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Abstract 
 
8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG) is the most common 

marker of oxidative stress and its accumulation within the genome has been 

associated with major human health issues such as cancer, aging, 

cardiovascular and neurodegenerative diseases. 8-oxodG is considered the 

main source of dC:dG to dA:dT transversion. The majority of 8-oxodG is 

preferentially repaired by OGG1 glycosylase/AP (apurinic/apyrimidinic) 

lyase-initiated BER (Base Excision Repair) pathway.  

It has been widely demonstrated that the 8-oxodG accumulation in the 

promoter regions of specific genes can stimulate transcription via the BER 

pathway. Based on this knowledge, we wondered whether the oxidative 

DNA damage could globally be correlated with the transcription process.  

Here, we report the genome-wide distribution of 8-oxodG in human non-

tumorigenic epithelial breast cells (MCF10A) using OxiDIP-Seq which 

combines the immunoprecipitation anti–8-oxodG antibodies with high-

throughput sequencing. We show a specific 8-oxodG bimodal distribution 

within promoter regions and identify a subset of human promoters that 

accumulate 8-oxodG under steady-state condition. Furthermore, the 

comparison between OxiDIP-Seq and ChIP-Seq of Ser5- and Ser2-

phosphorylated isoforms of RNA Polymerase II or GRO-Seq strongly 

suggest the association between 8-oxodG accumulation and transcription 

process. Besides, by performing OxiDIP-seq in quiescent (G0) cells, we 

classified the oxidized promoters in two subsets. The growing-specific 

promoters accumulate 8-oxodG through DNA replication-dependent events 

while the persistently oxidized promoters accumulate 8-oxodG through 

replication-independent and transcription- associated events.  
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I. Introduction 
 

 1.1 Reactive oxygen species (ROS), generated by 

endogenous and exogenous agents, cause Oxidative 

DNA damage 

 1.1.1 ROS production by endogenous and exogenous agents 

DNA is a dynamic molecule that changes over time as a result of the 

alterations that involve DNA backbone and the normal nucleobases 

(Lindahl 1993). 

It has been estimated that approximately 20.000 DNA nucleobase 

lesions accumulate in the human genome per cell every day (Jackson 

2009). 

Physiological processes cause some of these alterations which, if are not 

repaired or are repaired incorrectly, lead to DNA damage. This damage 

is correlated with pathological processes such as neurodegeneration 

(Kim 2015), ageing (Beckman 1998), and cancer (Klaunig 2004). 

Among the DNA damage agents, the reactive oxygen species (ROS), 

generated by various exogenous sources or endogenous processes 

and/or environmental agents compromise the structure and the function 

of DNA (Figure 1) (Di Meo 2016). 
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Figure 1: Exogenous and Endogenous ROS sources (Created with bio- 

render.com). 

 

Specifically, the exposition to ionizing (e.g., g-irradiation) (Azzam 2012) 

and non-ionizing (e.g. UV-C, UV-B, UV-A) irradiation together with air 

pollutants (e.g. cigarette smoke, industrial contaminants) constitute the 

major exogenous source of ROS (Fry 2005; Mena 2009; van Loon 

2010). The exposure of the cell to gamma-irradiation produces directly 

a variety of radical and non-radical species from ionization of 

intracellular water (e.g. aqueous electron, •OH, H2O2) (Kohen 2002). 

Furthermore, the non-ionizing irradiation produces, even if indirectly, a 

whole range of ROS including O2, H2O2, and O2
•-. Then, the UV 

radiations determine the hemolytic cleavage of H2O2 that yields •OH 

radicals. Finally, also the air pollutants contain many types of nitric 

oxide (NO) derivates representing an important source of ROS that 

attack and damage the DNA (Azzam 2012; Kohen 2002). 

Although the extremely high exposure of the organism to exogenous 

ROS determines an important DNA damage, the production of 

endogenous sources, being a continuous process during the life span of 

the cells, causes a more extensive damage (Davalli 2018). Specifically, 

endogenous ROS are mainly generated from cellular metabolism in the 
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mitochondria and peroxisomes (Figure 2) (Matsuzawa 2017; Rouhier 

2008; Sabharwal 2013).  

