxidative damage analysis is 
invaluable for understanding the genetic alterations that promote pathological outcomes such as 
cancer or cardiovascular diseases, paving the way for the development of therapies and interventions 
to mitigate the effects of oxidative DNA damage in humans.  
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Table 1. Next-generation 8-oxoG sequencing methods. 

Method Target 
mod. 

�Z���•�}�o�µ�Ÿ�}�v Labeling approach �>�]�u�]�š���Ÿ�}�v�• ���Œ�Ÿ�(�����š��
�Œ�����µ���Ÿ�}�v��
strategy 

Organism 
 

Reference 

Click-
Code-
Seq 

SSBs 
AP 
sites 
BER 
sites 

Single  
�v�µ���o���}�Ÿ���� 

Excision of 8-oxoG 
and �]�v���}�Œ�‰�}�Œ���Ÿ�}�v�� �}�(��
alkynylated 
�v�µ���o���}�Ÿ���� 

�^�}�v�]�����Ÿ�}�v��
before 
labeling 
 
Enzyme 
�•�‰�����]�.���]�š�Ç 

ddNTP 
blocking 
 

Yeast 
Bacteria 
 

Wu et 
al.152 
2018 
Xiao et 
al.153 
2023 

Nick-Seq SSBs 
AP 
sites 
BER 
sites 

Single  
�v�µ���o���}�Ÿ���� 

�E�]���l���š�Œ���v�•�o���Ÿ�}�v�����L���Œ��
8-oxoG excision 

�^�}�v�]�����Ÿ�}�v��
before 
labeling 
 
Enzyme 
�•�‰�����]�.���]�š�Ç 

ddNTP 
blocking 
 

Bacteria Cao et 
al.150 
2020 

CLAPS-
Seq 

8-
oxoG 

Single  
�v�µ���o���}�Ÿ���� 

Chemcial labeling 
and polymerase 
stalling 

Probe side 
�Œ�������Ÿ�}�v 
 
�h�v�•�‰�����]�.����
polymerase 
stalling 

Minimal 
processing 
�Ÿ�u�� 
���v�Ÿ�}�Æ�]�����v�š�• 
Delayed 
�•�}�v�]�����Ÿ�}�v 

Human An et 
al.149 
2021 

RADD-
Seq 

SSBs 
AP 
sites 
BER 
sites 

Single  
�v�µ���o���}�Ÿ���� 

Excision of 8-oxoG 
���v���� �]�v���}�Œ�‰�}�Œ���Ÿ�}�v�� �}�(��
���]�}�Ÿ�v�Ç�o���š������
�v�µ���o���}�Ÿ���� 

No 
background 
masking 
 
Enzyme 
�•�‰�����]�.���]�š�Ç 

Delayed 
�•�}�v�]�����Ÿ�}�v 

Human Gilat et 
al.144 
2021 

RADAR-
Seq 

SSBs 
AP 
sites 
BER 
sites 

Few bp �E�]���l���š�Œ���v�•�o���Ÿ�}�v�����L���Œ��
8-oxoG excision 

�^�}�v�]�����Ÿ�}�v��
before 
labeling 
 
Enzyme 
�•�‰�����]�.���]�š�Ç 
 
Costs and 
size limit of 
PacBio 

Repair enzyme 
cocktail 

Bacteria Zatopek 
et al.139 
2019 

OxiDIP 
Seq 

8-
oxoG 

150 bp A�v�Ÿ���}���Ç��
�]�u�u�µ�v�}�‰�Œ�����]�‰�]�š���Ÿ�}�v 

�^�}�v�]�����Ÿ�}�v��
���v���� �Z�����Ÿ�v�P��
before 
labeling 
 
���v�Ÿ���}���Ç��
�•�‰�����]�.���]�š�Ç 

���v�Ÿ�}�Æ�]�����v�š�• Mouse 
Human 

Gorini et 
al.156 
2022 
Amente 
et al.138 
2017 

OG-Seq 8-
oxoG 

150 bp �,�Ç�‰���Œ�}�Æ�]�����Ÿ�}�v��
product of 8-oxoG 
coupled with 
�Œ�������Ÿ�À�����‰�Œ�}���� 
 

�^�}�v�]�����Ÿ�}�v��
before 
labeling 
 
Probe side 
�Œ�������Ÿ�}�v 

���v�Ÿ�}�Æ�]�����v�š�• Mouse Ding et 
al.143  
2017 

Ogg1/AP-
Seq 

8-
oxoG 
AP 
sites 

250 bp AP sites produced 
from 8-oxoG coupled 
�Á�]�š�Z���Œ�������Ÿ�À�����‰�Œ�}���� 

Probe side 
�Œ�������Ÿ�}�v 
 
Sequencing 
of input 
DNA 
required 

���}�u�‰�µ�š���Ÿ�}�v���o��
���Œ�Ÿ�(�����š��
removal 

Human Poetsch 
et al.136 

2018 

enTRAP 
seq 

8-
oxoG 

100-1000 
bp 

Mutant Ogg1 bound 
to 8-oxoG and 
���8�v�]�š�Ç���‰�Œ�����]�‰�]�š���Ÿ�}�v 

Accessibility 
to Ogg1 

Delayed 
�•�}�v�]�����Ÿ�}�v 
���v�Ÿ�}�Æ�]�����v�š�• 

Mouse Fang et 
al.145 
2019 
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1.1 Abstract 
DNA damage is a hallmark of ageing and cancer. Over the past decade numerous methods to quantify 
and sequence DNA damage have been developed to better understand underlying damage processes 
and their implication in diseases. However, many published methods to characterize DNA damage 
suffer from low specificity due to artifacts or inefficient damage site labeling. Furthermore, 
technologies to quantify DNA damage are either expensive and laborious or limited in their scope and 
specificity. To support the development of accurate DNA damage sequencing methods and enable 
cost-effective damage quantification, we designed a fluorescence-based method termed fluoroclick. 
Fluoroclick harnesses the specificity of repair enzymes and click chemistry to fluorescently label 
damage sites in DNA for quantification. We used fluoroclick for rapid quantification of single-strand 
breaks, abasic sites and oxidative damage in genomic DNA, either native or induced by the generic 
oxidant KBrO3 or the DNA-alkylating drug irofulven. Furthermore, using fluoroclick, we tested 
strategies for minimizing artifacts in DNA to increase specificity of damage sequencing methods and 
applied an optimized version of the previously published click-code-seq to map 8-oxoG in HAP1 cells. 
We observed that endogenous 8-oxoG profiles closely resembled mutational signatures correlated 
with exposure to reactive oxygen species. 8-oxoG accumulation was dependent on gene expression, 
chromatin state and proximity to transcription start sites. We observed a strand-bias in 8-oxoG 
distribution suggesting an involvement of transcription-coupled repair. Fluoroclick and click-code-seq 
are versatile tools to accurately quantify and locate DNA damage, advancing our understanding of 
damage amount and distribution and ultimately their implications for human health.  

1.2 Introduction 
Over 70,000 DNA lesions are generated daily per cell in the form of more than a hundred different 
nucleobase modifications caused by replication errors, chemical reactions or radiation.1, 2 They are a 
basis of ageing and chronic diseases like cancer, since unrepaired modifications can cause persisting 
mutations with potential pathological consequences.3, 4 With the advance of next generation 
sequencing methods, thousands of cancer genomes have been sequenced and mutational signatures 
have been extracted in order to link mutation frequencies to their underlying mutagenesis processes.5 
Likewise, in order to establish a causative link between mutation and DNA damage, the type and exact 
location of the original damage have to be determined. To this purpose, whole-genome damage 
sequencing methods have been established and have been continuously developed over the past 
years.6 To determine the precise location of a damaged nucleobase, single-nucleotide resolution of the 
damage sequencing method is required. Accurate damage sequencing is challenging because DNA 
modifications are often unstable, difficult to target due to their small size or similarity to other DNA 
modifications. Especially in single-nucleotide resolution, the abundance of different DNA modifications 
can obscure the true damage position. This has led to contradictory findings in which one study states 
damage enrichment in a genomic region while another describes a depletion in the same area.7 
Producing reliable DNA damage profiles of cells exposed to chemicals or radiation will advance the 
understanding of cancer etiology by establishing connections between damaging agents, type and 
location of the induced damage in the genome and its potential role in mutagenesis.  

The most prevalent lesions in genomic DNA are single strand breaks (SSBs)8, apurinic sites (AP sites)9 
and oxidative modifications, mainly 8-oxoguanine (8-oxoG)10 (Figure 1). Recently developed methods 
to map these damage sites include GLOE-Seq and SSiNGLe for SSBs, AP-Seq and nick-Seq for AP sites 
and click-code-seq or DPC-seq for oxidative lesions.7, 11-15 These rely on the presence or generation of 
a SSB with a 3'-OH end at the damage site for ligating sequencing adapters. This 3'-OH can be produced 
through chemical tagging, polymerase stalling or enzymatic excision of the damaged nucleobase. 
However, naturally abundant SSBs and termini in DNA can be confused with the 3'-OH of the target 
damage site. Furthermore, if enzymes are used to excise a modified nucleotide, pre-existing AP-sites 
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can be converted to SSBs as base-excision repair enzymes often possess AP-lyase activity.16 Moreover, 
SSBs, AP sites and oxidized bases can all constitute artifactual damage formed during sample 
preparation through pipette shearing, sonication, spontaneous depurination and DNA oxidation.17-20 
Failure of differentiating between pre-existing damage, artifacts of sample preparation and damage 
induced by exposure of cells to e.g. radiation can lead to false positive results and contradictory 
findings. These challenges are often insufficiently addressed or strategies to tackle them remain 
unvalidated.  

Several published damage sequencing protocols describe strategies to avoid or reduce artifactual 
damage and to increase specificity for the target base. In GLOE-Seq, DNA nuclei are embedded in 
agarose plugs to prevent artifactual SSB formation during sample handling.11 In click-code-seq and 
nick-seq, background modifications are excised and the gaps are blocked with dideoxynucleotides.14 
In DPC seq, endonucleases and glycosylases that repair background damage are used prior to target 
base labeling.15 Verification that these approaches to remove background modifications are effective 
is either lacking or prohibitive to optimize using sequencing data as an output. A method to quickly 
provide insight into the quantity of damaged bases in a DNA sample and to test the effectiveness of 
strategies for improving damage sequencing specificity does currently not exist. 

DNA damage quantification is important in damage sequencing studies as it gives information about 
the extent of damage produced by a chemical and helps to evaluate strategies for background 
modification removal. Quantifying DNA damage using liquid chromatography coupled with mass 
spectrometry is highly specific and sensitive but is time-consuming and requires expensive 
instrumentation. Immuno-based methods rely on antibodies targeting a damaged base, which are 
either unavailable, cross-reactive, or expensive. Fluorescence-based damage quantification, however, 
has gained increasing attention in DNA damage quantification since fluorescent labeling is fast, cost-
effective and offers high versatility through multiplexing of different dyes.21 Fluorophores can be 
incorporated in probes that target DNA damage or directly linked to a damaged base allowing high 
specificity. A prominent example is the fluorometric analysis of DNA unwinding (FADU) assay.22 FADU 
takes advantage of dyes that exhibit fluorescence only when intercalated in double-stranded DNA. 
Hence, a decrease in fluorescence can be correlated with an increase in strand breaks, which unwind 
the DNA. The FADU assay has been continuously optimized an automated to quantify a variety of 
lesions including oxidative DNA damage.23 Recently developed methods include the use of fluorescent 
nucleobase analogues24, damage excision followed by incorporation of fluorescent nucleotides25 or 
probes that bind to damage sites.26, 27 Those methods are usually focused on achieving high sensitivity 
by e.g. signal amplification to detect subtle changes in DNA damage levels and are often specific for 
one or a few types of lesion. However, lowering sensitivity often comes at the cost of a fast and low-
complexity workflow. Although one of the methods, Rapid-RADD has been adapted to a damage 
sequencing protocol28, none of them have been used optimize DNA damage sequencing methods and 
tackle the challenge of compromising artefacts.  

To quickly estimate DNA damage levels and improve the specificity of damage sequencing methods, 
we developed a fluorescence-based assay called fluoroclick. This method relies on enzymatic excision 
of damaged nucleosides followed by incorporation of alkyne-modified nucleotides. The alkyne is 
reacted via click-chemistry with a bright fluorophore that serves subsequent fluorometric 
quantification of the damage sites (Figure 1A). Fluoroclick is similar to our previously developed click-
code-seq, which allows single-nucleotide resolution DNA damage sequencing (Figure 1B).14 We sought 
to find fluoroclick conditions optimal for quantifying chemical and radiation-induced DNA damage and 
to examine which DNA modifications can be labeled using our fluorescent approach. Finally, our aim 
was to optimize the DNA damage sequencing method click-code-seq to accurately locate oxidative 
DNA damage and AP sites in the human genome. 
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Figure 1: Common DNA modifications and strategies for fluorescence-based quantification or sequencing. Chemical structures of 8-oxoG, 
AP-site or a phosphorylated single strand break (SSB) are converted by formamidopyrimidine DNA glycosylase (FPG), endonuclease IV 
(ENDOIV) and T4 polynucleotide kinase (T4 PNK) to form SSBs with a 3'-OH group. To introduce a reactive group for later conjugation, an 
alkyne-modified nucleotide (prop-dNTP) is added to this position catalyzed by a DNA polymerase. The alkyne is conjugated via copper click 
chemistry (CuAAC) with an azide-fluorophore (red circle, in fluoroclick) or a sequencing adapter (blue oligonucleotide, in click-code-seq).

  

1.3 Results 
Fluoroclick was optimized by labeling modified bases in oligonucleotide DNA 

Initially, we sought to find suitable conditions for specific labeling of 8-oxoG in DNA. To establish 
fluoroclick with a well-defined substrate, we used a double-stranded 30-mer DNA oligonucleotide with 
a single 8-oxoG at position 15 (Figure S1A). This DNA was incubated with formamidopyrimidine DNA 
glycosylase (FPG) to excise 8-oxoG producing a phosphorylated SSB. The SSB was dephosphorylated by 
T4 polynucleotide kinase (T4 PNK), which possesses phosphatase activity, to result in a 3'-OH at the 8-
oxoG site.29 These were tagged them with the alkyne-modified nucleotide 3'-(O-propargyl)-dGTP 
(prop-dGTP) by using Therminator IX polymerase, which is optimized for incorporation of modified 
nucleotides30. The alkyne of the incorporated nucleotide was ligated through a copper(I)-catalyzed 
azide-alkyne cycloaddition reaction (CuAAC) with AF594-Picolyl-Azide (AF594), which is a bright, pH-
insensitive fluorescent dye with high photostability and no significant quenching by nucleobases31. We 
also tested the fluorogenic probe CF580, which was reported to exhibit strong fluorescence only after 
CuAAC conjugation, potentially minimizing background fluorescence of unreacted dye.32However, the 
intensity of the CF580-conjugated product was 5-fold lower compared to the AF594-labeled product, 
while the signal-to-noise ratios were identical (Figure S2). It was reported that a copper-chelating 
group as the picolyl moiety boosts the click reaction resulting in a up to 40-fold increased signal 
intensity33. We included DMSO and tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) in the reaction 
as both accelerate CuAAC reaction.34 In fact, complete turnover of the alkyne-modified oligonucleotide 
was achieved in less than 30 min (data not shown). After optimizing enzymatic and CuAAC reaction 
conditions, we could successfully and rapidly label the 8-oxoG oligonucleotide with the AF594 
fluorophore. 

After applying the above-mentioned steps to an oligonucleotide with a single 8-oxoG, we proceeded 
with analyzing the reaction outcome and fluorescence intensity of our samples. Analysis of the AF594-



Chapter 2 
 

35 
 

labeled oligonucleotide by polyacrylamide gel electrophoresis (PAGE) indicated that the oxidized base 
was successfully labeled (Figure S1B). On the basis of PAGE, we visualized a single band of 15 bases in 
length, consistent with the 8-oxoG location of position 15 in the oligonucleotide. The unmodified 30-
mer complimentary strand and the unlabeled 15-mer fragment, which originated from 8-oxoG 
excision, were visualized by GelRed nucleic acid stain (Figure S1B). The AF594-labeled oligonucleotide 
can be well distinguished from the unlabeled 15-mer as the AF594 conjugation causes a higher 
retention time resulting in a band with a shift consistent with a strand of 20 bases. Alkyne-modified 
DNA, which did not react in CuAAC, is not visible on the gel suggesting a quantitative CuAAC reaction 
yield. Analyzing the fluorescently labeled oligonucleotide using a fluorometer, we observed a linear 
correlation between oligonucleotide concentration and fluorescence intensity (Figure S1C). The limits 
of detection (LOD) and quantification (LOQ) of the AF594-labeled oligonucleotide, as determined by 
serial dilution, was 80 pM and 150 pM, respectively (Figure S1D). In conclusion, fluorescent labeling of 
the 8-oxoG site was specific and fluorescence of the modified oligonucleotide could be used for 
quantification.  

To evaluate if AP sites, a repair byproduct of 8-oxoG, can be detected analogously with fluoroclick, we 
used oligonucleotide DNA, in which an adenosine was replaced with the AP site analogue 
tetrahydrofuran (THF). To label this AP site, we used endonuclease IV (ENDOIV) to create a 1 nucleotide 
gap, in which prop-dATP was subsequently incorporated. Based on the analysis by PAGE, we found 
that labelling of AP sites was as efficient as using 8-oxoG as a substrate (Figure S1E). We concluded 
that fluoroclick labeling of DNA modifications in an oligonucleotide was specific and highly efficient 
based on the quantitative turnover of the alkynylated oligonucleotide and the fact that fluorescence 
correlated with the amount of fluoroclick-labeled oligonucleotide. 

Fluorescence-based quantification of modified nucleobases in genomic DNA  

After establishing a specific and sensitive fluorescence-based method to label the positions of oxidized 
bases in oligonucleotides, we sought to adapt it to label modification sites in human genomic DNA 
(gDNA). Labeling SSBS in gDNA extracted from cells is difficult because the extraction process 
introduces strand breaks through fragmentation of the long chromosomes and formation of additional 
artifacts such as oxidized bases from ambient oxygen or contaminating metal ions.35 We extracted 
gDNA within less than 30 min to reduce artefactual oxidation. While pipetting did not cause significant 
artefactual breaks, heating to 85 °C caused a 25% increase in background lesions (Figure S4A). Thus, 
we excluded any step requiring high temperatures such as heat inactivation of enzymes. We compared 
the use of magnetic beads and silica-based columns with regards to relative sample recovery, purity, 
and artefactual damage. Artefactual damage was similar for both purification methods (Figure S4B). 
Sample recovery was higher when we used magnetic beads instead of silica-based columns, but sample 
purity was lower. High sample purity is important for fluoroclick sensitivity since inefficient removal of 
unreacted fluorophore causes a high background signal (data not shown). A challenge of using CuAAC 
in combination with DNA is copper-mediated DNA oxidation. We found that gDNA incubated with 
CuAAC reagents for 30 min was less degraded than after 60 min, while fluorescence intensity did not 
decrease significantly (Figure S3). In this way, we adapted the fluoroclick method to efficiently label 3'-
OH in gDNA. By reducing CuAAC reaction times to 30 min, keeping sample incubation temperature 
below 60 °C, and optimizing sample purification, we could minimize background fluorescence and 
achieve a yield of 50-60%, while minimizing artifactual damage. 

Next, we wanted to test if SSBs, AP sites and oxidized bases could be distinguished with fluoroclick 
labeling. We extracted gDNA from HAP1 cells, a near-haploid human cell line of chronic myeloid 
leukemia origin36, and incubated it with T4 PNK, ENDOIV or FPG to convert phosphorylated SSBs, AP 
sites and oxidized bases to 3'-OH groups (Figure S5A). We used prop-dGTP representatively for 
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introduction of the alkyne group since most oxidation sites derive from guanosine and more apurinic 
than apyrimidinic sites are present in the genome.37, 38 Subsequent fluorescent labeling via CuAAC was 
performed as described earlier in the oligonucleotide context. Negative control samples incubated 
without prop-dGTP had minimal fluorescence originating from unreacted AF594 fluorophore 
confirming successful sample purification (Figure S5B). An increase in fluorescence compared to 
baseline was observed depending on which repair enzymes were used for targeting damage sites. The 
fluorescence level of the sample without any added repair enzyme represents native 3'-OH SSBs in the 
gDNA. These include the termini of DNA strands since Therminator IX does not possess exonuclease 
activity and adds untemplated prop-dGTP, albeit with low efficiency.30 The fluorescence signal of gDNA 
incubated with T4 PNK represents phosphorylated SSBs, which is increased 1.6 times compared to 
native 3'-OH SSBs. 