 

 

Figure 2: The reactive oxygen species (ROS) are produced in different cell 

compartments. Adapted from (Gorini 2021). 

 

The formation of reactive oxygen species in the cell can be from the 

transmembrane NADPH oxidases (NOX) or mitochondria that produce 

superoxide anion (O2
•-) (Hansford 1997). It diffuses in the cytoplasm 

where can be converted either to peroxynitrite (ONOO-) in the presence 

of NO or can be converted to H2O2 spontaneously or through catalysis 

by superoxide dismutase (SOD) (Fenton 1894; Fukai 2011). The H2O2 

may also be generated from different oxidases (Amino oxidases, Phox 

and Xanthine oxidase) or from peroxisome or mitochondria. Then, the 

H2O2 can be reduced to H2O, or partially reduced to •OH, through the 

metal-catalyzed Haber-Weiss reaction in the presence of reduced 

transition metals [e.g. Fe2+ (Fenton reaction) and Cu+] (Fenton 1894). 

The •OH molecules are also formed from the decay of the reactive 
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nitrogen species such as ONOO-. •OH is the main strong cellular 

oxidant, but it remains unclear how cytosol-produced •OH can travel 

into the nucleus. Thus, it has been proposed that H2O2, being a molecule 

much more able to diffuse can move from the site of production into the 

nucleus (Aust 1999; Giorgio 2007). Alternatively, the H2O2 can be also 

produced directly in the nucleus where, through the Fenton, or other 

metal-dependent reactions, can give rise to local •OH, and hence DNA 

damage. In the nucleus, the nuclear oxidases (e.g. NOX4 and MnSOD, 

Lysine-Specific histone Demethylases 1 and 2, LSD1 and LSD2) 

produce H2O2 (Fang 2010; Kuroda 2005; Shi 2004; Tsang 2014). In 

particular, LSD1 and LSD2 are known to demethylate the mono and di-

methylated Lys4 and Lys9 of histone H3 through a flavin adenine 

dinucleotide (FAD)-dependent oxidative reaction. During the reaction, 

the FAD cofactor is first reduced to FADH2 and then newly oxidized to 

FAD by oxygen generating formaldehyde and H2O2 (Fang 2010; Shi 

2004). 

Then, the Fenton reaction converts the nuclear H2O2 to •OH, probably 

involving iron-containing complexes associated with the DNA 

structure. Supporting this hypothesis, it has been demonstrated that 

LSD1 can form complexes with members of the Jumonji-type 

demethylases, a superfamily of oxygenases containing a Fe2+ ion in their 

catalytic domain. The H2O2, produced during LSD1 reaction, is reduced 

in the hydroxide ion by the oxidation of the Jumonji-contained Fe2+ ion. 

In close proximity of DNA molecules, this event may be responsible for 

the oxidation of nucleobases (Pezone 2020). 

 

 

 1.1.2 ROS induce Oxidative DNA Damage 

ROS play a physiological role in cell function contributing to cell 

homeostasis by modulating the activities of key regulatory molecules, 
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such as protein kinases and phosphatases, G proteins, and 

transcription factors (Davalli 2016; López-Otín 2013; Waypa 2016; 

Winterbourn 2008). To counter the excessive production of ROS, cells 

possess antioxidant systems which control ROS levels alleviating their 

effects by decreasing primary DNA damage that reduces the risk of 

mutation and tumor initiation. 

The oxidative signal is reversed by enzymatic proteins that act in 

concert with non-enzymatic proteins and together with low molecular 

weight antioxidants (Matsuzawa 2017; Nicolussi 2017; Rouhier 2008; 

Sabharwal 2013; Vašák 2011). The antioxidant enzymes are 

peroxisomal catalase, SODs, glutathione peroxidase, and ascorbate 

peroxidase and generally remove O2
-, H2O2 (Loren 2017). As non-

enzymatic proteins are essentially known two potent systems 

Thioredoxins/ Thioredoxins reductase and Glutaredoxins/ 

Glutaredoxins reductase, which reduce disulfides to free thiol groups 

at the expense of nicotinamide adenine dinucleotide phosphate 

(NADPH) depletion (Matsuzawa 2017; Nicolussi 2017; Rouhier 2008; 

Sabharwal 2013; Vašák 2011). Finally, low molecular weight 

antioxidants are glutathione, ascorbate, carotenoids and melatonin.  