Since ENDOIV possesses phosphatase and AP-lyase activity, the increase in fluorescence compared to 
native 3'-OH SSBs represents both phosphorylated SSBs, and AP-sites.39 Subtracting the increase in 
fluorescence of phosphorylated SSBs from T4 PNK samples from the fluorescence in ENDOIV samples 
results in a 2.2x fold increase compared to native SSBs. This increase represents the number of AP 
sites. FPG excises oxidized bases and AP-sites, leaving phosphorylated SSBs.40 Thus, the combination 
of FPG and T4 PNK produces a fluorescence signal representing SSBs, AP sites and oxidized bases. 
Interestingly, the combination of FPG with ENDOIV produced a 25 % increase in fluorescence 
compared to samples incubated with FPG and T4 PNK, even though the same modifications – SSBs, AP 
sites and oxidized bases – are targeted. This observation can be explained with the different substrate 
specificity of the enzymes. While AP lyase activity of FPG is only secondary, it is the primary activity of 
ENDOIV making it more efficient in targeting AP sites. In conclusion, we successfully applied fluoroclick 
on isolated human gDNA and monitored changes in enzyme-induced 3'-OH levels reflecting the 
number of SSBs, AP sites and oxidized bases in the sample.  

Fluoroclick enables quantification of chemically and radiation-induced DNA damage 

To validate fluoroclick for conveniently quantifying oxidative DNA damage, AP sites and SSBs in DNA 
caused by chemicals, we exposed cultured human HAP1 cells to potassium bromate, a common 
oxidant known to induce 8-oxoG.41 When extracted gDNA was incubated with ENDOIV, there was no 
change fluorescence signal compared to unexposed cells indicating no increase of fluoroclick-labeled 
AP sites (Figure 2A). On the other hand, using FPG and ENDOIV combined, we observed a 25% 
fluorescence increase for DNA from exposed compared to unexposed cells, consistent with the 
increase in oxidative base damage, but not AP sites, induced by KBrO3 as described previously41. Since 
the fluorescence in fluoroclick samples incubated with ENDOIV represents SSBs and AP sites, 
subtraction of this signal from samples incubated with FPG and ENDOIV returns the fluorescence 
attributed to oxidative DNA damage. Using this approach, we calculated a 1.9x increase in oxidative 
DNA damage in KBrO3-exposed compared to unexposed cells. Using LC-MS/MS we observed a 2.3x 
increase in 8-oxodG, which is similar to the data measured using fluoroclick (Figure S8). Thus, 
Fluoroclick can be used to simultaneously quantify KBrO3-induced SSBs, AP sites and oxidative damage 
in DNA from human cells.  

To test if fluoroclick is suitable for quantifying radiation-induced oxidative DNA damage, a similar 
experiment was carried out, involving exposure of cells to UVA irradiation. Since skin cells are most 
affected by UV radiation, we employed the immortalized human skin cell line BJ-5ta for this 
experiment. A single dose of 10 J/cm2 UVA produced a 1.2-fold increase in oxidative DNA damage in 
exposed compared to unexposed cells, while multiple irradiations for an accumulated dose of 60 J/cm2 
UVA resulted in a 2.0-fold increase (Figure S9A and S9B). The change in AP sites and SSBs in UVA-
exposed cells was not significant in both cases. Although oxidative DNA damage induced by UVA 
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irradiation is low, fluoroclick was sensitive enough to detect the difference in oxidative damage in DNA 
from UVA-irradiated cells compared to unexposed cells. 

In an oligonucleotide context, we applied fluoroclick to not only label 8-oxoG, but also AP sites. To 
evaluate the applicability of fluoroclick to quantify chemically induced AP sites in gDNA, we exposed 
human osteosarcoma-derived U2OS cells to the anticancer agent irofulven. Irofulven causes alkylation 
of DNA bases, which then depurinate to form AP sites.42, 43 We fluoroclick-labeled gDNA from irofulven-
exposed U2OS cells and could correlate the fold-change in fluorescence, which represent irofulven-
induced AP sites, with increasing irofulven concentrations (Figure 2B). These results support that 
biologically relevant DNA modifications in gDNA from exposed cells can be rapidly and selectively 
quantified using the fluoroclick procedure. 

 

 

Figure 2. Application of fluoroclick to (A) HAP1 cells were exposed to 50 mM KBrO3 for 1 h or left unexposed. Cells were harvested, gDNA 
was extracted and fluoroclick was used to label enzyme induced SSBs. Each bar represents the �u�����v���Œ���o���š�]�À�����(�o�µ�}�Œ���•�����v�������µ�v�]�š�•���~�„Ex = 580 
�v�u�U�� �„Em = 610 nm) of triplicate measurements of three independent experiments with error bars representing the standard deviation. 
Unpaired one-tailed T-test. �Ž���W���W���G���ì�X�í. N = negative control: prop-dGTP was replaced by dGTP (B) U2OS cells were exposed to HMAF for 4 h 
followed by harvesting and gDNA extraction. The gDNA was incubated overnight to induce depurination of HMAF adducts. Fluoroclick was 
used to detect levels of AP sites in the gDNA sample. C Experimental workflow for developing a strategy to reduce AP sites and SSBs in DNA. 
D �Z���o���š�]�À�����(�o�µ�}�Œ���•�����v�������µ�v�]�š�•���~�„Ex �A���ñ�ô�ì���v�u�U���„Em = 610 nm) of samples produced according to scheme C. “Repair” = nucleotide insertion and 
ligation. “Block” = dideoxynucleotide insertion. Each bar represents the mean relative fluoresc���v������ �µ�v�]�š�•���~�„Ex �A���ñ�ô�ì���v�u�U�� �„Em = 610 nm) of 
triplicate measurements of three independent experiments with error bars representing the standard deviation.  
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Fluoroclick aids in evaluating strategies to reduce background DNA modifications prior to sequencing 

Having established that fluoroclick allows rapid quantification of 3'-OH levels in gDNA, reflecting the 
number of AP sites and SSBs, which are key background modifications confounding DNA damage 
sequencing data, we next used fluoroclick to establish conditions to minimize them. Prior to using FPG 
to excise oxidized bases as the principle of click-code-seq14, we used ENDOIV to convert AP sites and 
phosphorylated SSBs in gDNA to 3'-OH ends. Compared to gDNA that was incubated without ENDOIV, 
fluoroclick-labeling of ENDOIV-treated gDNA led to an expected increase in fluorescence representing 
3'-OH from AP sites and SSBs (Figure 2D). To exclude these 3'-OH sites from being tagged in click-code-
seq, we tested two strategies that were previously reported: in the “blocking” strategy, adapted from 
Wu et al.14, chain terminating dideoxynucleotides (ddNTPs) are added to 3'-OH sites, making them 
unavailable for downstream labeling. In the “repair” strategy adapted from Zatopek et al.44 the correct 
deoxynucleotide is inserted and ligated to adjacent bases to seal the damage site (Figure 2C). After 
applying the blocking and repair strategy on gDNA, we labeled 3'-OH ends using fluoroclick. For both 
the blocking and repair strategy, we observed a decrease in fluorescence compared to native DNA, 
suggesting successful reduction of SSBs and AP sites (Figure 2D). The blocking strategy led to the lowest 
fluorescence across all fluorescently labeled samples. Seeking to optimize the conditions of the repair 
strategy, we tested conditions published by Shu et al., which included extended incubation times and 
higher incubation temperatures during repair.45 However, these conditions did not induce a significant 
decrease in background fluorescence compared to our previously established condition (Figure S6). 
Cao et al. utilized DNA Polymerase I instead of Therminator IX for their ddNTP blocking strategy.46 After 
testing different conditions using DNA Polymerase I, we found that Therminator IX was superior in 
reducing background modifications (Figure S6B). We concluded that using the blocking strategy with 
Therminator IX is most efficient in minimizing 3'-OH ends originating from background AP sites and 
SSBs in ENDOIV-treated gDNA. 

After using fluoroclick to evaluate strategies for minimizing background DNA modifications in gDNA, 
we analyzed another step in sequencing library preparation that is known to induce undesired 
background modifications: sonication of gDNA is a common step in sequencing library preparation and 
a major source for artifactual DNA modifications.20 Therefore, by fluoroclick-labeling, we tested 
whether the ddNTP blocking strategy is efficient in removing sonication-induced 3'-OH from gDNA. 
Sonication of gDNA led to a strong increase in fluorescence due to formation of strand breaks, reduced 
close to initial levels by ddNTP blocking (Figure S7). However, ddNTP-blocked non-sonicated gDNA had 
a 4-fold lower fluorescence compared to blocked sonicated samples. This suggests that sonication 
induces DNA breaks which cannot be completely removed by the blocking strategy. Therefore, moving 
the sonication step after damage labeling in library preparation protocols should be preferred over 
post-sonication artifact removal for minimal background.  

8-oxoG damage profile in HAP1 cells correlates with mutational signatures of ROS exposure  

We applied the optimized DNA library preparation protocol of click-code-seq to map DNA oxidation 
across the human genome. Here, we isolated gDNA from HAP1 cells, and used ddNTP blocking to 
minimize background AP sites and SSBs, i.e., the most abundant forms of DNA damage confounding 
oxidation mapping (Figure S10). Then, we used FPG to excise oxidized guanines and incorporated prop-
dGTP in the resulting gaps. Next, gDNA was sonicated, end-repaired and ligated to sequencing 
adapters. Afterwards, we ligated a code sequence to prop-dGTP sites by click chemistry. This code 
sequence was biotinylated, allowing for a streptavidin-based enrichment following the adapter 
ligation. Finally, DNA fragments were amplified and indexed using PCR, and sequenced (Figure S10). 

In addition to the improved library clean-up strategy, we introduced a major upgrade to click-code-
seq, originally used for mapping oxidized bases in the yeast genome14, by creating a conceptually new 
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version of the code sequence. We call this new type of the code sequence a Modified DNA Identifier 
Sequence (MoDIS). MoDIS are comprised of three modules, namely, a validation code (VC) of fixed 
nucleotide sequence, a randomized index code (RIC), and an annealing site sequence (AS) for 
specifically binding a primer for PCR amplification (Figure S11a). Due to the presence or absence of a 
VC in sequencing reads, we can distinguish reads that identify a chemical modification of interest from 
false-positive reads derived from amplification artefacts in library preparation (Figure S11b-d). Using a 
mixture of multiple MoDIS with different RICs allows for identifying and allocating PCR-amplified 
genomic sequences originating from different cells and genomes in a sample (Figure S11e). Including 
RICs in MoDIS thus increases the number of identified oxidation sites by around 35% since without 
them identical reads originating from different cells/genomes are removed by deduplication (Figure 
S11f). Due to the presence or absence of a VC in sequencing reads, we can distinguish reads that 
identify a chemical modification of interest from false-positive reads derived from amplification 
artefacts in library preparation (Figure S11d-f). By using the background blocking strategy developed 
with the assistance of fluoroclick (Figure 2c-d), filtering out unspecific reads, and retaining identical 
reads identified to originate from different cells by using MoDIS (Figure S11), we generated a single-
nucleotide resolution map of endogenous DNA oxidation in the human genome (Figure S12a). The 
oxidation map was robust across biological replicates, with pair-wise correlations above 0.88 amongst 
triplicate analyses (Figure S12b). Furthermore, around 90% of identified damage sites were guanines 
(Figure 3a), which indicated a high specificity of click-code-seq library preparation. Overall, the 
optimized protocol of click-code-seq including MoDIS and ddNTP blocking allowed highly specific 
sequencing of oxidative DNA damage in the human genome.  

To check if the DNA damage distribution profile generated with click-code-seq correlate with published 
oxidation patterns, we analyzed the dependency of oxidized guanine level on the local sequence 
context (Figure 3b) and compared this damage profile with single base substitution (SBS) signatures 
from the Catalogue of Somatic Mutations in Cancer (COSMIC) (Figure 3c).47 We found that the 
distribution of oxidized guanine across trinucleotides has the highest similarity to the mutational 
signature SBS18 (cosine similarity >0.9), whose ROS-induced etiology has been established in 
experiments with human induced pluripotent stem cells exposed to potassium bromate.48-50 The DNA 
oxidation profile was found to have >0.8 cosine similarity with another putatively ROS-related 
signature, SBS36. Despite the overall similarity between the damage profile and the mutational 
signature SBS18 (Figure 3b, filled bars vs lollipops), the mutation frequency is markedly higher than 
the oxidation frequency at certain trinucleotides, such as TGC, AGC and AGA, which may indicate 
impaired 8-oxoG repair in those contexts. On the contrary, there is an almost two-fold drop in the 
frequency of mutations relative to oxidation in TGT and GGG trinucleotides, potentially reflecting 
preferential repair (Figure 3b). Relating the numbers of oxidized guanines in different sequence 
contexts to the abundance of these contexts in the human genome (Figure 3b, filled bars vs empty 
bars), we observed that the probability of guanine to be or remain oxidized is the lowest if this guanine 
is preceded by cytosine (CpG sites) compared to other nucleotides (Figure 3d). As the majority of CpG 
cytosines are methylated in mammalian cells,51 this suggests a distinct relationship of DNA oxidation 
and DNA methylation. 

8-oxoG is preferentially repaired in the transcribed strand  

To characterize a potential genome-wide strand bias, we measured guanine oxidation levels 
individually on the transcribed and non-transcribed strands of genes. In addition, we related these 
levels to gene expression to examine potential functional implications. To account for different 
guanine abundances in the strands, we computed the guanine oxidation level as the ratio between the 
numbers of mapped oxidized guanines and all guanines found in the respective gene and strand in the 
human reference genome. To remove the effects of sequencing depth and compare the guanine 
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oxidation levels across replicate samples, we normalized these levels by the median in the transcribed 
(antisense) strands of unexpressed genes (Figure 3e; the median of the second yellow box is set to 1 
by the normalization). We found that there was no overall strand bias in the group of unexpressed 
genes (Figure 3e). However, with increasing gene expression, guanine oxidation levels continuously 
increase in the non-transcribed strand compared to the transcribed one. We observed this gene-
expression-dependent strand bias of guanine oxidation robustly across biological replicates, with the 
non-transcribed-strand damage increasing by 15 % on the median level (Figure 3f) or 10 % on the mean 
level (Figure 3g). The level of guanine oxidation in the transcribed strand also increased as a function 
of gene expression, however, by less than 5% on the median level (Figure 3f) and with a weak, yet 
significant, correlation (0.06) (Figure 3h). From the metaprofiles of the mean guanine oxidation levels 
(Figure 3i-l), we identified the strand bias throughout only the gene body of highly expressed genes 
but not upstream of the transcription start site (TSS) or downstream of the transcription end site (TES) 
(Figure 3k-l). Thus, expression-level-dependent damage level can deviate between gene strands 
throughout the gene body. The low damage levels in the transcribed strand suggest that oxidized 
guanines are repaired in a transcription-coupled (TC) manner, potentially by TC-NER. These results are 
consistent with the findings of a recent report about the involvement of nucleotide excision repair 
(NER) in the removal of 8-oxoG.52 

We observed that guanine oxidation levels dropped in the proximity of TSS for both genes that are 
either not expressed or highly expressed (Figure 3i-l). We measured the guanine oxidation level 
between -200 and +400 nucleotides around the TSS and related these values to gene expression. 
Surprisingly, we discovered a non-monotonic relationship such that guanine oxidation was highest in 
unexpressed genes, decreased and reached a minimum in the 50% and 60% tier of gene expression, 
but then increased again, with guanine oxidation levels in highly expressed genes still lower than in 
unexpressed genes (Figure 3 n-o).  

DNA oxidation levels are higher in euchromatin compared to heterochromatin 

Zooming out on the genome-wide view (Figure S12a), we noticed varying guanine oxidation levels 
along chromosomes (1st percentile 0.68-0.73 across replicates, 99th percentile 2.15-2.22), even after 
correcting for the guanine count per bin (Figure S12c). We related the endogenous guanine oxidation 
distribution with chromatin features that were previously reported to be associated with DNA 
damage.7 Here, we found the guanine oxidation level was positively correlated with euchromatin 
features, namely, DNase I hypersensitivity sites (transcriptional activity), H3K4me1 (active enhancers), 
H3K4me3 (active gene promoters), H3K36me3 (active gene bodies) and H3K27ac (active promoters 
and enhancers) (Figure 3p), which is in agreement with gene-expression-associated increase of 
damage (Figure 3f-g). Interestingly, in parallel, there was a weak correlation between guanine 
oxidation level and heterochromatic marks H3K27me3 and H3K9me3 (Figure 3p). This complex picture 
may show that, in a part of the genome, guanine oxidation is associated with euchromatin whereas 
there is also another fraction of the genome where guanine oxidation is correlated with 
heterochromatin. 
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Figure 3. Fluoroclick-guided DNA-damage sequencing reveals endogenous DNA oxidation patterns associated with major cellular functions. 
(a) Sequence logo and guanine frequency in the local genomic context around DNA modification sites. Sequence logo: data of three biological 
replicates were merged. Guanine frequency: mean ± s.d. across three replicates. (b) The distribution of 8-oxoG in the local trinucleotide 
context. Filled bars and whiskers: mean ± s.d. of a specific trinucleotide frequency in all trinucleotides with oxidized guanine in the second 
position across three replicates. Genomic background bars: specific trinucleotide frequency in all trinucleotides with guanine in the second 
position. COSMIC mutational signature SBS18 is juxtaposed with the oxidative-damage and genomic-background profiles by reverse-
complementing their guanine-centered trinucleotides. SBS18 is shown for the C>A substitution subtype, which accounts for 68.14% of 
substitutions in this signature. The presented frequencies of single base substitution C>A were normalized to add up to 100% (before 
normalization: 68.14%). (c) The oxidative damage profile has the highest cosine similarity to SBS18 among all 79 COSMIC single base 
substitution signatures. To match with SBS18, the oxidative-damage values were considered zero for all substitution types other than C>A. 
(d) Guanine oxidation level is lower in CpG dinucleotide compared to other dinucleotides. Line-connected markers: biological replicates. 
Horizontal lines: mean ± s. d.  (e) Guanine oxidation level on each strand of protein-coding genes versus gene expression level. First, all genes 
are grouped, and after the dashed line the genes are tiered according to expression level. Boxes are interquartile ranges, internal horizontal 
lines are medians, stars are means, whiskers extend to the furthest datapoint within 1.5x interquartile range, datapoints beyond are shown 
as small markers. Number of genes per tier and number of genes beyond the maximal y-axis value are indicated in methods. (f) Median and 
(g) mean guanine oxidation level on each strand of protein-coding genes in three biological replicates versus gene expression level. (h) 
Spearman correlation coefficient calculated for continuous (not tiered) data of gene expression and guanine oxidation level. We provide the 
min-max ranges of respective p-values (null hypothesis: correlation is equal to zero). (i-l) Strand-specific profile of the mean guanine oxidation 
level and its 95% c.i. throughout the gene body and its upstream and downstream regions in unexpressed (i, j; N=3,428) and highly expressed 
(k, l; N=3,994) genes. Solid, dashed, and dotted curves with shades: different biological replicates. In i and k, genes are aligned at transcription 
start site (TSS) and transcription end site (TES); in j and l, genes are aligned only at TSS. AU: Methods describe guanine oxidation level 
normalization. Kb: kilobase; b: base. (m-o) Guanine oxidation level between -200 and +400 nucleotides around the TSS versus gene 
expression. Plots are built analogously to e-g. We provide the min-max ranges of p-values of the Kruskal–Wallis H test performed for either 
strand and all replicate. (p) Genome-wide Spearman correlation (shown as mean ± s.d. across replicate experiments) of guanine oxidation 
level with the abundance of epigenetic marks of active and inactive chromatin at 100-Kb resolution. 
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1.4 Discussion 
In this study we developed a novel fluorescence-based method called fluoroclick to detect DNA 
damage in genomic DNA to rapidly quantify chemically or radiation-induced DNA damage and optimize 
damage sequencing methods. Using DNA oligonucleotides with single modified bases, we optimized 
CuAAC conditions to fluorescently label 8-oxoG or an AP site with AF594 and observed a linear 
correlation of the concentration of damaged bases with AF594 fluorescence. We adapted fluoroclick 
for labeling 8-oxoG, AP sites and SSBs in gDNA extracted from cultured human cells and quantified 
damage levels after exposure to KBrO3, UVA, or irofulven. Using fluoroclick, we evaluated strategies to 
minimize background DNA damage for improving specificity of click-code-seq to sequence 8-oxoG and 
concluded that ddNTP blocking of background lesions was most efficient. The optimized click-code-seq 
method that integrates a validated strategy for removal of background artifacts was applied to 
precisely map endogenous 8-oxoG in the human genome providing both single-nucleotide resolution 
and quantitative data. The distribution profile of 8-oxoG correlated with mutational signature SBS18, 
thought to originate from ROS-induced DNA damage. While other signatures also correlated with the 
observed damage pattern, SBS18 was the only signature with a cosine similarity of > 0.9. Furthermore, 
we observed a strand-bias of 8-oxoG and a dependency of damage distribution on gene expression 
and attributed these findings to a potential involvement of TC-NER in damage repair. Overall, 
fluoroclick enabled us to rapidly quantify DNA damage and establish a new reliable damage sequencing 
protocol of click-code-seq that integrates a validated strategy for removal of background artifacts and 
delivers quantitative sequencing data. 

After excision of a damaged base, a propargyl-nucleotide is incorporate in the resulting gap in 
fluoroclick. The small size of this modified nucleotide and its applicability in click chemistry allows 
efficient incorporation and versatility in subsequent fluorescent labeling. Published methods for 
fluorescence-based damage quantification often employ dNTPs, which are pre-modified with a bulky 
fluorophore.26, 53 Steric hindrance or electrochemical properties of these dNTPs can decrease 
incorporation efficiency of a fluorescently-labeled nucleotide, potentially resulting in lower sensitivity 
of the quantification method.54 Another approach, which does not require incorporation of nucleotides 
in damage sites, is direct labeling of 8-oxoG using fluorescent probes55 or labeling of AP sites, which 
originate from 8-oxoG excision, using an aldehyde-reactive probe (ARP).56 Fluorescently labeled ARPs 
suffer from low reactivity and side reactions, which was overcome by using alkynylated ARPs, which 
can be conjugated via CuAAC to a fluorophore, similar to Fluoroclick.57 Click chemistry allows versatile 
and specific quantification of DNA damage sites with high labeling efficiency enabled by the small size 
of alkynes or azides required for CuAAC. 

Sonication is a common step in library preparation and is applied to fragment gDNA, making it suitable 
for Illumina sequencing. Besides strand breaks, sonication also produces ROS, which cause additional 
artifacts, a particular burden when it comes to sequencing oxidative modifications. In fact, it was 
previously reported that sonication produces 8-oxoG and causes false positive reads in sequencing 
data.20 Using fluoroclick, we measured DNA damage induced by sonication and confirmed that 
background damage levels increased more than 5-fold compared to native gDNA. Recently published 
damage sequencing results produced contradictory statements, which might be caused in part by 
sonication-induced artifacts.7 For example, OG-Seq and OxiDIP-Seq protocols require DNA sonication 
of samples before labeling 8-oxoG, which might have caused artifacts that were confused with original 
8-oxoG sites.58, 59 Tang et al. circumvented sonication by using DNA fragmentase in DPC-Seq15, while 
Gorini et al. used the antioxidant N-tert-butyl-�r-phenylnitrone to prevent artifact formation.60 In the 
present study, delaying the sonication step until after the target modifications were labeled was the 
simplest strategy to avoid artifacts in the sample. The same approach was also applied in Gloe-Seq, a 
recently published method for highly accurate sequencing of SSBs.11 Sonication is a major source of 
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sequencing artifacts, particularly when analyzing 8-oxoG, and is best relocated in protocols after the 
8-oxoG labeling step.  

A novel sequencing primer design that incorporates a randomized code index (RIC) and a validation 
code (VC) allowed us to identify false positive reads and receive quantitative information about 8-
oxoG. Specifically, sequencing reads that do not contain a VC or a duplicate RIC can be discarded, 
preventing PCR duplicates or unspecific reads from being included in the analysis. Our reads contained 
around 15 % unspecific reads, which might have arisen from sequencing adapter unspecifically aligning 
to random parts of the genome. This unspecific primer annealing probably takes place in all damage 
sequencing studies, but cannot be differentiated from true positive reads without e.g. a VC, causing 
artifacts in published data. Our sequencing adapter is attached to the damage site via CuAAC resulting 
in a triazole linkage that was reported to be fully biocompatible, not stalling polymerases during 
amplification.61 To date, click-code-seq is the only published damage sequencing method that 
incorporates click chemistry for sequencing adapter ligation. Other damage sequencing methods are 
based on enzymatic ligation, which was described to be less efficient compared to chemical ligation.62 
Our primer design allows highly specific and versatile damage sequencing and its concept of including 
a VC or RIC can be easily integrated in other damage sequencing methods for more accurate results.   

Previous findings about 8-oxoG accumulation in genes were contradictory with reports of both 
depletion as well as enrichment of 8-oxoG in these regions.63 In this study, we observed increased 
guanine oxidation in highly expressed genes compared to lowly expressed genes (Figure 3f and g). 
However, genes generally accumulated less 8-oxoG between TSS and TES on the transcribed strand 
with a distinct depletion in proximity of TSS (Figure 3j). High-resolution sequencing of 8-oxoG in the 
human genome by CLAPS-Seq and RADD-Seq produced similar results.28, 64 Zooming in further to the 
neighboring regions of TSS, we found an overall reduction in 8-oxoG compared to the remaining 
regions of the gene. However, while 8-oxoG accumulation was highest in unexpressed genes, the 
lowest accumulation was found in the range of the 50-60% most-transcribed genes (Figure 3n and o). 
The increase of 8-oxoG in highly expressed genes might be explained by a higher exposure to ROS in 
euchromatin. It was previously reported that Ogg1 was exclusively recruited to transcribed genomic 
regions after KBrO3-induced 8-oxoG indicating a safeguarding mechanism of genes.65 Furthermore, 
damage sequencing of KBrO3-exposed U2OS cells with RADD-Seq revealed a negative correlation of 8-
oxoG with gene expression levels.28 These findings contrast our results since we found maximal 
damage accumulation in highly expressed genes. An explanation might be the fact that we observed 
endogenous 8-oxoG and observations of damage depletion and safeguarding of highly expressed 
genes were made in cells exposed to chemicals. Thus, the distribution of 8-oxoG in genes might change 
significantly during acute oxidative stress.  

The chromatin structure might impact 8-oxoG profiles through the accessibility of DNA to ROS as well 
as BER enzymes. In this study, we could correlate high guanine oxidation levels with histone marks of 
euchromatin, coherent with 8-oxoG accumulation in highly expressed genes (Figure 3p). In a study 
based on antibody-based sequencing of 8-oxoG in rat liver, DNA preferentially accumulated in 
heterochromatin.66 Apart from the different organism compared to our study, the low specificity and 
low resolution of the antibody-based approach might have caused these contrasting results. Gilat et 
al. applied RADD-Seq to sequence KBrO3-induced 8-oxoG in U2OS cells and observed damage 
accumulation in heterochromatin.28 Exposure to chemicals such as KBrO3 might induce chromatin 
remodeling and increased repair in euchromatin, potentially causing the opposing distribution of 
endogenous 8-oxoG. In line with our results, An et al. observed that endogenous 8-oxoG was depleted 
in TSS, usually located in euchromatin. However, damage levels remained low in KBrO3-exposed 
isolated DNA, where chromatin does not influence damage distribution. They attributed their finding 
to inherent DNA structures in TSS or associated transcription factors, which might protect from 
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oxidative damage formation.64 Genome accessibility and chromatin structure can differ substantially 
depending on cell type and cell cycle, which might contribute to a heterogenic picture of 8-oxoG 
distribution in the genome in different studies. 

In summary, we developed a fluorescence-based method to quickly estimate levels of damage in 
genomic DNA for characterization of potentially carcinogenic agents and optimization of damage 
sequencing methods. We could detect changes in DNA oxidation levels by potent inducers of 8-oxoG 
such as KBrO3 as well as subtle changes as induced by UVA radiation and irofulven-induced AP sites. 
Currently, fluoroclick is based on FPG application for 8-oxoG recognition, which also includes FapyG 
and other bases in our quantification data, hence is limited in specificity in this regard. Fluoroclick does 
not incorporate a signal amplification strategy, offering a rapid workflow, but requiring comparably 
high (4 µg) sample input for sensitive damage detection. With an optimized protocol for click-code-
seq, we gained a detailed view of the genomic distribution of endogenous 8-oxoG in human cells. 8-
oxoG accumulated in highly expressed genes and euchromatin, especially on non-transcribed strands, 
but was generally depleted in the proximity of TSS. These observations were made in unexposed, 
haploid HAP1 cells, which might cause the contrast to published data, acquired from diploid cells 
during oxidative stress. Nevertheless, since 8-oxoG profiles might vary substantially between different 
organisms and exposure sources, our data contribute to an enhanced overall picture of how oxidative 
damage profiles are shaped in the genome. Further steps include the expansion of fluoroclick to target 
structurally diverse DNA lesions and the use of click-code-seq on cells exposed to DNA damaging 
agents. This will allow simultaneous sequencing of multiple damage types and profiling of stressors in 
their potency to induce damage in the human genome.  

 

1.5 Materials and Methods 
Unless otherwise stated, chemicals were acquired from Sigma Aldrich, molecular biology reagents 
from New England Biolabs and cell culture reagents from Thermo Fisher. oligonucleotide DNA was 
synthesized and PAGE-purified by Eurogentec. Adapters and primers for click-code-seq were 
synthesized and HPLC-purified by Eurogentec. Solutions were prepared in MilliQ-purified H2O. Buffer 
EB acquired by Qiagen contains 10 mM TRIS-Cl, pH 8.5. Cell lines were authenticated by Microsynth 
AG, Switzerland. 

Cell culture and KBrO3 treatment 

HAP1 cells (RRID:CVCL_Y019, Horizon Discovery) were cultivated in Iscove's Modified Dulbecco's 
Medium supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin (Gibco) at 
37°C, 5% CO2, 3% O2. For KBrO3 treatment, medium was removed, and cells were washed with 10 mL 
Dulbecco's phosphate-buffered saline (DPBS). KBrO3 was dissolved in 10 mL medium for a final 
concentration of 50 mM and added to the cells followed by a 30 min incubation at 37°C. Cells were 
harvested by removing the medium, washing once with 10 mL DPBS followed by addition of 1 mL 0.25% 
Trypsin EDTA solution (Gibco). After an incubation of 5 min at 37°C, 9 mL medium was added, cells 
resuspended and transferred to a Falcon centrifugal tube. Cells were centrifuged (4°C, 0.3 rcf, 5 min) 
and the supernatant removed. The cell pellet was either stored at -20°C or directly used for DNA 
extraction. 

gDNA extraction and sonication  

gDNA was extracted from HAP1 cell pellets using the Monarch Genomic DNA Extraction Kit following 
the manufacturer’s instructions. To avoid artefactual oxidation, DPBS used in the cell pellet 
resuspension step was supplemented with 1 mM deferoxamine and 50 µM n-tert-butyl-�r-
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phenylnitrone. Extracted gDNA was quantified using the Quantus™ Fluorometer with QuantiFluor® 
ONE dsDNA Dye. Sonication of gDNA was performed using a Q800R2 sonicator (QSonica) with the 
following settings: 4°C, 20% amplitude, pulse 15 s on, 5 s off, total 5 min. The resulting fragments were 
analyzed on an Agilent 2200 Tapestation using a High Sensitivity D100 ScreenTape.  

Fluorescence labeling of 8-oxoG in oligonucleotides 

For 8-oxoG site labeling, pre-annealed oligonucleotide DNA (IL1-T30, IL-1_oxoG) was used in 
concentrations of 2, 1, 0.75 and 0.5 µM. For the negative control, 2 µM pre-annealed oligonucleotide 
DNA (IL1-T30, IL-1) was used. DNA was mixed with 1 µL FPG (NEB, 8 U/µL) and 1 µL T4 PNK (NEB, 
10 U/µL) in 1x NEBuffer 2 (NEB) in a final volume of 10 µL. The reaction mixture was incubated for 1 h 
at 37°C directly followed by the addition of 1.5 µL prop-dGTP (Jena Biosciences, 2.5 mM), 0.5 µL 
NEBuffer 2 (NEB), 2.8 µL H2O and 0.2 µL Therminator IX (NEB, 10 U/µL) and incubated for 10 min at 
60°C. DNA was purified using the Monarch PCR & DNA Cleanup Kit according to manufacturer’s 
instructions using the oligonucleotide protocol and an elution volume of 6 µL. The CuAAC reaction was 
performed adding 4 µL AF594 picolyl azide (Jena Biosciences, 10 mM stock in DMSO), 4 µL DMSO, 2 µL 
premixed CuSO4:THPTA (THPTA from Lumiprobe; 20 mM Cu2+ and 200 mM THPTA) and 2 µL sodium 
phosphate buffer (1 M, pH 7.0). The reaction was started by adding 2 µL freshly prepared sodium 
ascorbate (400 mM) and incubated for 60 min at 37°C. The reaction was purified using the Monarch 
PCR & DNA Cleanup Kit with 20 µL for elution. 8 µL of each sample was used for analysis by 20% (w/v) 
denaturing polyacrylamide gel electrophoresis, performed at 230 V for 1 h. After imaging using a 
ChemiDoc XRS+ System (Bio-Rad), gels were stained with 1x GelRed (Biotium) for 10 min and imaged 
again. For fluorescence analysis, the remaining oligonucleotide DNA was mixed with 600 µL PBS. The 
sample was split in 3x 200 µL and pipetted in a non-clear 96 black well plate. For blank measurement 
and normalization between experiments, 3x 200 µL PBS and 3x 200 µL AF594 (100 pM in DPBS) were 
added to the plate. Fluorescence was recorded with an Infinite Pro M200 Plate Reader (Tecan) using 
�š�Z�����(�}�o�o�}�Á�]�v�P���•���š�š�]�v�P�•�W���„Ex �A���ñ�ô�ì���v�u�U���„Em = 610 nm, gain = optimal (or kept identical for replicates), 25 
flashes, 20 µs integration time, 25°C.  

Blocking and Repair of gDNA Modifications 

4 µg gDNA was used for each sample. To minimize artefactual damage, samples were inverted or 
flicked instead of pipette mixing. Pronex Magnetic Bead purification was performed by adding 80 µL 
beads to a sample of 50 µL (adjusted with H2O), then following the manufacturer’s instructions and 
eluting with Buffer EB. For ddNTP blocking, gDNA was first incubated with 1 µL ENDOIV (NEB, 10 U/µL) 
in 1x ThermoPol Buffer (NEB) in a final volume of 20 µL for 20 min at 37°C. Then, 2.5 µL ddNTP mix 
(Jena Biosciences, 2.5 mM), 0.5 µL 10x ThermoPol Buffer, 1.8 µL H2O and 0.2 µL Therminator IX (NEB, 
10 U/µL) was added followed by a 10 min incubation at 60°C. The repair mix comprised gDNA with 1 
mM NAD+ (NEB), 500 µM dNTP mix (NEB), 1 µL ENDOIV (NEB, 10 U/µL), 5 µL TAQ Ligase (NEB, 40 U/µL) 
and 0.5 µL BST DNA Polymerase FL (NEB, 5 U/µL) and 2 µL 10x ThermoPol Buffer (NEB) in a total volume 
of 20 µL and was incubated for 30 min at 37°C. To test the commercial PreCR Mix, 1 µL of PreCR Repair 
Mix (NEB), 1 mM NAD+ (NEB), 500 µM dNTP mix (NEB) and 2 µL 10x ThermoPol Buffer (NEB) was added 
to gDNA in a final volume of 20 µL and incubated for 30 min at 37°C. gDNA was purified using Pronex 
Magnetic Beads as described previously and eluted in 20 µL.  

HPLC-MS/MS Analysis of 8-oxodG in gDNA 

40 µg gDNA was used for each sample. Digestion mix was prepared for each sample in a total volume 
of 50 µL. First, 2.5 mM deferoxamine, 2.5 mM N-tert-butyl-�r-phenylnitrone, 20 mM Tris-HCl (pH 7.9), 
20 mM MgCl2, 100 mM NaCl and LC-MS-grade H2O were mixed. To this mixture, 50 U Benzonase 
Nuclease (250 U/µL, Sigma), 0.06 U PDE I (0.1 U/ µL, US Biologicals), 40 U Antarctic Phosphatase 
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(5 U/µL, NEB), 100 pg [15N5]8oxodG (Cambridge Isotope Laboratories) were added and gently mixed. 
50 µL digestion mix was added to 150 µL gDNA and incubated for 4 h at 37 °C while shaking at 300 rpm. 
Digested samples were loaded on a prewashed 10 kDA MWCO filter unit (VWR) and centrifuged 
(16500 rcf, 10 min). For total dG quantification 2 µL flow-through was taken. Remaining flow-through 
was used for 8-oxoG enrichment. Solid phase extraction was performed for 8-oxodG enrichment on a 
vacuum manifold (Visiprep 24™ DL from Supelco). SPE columns (Strata X 33 M Polymeric RP, 30 mg / 
1 ml tubes (8B-S100-TAK) from Phenomenex) were activated twice with 1 mL methanol and twice with 
1 mL LC-MS H2O. The remaining flow-through from the previous step was loaded on the activated 
columns. Columns were washed twice with 1 mL LC-MS-grade H2O. Enriched samples were eluted in 
20 % methanol and concentrated to dryness using vacuum centrifugation (miVAC concentrator (DUC-
23050-D00). Dried samples were redissolved in 25 �…�>�� �,2O and sonicated for 10 min (Telsonics 
Ultrasonics TPC-120). 

The liquid chromatography-nanoelectrospray ionization-tandem mass spectrometry (LC-NSI-MS/MS) 
was performed on a TSQ Quantiva triple quadrupole mass spectrometer (ThermoFisher Scientific, San 
Jose, CA, United States) coupled to an ACQUITY UPLC M-Class (Waters, Milford, MA, United States) 
system using nanoelectrospray ionization. The analysis was conducted using a capillary column 
(150 µm ID, 5.5 cm packing length, 15 µm orifice) created by hand filling a commercially available 
fused-silica emitter (MSWIL, Aarle-Rixtel, Noord-Brabant, Netherlands) with HSS T3 separation media 
(Waters, Milford, MA, United States). The mobile phase consisted of 0.1 % (v/v) formic acid in water 
(A1) and 0.1 % (v/v) formic acid in acetonitrile (B1). A 1 µL injection loop was used and the sample 
(1 µL) was loaded onto the capillary column with 2 µL/min flow at the initial conditions (95 % A1, 5 % 
B1) for 2 min and eluted with a linear gradient at a flow rate of 2 µL/min over 3 min to 60 % A1, 
following by ramping to 99 % B1 within 2 min and holding at this composition for an additional 1 min. 
The column was then re-equilibrated at the initial conditions for 3 min before the next injection. The 
nanoelectrospray source was operated in positive ion mode with the voltage set at 2.7 kV. The ion 
transfer tube temperature was 250 °C and the radio frequency (RF) lens was used as calibrated. The 
collision gas was argon at 1.5 mTorr with collision energy of 22 eV and the quadrupoles were operated 
at a resolution of 0.7 Da for both Q1 and Q3. The mass transitions for monitoring the analytes were 
�u�l�Ì���î�ò�ô�X�í���W���í�ñ�î�X�í���(�}�Œ�����'�U���u�l�Ì���î�ô�ð�X�í���W���í�ò�ô�X�í���(�}�Œ���ô�}�Æ�}���'�����v�����u�l�Ì���î�ô�õ�X�í���W���í�ó�ï�X�í���(�}�Œ���€�í�ñ�E�ñ�•�ô�}�Æ�}���'�U��
respectively. 

The quantitation of the analytes was done by using the mass spectrometers vendor software package 
Quan Browser in the software suite Xcalibur based on the peak areas and the constructed calibration 
curves. Calibration curves were constructed for each analyte during each analysis using a series of 
standard solutions of analytes. Calibration curves for dG and 8-oxodG were prepared with the 
concentration of 200 nM, 175 nM, 150 nM, 75 nM, 50 nM, and 25 nM respectively 75 nM, 50 nM, 
40 nM, 30 nM, 20 nM, and 15 nM. 

Fluorescence labeling of 8-oxoG in gDNA 

To convert DNA modifications to 3'-OH sites, a respective combination of 1 µL FPG (NEB, 8 U/µL), 1 µL 
ENDOIV (NEB, 10 U/µL) and 1 µL T4 PNK (NEB, 10 U/µL) was mixed with 4 µg gDNA (or a sample from 
previous blocking/repair step) in 1x NEBuffer 2 (NEB) in a final volume of 20 µL. The reaction mixture 
was incubated for 1 h at 37°C, immediately followed by adding 3 µL prop-dGTP (Jena Biosciences, 
2.5 mM), 3 µL 10x ThermoPol buffer (NEB), 3 µL H2O and Therminator IX (NEB 10 U/µL) to the sample. 
After 10 min incubation at 60°C, gDNA samples were purified using Pronex® Magnetic Beads as 
described previously using an elution volume of 30 µL. For CuAAC, the sample volume was condensed 
to 6 µL using a vacuum concentrator. The reaction was performed using 4 µL AF594 picolyl azide (10 
mM stock in DMSO, Jena Biosciences), 4 µL DMSO, 2 µL premixed CuSO4:THPTA (THPTA from 
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Lumiprobe; 20 mM Cu2+ and 200 mM THPTA) and 2 µL sodium phosphate buffer (1 M, pH 7.0). The 
reaction was started by adding 2 µL sodium ascorbate (400 mM in H2O, freshly prepared) and 
incubated for 60 min at 37°C. The reaction was purified using the Monarch Genomic DNA Purification 
Kit and eluted in 100 µL Buffer EB. gDNA concentration was measured using the Quantus™ 
Fluorometer with QuantiFluor® ONE dsDNA dye. 40 ng gDNA was used for 1% (w/v) agarose gel 
analysis using Purple Gel Loading Dye (NEB) containing 6x GelRed (Biotium) and 1 kb DNA Ladder (NEB). 
Agarose gel electrophoresis was performed for 1 h at 80 V and the gel was imaged with a ChemiDoc 
XRS+ System (Bio-Rad). For fluorescence analysis, identical amounts of each gDNA sample were mixed 
with PBS for a final volume of 605 µL. The samples were split in 3x 200 µL and pipetted in a non-clear 
96 black well plate. For blank measurement and normalization between experiments, 3x 200 µL PBS 
and 3x 200 µL AF594 (100 pM in PBS) was added to the plate. Fluorescence was recorded with an 
�/�v�(�]�v�]�š�����W�Œ�}���D�î�ì�ì���W�o���š�����Z���������Œ���~�d�������v�•���µ�•�]�v�P���š�Z�����(�}�o�o�}�Á�]�v�P���•���š�š�]�v�P�•�W���„Ex �A���ñ�ô�ì���v�u�U���„Em = 610 nm, gain = 
optimal, 25 flashes, 20 µs integration time, 25°C.  