To maintain a healthy cell status, oxidant generation and removal by 

antioxidants should be in a state of equilibrium (Figure 3) (Davalli 

2018; Schieber 2014). 
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Figure 3: The balance between ROS production and antioxidant defense 

maintains redox homeostasis in the cells. Adapted from (Gorini 2021). 

 

 Imbalance of this equilibrium in favor of the oxidants disrupts the 

redox homeostasis and causes oxidative stress (OS) that, with an 

increase of ROS levels, induces improper signaling and increased 

oxidation of cell macromolecules (Davalli 2018; Schieber 2014; Sies 

2017). In particular, ROS can generate various types of damage 

ranging from nucleobase and sugar modifications to modification and 

breakage of the phosphate backbone, having a dramatic impact on 

DNA (Cooke 2003; Cooke 2007; Evans 2004; Fleming 2017). 

 

1.1.3 8-oxodG is a major product of DNA oxidation 

Among DNA damage, the nucleobase and sugar damages, DNA strand 

breaks, DNA-DNA and DNA-protein crosslinks are the major caused 

by ROS. 

All four genomic bases are susceptible to damage by ROS, but the low 

redox potential of deoxyguanosine (dG) makes this base especially 
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vulnerable to oxidation (Baik 2001; Cooke 2003; Evans 2004; van Loon 

2010).  

In particular, 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) is the 

primary product of dG oxidation and it is one of the most abundant and 

best characterized lesions created by ROS (Figure 4A) (Lindahl 2000; 

Montelone 2006). 

 This chemically altered base is the result of the C8 oxidation in the 

imidazole ring of deoxyguanosine. 

 

 

 Figure 4: Schematic diagram of 8-oxodG chemical structures (A) and its 

altered base-pairs (B). Adapted from (Gorini 2021) 

 

 8-oxodG is considered a premutagenic DNA lesion because when 

present in the DNA during the replication process as it causes dC:dG to 

dA:dT transversion (Batra 2010; Boiteux 2017; Koga 2013; Maga 2007; 

Shibutani 1991). 

Whereas the unmodified deoxyguanine assumes the anti conformation 

of glycosidic torsion angle, 8-oxodG favors a syn conformation due to 

steric repulsion between O8 and deoxyribose.  The 8-oxodG base-

pairing partner depends on the syn and anti conformation. Indeed, in the 

syn conformation, 8-oxodG mimics dT and determines an 8-oxodG 

Deoxyguanosine 8-oxo-7,8-dihydro-2ʹ-deoxyguanosine

A)

B)

ROS

8-oxodG : dC8-oxodG : dA

o

N
H
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(syn):dA (anti) Hoogsteen base mispairing during DNA replication 

(Batra 2010; Boiteux 2017; Koga 2013; Maga 2007; Shibutani 1991). 

This mispair structurally mimics the dT:dA base pair and, because does 

not determine distortion of the DNA helix structure, escapes the DNA 

repair (Hsu 2004). Conversely, in anti conformation 8-oxodG pairs with 

a complementary dC and this induces a modest distortion of the DNA 

helix structure which is recognized by DNA repair that removes the 8-

oxodG (Figure 4B). 

 

1.2 8-oxodG recognition and repair through BER 

pathway 

   Cells have evolved the Base Excision Repair (BER) as the main 

mechanism of pre-replicative excision of 8-oxodG (Figure 5) (Lindahl 1990; 

Lindahl 2000). BER can proceed via two different subsets of proteins 

involved in two repair sub-pathways which operate independently: the 

classic short-patch mechanism, characterized by the replacement of the 

single damaged nucleotide, and the long patch, which processes 2–12 

nucleotides (Fortini 1999,2007; Frosina 1996; Klungland 1997). The DNA 

glycosylase can be monofunctional, bifunctional with β-lyase activity or 

bifunctional with β/δ lyase activity (Fortini 1999; Markkanen 2017; van 

Loon 2010). The difference between monofunctional and bifunctional 

glycosylase is that the first one excised only the nucleobase releasing the 

modified nucleobase and creating an apurinic/apyrimidinic (AP) site, while 

the bifunctional perform the excision of the modified nucleobase and 

subsequently hydrolyze, via the associated AP lyase activity, the DNA 

backbone. This produces a 3' α,β-unsaturated aldehyde adjacent to a 5' 

phosphate following a β-elimination reaction. Some bifunctional DNA 

glycosylases can also convert the 3' aldehyde to a 3' phosphate, performing 
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a δ-elimination step (Fortini 1999; Fortini 2007; Frosina 1996; Markkanen, 

2017; van Loon 2010).  

 
  Figure 5: Summary of 8-oxodG repair pathways. (Gorini 2021) 

 

The majority of 8-oxodG removal is due to short patch BER initiated by 

bifunctional glycosylase 8-oxodG DNA glycosylase 1 (OGG1), which 

specifically recognizes and then excises the 8-oxodG from the sugar-

phosphate backbone, creating an abasic (apurinic/apyrimidinic, AP) site. 

OGG1, via its AP lyase activity, cleaves the DNA forming a 3ʹ- phospho-

α,β-unsaturated aldehyde terminus (3'dRP) and 5'-phosphate AP site. Then, 

the apurinic/apyrimidinic endonuclease 1 (APE1) cleaves the DNA 

phosphate backbone generating a DNA single-strand break (SSB). At this 

point, the short patch BER carries on with repair of SSBs; specifically, the 

DNA polymerase β utilizes its dRP-lyase activity to remove the downstream 

5ʹsugar phosphate and repairs a single-nucleotide gap through the insertion 
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of one nucleotide. Next, the DNA ligase III/ X-ray repair cross-

complementing protein 1 (XRCC1) complex fixed the 3ʹOH group of the 

newly inserted nucleotide with the downstream 5ʹP finishing the short-patch 

BER (Fortini 1999; Frosina 1996; van Loon 2010). When the 5’-termini 

cannot be fixed by SSB end-processing enzymes, the repair proceeds through 

the long-patch pathway by replacing a stretch of 2–12 nucleotides. 

Two DNA polymerases participate in long-patch BER: the DNA 

polymerase β incorporates the first nucleotide into the nick and then the 

DNA polymerase δ performs strand displacement synthesis in the 

elongation step. In this scenario, the Flap endonuclease 1 (FEN1) in 

association with the DNA polymerases the Proliferating Cell Nuclear 

Antigen (PCNA), loaded by the replication factor C (RF-C), recognizes and 

excises the displaced oligonucleotide. Finally, DNA ligase I fills the 

remaining nick in the DNA backbone to coordinate the final step of long-

patch BER (Fortini 1999; Klungland 1997; van Loon 2010). 

Besides OGG1, other glycosylases, such as MutY glycosylase Homologue 

(MYH) and Nei-like (NEIL) -1 and -2, participate to 8-oxodG repair via the 

BER pathway (Boiteux 2017; Das 2006; Dou 2003; Markkanen 2013). 

During DNA replication the DNA polymerase δ/e could mis-incorporate 

dAMP opposite 8-oxodG, the resulting mismatch is repaired by MYH-

initiated long-patch BER (Boiteux 2017; Markkanen 2013). Before another 

round of replication, the monofunctional MYH excises, unconventionally, 

the undamaged adenine, and the resulting DNA ends are subsequently 

processed by APE1, as in canonical BER, resulting in a nick with 3ʹOH and 

5ʹdRP moieties. Then, during the elongation step, the complex DNA 

polymerase λ-PCNA replication protein A (RP-A) incorporates the correct 

dC opposite 8-oxodG and additional one nucleotide. After the lesion bypass, 

there is a disassociation between RP-A and DNA pol λ, and FEN1, 

interacting with PCNA, cleaves the 5ʹ flap. Subsequently, the DNA ligase I, 
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through the interaction with PCNA, binds the created nicked intermediate 

and ligates the 5’P ends (Markkanen 2017; Svilar 2011). 