Click-code-seq library preparation 

To minimize artefactual damage, samples were inverted or flicked instead of pipette mixing until the 
CuAAC step and gDNA was eluted in H2O supplemented with 500 µM 8-HQ after extraction and 
purification. To block background modifications, 1 µL ENDOIV (NEB, 10 U/µL) and 500 µM 8-HQ was 
added to 5 µg freshly extracted gDNA from HAP1 pellets in 1x ThermoPol Buffer (NEB) in a final volume 
of 20 µL. After 20 min incubation at 37°C, 2.5 µL ddNTP mix (Jena Biosciences, 2.5 mM), 0.5 µL 10x 
ThermoPol Buffer, 1.8 µL of 8-HQ (500 µM) and 0.2 µL Therminator IX (NEB, 10 U/µL) was added 
followed by a 10 min incubation at 60°C. 25 µL 8-HQ (500 µM) and 80 µL Pronex® beads were added 
for purification with an elution volume of 22 µL. To label oxidative modifications, 1 µL FPG (NEB, 
8 U/µL), 1 µL ENDOIV (NEB, 10 U/µL) and 3 µL 10x NEBuffer 2 (NEB) were added for final volume of 
30 µL. The reaction mixture was incubated for 1 h at 37°C, immediately followed by adding 3.5 µL prop-
dGTP (Jena Biosciences, 2.5 mM), 3 µL 10x ThermoPol buffer (NEB), 3 µL 8-HQ (500 µM) and 0.2 µL 
Therminator IX (NEB 10 U/µL). After 10 min incubation at 60°C, gDNA was purified using Pronex® 
Magnetic Beads as described previously using an elution volume of 50 µL Buffer EB. Sonication and 
TapeStation analysis of the sample was done as described earlier followed by Pronex® bead 
purification with a sample:beads ratio of 1:2 and 50 µL elution volume. Samples were quantified using 
a Quantus™ Fluorometer. For adapter ligation, NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® 
(NEB) was utilized using 1 µg gDNA and the pre-annealed NEB adapter (NEB_P7, NEB_P5, 15 µM). The 
manufacturer’s instruction was followed without performing the USER enzyme step. The sample was 
purified using Pronex® beads in sample:beads ratio 1:2 and elution in 50 µL Buffer EB. Successful 
adapter ligation was checked on an Agilent TapeStation with a High Sensitivity D100 ScreenTape. The 
sample volume was then condensed to 6 µL using a vacuum concentrator. To denature gDNA, the 
sample was heated to 95°C for 2 min and rapidly cooled on ice. CuAAC reaction was performed using 
2 µL ClickUMI-Mix (100 µM equimolar mixture of ClickUMI_1 and ClickUMI_2), 4 µL DMSO, 2 µL 
premixed CuSO4:THPTA (THPTA from Lumiprobe; 20 mM Cu2+ and 200 mM THPTA) and 2 µL sodium 
phosphate buffer (1 M, pH 7.0). The reaction was started by adding 2 µL sodium ascorbate (400 mM 
in H2O, freshly prepared) and incubated for 60 min at 37°C. Purification was done using Pronex® beads 
in a sample:beads ratio 1:2 and 30 µL elution volume. Biotin enrichment of sample DNA was performed 
using Dynabeads™ MyOne™ Streptavidin C1 (ThermoFisher). First, B&W buffer was prepared 
according to the manufacturer´s protocol including 0.05 % Tween™ 20. Then, 15 µL Dynabeads™ were 
transferred to a fresh tube, washed three times with 200 µL 1x B&W buffer and resuspended in 30 µL 
2x B&W buffer. The DNA sample was denatured by heating to 95°C for 2 min and rapid cooling on ice. 
Then, 30 µL sample was mixed with 30 µL of the prepared Dynabeads™ and rotated for 15 min at RT. 
Afterwards, the Dynabeads™ were washed 3x with 1x B&W buffer by resuspending the beads, 3 min 
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rotation and 1 min pelleting on a magnetic rack. A final wash was performed with Buffer EB and 
Dynabeads™ were resuspended in 20 µL Buffer EB. To amplify the biotin-enriched material, a PCR was 
performed by adding 5 µL 10x ThermoPol buffer, 5 µL dNTP mix (NEB, 2 mM), 1 µL MgSO4 (100 mM), 
1 µL ex_UMI (10 µM), 1 µL Pr_P7 (10 µM) and 0.5 µL Vent (exo-) DNA Polymerase (NEB 2 U/µL). The 
PCR program comprised an initial denaturation step (95°C, 120 s), followed by 5 cycles of denaturation 
(95°C, 20 s), annealing (59°C, 20 s) and elongation (72°C, 60 s) and a final elongation step (72°C, 300 s). 
The sample was purified with Pronex® beads in a sample:beads ratio 1:2 and an elution volume of 
30 µL. Final library amplification and indexing was performed by adding 25 µL NEBNext® Ultra™ II Q5® 
Master Mix (NEB), 2.5 µL i5_Index (10 µM) and 2.5 µL i7_Index (10 µM) to 20 µL sample. The PCR 
program comprised an initial denaturation step (98°C, 30 s), 10 cycles of denaturation (98°C, 10 s), 
annealing (68°C, 30 s) and elongation (72°C, 20 s), and a final elongation step (72°C, 120 s). The same 
PCR setup can be used for a precedent qPCR by adding a qPCR dye as Evagreen (Biotium) to test for 
successful sample amplification. The PCR sample was purified with the Pronex® beads dual size 
selection protocol using an initial sample:beads ratio of 1:1, followed by a sample:beads ratio of 0.5:1 
to exclude fragments longer than 1000 bp and shorter than 250 bp. The final sample concentration 
was adjusted to a concentration of 4 ng/µL and sequenced on an Illumina NovaSeq 6000 with 70 mio 
reads.  

Click-code-seq data processing and analysis 

After demultiplexing of sequencing data, each sample was represented by a fastq.gz file containing 
101-nucleotide-long genomic reads. The quality of the raw sequencing data was checked via FastQC 
version 0.11.9. Low-quality reads and adapter-containing reads were removed via trimmomatic 
version 0.38 with the following parameters: SE ILLUMINACLIP:Trimmomatic-0.39/adapters/TruSeq3-
SE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:101. We retained only those 
reads that contained a validation code (VC). The first 17 nucleotides corresponding to VC and 
randomized index code (RIC) were clipped from the read sequences and appended to the read names 
via the tool extract of umi_tools/1.1.2 toolkit. The reads were mapped to human reference genome 
GRCh38 via bowtie2 version 2.3.5.1, using pre-built bowtie2 index from https://genome-
idx.s3.amazonaws.com/bt/GRCh38_noalt_as.zip, and applying otherwise standard settings. Read 
duplicates were removed by the tool dedup of umi_tools version 1.1.2 toolkit, grouping reads with the 
same code sequence stored in the read name (method=unique). Samtools version 1.12 were employed 
to sort, index and generate statistics of bam files. bedtools2 version 2.29.2 were used to retrieve the 
coordinates of mapped and deduplicated reads and extract the sequence context of the damaged 
nucleotides from the reference genome. Each read represented one unit of DNA-modification signal, 
which we positioned at the nucleotide of the 5’ end of the read. Since a read was the reverse 
complement of the DNA fragment captured in the method employing MoDIS, the strand of the 
nucleotide bearing the signal was changed to the opposite to the one on which the respective read 
was mapped. Using custom scripts in Python version 3.7.4 with the modules numpy version 1.21.5, 
pandas version 0.25.1 and biopython version 1.79, we implemented the described DNA-modification-
signal positioning. The downstream analysis of DNA-modification data and their visualization were 
performed via custom scripts in Python version 3.7.4 with indicated modules in Jupyter notebooks 
employing the modules numpy version 1.19.2, scipy version 1.6.3, pandas version 1.1.3, biopython 
version 1.79, matplotlib version 3.4.2 and seaborn version 0.11.1 in Python version 3.8.5. For the 
analysis related to gene expression and chromatin accessibility, we used the data only from GRCh38’s 
chr1-22 and chrX. The following public datasets were employed in the click-code-seq data processing 
and analysis. COSMIC single base substitution signatures: COSMIC_v3.3.1_SBS_GRCh38.txt 
(https://cog.sanger.ac.uk). Transcript coordinates: GENCODE/V41/knownGene, obtained from UCSC 
Table Browser. Canonical transcripts of genes: GENCODE/V41/knownCanonical, obtained from UCSC 

https://cog.sanger.ac.uk/
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Table Browser. Genes were represented by canonical transcripts between transcription start site (TSS) 
and transcription end site (TES). Gene expression: CCLE_expression_full from DepMap Public 22Q2 
(https://depmap.org/portal/download/all/), the cell-line accession number: ACH-002475 (HAP1). 
Protein-coding genes: GENCODE/V41/knownToNextProt, obtained from UCSC Table Browser. 
Centromere and gap coordinates: obtained from UCSC Table Browser, GRCh38. Chromatin accessibility 
and histone modification data were obtained from ENCODE project: DNase-seq, ENCFF595FZG, 
ENCFF061YKH, ENCFF231TRG, ENCFF303IWU; H3K4me1, ENCFF049JIN; H3K9me3, ENCFF787JKC; 
H3K27ac, ENCFF171NJQ; H3K27me3, ENCFF958TDN; H3K4me3, ENCFF962XKU; H3K36me3, 
ENCFF979TPN.  

For Figures 3d-p and S12, guanine oxidation levels in genomic features of interest were corrected by 
the respective counts of guanine in the reference genome. Genome-scale data also required 
normalization to correct for sequencing depth varying across samples. We therefore computed 
sample-specific normalization factors that reflect the level of endogenous guanine oxidation in 

unexpressed genes: �/ (�O) = median�Ô�Ö�å�â�æ�æ �Ù{
�Ç(𝑠𝑠,�Ù)

�Ç𝑁𝑁�Ø𝑁𝑁(�Ù) 
}�Ù, where features �B here are the transcribed 

(antisense) strands of unexpressed genes, �0(�O,�B) is the number of mapped oxidized guanines per a 
concrete feature �B in the sample �O, and �0�N�A𝑁𝑁(�B) is the feature’s guanine count measured in kilobases. 
Guanine oxidation levels �%(�O,�B) were related to these sample-specific normalization factors in the 

following way: �%(�O,�B) =
�Ç(𝑠𝑠,�Ù)

�Ç𝑁𝑁�Ø𝑁𝑁(�Ù) �® �Æ(𝑠𝑠) 
 [AU], where a feature �B is a dinucleotide (Figure 3d), a gene’s 

transcribed strand or a gene’s non-transcribed strand (Figure 3e-g), strands of the TSS-adjacent region 
(Figures 3m-o), a chromosome bin with both strands considered together (Figure 12). For metaprofiles 

(Figures 3i-l), we presented �I 𝑚𝑚�=�J�Ô�Ö�å�â�æ�æ �Ú�Ð�À{�%(�O,�C,�P,�>)}�Ú with �%(�O,�C,�P, �>) =
�Ç(𝑠𝑠,�Ú,�ç,�Õ)

�Ç𝑁𝑁�Ø𝑁𝑁�Ò(�Õ)�®�Æ(𝑠𝑠)
, where 

�0(�O,�C,�P,�>) is the number of oxidized guanines per bin �> in sample �O, gene �C and strand �P, �0�N�A𝑁𝑁�Ú(�>) 
is the bin’s guanine count measured in reference genome in kilobases, �/ (�O)  is the normalization 
factor, and �) is the set of unexpressed or 30% most expressed protein-coding genes. 

We considered 16,740 protein-coding genes, including unexpressed ones: 3,428; �G��10% expression tier: 
1,404; �G��20%: 1,259�U���G��30%: 1,328�U���G��40%: 1,334�U���G��50%: 1,333�U���G��60%: 1,329�U���G��70%: 1,331; �G��80%: 
1,331; �G��90%: 1,331; �G��100%: 1,332. Number of genes beyond the maximal Y-axis value in Figure 3e, 
848 (TS), 962 (NTS); in Figure 3m, 842 (TS), 776 (NTS). 
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1.7 Supporting Information 
Material 

DNA oligonucleotides 

(Note: primers are in 5-3 direction; oxoG = 8-oxoG, THF = tetrahydrofuran, Phos = phosphorylated, *= 
phosphothioester linkage, N3=azido, TEG = tetra-ethylene-glycol linker) 

Name Sequence 
IL1-T30  ATCTTTTGTAGCATACATTGAAGATGTGGC 
IL-1 GCCACATCTTCAATGTATGCTACAAAAGAT 
IL-1_oxoG GCCACATCTTCAAToxoGTATGCTACAAAAGAT 
IL-1_THF GCCACATCTTCAATGTTHFTGCTACAAAAGAT 
NEB_P7 AGACGTGTGCTCTTCCGATCTAGAAGGCCTAG*T 
NEB_P5 Phos-5CTAGGCCTTCTAAGGAGATGTTGATGTGCTGC 
ClickUMI_1 N3-TNNNNNNNNNNCAACAAAGATCGGAAGAGCGTCGTGTAGG-TEG-Biotin 
ClickUMI_2 N3-TCAACAANNNNNNNNNNAGATCGGAAGAGCGTCGTGTAGG-TEG-Biotin 
Pr-P7 AGACGTGTGCTCTTCCGATCTA 
exUMI CCTACACGACGCTCTTCCGATC 
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Supplementary Figures 
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Figure S1. Fluorescent labeling and detection of DNA damage sites in oligonucleotides. Double-stranded DNA 30-mer oligonucleotides 
containing an 8-oxoG at position 15 were fluorescently labeled using the fluoroclick method. (A) Sequence of the 30-mer oligonucleotide 
used for this study. 8 = 8-oxoG. (B) PAGE gel showing a marker (M), a FAM labeled 15-mer (FAM), a 30-mer containing 8-oxoG at position 15 
(0) and the fluoroclick-labeled 8-oxoG oligonucleotide in decreasing concentrations. The gel was imaged in the fluorophore/DNA stain 
channel before/after applying GelRed® DNA stain. The band of the final reaction product is highlighted with a dash (Product). (C) Relative 
�(�o�µ�}�Œ���•�����v�������µ�v�]�š�•���~�„Ex �A���ñ�ô�ì���v�u�U���„Em = 610 nm) of the AF594-labeled samples in (B) were measured. Each data point represents the mean 
value of triplicate measurements of two independent experiments with error bars representing the standard deviation. (D) Relative 
�(�o�µ�}�Œ���•�����v�������µ�v�]�š�•���~�„Ex �A���ñ�ô�ì���v�u�U���„Em = 610 nm) of serial diluted AF594-labeled oligonucleotide were measured. Each data point represents 
the mean value of triplicate measurements of two independent experiments with error bars representing the standard deviation LOD = limit 
of detection, LOQ = limit of quantification. (E) Excision and fluoroclick labeling of an oligonucleotide containing an AP site at position 17. 
PAGE gel with marker (M) and samples as described in the table below the gel. The gel was imaged in the fluorophore/DNA stain channel 
before/after applying GelRed® DNA stain. The band of the final reaction products are highlighted with a dash. 

5-  G C C A C A T C T T C A A T 8 T A T G C T A C A  A A A G A T -3 
3-  C G G T G T A G A A G T T A C A T A C G A T G T  T T T C T A -5 
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Figure S2. Comparison of fluorophore probes AF594 and CF580 in fluoroclick. A single 8-oxoG base was excised from oligonucleotide DNA, 
prop-dGTP was incorporated and reacted with either Alexa Fluor 594 picolyl azide (AF) or CalFluor580(CF). (A) fluoroclick-labeled 
oligonucleotides were analyzed on PAGE. Three oligonucleotides, the unmodified 8-oxoG oligonucleotide and a FAM-labeled olgionucleotide 
were used as reference. (B) �Z���o���š�]�À�����(�o�µ�}�Œ���•�����v�������µ�v�]�š�•���~�„Ex �A���ñ�ô�ì���v�u�U���„Em = 610 nm) of fluoroclick-labeled samples with AF594 and CF580. 
Each bar represents the mean value of triplicate measurements of one experiment. 

 

  

Figure S3. Minimizing Cu-mediated DNA damage in fluoroclick while retaining sensitive fluorophore detection. gDNA was labeled with prop-
dGTP and conjugated with AF594 via CuAAC. Different CuAAC reaction times were applied and the effect on DNA integrity and fluorescence 
intensity analyzed. (A) Final labeled gDNA samples on an agarose gel. “Neg Ctrl” = gDNA was incubated without CuAAC reagents. (B) Relative 
�(�o�µ�}�Œ���•�����v�������µ�v�]�š�•���~�„Ex �A���ñ�ô�ì���v�u�U���„Em = 610 nm) of fluoroclick-labeled samples after different CuAAC incubation times. Each bar represents 
the mean value of triplicate measurements of two independent experiments with error bars representing the standard deviation. Unpaired 
one-way ANOVA. ns = not significant. 
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Figure S4. Investigation of handling impact on artefacts in gDNA. (A) gDNA was incubated for 20 min at 85 °C (heated), pipetted 20x with a 
standard pipette tip (Sheared) or a wide bore tip (WideBore). (B) gDNA was purified with either silica columns or magnetic beads during the 
fluoroclick procedure. For the column purification, DNA was eluted in different volumes to further evaluate the impact on artefacts through 
the purification method. The plots shows the r���o���š�]�À�����(�o�µ�}�Œ���•�����v�������µ�v�]�š�•���~�„Ex �A���ñ�ô�ì���v�u�U���„Em = 610 nm) of fluoroclick-labeled samples. Each bar 
represents the mean value of triplicate measurements of two (A) or three (B) independent experiments with error bars representing the 
standard deviation. Unpaired one-�Á���Ç�����E�K�s���X���Ž���W���W���G���ì�X�í, NS = not significant. “PosCtrl” = positive control, gDNA was incubated with FPG 
and ENDOIV. “NegCtrl” = negative control, DNA was labeled with dGTP instead of prop-dGTP. 

 

Figure S5.  Genomic DNA from HAP1- cells was fluoroclick-labeled using different enzymes to target SSBs, AP sites and oxidatifve DNA damage 
(A) Experimental workflow of monitoring enzymatic conversion of DNA modifications to 3'-OH for fluoroclick labeling. (B) Relative 
�(�o�µ�}�Œ���•�����v������ �µ�v�]�š�•�� �~�„���Æ �A� � �ñ�ô� ì� � �v�u�U� � � „� ��u� � �A� � �ò� í� ì� � �v�u� •� � � }� (� � � •� ��u�‰�o� �� •� � �‰�Œ�}� ��µ� �� �� �� � � �� �� �� }�Œ� �� ]�v�P� � �š� }� � � •� ��Z� ��u� �� � � ��X Each bar represents the mean value of 
triplicate measurements of three independent experiments with error bars representing the standard deviation. Unpaired one-way ANOVA. 
***  �W���W���G���ì�X001, * *** �W���W���G���ì�X0001, ns = not significant. 
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Figure S6. Conditions for repairing artefact lesions in gDNA were compared to each other. Enzymatic repair was either extended to overnight 
incubation (“Overnight”) or adapted to the protocol of Shu et al.45 (Shu X et al.) and compared to conditions previously established (Fig 2D). 
Each bar represents the �u�����v���Œ���o���š�]�À�����(�o�µ�}�Œ���•�����v������ �µ�v�]�š�•���~�„Ex �A���ñ�ô�ì�� �v�u�U�� �„Em = 610 nm) of triplicate measurements of three independent 
experiments with error bars representing the standard deviation. Unpaired one-way ANOVA. ns = not significant. “P” = positive control, DNA 
incubated with FPG and ENDOIV. “N” = negative control, dGTP instead of prop-dGTP was incorporated.  