In addition to bifunctional OGG1 and monofunctional MYH, the two 

bifunctional NEIL 1 and 2 repair 8-oxodG via BER (Boiteux 2017; Das 

2006; Dou 2003). NEIL1 and NEIL2 excise 8-oxodG by catalyzing the β,δ-

elimination of the abasic site and leave a 3ʹ-phosphate at the resulting strand 

break. The 3ʹ-phosphate in the gap is removed by the phosphatase 

polynucleotide kinase (PNK), generating a substrate for DNA polymerase 

β. The repair is completed with the ligation step mediated by the complex 

XRCC1/LigIII (Boiteux 2017; Das 2006; Dou 2003).  

It has also been reported that exists an intricate network of other repair 

pathways for oxidatively DNA damage.  Besides BER, Mis-Match Repair 

(MMR) (Yang 2001) and Transcription-Coupled Nucleotide Excision 

Repair (TC-NER) (Boiteux 2017; Fousteri 2008), plays an important role in 

8-oxodG repair. In particular, MutS homologues 2 (hMSH2) and 6 

(hMSH6) as factors of MMR machinery plays a role in the post-replicative 

removal of 8-oxodG opposite dA interacting with PCNA (Colussi 2002; Li 

2008; Parker 2001).  

Additionally, the Cockayne syndrome B (CSB) and A (CSA) proteins, 

together with Xeroderma pigmentosum complementation group C (XPC) 

protein, as components of the TC-NER pathway, have a role in the repair of 

8-oxodG (D’Errico 2007, 2006; Wong 2007). 

 

1.3 Unrepaired 8-oxodG represents a main source 

of genome instability 

 
When 8-oxodG is incomplete repaired or not repaired, it may contribute to 

genome instability via several mechanisms, as well as the accumulation of 

SSBs unrepaired intermediates. 
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 A single 8-oxodG was able to generate a spectrum of mutations, but 

predominantly dC:dG to dA:dT transversions  and single-base deletions 

(Boiteux 2017; Bruner 2000; Dulak 2013).  

 

 
Figure 6: Two mechanisms of 8-oxodG induced transversions: (A) dC:dG to 

dA:dT transversions, (B) dA:dT to dC:dG transversions (Gorini 2021). 

 

In the syn conformation, 8-oxodG has the ability to mimic dT and if it is 

erroneously bypassed, during DNA replication a dA:8-oxodG base pair is 

formed. If the dA:8-oxodG mispair is left unrepaired during a second round 

of replication it will produce a dA:dT base-pair leading a dC:dG to dA:dT 

transversion mutation (Figure 6A). In a study that examined the coding 

regions of 518 cancer-related genes in 210 different human cancers, the 
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dC:dG to dA:dT transversion has been identified to be the predominant 

somatic mutation (Greenman 2007). Independent studies also demonstrated 

that the dC:dG to dA:dT transversion represents one-third of the 22,910 

somatic substitutions identified in a lung cancer cell line and the second most 

predominant mutational signature in melanoma cells (Pleasance 2010b, 

2010a).  

When in the deoxyribonucleotide pool, 8-oxodGTP is erroneously 

incorporated during DNA replication gives rise to the 8-oxodG:dA 

mismatch.  If replication or inappropriate MYH excision of 2′-

deoxyadenosine occurs, the 8-oxodG pairs with cytidine, in the next round 

of replication. Subsequently, 8-oxodG:dC mispair is  a substrate for OGG1-

initiated repair which, in this context, produces the dA:dT to dC:dG 

mutation(Figure 6B) (Inoue 1998; Maki 1992; Satou 2009, 2007; Suzuki 

2017). Such dA:dT to dC:dG mutations are found in esophageal 

adenocarcinoma and inflammatory Barrett’s esophagus (Cs 2015; 

Murugaesu 2015).  