 

Figure S7. Impact of sonication on artifactual DNA damage. Fluoroclick was applied to intact or sonicated DNA with or without 

���]�����}�Æ�Ç�v�µ���o���}�š�]������ ���o�}���l�]�v�P�� �•�š���‰�X�� �������Z�� �����Œ�� �Œ���‰�Œ���•���v�š�•�� �š�Z���� �u�����v�� �Œ���o���š�]�À���� �(�o�µ�}�Œ���•�����v������ �µ�v�]�š�•�� �~�„Ex �A�� �ñ�ô�ì�� �v�u�U�� �„Em = 610 nm) of triplicate 
measurements of three independent experiments with error bars indicating standard deviation. Unpaired two-tailed T-test. * * �W���W���G���ì�X01. P 
= positive control: FPG + T4 PNK-treated gDNA. N = negative control: prop-dGTP was replaced by dGTP. 

 

Figure S8. LC-MS/MS quantification of 8-oxodG in gDNA of KBrO3-exposed cells. HAP1 cells were exposed to 50 mM KBrO3 for 30 min at 
37 °C. gDNA was extracted and digested to nucleosides. dG and 8-oxoG dG were analyzed using LC-MS/MS and quantified via calibration 
curve and internal standard. Unpaired one-tailed T-test. *  �W���W���G���ì�X�í 
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Figure S9. Fluoroclick quantification of UVA-induced oxidative DNA damage in BJ-5ta cells. BJ-5ta cells were exposed to (A) a single dose of 
10 J/cm2 UVA or (B) 6 doses of 10 J/cm2 with two irradiations per day. gDNA was extracted from the cells and labeled with fluoroclick. Each 
bar represents the �u�����v�� �Œ���o���š�]�À���� �(�o�µ�}�Œ���•�����v������ �µ�v�]�š�•�� �~�„Ex �A�� �ñ�ô�ì�� �v�u�U�� �„Em = 610 nm) of triplicate measurements of three independent 
experiments with error bars representing the standard deviation. Unpaired one-tailed T-test. *  �W���W���G���ì�X�í. “P” = positive control, DNA incubated 
with FPG and ENDOIV. “N” = negative control, dGTP instead of prop-dGTP was incorporated. 

 

Figure S10. Workflow of the optimized click-code-seq method for single-nucleotide resolution damage sequencing. Isolated gDNA is 
incubated with ENDOIV to convert AP sites and blocked 3'-ends (red square) into 3'-OH ends. These 3'-OH ends are blocked with ddNTPs (X). 
FPG recognizes oxidative lesions (blue circle) and produces phosphorylated SSBs, which are converted to 3'-OH by ENDOIV. Prop-dGTP is 
added to these 3'-OH ends. DNA is sonicated, end-repaired and ligated to sequencing adapters at each terminus. Each prop-dGTP site is 
ligated to the click adapter in a CuAAC reaction to label positions of oxidative DNA damage for sequencing. DNA fragments with click adapter 
are enriched via biotin of the adapter binding to streptavidin beads. Using PCR, the triazole linkage is converted to a usual DNA phosphate 
linkage and the second strand is synthesized. The final library is amplified with i5/i7 adapters and submitted to Illumina sequencing.  
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Figure S11. Modified DNA Identifier Sequence (MoDIS) helps filtering out unspecific reads and retaining identical reads identified to originate 
from different cells/genomes. (a) Two used types of MoDIS. VC, validation code; RIC, randomized index code; AS, annealing site sequence. 
(b-c) VC (conserved positions) and RIC (variable positions) in the reads originating from MoDIS. The read sequence was complemented. Data: 
one replicate is shown. (d) The fractions of specific, i.e., MoDIS-containing reads (with VC, see a-c), and the unspecific reads lacking VC. Three 
biological replicates (circular markers) and their means ± s.d. (filled bars with error whiskers; error whiskers are narrow) of 8-oxoG mapping 
are shown. The reads in a-c correspond to one circular marker in the group of specific reads. Thanks to using MoDIS, the unspecific, i.e., 
artefactual reads (<15%), can be identified and removed. (e) Schematic explanation of how RIC helps retaining identical reads originating 
from different cells/genomes. (f) The presence of RIC in MoDIS increases by around 35% the number of identified oxidation sites. The fraction 
relates the number of specific (i.e., VC-containing) deduplicated reads with RIC sequences and the number of the same reads with 
computationally removed RIC sequences. Three biological replicates (circular markers) and their means ± s.d. (filled bars with error whiskers) 
are shown. 
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Figure S12. Genome-wide distribution of guanine oxidation levels at 100-Kb resolution in the human genome. (a) Mean ± s.d. (marker and 
error bar) across three biological replicates. Max Y-axis value: 99.5 percentile of the mean values. (b) Markers: pair-wise correlations between 
three replicates. Box: mean pair-wise correlation. (c) Distributions in three replicates. Dashed lines: 1st and 99th percentiles. Max Y-axis value: 
99.5 percentile of the mean values. Boxes are interquartile ranges, internal horizontal lines are medians, whiskers extend to the furthest 
datapoint within 1.5x interquartile range, datapoints beyond are shown as small markers. 



Chapter 3 
 

61 
 

Chapter 3 - Formation and Repair of Oxidative DNA Damage in 
Human Cells Exposed to KBrO3 and UVA Radiation 
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1.1 Abstract 
Oxidative DNA damage in human cells is caused by exogenous and endogenous factors and is linked to 
carcinogenesis and accelerated aging. The major DNA oxidation product is 8-oxoguanine (8-oxoG), 
which in humans is repaired by 8-oxoguanine glycosylase 1 (Ogg1). 8-oxoG and its repair intermediates 
pose a threat to genomic integrity and can cause mutations or cell death if not removed. Studying the 
amount and location of 8-oxoG is important for understanding the mechanisms behind stressor-
induced damage formation and repair. However, many methods to characterize 8-oxoG and repair 
intermediates in the human genome suffer from low specificity and resolution. We previously 
developed click-chemistry based methods termed fluoroclick and click-code-seq for accurate 
quantification and mapping of 8-oxoG, AP sites and SSBs in the human genome. However, the relative 
contribution of repair and formation to damage profiles induced by external stressors is largely 
unexplored. Thus, to quantify 8-oxoG levels in dependance of ROS-induced formation and excision 
repair, we exposed U2OS wildtype and Ogg1-/- cells to UVA radiation and potassium bromate (KBrO3) 
followed by recovery up to 24 h. Using fluoroclick, we measured a 3-fold 8-oxoG increase in KBrO3-
exposed cells, but no significant increase in AP sites/SSBs. UVA exposure caused a 1.4-fold increase in 
both 8-oxoG and AP sites/SSBs in WT cells. The increase in 8-oxoG in WT cells exposed to either stressor 
was no longer significant after 6 h and we attributed this finding to ongoing repair. These results 
present a key step in investigating how the evolving process of repair shapes the 8-oxoG distribution 
throughout the genome and in particular regions and will be complemented by future sequencing 
studies. 

 

1.2 Introduction 
Oxygen is a basis of cellular energy production but simultaneously contributes to the generation of 
reactive oxygen species (ROS).1 While ROS contribute positively to the immune defense, unbalanced 
levels pose a threat by oxidizing biomolecules.2, 3 ROS levels increase if cells are exposed to 
environmental stressors such as UVA radiation from natural sunlight or chemicals.4, 5 To eliminate 
excess ROS, cells produce antioxidants in the form of enzymes and small molecules.6 If the 
concentration of ROS exceeds antioxidant capacities, cells experience oxidative stress, a state in which 
cellular components including DNA are particularly challenged by oxidation.7 As DNA contains the 
information necessary for proper cell function and structure, oxidative stress and DNA oxidation are 
associated with pathological outcomes such as cardiovascular diseases and cancer.3, 8-10 While it is 
known that 8-oxoG is heterogeneously distributed in the genome and its profile is shaped by repair 
and chromatin structure, precise data on the quantity and location of 8-oxoG induced by 
environmental stressors are scarce. This is primarily owed to a lack of specific methods to study the 
impact of stressors and excision repair on 8-oxoG in the human genome. 

8-oxoguanine (8-oxoG) is the main oxidation product in DNA and can mispair with adenine causing 
mutations if not repaired.11-13 The main repair pathway for 8-oxoG is base excision repair (BER). BER 
involves glycosylase-mediated excision of modified bases followed by insertion of an intact base. In 
humans, 8-oxoguanine glycosylase 1 (Ogg1) is the major glycosylase for the repair of 8-oxoG.14 Ogg1-
mediated 8-oxoG excision produces apurinic sites (AP sites) and single strand breaks (SSBs) as 
intermediates.15 These types of lesions are naturally abundant in the human genome both through 
spontaneous formation and as repair intermediates and also pose a threat to genomic integrity.16 The 
repair of 8-oxoG has to be well coordinated, since accumulation of repair intermediates can have 
severe consequences such as cell death.17, 18 Currently, there is limited knowledge on quantity and 
location of DNA damage induced by stressors and how it evolves as BER progresses in the cells. 
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BER is efficient and repair of 8-oxoG induced by e.g. radiation can be completed within several hours.19 
In particular, the first step of BER, Ogg1-mediated 8-oxoG excision, is fast with an 8-oxoG half-life of 
only 11 minutes.20 Conversely, levels of 8-oxoG were observed to be highest in human cells exposed 
to UVA radiation 6 h after exposure, probably due to continuous formation of ROS and activation of 
oxidative stress response enzymes.21 Despite the importance of Ogg1 in the repair of 8-oxoG, Ogg1 
knockout mice (Ogg1�>�l�>) do not have a pathological phenotype, even though 8-oxoG levels can be 
increased 3- to 7-fold.22 Even though BER of 8-oxoG is slowed in the absence of Ogg1, other enzymes 
such as MutT homolog 1 (MTH1) and mutY DNA glycosylase (MUTYH) can possibly compensate its 
deficiency.23 The amount of 8-oxoG is thus a result of the source and amount of ROS and the cell's 
repair capabilities.  

UVA and potassium bromate (KBrO3) are known to induce 8-oxoG formation in human cells.21, 24 UVA 
radiation is a part of the natural sunlight spectrum with wavelengths from 320 to 400 nm. It is non-
ionizing and does not directly cause damage to DNA.25 Rather, UVA-induced DNA damage is indirect 
and relies on the presence of photosensitizers, compounds in the cell that form radicals when 
absorbing radiation.26 KBrO3 is a food additive in baking products, but is decreasingly used due to health 
hazards such as potential carcinogenicity.27, 28 It reacts with glutathione (GSH) in cells to form BrO2 that 
directly and specifically causes 8-oxoG formation in DNA by abstracting one electron from guanine.29, 

30 In contrast, UVA also causes the formation of cyclobutane pyrimidine dimers (CPDs) and SSBs 
depending on available photosensitizers.31, 32 Given their different damage spectra, UVA and KBrO3 

produce distinct mutational patterns: UVA predominantly induces GC to TA transversion mutations19, 
while KBrO3 induces deletions caused by 8-oxoG repair.27 To further elucidate the mutational 
consequences of chemically or radiation-induced 8-oxoG formation, accurate damage sequencing and 
quantification is required. 

We previously quantified 8-oxoG in genomic DNA (gDNA) from HAP1 cells exposed to potassium 
bromate (KBrO3) and UV radiation using fluorescence-based DNA damage quantification method 
termed fluoroclick. We found that 8-oxoG levels increased 1.5 to two-fold compared to unexposed 
cells.33 However, these data did not include recovery after damage induction or a cell-based model to 
study the effects of BER on damage levels. To locate 8-oxoG within the genome, several 8-oxoG 
sequencing methods have been developed in the past and it was observed that 8-oxoG profiles are 
shaped by repair and chromatin structure.34 Using click-code-seq, we mapped endogenous 8-oxoG in 
HAP1 cells and found that damage accumulated in euchromatin, particularly in highly expressed 
genes.33 However, comparing results obtained by different damage sequencing methods often 
produced contradictory statements. For example, our group and Gorini et al. previously reported an 
enrichment of 8-oxoG in gene promotors35, 36, while Ding et al. and An et al. reported a depletion.37, 38 
Multiple factors such as exposure and cell type or recovery time might have caused these differences, 
potentially augmented by low resolution or sequencing artifacts. To understand the impact of repair 
on stressor-induced DNA damage, time-dependent 8-oxoG quantification and distribution profiles of 
cells exposed to chemicals or radiation are needed. 

The goal of this study was to investigate the formation and repair of 8-oxoG in human cells subjected 
to oxidative stress as a result of exposure to KBrO3 or UVA. We hypothesized that inducing oxidative 
stress in cells increases 8-oxoG levels and triggers BER causing a decline to original 8-oxoG levels in 
wild-type cells during recovery, whereas in Ogg1-/- cells this decline was expected to be delayed. We 
exposed human osteosarcoma cells (U2OS) that were either proficient or deficient in Ogg1, to UVA 
radiation or KBrO3 followed by recovery up to 24 h. Using Fluoroclick, we analyzed the amount of 8-
oxoG and its repair intermediates and compared the damage levels between exposure types and Ogg1 
proficiency. Linking the resulting knowledge of DNA oxidation by KBrO3 and UVA and the impact of BER 
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to genome-wide damage distribution profiles will extend our knowledge on the dynamics of DNA 
damage and repair in the human genome.  

 

1.3 Results 
8-oxoG can be accurately quantified by applying fluoroclick on isolated gDNA exposed to KBrO3 

To investigate the effects of stressors and repair on 8-oxoG amount and distribution in the genome, 
highly specific methods to detect DNA damage and strategies to reduce artifactual DNA oxidation are 
needed. We recently developed fluoroclick, a fluorescence-based method for rapid quantification of 
DNA damage levels, and used it to optimize click-code-seq, a single-nucleotide damage sequencing 
method, for highly specific mapping of 8-oxoG and AP sites.33 In fluoroclick and click-code-seq, 
formamidopyrimidine-DNA glycosylase (FPG) and endonuclease IV (ENDOIV) are used to produce a gap 
at sites of oxidative DNA damage, AP sites and SSBs. In this gap, Therminator IX polymerase introduces 
a 3'-(O-propargyl)-modified triphosphate nucleotide (prop-dNTPs). The propargyl-moiety is linked with 
the fluorophore AF594 for quantification or a sequencing adapter for sequencing through copper-
catalyzed azide-alkyne cycloaddition (CuAAC). While we validated the use of fluoroclick for quantifying 
chemically induced DNA damage, we did not test the concentration range, in which 8-oxoG can be 
accurately detected using fluoroclick.  

To validate the use of fluoroclick for measuring different levels of KBrO3-induced 8-oxoG, we extracted 
gDNA from HAP1 cells and exposed it to various KBrO3 concentrations. Glutathione (GSH) was added 
to each reaction since KBrO3 requires activation by thiols to form the DNA-damaging reactive bromine 
species.39 After sample purification, fluoroclick was used to measure 8-oxoG, AP sites and SSBs. 
Incubating gDNA samples with ENDOIV labels AP sites and SSBs, while incubation with FPG and ENDOIV 
extends the labeling to include 8-oxoG along with these sites. Thus, subtracting fluorescence values 
from samples incubated with ENDOIV from samples incubated with ENDOIV and FPG returns 
fluorescence that represents 8-oxoG. A concentration-dependent increase in fluorescence 
representing 8-oxoG was observed in samples exposed to 0 to 1.5 mM KBrO3 (Figure 2A). However, no 
increase in fluorescence was observed in gDNA treated with 2 mM KBrO3 compared to 1.5 mM KBrO3. 
This might be due to the formation of 8-oxoG hyperoxidation products or reflect limitations in the 
method. In fluoroclick-labeled samples treated with ENDOIV no difference in fluorescence was 
observed between all KBrO3 concentrations. Since KBrO3 is a selective inducer of 8-oxoG29 and no 
repair occurs in cell-free conditions, these results confirm that no AP sites or SSBs were formed.  

Having established that fluoroclick can be applied to quantify KBrO3-induced 8-oxoG, we measured 8-
oxoG in isolated gDNA exposed to 1.5 mM KBrO3 with LC-MS/MS. We used the data to convert 
fluorescence values from the fluoroclick experiment to the amount of 8-oxoG in the sample (Figure 
2B). Time constraints limited the study to this one-�‰�}�]�v�š���>��
5�D�^�������o�]���Œ���š�]�}�v�U�����µ�š���(�µ�Œ�š�Z���Œ�����Æ�‰���Œ�]�u���v�š�•��
with more data points are planned. We observe a linear correlation (R2 = 0.83) when plotting the 
concentration of 8-oxoG as a function of varying KBrO3 concentrations. We concluded that fluoroclick 
can be applied to accurately measure 8-oxoG in cell-free gDNA exposed to KBrO3 in a linear range from 
0 to 200 8-oxodG/107 dG. This range conforms with 8-oxoG concentrations that were previously 
measured in gDNA from human cells exposed to KBrO3.39 
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Figure 6. Fluoroclick analysis of isolated gDNA exposed to KBrO3. gDNA was extracted from HAP1 cells and exposed to various 
concentrations of KBrO3 and 500 µM GSH for 30 min at 37 °C. Purified gDNA was then analyzed with Fluoroclick using either 
ENDOIV to label AP sites and SSBS or ENDOIV and FPG to label oxidative DNA damage. A Bar chart of superimposed 
fluorescence values per KBrO3 concentration. Error bars indicate standard deviation of triplicate data. B Linear regression of 
normalized fluorescence values of oxidative DNA damage. The fluorescence of oxidative DNA damage was determined by 
subtracting the values of ENDOIV from ENDOIV + FPG samples in A and converting them to 8-oxoG/107���'���µ�•�]�v�P���>��
5�D� �̂������š���X 

 

Exposure to KBrO3 causes oxidative DNA damage with delayed repair in Ogg1-/ - cells 

Having validated the use of fluoroclick to quantify various concentrations of 8-oxoG in gDNA, we 
proceeded to measure 8-oxoG levels in U2OS WT and Ogg1-/- cells exposed to 50 mM KBrO3. We 
hypothesized that KBrO3 exposure would causes 8-oxoG formation in U2OS cells, which would decline 
during the recovery period due to ongoing BER but persist in Ogg1-deficient cells. To assess a potential 
correlation between recovery time and 8-oxoG levels, we harvested the cells directly after exposure 
and 1, 6, and 24 h later (Figure 3A). For DNA damage quantification, gDNA was extracted from cell 
pellets and subjected to fluoroclick analysis. We incubated gDNA with ENDOIV to label AP sites and 
SSBS or with ENDOIV and FPG to additionally label 8-oxoG, with the difference in both fluorescence 
values representing 8-oxoG alone (Figure 3B). We observed a close to 3-fold increase in 8-oxoG over a 
6-hour period for both WT and Ogg1-/- cells (Figure 4 A and B). After 24 h of recovery, 8-oxoG decreased 
to the levels of unexposed cells in WT, but not in Ogg1-/- cells, hinting that Ogg1-mediated BER takes 
place. The fold-change of 8-oxoG after 6 h in WT and 24 h in Ogg1-/- cells was more than twofold, but 
not significant (p=0.06 and 0.18). In Ogg1-/- cells, the fold change of 8-oxoG after 1 h fell to baseline 
levels. This was not mainly due to a damage decline in exposed cells, but because of high 8-oxoG levels 
in unexposed cells (Figure S2B and S3B). Thus, KBrO3 induced 8-oxoG in both WT and Ogg1-/- cells, but 
complete repair after 24 h was only observed in WT cells. 
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Figure 7. Experimental procedures for establishing dynamic profiles of DNA damage formation and repair A. U2OS WT and 
Ogg1-/ - cells were exposed to 50 mM KBrO3 or 10 J/cm2 UVA followed by medium replacement. After 0, 1, 6 and 24 h cells 
were harvested, gDNA extracted and analyzed using fluoroclick. B gDNA with 8-oxoG and AP sites/SSBs was treated with 
ENDOIV or ENDOIV/FPG to fluorescently label AP sites/SSB with or without 8-oxoG using fluoroclick. The difference in the 
resulting fluorescence signals represents oxidative modifications. Created using Biorender.com 

Having observed KBrO3 induces DNA damage and activates BER, we analyzed the formation of 8-oxoG 
repair intermediates. Interestingly, the levels of AP sites and SSBs were low and not significantly 
increased compared to baseline in both WT and Ogg1-/- cells for all time points. Comparing the fold 
change values of 8-oxoG levels between WT and Ogg1-/- cells, the 8-oxoG fold-change did not 
significantly differ, while AP site/SSB levels were significantly higher in Ogg1-/- cells after 1 h (1.2x, 
p=0.02) compared to WT cells. While cell numbers remained similar during the first hour, the number 
of cells was significantly decreased in KBrO3-exposed WT and Ogg1-/- cells compared to unexposed cells 
after 6 and 24 h (Table S1). Additionally, cells stopped proliferating after 6 h in exposed cells but not 
in exposed cells as observed by microscopy (Figure S1). These observations could support that 
accumulation of 8-oxoG or its repair product causes cell death in exposed cells. In summary, KBrO3 

exposure of WT and Ogg1-/- cells induced similar amounts of 8-oxoGs, which were completely repaired 
in WT cells after 24 h, while levels of AP sites/SSBs remained low and not significantly increased 
compared to baseline across all time points. 
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Figure 8. Fluoroclick quantification of 8-oxoG and AP sites/SSBs in U2OS WT and Ogg1-/- cells exposed to 50 mM KBrO3 or 
10 J/cm2 UVA with recovery times of 0, 1, 6 and 24 h. Bars represent data of triplicate experiments and error bars standard 
deviation. Significance of fold changes (8-oxoG levels of unexposed cells divided by levels of exposed cells) was determined 
by unpaired, two-tailed parametric t-tests (*: p<0.05). A Fold change data from KBrO3-exposed U2OS WT cells B Fold change 
data from KBrO3-exposed U2OS Ogg1-/ - cells C Fold change data from UVA-exposed U2OS WT cells D Fold change data from 
UVA-exposed U2OS Ogg1-/ - cells. 8-oxoG data after 24 h could not be produced and are not shown. 

  

UVA exposure modestly induces 8-oxoG, AP sites and SSBs in U2OS WT cells  

Having measured a close to 3-fold increase of 8-oxoG in KBrO3-exposed U2OS cells, we proceeded with 
exposing U2OS WT and Ogg1-/- cells to UVA radiation to measure its effect on DNA damage levels. To 
this purpose we exposed U2OS cells to 10 J/cm2

 UVA and allowed them to recover up to 24 h. We 
observed a 1.4-fold increase in 8-oxoG in UVA-exposed WT cells after 1 h of recovery (p = 0.01) 
followed by a significant decrease to baseline levels after 6 h (p = 4x10-4) (Figure 4C). AP sites and SSBs 
increased 1.4 times immediately after UVA exposure (0 h, Figure 4C), and remained at this level even 
after 1 h of recovery, but neither 8-oxoG nor AP sites/SSBs were significantly increased after 6 and 24 h 
of recovery. Similar to KBrO3-exposed cells, UVA-exposure caused a decrease in cell number for both 
WT and Ogg1-/- cells compared to unexposed cells, but no effect on cell proliferation was observed 
(Table S2). Generally low cell numbers of Ogg1-/- cells resulted in low gDNA extraction yields and 
complicated the analysis of DNA damage levels. No significant increase was observed for either 8-oxoG 
or AP sites/SSB levels across all recovery time points in Ogg1-/- cells (Figure 4D). The increase in 8-oxoG 
in unexposed cells after 1 h, which was previously observed in KBrO3-exposed cells, was also apparent 
in UVA-exposed Ogg1-/- cells (Figure S2D and S3D). Interestingly, we observed identical trajectories for 
8-oxoG, AP site and SSB levels in UVA-exposed WT and Ogg1-/- cells. Specifically, damage levels were 
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increased, although not significantly, after UVA exposure and decline as recovery time progresses 
(Figure S2C and D). This profile, which might be attributed to ongoing BER, is visible in both WT and 
Ogg1-/- cells, suggesting that a type of DNA damage different from 8-oxoG was induced by UVA. In 
conclusion, we observed a slight increase in 8-oxoG and AP sites/SSBs in UVA-exposed U2OS WT cells, 
which were repaired after 6 h of recovery. Analysis of U2OS Ogg1-/- was complicated by low cell 
numbers and gDNA extraction yield and 8-oxoG, AP sites or SSBs did not significantly increase. 

 

1.4 Discussion 
In this study we characterized the dynamics of formation and repair of 8-oxoG, AP sites and SSBs in 
gDNA from human cells under conditions of oxidative stress due to exposure to KBrO3 or UVA radiation. 
KBrO3 induced 8-oxoG in the range of 20 to 200 8-oxoG/107 dG in isolated gDNA. We then exposed 
U2OS cells to 50 mM KBrO3 and found that 8-oxoG levels were almost 3-fold increased in exposed WT 
and Ogg1-/- cells. Meanwhile, AP sites and SSBs remained low and constant across the course of 24 
hours recovery process. In WT U2OS cells, proficient in BER, 8-oxoG was completely repaired within 
24 h, while in Ogg1-/- cells, 8-oxoG levels persisted at levels 2.8-fold higher than background. Exposure 
to 10 J/cm2 UVA induced a 1.4-fold increase in 8-oxoG and AP sites/SSBs in WT cells and remained at 
this level until 1 h after exposure. Low cell numbers and gDNA extraction yield of U2OS Ogg1-/- cells 
complicated the analysis and we did not observe any significant increase in 8-oxoG or AP sites/SSBs. In 
conclusion, KBrO3 induced twice as much 8-oxoG compared to UVA exposure in U2OS cells, while levels 
of repair intermediates AP sites and SSBs remained low, even though 8-oxoG levels decreased as a 
consequence of ongoing BER.  

Levels of 8-oxoG were increase for at least 6 hours post exposure in KBrO3-exposed U2OS WT cells. 
Even though BER probably becomes active immediately after damage is induced, oxidative stress might 
be upheld by KBrO3 in the cell, contributing to sustained DNA oxidation. Furthermore, repair of 8-oxoG 
right after exposure may be reduced due to Ogg1 inactivation under high oxidative stress to prevent 
the toxic accumulation of strand breaks.40, 41 Our finding that KBrO3-induced 8-oxoG levels persist for 
several hours coincide with the results of Bishoy et al., who observed that U2OS cells exposed to 
20 mM KBrO3 causes a 30 % increase 8-oxoG levels over 6 hours.42 They also observed that 8-oxoG 
levels were significantly higher in cells pre-conditioned with an Ogg1 inhibitor than WT cells.42 Kumar 
et al. applied the FPG-modified comet assay and observed a significant decrease in 8-oxoG levels 
already 2 h after exposure to 40 mM KBrO3.43 Gilat et al. used a novel fluorescence-based assay similar 
to fluoroclick to quantify KBrO3-induced 8-oxoG using identical conditions and cell lines as in our study. 
They observed a 6-fold increase in 8-oxoG right after exposure, which declined to a 3-fold increase 
after 30 min and remained at this level for 24 h post exposure.44 However, they neither applied 
antioxidants nor accounted for pre-existing AP sites targeted by ENDOIV, which potentially caused 
overestimation of 8-oxoG in their analysis.  

BER of 8-oxoG causes the formation of repair intermediates, AP sites and SSBs. To test whether these 
intermediates can be detected during repair of 8-oxoG, we quantified AP sites and SSBs in U2OS cells 
after exposure to KBrO3 or UVA. Surprisingly, AP sites and SSB levels remained constant during 
recovery and did not significantly increase across all time points in KBrO3-exposed WT and Ogg1-/- cells. 
The damage profile of KBrO3-exposed WT cells (Figure 4) suggests that most of the oxidative damage 
is repaired between 6 and 24 . We did not quantify levels of repair intermediates during this time span 
but expect that AP sites and SSBs might be elevated here. In fact, Amouroux et al. tracked 8-oxoG 
formation over a time span of 12 h using the comet assay and found that most 8-oxoG was repaired 
between 6 and 12 h recovery time in HeLa cells exposed to 40 mM KBrO3.45 In a different work they 
found that neither AP sites, nor SSBs were increased in Chinese hamster ovary cells (AA8) after 
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exposure to 40 mM KBrO3, in line with our results.46 AP endonuclease 1 (APE1), the major repair 
enzyme for AP sites in humans, is active less than a second after damage has been inflicted.47 Hence, 
a significant increase in AP sites/SSBs might not be observable using our experimental setup due to 
rapid repair. Furthermore, if SSBs accumulate during BER, cells can activate parthanatos (poly-(ADP-
ribose)-polymerase-induced cell death), which would eliminate and exclude these cells from analysis.48 
Indeed, the number of cells decreased after KBrO3 exposure, apoptotic cells high in SSBs might have 
been washed away during harvesting.39 While including additional recovery time points may help to 
gain a more detailed picture of 8-oxoG repair after exposure, it can nevertheless be concluded that 
BER was active after KBrO3 exposure, causing a reduction in 8-oxoG in U2OS cells. 

To test whether UVA exposure causes oxidative damage and triggers BER, we exposed U2OS cells to 
10 J/cm2 UVA followed by recovery up to 24 h. 8-oxoG increased by 40 % and persisted until 1 h after 
irradiation (Figure 4C). In previous studies, UVA-induced oxidative damage in human fibroblasts21 was 
observed to be at maximal levels 6 h after exposure. In human monocytes, ROS levels were still 
elevated four-fold 24 h after UVA irradiation49 and the dose of 10 J/cm2 UVA was observed to double 
the steady-state levels of 8-oxoG.50 However, comparing results across studies that characterize UVA-
induced DNA damage is challenging in part because UVA causes indirect DNA damage through 
excitation of photosensitizers, which then induce different ROS that eventually oxidize DNA.26 These 
photosensitizers are present in cells, for example, melanin19, or in cell culture medium, for example 
phenol red or riboflavin.51 Thus, the effects of UVA irradiation depend on cell culture medium 
composition and cell type, which often vary between studies. Furthermore, type and quantity of UV-
induced DNA damage is wavelength-dependent, and many UVA studies produced misleading results 
due to a faulty irradiation setup with contaminating UVB.52, 53 Hence, comparing the outcomes of 
studies involving UVA-induced DNA damage is only possible to a limited extent given the variety of 
factors that influence the effects of UV radiation on cells. In summary, UVA exposure of U2OS cells 
induced a moderate 1.4-fold increase of 8-oxoG, likely being influenced by the presence of available 
photosensitizers. 

UVA exposure leads to the generation of 8-oxoG within cells, albeit at a level approximately three times 
lower than the formation of cyclobutane pyrimidine dimers (CPDs).32 Furthermore, UVA causes the 
formation of single32- and double54-strand breaks in DNA, directly through ROS-mediated reactions or 
as repair byproducts. In our study, UVA induced a 1.4-fold increase of AP sites and SSBs directly 
following exposure, whereas these lesions were not significantly increased in KBrO3-exposed cells. 
Unlike KBrO3, ROS produced from UVA might directly cause SSB formation through generation of 
hydroxy radicals55, which might explain the difference in KBrO3 and UVA-induced SSBs. Although the 
results from UVA-exposed Ogg1-/- cells were complicated by low gDNA extraction yield, a similar 
downward trend in both FPG- and ENDOIV-labile sites was observed in WT and Ogg1-/- cells, although 
not significant. Such a trend could represent ongoing BER, but since cells are deficient in Ogg1, a 
different lesion than 8-oxoG such as oxidized pyrimidines might have been produced. Indeed, UVA-
exposed Chinese hamster ovary cells were reported to form Endonuclease III-sensitive sites, such as 
thymine glycol.32 Replicates of experiments including Ogg1-/- cells with higher DNA sample input will 
help to gain a clearer picture of the effects of UVA on DNA damage formation. In conclusion, UVA 
exposure likely causes not only the formation of 8-oxoG, but also induces strand breaks and oxidized 
pyrimidines in DNA. 

Both UVA and KBrO3 caused oxidative DNA damage in U2OS cells, with KBrO3 inducing damage at a 
level approximately two times higher than that induced by UVA. To gain insights into where 8-oxoG is 
preferentially formed and repaired, we aimed to choose a recovery time, where damage levels after 
exposure were maximal or minimal, respectively, for further sequencing studies. A candidate for 
maximum damage could be 1 h of recovery time, since there is a significant increase in 8-oxoG for both 
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UVA and KBrO3 exposure. The selection of a time point where BER is close to completion, is 
complicated by a high variability in oxidation levels after 6 or 24 h of recovery for both stressors. This 
variability might be caused by cells reaching confluency, a factor that was observed to cause higher 
damage levels in UVA-exposed human fibroblasts.26 Additionally, an increase in oxidative damage was 
observed 1 in unexposed Ogg1-/-, but not WT cells. A potential source of this damage could be oxidative 
stress induced by processing the cells, which is quickly repaired only in WT cells. Overall, confluency 
and handling seem to play an important role when examining oxidative DNA damage in cells. 

In conclusion, we quantified the time-dependent formation and repair of 8-oxoG, and its repair 
intermediates AP sites and SSBs, in U2OS cells either proficient (WT) or deficient in Ogg1 (Ogg1-/-), 
during a recovery period of 24 h following exposure and could profile how 8-oxoG levels change over 
time, reflecting relative opposing contributions of formation and repair. KBrO3 caused twice as much 
oxidative DNA damage compared to UVA, which was repaired in both cases after cells recovered for 
6 h in WT cells. Repair of 8-oxoG was evidently slowed down in KBrO3-exposed Ogg1-/- cells. Due to low 
gDNA sample input, no conclusive results of UVA-exposed Ogg1-/- could be made. In fact, DNA damage 
quantification using fluoroclick currently requires relatively high gDNA sample input and is limited in 
specificity due to the broad substrate spectrum of FPG and ENDOIV.  

Further studies will include the verification of fluoroclick-based quantification data �µ�•�]�v�P���>��
5�D�^/MS 
and examination of AP site/SSB formation between 6 and 24 h of recovery time to further characterize 
the effects of BER on DNA damage levels. Based on quantification data, recovery time points, where 
oxidative damage is maximal or close to being completely repaired, will be selected. These conditions 
will serve as a basis to produce DNA samples for 8-oxoG sequencing using click-code-seq to investigate 
regions of preferred damage accumulation and repair. Eventually, this information is expected to 
expand our knowledge on how much and where oxidative DNA damage is formed and repaired, 
thereby helping to advance diagnostic and therapeutic measures related to cancer and aging. 

1.5 Experimental 
Unless otherwise stated, chemicals were acquired from Sigma Aldrich, molecular biology reagents 
from New England Biolabs and cell culture reagents from Thermo Fisher. Adapters and primers for 
click-code-seq were synthesized and HPLC-purified by Eurogentec. Solutions were prepared in MilliQ-
purified H2O. Buffer EB acquired by Qiagen contains 10 mM TRIS-Cl, pH 8.5. Cell lines were routinely 
tested for mycoplasma contamination. 

Exposure of isolated gDNA to KBrO3 

gDNA was extracted from HAP1 cells (RRID:CVCL_Y019, Horizon Discovery) by guanidine thiocyanate 
lysis and silica-column based purification using the Monarch Genomic DNA Extraction Kit following the 
manufacturer’s instructions. To avoid artifactual oxidation, Dulbecco's Phosphate-Buffered Saline 
(DPBS) used in the cell pellet resuspension step was supplemented with 1 mM deferoxamine and 
50 µM n-tert-butyl-�r-phenylnitrone. Extracted gDNA was quantified using the Quantus™ Fluorometer 
�Á�]�š�Z���Y�µ���v�š�]�&�o�µ�}�Œ� ���K�E�������•���E�������Ç���X���E���š�]�À�����P���E�����~�î�ì���…�P�•���Á���•�����Æ�‰�}�•�������š�}���ñ�ì�ì���…�D���'�^�,���Œ�����µ���������~�ð�ì���u�D��
in H2O) and various concentrations (0.5 mM, 1 mM, 1.5 mM, and 2 mM) of KBrO3 (60 mM stock solution 
in H2O) in a final volume of 200 �…�>�X��DNA was allowed to react for 30 min at 37 °C followed by 
purification using the Monarch® Genomic DNA Purification Kit according to manufacturer’s 
instructions. DNA amount was quantified using the Quantus™ Fluorometer with QuantiFluor® ONE 
dsDNA Dye and gDNA was analyzed using fluoroclick as described below. 

 

Cell culture and KBrO3 / UVA exposure 
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U2OS WT and U2OS Ogg1-/- cells (RRID:CVCL_0042, kind gift from the Ana Osorio lab) were cultivated 
in McCoy‘s general cell culture medium, modified with high glucose, L-glutamate, bacto-peptone and 
phenol red, and lacking sodium pyruvate and HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid) (McCoy‘s 5A, Gibco 16600082) supplemented with 10% fetal bovine serum (Gibco) and 1% 
penicillin-streptomycin (Gibco) at 37 °C, 5% CO2. For KBrO3 exposure, medium was removed, and cells 
were washed with 10 mL Dulbecco's phosphate-buffered saline (DPBS). KBrO3 was dissolved in 10 mL 
medium for a final concentration of 50 mM and added to the cells followed by a 30 min incubation at 
37 °C. For harvesting cells were washed once with 10 mL DPBS followed by addition of 1 mL 0.25% 
Trypsin EDTA solution (Gibco), an incubation of 5 min at 37°C, after which 9 mL medium was added 
and cells were transferred to a Falcon centrifugal tube. Cells were centrifuged (4 °C, 0.3 rcf, 5 min) and 
the supernatant removed. The cell pellet was either stored at -20 °C or directly used for DNA extraction. 

Fluoroclick analysis of gDNA samples 

gDNA was extracted from U2OS cell pellets using the Monarch Genomic DNA Extraction Kit following 
the manufacturer’s instructions. To avoid artifactual oxidation, DPBS used in the cell pellet 
resuspension step was supplemented with 1 mM deferoxamine and 50 µM n-tert-butyl-�r-
phenylnitrone. Extracted gDNA was quantified using the Quantus™ Fluorometer with QuantiFluor® 
ONE dsDNA Dye. To convert DNA modifications to 3'-OH sites, 1 µL FPG (NEB, 8 U/µL) and 1 µL ENDOIV 
(NEB, 10 U/µL) was mixed with 4 µg gDNA (or a sample from previous blocking/repair step) in 1x 
NEBuffer 2 (10X buffer with 50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM DTT, pH 7.9@25°C; 
NEB B7002S) in a final volume of 20 µL. Immediately after 1 h incubation at 37 °C, 3 µL prop-dGTP (Jena 
Biosciences, 2.5 mM), 3 µL 10x ThermoPol buffer (NEB), 3 µL H2O and Therminator IX (NEB 10 U/µL) 
were added to the sample. After 10 min incubation at 60 °C, gDNA was purified using Pronex® 
Magnetic Beads by adding H2O to a final volume of 50 µL, adding 80 µL beads and then following 
manufacturer`s instructions using an elution volume of 30 µL. The sample volume was condensed using 
a vacuum concentrator to a volume of 6 µL as measured by a pipette. CuAAC was performed using 4 µL 
AF594 picolyl azide (10 mM stock in DMSO, Jena Biosciences), 4 µL DMSO, 2 µL premixed CuSO4:THPTA 
(THPTA from Lumiprobe; 20 mM Cu2+ and 200 mM THPTA) and 2 µL sodium phosphate buffer (1 M, 
pH 7.0). The reaction was started by adding 2 µL sodium ascorbate (400 mM in H2O, freshly prepared). 
The resulting mixture was allowed to react for 60 min at 37 °C. The reaction mixture was purified using 
the Monarch Genomic DNA Purification Kit and eluted in 100 µL Buffer EB. gDNA concentration was 
measured using the Quantus™ Fluorometer with QuantiFluor® ONE dsDNA dye. For fluorescence 
analysis, 1 µg gDNA sample were mixed with PBS for a final volume of 605 µL. The samples were 
divided into three 200 µL portions and pipetted into a non-clear 96 black well plate. For blank 
measurement three wells were filled with 200 µL PBS each. Fluorescence was recorded with an Infinite 
�W�Œ�}���D�î�ì�ì���W�o���š�����Z���������Œ���~�d�������v�•���µ�•�]�v�P���š�Z�����(�}�o�o�}�Á�]�v�P���•���š�š�]�v�P�•�W���„Ex �A���ñ�ô�ì���v�u�U���„Em = 610 nm, gain = optimal, 
25 flashes, 20 µs integration time, 25 °C.  
HP�>��
5�D�^/MS Analysis of 8-oxodG in gDNA 

To a solution of 2.5 mM deferoxamine, 2.5 mM N-tert-butyl-�r-phenylnitrone, 20 mM Tris-HCl (pH 7.9), 
20 mM MgCl2, 100 mM NaCl and �>��
5�D�^-grade H2O (total volume 50 µL), was added 50 U Benzonase 
Nuclease (250 U/µL, Sigma), 0.06 U PDE I (0.1 U/ µL, US Biologicals), 40 U Antarctic Phosphatase 
(5 U/µL, NEB), and 100 pg [15N5]8oxodG (Cambridge Isotope Laboratories). This mixture (digestion mix) 
was gently mixed by pipetting a few times. 50 µL of the digestion mix was added to gDNA (40 ug in 
150 µL,) and the resulting mixture was shaken (300 rpm) for 4 h at 37 °C. Digested samples were loaded 
on a prewashed 10 kDA MWCO filter unit (VWR) and centrifuged (16500 rcf, 10 min). For total dG 
quantification 2 µL flow-through was taken. Remaining flow-through was used for 8-oxoG enrichment. 
Solid phase extraction was performed for 8-oxodG enrichment on a vacuum manifold (Visiprepr 24™ 
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DL from Supelco). SPE columns (Strata X 33 M Polymeric RP, 30 mg / 1 ml tubes (8B-S100-TAK) from 
Phenomenex) were activated twice with 1 mL methanol and twice with 1 mL �>��
5�D�^ H2O. The 
remaining flow-through from the previous step was loaded on the activated columns. Columns were 
washed twice with 1 mL �>��
5�D�^-grade H2O. Enriched samples were eluted in 20 % methanol and 
concentrated to dryness using vacuum centrifugation (miVAC concentrator (DUC-23050-D00). Dried 
samples were redissolved in 25 �…�>���,2O and sonicated for 10 min (Telsonics Ultrasonics TPC-120). 