Moreover, 8- oxodG accumulation in the genome has been associated with 

cancer initiation and progression and has been proposed as a prognostic 

factor in breast cancer. Genetic knock-out mouse models of the BER 

pathway proteins have been generated to determine their role in genome 

maintenance. It has been demonstrated that in OGG1+/- and -/- mice there 

is an increase in nuclear and mitochondrial 8-oxodG levels with an elevated 

dC:dG to dA:dT transversion rates at 18 months after birth (Kakehashi 2017; 

Klungland 1997; Minowa 2000; Sakumi 2003; Xie 2004). In addition, when 

exposed to the genotoxic agents OGG1+/- and -/- mice show a multiorgan 

enhanced susceptibility for cancer development.  Similarly, MYH+/- mice 

have been generated and are viable and fertile and also show only a slight 

predisposition to develop intestinal cancer (Sakamoto 2007; Xie 2004). 

Moreover, either OGG1-/- and MYH-/- mice exhibit a strong 

predisposition for lung and ovarian cancers and lymphomas 118. Finally, 
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lacking other proteins involved in the repair of 8-oxodG, such as APE1, Pol 

β, XRCC1, DNA ligase I and III display embryonic lethality. In conclusion, 

these data suggest that the impairment of the function of one or more than 

one intermediates of the BER pathway has a crucial role in the maintenance 

of genomic stability and in the prevention of certain cancers (Bentley 1996; 

Ludwig 1998; Maga 2007; Puebla-Osorio 2006; Sobol 1996; Tebbs 1999; 

Xanthoudakis 1996). 

 

1.4 The role of 8-oxodG as an epigenetic marker 

The mechanisms of 8-oxodG formation and its repair could play a role in 

the regulation of gene expression and may have possibly epigenetic-like 

features in cells during the response to oxidative stress (Fleming 2017; 

Giorgio 2020; Poetsch 2020; Wang 2018). 

While the 8-oxodG pro-mutagenic aspects have been widely reviewed, the 

flip side of oxidative DNA damage relating its involvement in possibly 

beneficial gene regulatory roles must be discussed.  

Several evidences showed that the interaction of 8-oxodG and AP sites with 

G-quadruplex structures is important for the epigenetic gene regulation.  In 

details, the oxidative modification of G in G-quadruplex forming sequences 

(PQSs) present in the coding strand of gene promoters leads to an increase 

of the transcription level (Fleming 2017; Fleming and Burrows 2017). When 

the OGG1 recognizes and excises 8-oxodG from the duplex it creates an AP 

site which unmasks the PQS, leading to the formation of a G-quadruplex 

(Fleming 2017; Fleming and Burrows 2017). Following the G-quadruplex 

structure extends the APE1 binding on the AP site and favors the 

recruitment of other transcription factors (TFs) for gene activation. This 

mechanism has been proposed for the expression of different genes such as 

VEGF, PCNA, NTHL, HIF1-α and, more recently, to the DNA repair gene 

NEIL3 (Fleming 2019, 2017; Pastukh 2007; Redstone 2019; Zhu 2018). 



 20 

Furthermore, increased levels of 8-oxodG have been found in binding 

regions of other TFs that interact with specific enzymes that produce ROS 

as intermediates, as shown for the Estrogen Receptor α and c-Myc. Both 

these transcriptional factors recruit LSD1 during their regulation (Amente 

2010, 2013a, 2013b; Majello 2019; Perillo 2008; Pezone 2020; Sengupta 

2020; Zuchegna 2014).  

The LSD1 demethylation reaction determines local oxidation of DNA 

around the transcription start site (TSS) region of Myc target genes (Figure 

7) (Amente 2010;Amente 2010). 

 



 21 

  

Figure 7: Model of “scheduled” DNA damage induced upon c- Myc 

mediated transcription. Adapted from (Amente 2010) 

 

This event triggers the recruitment of BER enzymes such as OGG1 and 

APE1. The last one seems to play an important role as a linker between gene 
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transcription and repair, being able to interact with some RNA Polymerase 

II co-activators, as p300 (Amente 2010; Amente 2010). 

A quite similar mechanism has been reported for Estrogen receptor-

mediated transcription (Figure 8) (Perillo 2008).  

 

  

Figure 8: “Scheduled” DNA damage induced by Estrogen receptor-mediated 

transcription (Perillo 2008). 