The liquid chromatography-nanoelectrospray ionization-tandem mass spectrometry (LC-NSI-MS/MS) 
was performed on a TSQ Quantiva triple quadrupole mass spectrometer (ThermoFisher Scientific, San 
Jose, CA, United States) coupled to an ACQUITY UPLC M-Class (Waters, Milford, MA, United States) 
system using nanoelectrospray ionization. The analysis was conducted using a capillary column 
(150 µm ID, 5.5 cm packing length, 15 µm orifice) created by hand filling a commercially available 
fused-silica emitter (MSWIL, Aarle-Rixtel, Noord-Brabant, Netherlands) with HSS T3 separation media 
(Waters, Milford, MA, United States). The mobile phase consisted of 0.1 % (v/v) formic acid in water 
(A1) and 0.1 % (v/v) formic acid in acetonitrile (B1). A 1 µL injection loop was used and the sample 
(1 µL) was loaded onto the capillary column with 2 µL/min flow at the initial conditions (95 % A1, 5 % 
B1) for 2 min and eluted with a linear gradient at a flow rate of 2 µL/min over 3 min to 60 % A1, 
following by ramping to 99 % B1 within 2 min and holding at this composition for an additional 1 min. 
The column was then re-equilibrated at the initial conditions for 3 min before the next injection. The 
nanoelectrospray source was operated in positive ion mode with the voltage set at 2.7 kV. The ion 
transfer tube temperature was 250 °C and the radio frequency (RF) lens was used as calibrated. The 
collision gas was Ar at 1.5 mTorr with collision energy of 22 eV and the quadrupoles were operated at 
a resolution of 0.7 Da for both Q1 and Q3. The mass transitions for monitoring the analytes were m/z 
�î�ò�ô�X�í�� �W�� �í�ñ�î�X�í�� �(�}�Œ�� ���'�U�� �u�l�Ì�� �î�ô�ð�X�í�� �W�� �í�ò�ô�X�í�� �(�}�Œ�� �ô�}�Æ�}���'�� ���v���� �u�l�Ì�� �î�ô�õ�X�í�� �W�� �í�ó�ï�X�í�� �(�}�Œ�� �€15N5]8oxodG, 
respectively. The quantitation of the analytes was done by using the mass spectrometer vendor 
software package Quan Browser in the software suite Xcalibur based on the peak areas and the 
constructed calibration curves. Calibration curves were constructed for each analyte during each 
analysis using a series of standard solutions of analytes. Calibration curves for dG and 8-oxodG were 
prepared with the concentration of 200 nM, 175 nM, 150 nM, 75 nM, 50 nM, and 25 nM respectively 
75 nM, 50 nM, 40 nM, 30 nM, 20 nM, and 15 nM. 

 

1.6 References 
(1) Davies, J. M. S., Cillard, J., Friguet, B. et al. The Oxygen Paradox, the French Paradox, and age-related 
diseases. GeroScience 2017, 39 (5), 499-550 
(2) Sareila, O., Kelkka, T., Pizzolla, A. et al. NOX2 complex-derived ROS as immune regulators. Antioxid 
Redox Signal 2011, 15 (8), 2197-2208 
(3) Juan, C. A., Pérez de la Lastra, J. M., Plou, F. J., Pérez-Lebeña, E. The Chemistry of Reactive Oxygen 
Species (ROS) Revisited: Outlining Their Role in Biological Macromolecules (DNA, Lipids and Proteins) 
and Induced Pathologies. Int J Mol Sci 2021, 22 (9), 4642 
(4) Valencia, A., Kochevar, I. E. Nox1-Based NADPH Oxidase Is the Major Source of UVA-Induced 
Reactive Oxygen Species in Human Keratinocytes. J Invest Dermatol 2008, 128 (1), 214-222 
(5) Schuch, A. P., Moreno, N. C., Schuch, N. J. et al. Sunlight damage to cellular DNA: Focus on 
oxidatively generated lesions. Free Radic Biol Med 2017, 107, 110-124 
(6) Oyewole, A. O., Wilmot, M.-C., Fowler, M., Birch-Machin, M. A. Comparing the effects of 
mitochondrial targeted and localized antioxidants with cellular antioxidants in human skin cells 
exposed to UVA and hydrogen peroxide. FASEB J 2014, 28 (1), 485-494 
(7) Cadet, J., Davies, K. J. A. Oxidative DNA damage & repair: An introduction. Free Radic Biol Med 2017, 
107, 2-12 



Chapter 3 
 

73 
 

(8) Dubois-Deruy, E., Peugnet, V., Turkieh, A., Pinet, F. Oxidative Stress in Cardiovascular Diseases. 
Antioxidants 2020, 9 (9), 864 
(9) Cooke, M. S., Evans, M. D., Dizdaroglu, M., Lunec, J. Oxidative DNA damage: mechanisms, mutation, 
and disease. FASEB J 2003, 17 (10), 1195-1214 
(10) Dharshini, L. C. P., Rasmi, R. R., Kathirvelan, C. et al. Regulatory Components of Oxidative Stress 
and Inflammation and Their Complex Interplay in Carcinogenesis. Appl Biochem Biotechnol 2023, 195 
(5), 2893-2916 
(11) Chiorcea-Paquim, A. M. 8-oxoguanine and 8-oxodeoxyguanosine Biomarkers of Oxidative DNA 
Damage: A Review on HPLC-ECD Determination. Molecules 2022, 27 (5),  
(12) Shibutani, S., Takeshita, M., Grollman, A. P. Insertion of specific bases during DNA synthesis past 
the oxidation-damaged base 8-oxodG. Nature 1991, 349 (6308), 431-434 
(13) Kino, K., Sugiyama, H. Possible cause of G-C-->C-G transversion mutation by guanine oxidation 
product, imidazolone. Chem Biol 2001, 8 (4), 369-378 
(14) Klungland, A., Bjelland, S. Oxidative damage to purines in DNA: Role of mammalian Ogg1. DNA 
Repair 2007, 6 (4), 481-488 
(15) Whitaker, A. M., Stark, W. J., Freudenthal, Bret D. Processing oxidatively damaged bases at DNA 
strand breaks by APE1. Nucleic Acids Res 2022, 50 (16), 9521-9533 
(16) Tubbs, A., Nussenzweig, A. Endogenous DNA Damage as a Source of Genomic Instability in Cancer. 
Cell 2017, 168 (4), 644-656 
(17) Huang, P., Chen, G., Jin, W. et al. Molecular Mechanisms of Parthanatos and Its Role in Diverse 
Diseases. Int J Mol Sci 2022, 23 (13), 7292 
(18) Swenberg, J. A., Lu, K., Moeller, B. C. et al. Endogenous versus exogenous DNA adducts: their role 
in carcinogenesis, epidemiology, and risk assessment. Toxicol Sci 2011, 120, S130-145 
(19) Sage, E., Girard, P.-M., Francesconi, S. Unravelling UVA-induced mutagenesis. Photochem 
Photobiol Sci 2012, 11 (1), 74-80 
(20) Hamilton, M. L., Guo, Z., Fuller, C. D. et al. A reliable assessment of 8-oxo-2-deoxyguanosine levels 
in nuclear and mitochondrial DNA using the sodium iodide method to isolate DNA. Nucleic Acids Res 
2001, 29 (10), 2117-2126 
(21) Moreno, N. C., Garcia, C. C. M., Munford, V. et al. The key role of UVA-light induced oxidative 
stress in human Xeroderma Pigmentosum Variant cells. Free Radic Biol Med 2019, 131, 432-442 
(22) Giorgio, M., Dellino, G. I., Gambino, V. et al. On the epigenetic role of guanosine oxidation. Redox 
Biol 2020, 29, 101398 
(23) Jun, Y. W., Albarran, E., Wilson, D. L. et al. Fluorescence Imaging of Mitochondrial DNA Base 
Excision Repair Reveals Dynamics of Oxidative Stress Responses. Angew Chem Int Ed Engl 2022, 61 (6), 
e202111829 
(24) Kasai, H., Nishimura, S., Kurokawa, Y., Hayashi, Y. Oral administration of the renal carcinogen, 
potassium bromate, specifically produces 8-hydroxydeoxyguanosine in rat target organ DNA. 
Carcinogenesis 1987, 8 (12), 1959-1961 
(25) Cadet, J., Douki, T., Ravanat, J. L. Oxidatively generated damage to cellular DNA by UVB and UVA 
radiation. Photochem Photobiol 2015, 91 (1), 140-155 
(26) Kvam, E., Tyrrell, R. M. Induction of oxidative DNA base damage in human skin cells by UV and 
near visible radiation. Carcinogenesis 1997, 18 (12), 2379-2384 
(27) Luan, Y., Suzuki, T., Palanisamy, R. et al. Potassium bromate treatment predominantly causes large 
deletions, but not GC>TA transversion in human cells. Mutat Res 2007, 619 (1-2), 113-123 
(28) Ncheuveu Nkwatoh, T., Fon, T. P., Navti, L. K. Potassium bromate in bread, health risks to bread 
consumers and toxicity symptoms amongst bakers in Bamenda, North West Region of Cameroon. 
Heliyon 2023, 9 (2), e13146 
(29) Ballmaier, D., Epe, B. Oxidative DNA damage induced by potassium bromate under cell-free 
conditions and in mammalian cells. Carcinogenesis 1995, 16 (2), 335-342 
(30) Kawanishi, S., Murata, M. Mechanism of DNA damage induced by bromate differs from general 
types of oxidative stress. Toxicology 2006, 221 (2), 172-178 



Formation and Repair of Oxidative DNA Damage 

74 
 

(31) Mouret, S., Baudouin, C., Charveron, M. et al. Cyclobutane pyrimidine dimers are predominant 
DNA lesions in whole human skin exposed to UVA radiation. Proc Natl Acad Sci U S A 2006, 103 (37), 
13765-13770 
(32) Douki, T., Reynaud-Angelin, A., Cadet, J., Sage, E. Bipyrimidine Photoproducts Rather than 
Oxidative Lesions Are the Main Type of DNA Damage Involved in the Genotoxic Effect of Solar UVA 
Radiation. Biochemistry 2003, 42 (30), 9221-9226 
(33) Püllen, N. J. L. T., V.; Singh, N. K.; Schauer, S.; Huber, S.; Gahlon, H.; Poetsch, A.R.; Sturla, S. J. 
Clicking into the Genome: Quantification and Sequencing of DNA Damage in Human Cells. Manuscript 
in preparation 2023, 1 
(34) Poetsch, A. R. The genomics of oxidative DNA damage, repair, and resulting mutagenesis. Comput 
Struct Biotechnol J 2020, 18, 207-219 
(35) Wu, J., McKeague, M., Sturla, S. J. Nucleotide-Resolution Genome-Wide Mapping of Oxidative DNA 
Damage by Click-Code-Seq. J Am Chem Soc 2018, 140 (31), 9783-9787 
(36) Gorini, F., Scala, G., Di Palo, G. et al. The genomic landscape of 8-oxodG reveals enrichment at 
specific inherently fragile promoters. Nucleic Acids Res 2020, 48 (8), 4309-4324 
(37) Ding, Y., Fleming, A. M., Burrows, C. J. Sequencing the Mouse Genome for the Oxidatively Modified 
Base 8-Oxo-7,8-dihydroguanine by OG-Seq. J Am Chem Soc 2017, 139 (7), 2569-2572 
(38) An, J., Yin, M., Yin, J. et al. Genome-wide analysis of 8-oxo-7,8-dihydro-2'-deoxyguanosine at 
single-nucleotide resolution unveils reduced occurrence of oxidative damage at G-quadruplex sites. 
Nucleic Acids Res 2021, 49 (21), 12252-12267 
(39) Ballmaier, D., Epe, B. DNA damage by bromate: Mechanism and consequences. Toxicology 2006, 
221 (2), 166-171 
(40) Morreall, J., Limpose, K., Sheppard, C. et al. Inactivation of a common OGG1 variant by TNF-alpha 
in mammalian cells. DNA Repair (Amst) 2015, 26, 15-22 
(41) Bravard, A., Vacher, M., Gouget, B. et al. Redox regulation of human OGG1 activity in response to 
cellular oxidative stress. Mol Cell Biol 2006, 26 (20), 7430-7436 
(42) Hanna, B. M. F., Helleday, T., Mortusewicz, O. OGG1 Inhibitor TH5487 Alters OGG1 Chromatin 
Dynamics and Prevents Incisions. Biomolecules 2020, 10 (11), 1483 
(43) Kumar, N., Theil, A. F., Roginskaya, V. et al. Global and transcription-coupled repair of 8-oxoG is 
initiated by nucleotide excision repair proteins. Nat Commun 2022, 13 (1), 974 
(44) Gilat, N., Torchinsky, D., Margalit, S. et al. Rapid Quantification of Oxidation and UV Induced DNA 
Damage by Repair Assisted Damage Detection-(Rapid RADD). Anal Chem 2020, 92 (14), 9887-9894 
(45) Amouroux, R., Campalans, A., Epe, B., Radicella, J. P. Oxidative stress triggers the preferential 
assembly of base excision repair complexes on open chromatin regions. Nucleic Acids Res 2010, 38 (9), 
2878-2890 
(46) Campalans, A., Moritz, E., Kortulewski, T. et al. Interaction with OGG1 Is Required for Efficient 
Recruitment of XRCC1 to Base Excision Repair and Maintenance of Genetic Stability after Exposure to 
Oxidative Stress. Mol Cell Biol 2015, 35 (9), 1648-1658 
(47) Janoshazi, A. K., Horton, J. K., Zhao, M.-L. et al. Shining light on the response to repair 
intermediates in DNA of living cells. DNA Repair 2020, 85, 102749 
(48) Wang, R., Li, C., Qiao, P. et al. OGG1-initiated base excision repair exacerbates oxidative stress-
induced parthanatos. Cell Death Dis 2018, 9 (6), 628 
(49) Shen, C., Turney, T. W., Piva, T. J. et al. Comparison of UVA-induced ROS and sunscreen 
nanoparticle-generated ROS in human immune cells. Photochem Photobiol Sci 2014, 13 (5), 781-788 
� ~� ñ� ì� •� � � W� }� µ� P� �� š� U� � � :� X� � � W� X� U� � � �� }� µ� l� ]� U� � � d� X� U� � � Z� ]� �� Z� �� Œ� �� U� � � D� X� � � :� X� U� � � �� �� �� �� š� U� � � :� X� � � �� E� �� � � �� �� u� �� P� �� � � /� v� �� µ� �� �� �� � � ]� v� � � �� �� o� o� •� � � �� Ç� � � v� � � �� v� �� � � h� s� �� �
�Z�����]���š�]�}�v�����•���D�����•�µ�Œ���������Ç���,�W�>���l�'���>�D�^�����v�����,�W�>���>���������v�������}�u���š�����•�•���Ç�X��Chem Res Toxicol 2000, 13 
(7), 541-549 
(51) Brash, D. E. UV Signature Mutations. Photochem Photobiol 2015, 91 (1), 15-26 
(52) Woollons, A., Kipp, C., Young, A. R. et al. The 0.8% ultraviolet B content of an ultraviolet A sunlamp 
induces 75% of cyclobutane pyrimidine dimers in human keratinocytes in vitro. Br J Dermatol 1999, 
140 (6), 1023-1030 



Chapter 3 
 

75 
 

(53) Kielbassa, C., Roza, L., Epe, B. Wavelength dependence of oxidative DNA damage induced by UV 
and visible light. Carcinogenesis 1997, 18 (4), 811-816 
(54) Greinert, R., Volkmer, B., Henning, S. et al. UVA-induced DNA double-strand breaks result from 
the repair of clustered oxidative DNA damages. Nucleic Acids Res 2012, 40 (20), 10263-10273 
(55) Rünger, T., Müller, K., Jung, T., Dekant, B. DNA damage formation, DNA repair, and survival after 
exposure of DNA repair-proficient and nucleotide excision repair-deficient human lymphoblasts to 
UVA1 and UVB. Int J Radiat Biol 2000, 76 (6), 789-797 

 

  



Formation and Repair of Oxidative DNA Damage 

76 
 

1.7 Supporting Information 
 

Table S1. Cell numbers of harvested WT and Ogg1-/ - cells after exposure to KBrO3 or unexposed for different recovery time 
points (rec. time) after exposure. Numbers are average values from triplicate experiments. 

U2OS cell type          Rec.time 
Exposure 

0 h (mio cells) 1 h (mio cells) 6 h(mio cells) 24 h (mio 
cells) 

Wild type 
Unexposed 12  12 14 22 
50 mM KBrO3 13 13 11 15 

Ogg1 -/- 
Unexposed 9 8 8 17 
50 mM KBrO3 8 7 6 12 

 

Table S2. Cell numbers of harvested WT and Ogg1-/ - cells after exposure to UVA or unexposed for recovery time points (rec. 
time)after exposure. Numbers are average values from triplicate experiments. 

U2OS cell type          Rec.time 
Exposure 

0 h (mio cells) 1 h (mio cells) 6 h (mio cells) 24 h (mio 
cells) 

Wild type 
Unexposed 15 13 15 21 
10 J/cm2 UVA 6 7 9 15 

Ogg1 -/- 
Unexposed 1 9 11 16 
10 J/cm2 UVA 5 7 7 9 

 

 

 

Figure S1. Impact of KBrO3 exposure on cell growth. U2OS Ogg1-/ - cells were exposed to 50 mM KBrO3 followed a recovery 
period of 6 h. Control cells show proliferating cells (bright shape) and a higher cell density compared to exposed cells, where 
no proliferating cells are visible.  
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Figure S2. Fluoroclick data of gDNA samples treated with ENDOIV or ENDOIV+FPG. U2OS WT and Ogg1-/ - cells were exposed 
to 50 mM KBrO3 or 10 J/cm2 UVA with recovery times of 0, 1, 6 and 24 h, gDNA extracted and used in fluoroclick. Datapoints 
represent triplicate experiments and error bars standard deviation. A Normalized RFU values of fluoroclick-modified gDNA 
from KBrO3-exposed U2OS WT cells B Normalized RFU values of fluoroclick-modified gDNA from KBrO3-exposed U2OS Ogg1-

/ - cells C Normalized RFU values of fluoroclick-modified gDNA from UVA-exposed U2OS WT cells D Normalized RFU values of 
fluoroclick-modified gDNA from UVA-exposed U2OS Ogg1-/ - cells. Data for oxidation after 24 h could not be produced and are 
not shown.  

 

Figure S3. DNA oxidation values of fluoroclick-labeled gDNA from U2OS WT and Ogg1-/ - cells exposed to 50 mM KBrO3 or 
10 J/cm2 UVA with recovery times of 0, 1, 6 and 24 h. Datapoints represent triplicate experiments and were calculated by 
subtracting ENDOIV RFU values from ENDOIV+FPG values. Error bars show standard deviation. A Normalized RFU values of 
fluoroclick-modified gDNA from KBrO3-exposed U2OS WT cells B Normalized RFU values of fluoroclick-modified gDNA from 
KBrO3-exposed U2OS Ogg1-/ - cells C Normalized RFU values of fluoroclick-modified gDNA from UVA-exposed U2OS WT cells 
D Normalized RFU values of fluoroclick-modified gDNA from UVA-exposed U2OS Ogg1-/ - cells. Data for oxidation after 24 h 
could not be produced and are not shown.  
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Chapter 4 - Discussion and Outlook 
Oxidative DNA damage takes a special stance in the field of DNA damage and is of paramount 
importance for human health. While DNA damage from smoking or excessive sunbathing can be 
prevented, every human being relies on breathing and oxygen consumption, contributing to ROS 
formation. ROS generated during normal cellular metabolism or in response to environmental factors 
can inflict oxidative damage on DNA, leading to base modifications, strand breaks, and other structural 
alterations1. Damage is aggravated during oxidative stress if the cell's antioxidant capabilities are 
exceeded by ROS concentrations. DNA damage accumulation is related with age-related diseases and 
can cause mutations, which are linked to carcinogenesis.2, 3 Although the underlying pathological 
mechanisms are complex, a major contribution to disease is disruption of gene function caused by DNA 
damage4. On the one hand, genes of high functional relevance might be actively safeguarded by 
excision repair, but on the other hand are more exposed to oxidants during transcription, where 
protection by chromatin structure is absent.5 Thus, understanding which factors contribute to damage 
persistence or repair while identifying genomic regions of damage accumulation, is important to 
elucidate the contribution of oxidative DNA damage to pathologies. Despite the development of 
numerous DNA damage quantification and sequencing methods, constraints in specificity and 
sequencing resolution limit our understanding how profiles of oxidative DNA damage are shaped by 
stressors and repair. This work focused on the optimization and application of click-chemistry-based 
methods fluoroclick and click-code-seq to accurately quantify and map oxidative DNA damage in 
single-nucleotide resolution in the human genome.  