 

In this case, the estradiol-estrogen receptor complex mediates the 

recruitment of LSD1 which remove a methyl group from the di-methylated 

lysine 9 on the histone 3 (H3K9me2). The peroxide produced by LSD1 

oxidizes guanines in ERE (estrogen responsive elements) regions and as 

consequence OGG1 is recruited in site. The DNA nicks generated upon the 

removal of 8-oxodG by the BER machinery act as entry points for the 

Topoisomerase II β, and induce chromatin relaxation and the recruitment 

of initiation complexes (Perillo 2008).  

Finally, 8-oxodG could act also in concert with the DNA methylation 

performing its epigenetic function. Indeed, even if the mechanisms are not 

yet well defined, the repair of 8-oxodG is linked to DNA methylation. Taken 

together, these findings reveal that 8-oxodG clearly has potential roles in 

gene regulation. 
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1.5  Methods to genome-wide mapping 8-oxodG 

 
It is seemingly well-known that the dynamic equilibrium between local rate 

of 8-oxodG production and its local repair efficiency results in 8-oxodG 

unevenly distribution along the genome. 

Nakabeppu et al. provided the first strategies for the genomic view of the 8-

oxodG distribution by using a monoclonal antibody for the 

immunofluorescence detection of 8-oxodG (Ohno 2006). They delineated 

the 8-oxodG distribution pattern on human metaphase chromosomes from 

human peripheral lymphocytes. Specifically, a high density of 8-oxodG is 

mapped, with a megabase resolution, within the boundary regions of R 

and/or G chromosomal bands as well as within regions with a high 

frequency of recombination and single nucleotide polymorphisms (SNPs). 

This suggested that 8-oxodG could largely contribute to the genomic 

diversity in human beings (Ohno 2006). 

Subsequently, Toyokuni et al. combined the immunoprecipitation of 8-

oxodG-containing DNA with microarray hybridization in order to map 8-

oxodG in the genome of normal rat kidney cells. They observed that 8-

oxodG is preferentially enriched within the gene deserts and not associated 

with the transcription activity of genes (Yoshihara 2014). Moreover, they 

showed that there was a strong correlation between the 8-oxodG distribution 

and lamina-associated domain (LADs) suggesting that the susceptibility to 

oxidative modification is determined by the spatial location of genomic 

DNA in the nucleus (Yoshihara 2014). Recently, novel genome-wide 

strategies, that combine oxidation-enriched library preparation protocols 

with next-generation sequencing approaches, have arisen to map steady-

state levels of 8-oxodG in the yeast, mouse and human genomes (Figure 9) 

(Ding 2017; Poetsch 2018; Wu 2018). 
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Figure 9: Scheme of methods to map 8-oxodG genome-wide. Adapted from 

(Poetsch 2020). 

 

Burrow’s laboratory developed a method to sequence the 8-oxodG sites in 

mouse genome, called OG-Seq which take the advantage of the sensitivity 

of 8-oxodG to hyperoxidation leading to covalent biotinylation of 8-oxodG 

(Ding 2017).  This approach delineated an 8-oxodG map, with a 150 bp 

genomic resolution, in both wild-type and OGG1-/- MEFs. The study 

showed an 8-oxodG enrichment at specific gene loci (including promoters, 

5ʹ-UTRs, 3ʹ-UTRs, exons and introns) compared with the intergenic regions. 

Moreover, the authors established that more G-quadruplex (G4) and 5ʹ-GG-

3ʹ reactive sequences than they expected were inside 8-oxodG-peaks (Ding 

2017). 

In order to mark each 8-oxodG position in the Saccharomyces cerevisiae 

genome, Wu et al. used an innovative technique Click-code-Seq that joins 

three specific elements: the specificity of DNA repair enzymes, the efficiency 

of a click DNA ligation reaction and high-throughput sequencing (Wu 

2018). Thanks to Click-code-Seq, it was demonstrated that 8-oxodG 

accumulates at sites of high nucleosome occupancy and that the first dG in 

a 5ʹ-GG-3ʹ dinucleotide is most easily oxidized (Wu 2018). 