Fluoroclick 

Fluoroclick is a fluorescence-based method to quantify levels of DNA damage through in vitro 
application of repair enzymes and click chemistry. The research described in Chapter 2 of this thesis 
involved the development of the fluoroclick method, first using oligonucleotides as well-defined 
substrates, followed by application of fluoroclick to quantify 8-oxoG, AP sites and SSBs in gDNA in a 
human cell line (HAP1-cells). Using fluoroclick, we measured a 1.9-fold increase of 8-oxoG in KBrO3-
exposed HAP1 cells and validate the results using LC-MS/MS. Chapter 3 entails the further application 
of fluoroclick to quantify levels of KBrO3- and UVA-induced 8-oxoG and the repair intermediates AP 
sites and SSBs in dependence of post-exposure recovery time and Ogg1 proficiency in U2OS WT and 
Ogg1-/- cells. For both stressors, we observed a significant increase in 8-oxoG followed by repair, which 
was delayed in Ogg1-deficient cells. Furthermore, using fluoroclick as a reporter for how sample 
processing steps influence the accumulation of the 8-oxoG, AP sites and SSBs, we optimized a sample 
preparation strategy for click-code seq that reduced artifactual DNA damage during sequencing library 
preparation. Fluoroclick is a versatile method for rapid quantification of various forms of damage in 
human gDNA and can be applied to validate strategies to minimize artifactual DNA damage in order to 
increase specificity of damage sequencing methods. 

The specificity of fluoroclick to accurately detect a modified nucleobase is largely dependent on the 
enzymes used in the method. In a first step, FPG is commonly used to excise oxidative DNA 
modifications, and while 8-oxoG is the main substrate of FPG, FPG also excises other oxidized bases, 
such as 8-oxoA6 and possibly even alkylated bases.7 The human 8-oxoG glycosylase Ogg1 enzyme is 
more specific for 8-oxoG compared to FPG, based on the observation that FPG was active on lesions 
other than 8-oxoG induced by e.g. gamma radiation while Ogg1 did not recognize these lesions.8 
However, the use of Ogg1 in DNA damage assays is still limited, as the turnover of 8-oxoG has been 
described as low.9 In fact, we compared the activity of Ogg1 and FPG for excision of 8-oxoG using an 
oligonucleotide containing a single 8-oxoG. FPG and Ogg1 both exhibit AP lyase activity on the AP site 
created by 8-oxoG excision, leaving a phosphorylated SSB at the excision site. For fluoroclick labeling, 
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a 3'-OH is required, which we produced by using T4 PNK. Since the AP lyase activity from Ogg1 is weak9, 
we included 1,2-dimethylethylenediamine (DMEDA) for chemical AP site lysis.10 Based on the 
fluorescence intensity of the fluoroclick-labeled oligonucleotide, we observed a 2.5-fold lower activity 
of Ogg1 compared to FPG (Figure S1). Despite the higher specificity of Ogg1 toward 8-oxoG compared 
to FPG, using Ogg1 in molecular biology assays might be limited due to its low activity. Engineering 
Ogg1 for higher turnover and specificity could help to produce mutant enzymes that might replace FPG 
in assays to detect 8-oxoG in the future. 

Fluoroclick includes the incorporation of alkyne-modified nucleotides in damage sites for subsequent 
chemical ligation. Therminator IX is a DNA polymerase variant engineered for highly efficient 
incorporation of unnatural nucleotides in DNA.11 It lacks 5'–>3' exonuclease activity, thus proofreading 
activity, to prevent the removal of unnatural substrates after incorporation. However, the lack of 
proofreading activity comes at the cost of lower polymerase fidelity. Presented to either prop-dGTP or 
prop-dATP, we found that both nucleotides are incorporated in 8-oxoG excision sites by Therminator 
IX (Figure S2). Additionally, we observed higher efficiency in labeling strand termini using prop-dATP, 
consistent with the “A rule”, which describes preferential incorporation of adenine when polymerases 
act with low fidelity.12 Cao et al. used the proofreading-proficient DNA polymerase I for ddNTP 
incorporation during library preparation.13 Exploring DNA polymerase I as an alternative to 
Therminator IX, we compared the efficiency of both polymerases in incorporating ddNTPs in DNA 
oligonucleotides. DNA polymerase I showed much lower ddNTP incorporation efficiency in 
oligonucleotide DNA compared to using Therminator IX, probably due to its proofreading activity (data 
not shown), hence not resembling a suitable alternative. Although data are proprietary, Therminator 
IX was described by the manufacturer to function accurately when presented two or more nucleotides 
simultaneously.14 Thus, different nucleotides should be included in Therminator IX reaction mixtures 
to ensure high incorporation fidelity.  

Using fluoroclick, we validated that incorporating ddNTPs in DNA using Therminator IX was efficient in 
reducing undesired background lesions. ddNTPs are commonly used as DNA chain terminators in 
molecular biology assays and sequencing methods. Seeking to further decrease background signals, 
we also tested the use of acyclic nucleotides (acyNTPs), which were previously described to chain 
terminate more efficiently than ddNTPs (Figure S3A).15 To test if incorporation of acyNTPs results in a 
lower background signal compared to using ddNTPs, we blocked the termini of oligonucleotide DNA 
using either ddNTPs or acyNTPs and subsequently labeled 3'-OH in the DNA using fluoroclick. However, 
we found that the fluorescence signal of acyNTP-modified oligonucleotides was five times higher 
compared to ddNTP-modified oligonucleotides (Figure S3B and C). A possible explanation could be high 
ENDOIV activity on acyNTP-modified DNA, as ENDOIV is active on a variety of 3'-OH blocking groups. 
While we refrained from utilizing acyNTPs in our sequencing experiments, exploring alternative 
modified nucleotides or enzymes in future studies might help to effectively reduce unwanted 
background lesions in future studies.  

Fluoroclick was developed with a focus on rapidly quantifying a wide range of DNA modifications. 
Previously published methods included signal amplification steps to enhance sensitivity at the cost of 
taking more time.16, 17 While fluoroclick was sensitive enough to detect 8-oxoG down to 100 pM, LC-
MS/MS detects 8-oxoG in the lower femtomolar range.18 Although fluoroclick might not reach such a 
high sensitivity, several method adaptations might enhance sensitivity without increasing total assay 
time. For example, AF594 is currently one of the brightest commercially available fluorophores,19 but 
new dyes such as Janelia fluorophores could enhance sensitivity through their remarkably high 
brightness.20 Although extensive research has been done in this work to optimize the CuAAC reaction 
for low reaction times and high yields, novel insights into click reactions could help to improve 
fluoroclick sensitivity further. Recently, the use of magnesium was shown to improve the yield of DNA-
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DNA click-reactions, but applying published reaction conditions to our setup could not enhance 
product yield (data not shown).21 Finally, the readout and handling steps of Fluoroclick allow for 
automation and have the potential to decrease handling-induced sample variability and allow a higher 
sample throughput. Eventually, further LC-MS-based calibration of fluoroclick will enable absolute 
quantification of DNA modifications in samples such as blood or tissue. Screening of genotoxic 
substances or biomarkers could enable a novel diagnostic approach with decreased costs and an easy-
to-operate workflow. 

Click-code-seq 

In this work, we optimized click-code-seq for highly accurate mapping of 8-oxoG and AP sites in the 
human genome and produced single-nucleotide resolution maps of endogenous 8-oxoG in HAP1 cells. 
We designed a novel type of sequencing adapter that we termed Modified DNA Identifier Sequence 
(MoDIS), which allowed us to identify unspecific and duplicate damage reads, thereby significantly 
improving the accuracy of click-code-seq. Using the updated version of click-code-seq, we assembled 
the first single-nucleotide resolution map of 8-oxoG in the human genome that retains quantitative 
information of damage occurrence and incorporates a validated strategy to minimize artifacts. 
Sequencing endogenous 8-oxoG in cultured HAP1 cells, we found that damage patterns resembled 
mutational signatures with ROS etiology. Furthermore, high gene expression and features of 
euchromatin were correlated with high damage occurrence. Click-code-seq was already shown to be 
applicable to sequencing AP sites22 and can easily be adapted to map any modified nucleobase by using 
appropriate repair enzymes.  

The formation of artifacts and the presence of background damage, such as AP sites or SSBs, pose a 
major challenge in sequencing oxidative DNA damage. While steady-state levels of 8-oxoG are only a 
few thousand residues per genome, AP sites and SSBs have a 10 to 20-fold higher prevalence.23-25 The 
use of antioxidants in library preparation protocols is a matter of dispute, and their use has not been 
properly validated in the context of damage sequencing. We tested if the antioxidants 8-
hydroxyquinoline (8-HQ), deferoxamine (DFO) and N-tert-butyl-�r-phenylnitrone (PBN) reduce artifact 
formation in gDNA during sample handling using fluoroclick. However, the results were inconclusive, 
and no clear statement about beneficial aspects of using these antioxidants could be made (data not 
shown). However, our results indicated that the metal chelators 8-HQ and DFO might render 
magnesium contained in the reaction buffers of fluoroclick inaccessible to enzymes, thus inhibiting 
accurate damage site labeling. PBN does not chelate metals and exhibits antioxidant activity through 
its radical-scavenging property and might be suitable for preventing artifact formation.26 Further 
evaluation of PBN and other antioxidants is required to find suitable conditions to minimize artifacts 
in library preparation steps.  

Another source of artifactual DNA damage is DNA sonication, which is commonly used to fragment 
DNA before sequencing.27, 28 The authors of DPC-Seq circumvented sonication by relying on enzymatic 
fragmentation.29 However, our studies showed that fragment distribution was broad and DNA 
recovery low when applying enzymatic fragmentation (Figure S4). Due to its high cost and low sample 
recovery, enzymatic fragmentation was not a suitable alternative for sonication. Future research can 
investigate the suitability of other fragmentation methods, such as the application of hydropore 
tubes.30 

Cell culture conditions contribute to the formation of oxidative DNA damage. For example, cell media 
composition and culturing cells at ambient oxygen levels can cause oxidative stress, resulting in 8-oxoG 
formation.31 Culturing cells at ambient oxygen conditions was shown to cause a threefold mutational 
load compared to cells cultured at physiological oxygen concentrations.32 In fact, we observed 
significantly reduced steady-state 8-oxoG levels in HAP1 cells cultured at 3 % oxygen compared to 
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ambient oxygen conditions as measured by LC-MS/MS (data not shown). Additionally, cell harvesting 
of might induce oxidative stress and elevate 8-oxoG levels. In fact, trypsinization of cells can cause high 
poly(ADP-ribose) polymerase activity, which is linked to the accumulation of DNA strand breaks.33 An 
alternative way to harvest cells is using cell scraper, which is also less time-consuming compared to 
trypsinization. However, using LC-MS, we found no difference in 8-oxoG levels between trypsin- and 
scraper-based harvesting (Figure S6A). Investigating whether SSB levels are influenced by the 
harvesting process would provide further evidence in choosing the method that minimizes undesired 
oxidative stress. In summary, quantification and sequencing experiments always need to consider 
appropriate cell culture conditions to avoid erroneously attributing oxidative DNA damage to a 
putative stressor, while it might originate from incidental sources. 

The novel design of sequencing adapters used in this study helped to reduce artifact reads generated 
from unspecific primer binding to sample DNA during library amplification. Illumina sequencing 
requires the ligation of two adapters, P5 and P7, to the termini of sample DNA. The first version of 
click-code-seq ligated the P5 adapter through CuAAC directly to alkyne-modified 8-oxoG sites and used 
splinter-enhanced enzymatic ligation to ligate the P7 adapter to the biotin-enriched single-stranded 
DNA sample.34 This ligation strategy was not efficient and provided low library yields, thus requiring 
high starting material amounts. To increase ligation efficiency, we applied a commercial kit to ligate 
double-stranded P5 and P7 adapters to our sample DNA and could significantly increase library yield 
and decrease hands-on time. However, since the P5 adapter is introduced through CuAAC, we needed 
to remove the P5 sequence from the commercial adapter. Through stepwise optimizations, we could 
completely remove the P5 sequence from this adapter and greatly reduce nonspecifically amplified 
DNA reads (Figure S5). However, we still encounter unspecific reads in our sequencing results, probably 
due to the binding of amplification primers to random stretches in gDNA. Optimization of PCR 
conditions for library amplification could help to further decrease nonspecifically amplified DNA, 
thereby improving sequencing quality in upcoming studies. Possible further improvements of click-
code-seq may include chemical lysis of pulled-down DNA bound to streptavidin beads for a higher 
library yield or the use of spike-in DNA allowing cross-library normalization.35 The optimized version of 
click-code-seq allows rapid and highly accurate sequencing of various DNA lesions in the human 
genome and will contribute to understand their implications in biology.  

Quantification of UVA- and KBrO3-induced oxidative DNA damage 

In the study described in Chapter 3, we characterized relative rates of 8-oxoG, AP site, and SSB 
formation and Ogg1-mediated removal in the genomes of human cells. To this purpose, U2OS WT and 
Ogg1-/- cells were exposed to KBrO3 or UVA radiation. In this context, we verified that fluoroclick is 
useful for quantifying 8-oxoG, induced by exposing isolated gDNA to 0-2 mM KBrO3, in a range from 20 
to 200 8-oxodG/107 dG. On the basis of the fluoroclick results, we observed an almost threefold 
increase in 8-oxoG levels in exposed WT and Ogg1-/- cells that was repaired faster in WT compared to 
Ogg1-/- cells. Surprisingly, AP sites and SSBs remained consistently low across all recovery time points 
and were only significantly increased in U2OS WT cells. Overall, our analysis supports the hypothesis 
that KBrO3 and UVA cause oxidative DNA damage in U2OS cells, and Ogg1-mediated base excision 
repair resolves this damage. 

Exposing U2OS cells to 50 mM KBrO3 caused 8-oxoG levels up to threefold higher compared to 
unexposed cells. The reactive bromine species, which is responsible for DNA oxidation, is formed when 
KBrO3 reacts with glutathione.36 Glutathione is present in every cell as part of the cellular antioxidant 
system, and its concentration differs between cell types37, which is probably the reason why KBrO3-
induced 8-oxoG levels vary among different cells.38 In fact, we observed that 50 mM KBrO3 resulted in 
a 1.7-fold increase in 8-oxoG levels in HAP1 cells compared to unexposed cells, while in the human 
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fibroblast cell line BJ5-ta levels increased more than four-fold (Figure S6B). Since quantification of 
intercellular glutathione levels is an easy-to-apply routine method, linking glutathione levels to 8-oxoG 
levels could be a valuable part of future studies.  

The effects of UVA on DNA oxidation depend on many factors, such as wavelength, UVA intensity and 
dose. Furthermore, UVA does not cause direct damage to DNA but rather acts through the activation 
of photosensitizers, which cause the production of ROS.39 The 1.4-fold increase in 8-oxoG levels of 
UVA-exposed U2OS WT cells is relatively low and might aggravate accurate detection in sequencing 
experiments. However, these results are not surprising, as it was reported that 10 J/cm2 UVA does not 
cause high levels of oxidative DNA damage in non-confluent cells and CPDs are produced more than 
three-fold compared to 8-oxoG.39, 40 Photosensitizers such as 5-amino-levulinic acid could be added to 
the cell medium to promote UVA-induced 8-oxoG.41 Cells high in melanin, a naturally occurring 
photosensitizer in cells, have been shown previously to accumulate two times more UVA-induced 8-
oxoG compared to cells low in melanin.42 Thus, choosing cells with naturally high contents of 
photosensitizers or adding them to the medium can help to induce higher 8-oxoG levels in further 
studies or answer biological questions about the effects of melanin on UV-induced DNA damage. 

Photosensitizers such as melanin play a crucial role in UVA-induced DNA oxidation and carcinogenesis. 
It was shown that mice irradiated by UVA only develop melanoma when their skin contains melanin 
pigments.43 However, the role of UVA in mutagenesis is a debatable topic. Some studies claim that 
UVA-induced oxidative damage is highly involved in mutagenesis,44 others highlight that its 
contribution is very small compared to UVB,42 and others claim that DNA oxidation does not play any 
role in UV-induced mutagenesis.45 Considering that the effects of UVA radiation on cells depend on a 
myriad of factors, well-controlled experimental setups that consider major factors influencing UVA-
induced DNA damage are needed to further evaluate its mutagenicity.  

Although 8-oxoG has defended its role as the most prominent DNA oxidation product in the past 
decades, evidence is accumulating that the role of 8-oxoG in mutagenesis is probably not as high as 
many studies suggest. Still described as being highly mutagenic in the current literature, it was shown 
that the mutagenicity of 8-oxoG in cells is low, likely due to highly efficient repair and the possibility 
that 8-oxoG correctly pairs with cytosine.46 Recent studies suggest that radiation or chemically-induced 
mutagenesis cannot be directly attributed to 8-oxoG. In fact, the detrimental effects of UVA may 
originate in the oxidation of repair proteins, which aggravates the toxic effects of UVB-mediated DNA 
damage.47, 48 Furthermore, the genotoxicity of 8-oxoG was suggested to arise not from the lesion itself 
but from double-strand breaks that emerged from 8-oxoG repair.49 In conclusion, further research into 
the formation and repair of 8-oxoG is required to fully elucidate the intricate mechanisms underlying 
8-oxoG-induced mutagenesis, eventually providing crucial insights into its implications in cancer and 
aging. Fluoroclick and click-code-seq provided accurate quantification and sequencing results in this 
study and can be further optimized by investigating several parameters, such as antioxidant use or cell 
culture conditions. With both methods at hand, quantification and localization of DNA modifications 
will provide high quality datasets that support research in aging and disease for an increased health- 
and lifespan. 
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Supplementary figures 

 

Figure S4. Comparing FPG and Ogg1 activity on 8-oxoG in oligonucleotides. A double-stranded DNA oligonucleotide 
containing a single 8-oxoG was incubated with different combinations of T4 PNK (T4), FPG, Ogg1 and DMEDA and products 
were analyzed using PAGE. After fluorescence imaging (image on the left) a DNA stain was applied to make all DNA strands 
visible (image on the right).  

 

Figure S5. Incorporation of prop-dATP and prop-dGTP by Therminator IX in oligonucleotides. Double-stranded DNA 
oligonucleotides with or without a single 8-oxoG were incubated with FPG and T4 PNK followed by incubation with 
Therminator IX with either prop-dGTP or prop-dATP. Products were analyzed using PAGE and the gel was recorded using 
fluorescence imaging.    
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Figure S6. Comparing Therminator IX chain terminating efficiency using ddNTPs and acyNTPs. A Chemical structure of acy-
ATP B Double-stranded unmodified DNA oligonucleotides were incubated with either ddNTPs, acyNTPs or no nucleotide with 
Therminator IX to block chain termini. The products were then fluoroclick-labeled with or without FPG. Bars show median 
fluorescence of the fluoroclick-labeled oligonucleotides. Two replicates, error bars represent standard deviation.  C PAGE gels 
of the modified oligonucleotides with and without DNA stain.  
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Figure S7. Comparison of enzymatic fragmentation and sonication of gDNA. A gDNA was extracted from HAP1 cells and 
sonicated with a Covaris sonicator cooled to 0 °C for 3 or 5 min using 2.5 or 5 µg input DNA. Fragments were analyzed on an 
Agilent 2200 Tapestation using a High Sensitivity D100 ScreenTape. B gDNA from HAP1 cells and commercially available HeLa 
DNA were digested using 2 µL NEBNext dsDNA Fragmentase with either 800 or 1280 ng input DNA at 37 °C for 12 min. 
Fragments were analyzed using agarose gel electrophoresis including GelRed DNA stain. The gel was documented and 
includes NEB 50 bp DNA Ladder for fragment size reference. DNA was purified using using Pronex Magnetic Beads and 
recovery was quantified using a Quantus™ Fluorometer with QuantiFluor® ONE dsDNA Dye. 
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Figure S8. Adapter design for efficient ligation of sequencing adapters and highly specific amplification. A Prop-dGTP 
modified gDNA (pG) is ligated to a commercial sequencing adapter containing P5 (yellow) and P7 (green) sequences. To 
this DNA, the click adapter is ligated via CuAAC. Click adapter and commercial adapter contain identical sequences 
(purple) causing unspecific amplification of the strand that does not contain a damage site.  B Same process as in A, but 
sequencing and click adapter have been redesigned so that only the click adapter contains the correct P5 sequence.  
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Figure S9. Comparison of cell type and harvesting methods on 8-oxoG levels. A HAP1 cells were grown until confluent 
and then harvested using either trypsinization or cell scrapers. gDNA was extracted and 8-oxodG content analyzed using 
LC-MS/MS. Bars are mean values of triplicate samples, error bars present standard deviation. The difference is not 
significant (ns). B HAP1 and BJ5-ta cells were exposed to 50 mM KBrO3 for 30 min followed by immediate harvesting. 
gDNA was extracted an 8-oxodG was quantified using LC-MS/MS. Bars are mean values of triplicate samples, error bars 
present standard deviation. 
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