Also Poetsch et al., to better understand the correlation between DNA repair 

and mutation distributions developed AP-seq as new method to measure AP 
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sites as the first repair intermediate approximately 250-bp resolution on 

genome-wide scale (Poetsch 2018). In this study, it is used an aldehyde 

reactive probe (ARP) which reacts with the aldehyde group of the AP site 

and consequently introduces a covalent biotin tag into the DNA at the 

damage site (Poetsch 2018). 

Then the biotin-tagged DNA fragments are enriched through a streptavidine 

pull-down and sequenced using high-throughput technology. Similarly to 

AP-seq, for the OGG1-AP-seq it is used ARP. But in this case, the AP sites 

are masked with methoxyamine before in vitro glycosylation with OGG1 

leading the specific detection of 8-oxoG through conversion into a secondary 

AP site (Poetsch 2018). 

Recently Amente et al., developed a highly sensitive methodology that 

enhanced a fragmented mammalian genome with an 8-oxodG-specific 

antibody following next-generation sequencing (OxiDIP-seq) in human and 

mouse cells with a resolution of about 200-300 bp (Amente 2019). This is a 

pull-down-based approach to enrich 8-oxodG-containing DNA fragments. 

Indeed, the study revealed that 42% of the identified 8-oxodG peaks mapped 

within gene loci, specifically in the promoter and in the gene body regions 

(Amente 2019). Moreover, the authors demonstrated that there is a G4-

enrichment at 8-oxodG-containing regions and there is a complex 

association between 8-oxodG and GC content. Promoter regions with high 

(> 47%) GC content display low levels of 8-oxodG (Gorini 2020). This 

suggested that other mechanisms, such as the epigenetics involved in the 

regulation of transcription and replication regulation, may be involved in the 

accumulation of 8-oxodG (Amente 2019; Gorini 2020). 

Balasubramaniam’s group mapped AP sites, as intermediate in the repair of 

8-oxodG, in the human genome at single-nucleotide resolution through the 

“snAP-seq” procedure (Liu 2019). This approach attacks the biotin to AP 

sites through Click chemistry using the Hydrazino-iso-Pictet-Spengler 

(HIPS) probe. Appling the snAP-seq directly to HeLa cells, it was not 
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possible to detect a consensus position between the mapped AP sites 

suggesting that AP sites do not accumulate site-specifically at single-

nucleotide level. In this case, the authors identified DNA stretches where AP 

sites accumulate in control and APE1 knocked-down cell using a peak 

calling bioinformatic tool (Liu 2019). According to previous reports (Ding 

2017; Liu 2019; Poetsch 2018), the genomic locations with open chromatin 

are enriched for AP sites,  suggesting that these regions are more prone to 

the formation of AP sites, compared to other forms of DNA damage (Liu 

2019). 

Moreover, Fang and Zou in their paper published the “enTRAP-seq” 

protocol to identify 8-oxodG in mouse embryonic fibroblasts with a 

resolution of 250bp (Fang 2020). The 8-oxodG-containing DNA fragments 

are trapped in OGG1 mutant (K249Q) and enriched via affinity purification. 

Notably, enTRAP-seq determined an enrichment of 8-oxodG in regulatory 

elements such as promoters, 5’UTR, CpG islands and G4 (Fang 2020). 

In conclusion, a highly sensitive and quantitative approach (named “Nick-

seq”) to map, at single-nucleotide resolution, oxidation-induced AP sites in 

DNA from E. coli treated with a sub-lethal dose of hydrogen peroxide, is 

recently reported by Dedon et al (Cao 2020). 

The authors demonstrated that the oxidation-induced AP sites are 

specifically associated with DNA regions undergoing replication or 

transcription during H2O2 stress. They also suggested that transcriptionally 

active and single-strand DNA regions are vulnerable to oxidatively-induced 

DNA damage (Cao 2020).  
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Figure 10: Table of properties of the different methods to map 8-oxodG genome 

wide. Adapted from (Poetsch 2020). 

 

All the above-described experimental genome-wide methodology used to 

map oxidatively generated DNA damage possess benefits and weaknesses. 

Differences in methods, with their advantages and disadvantages, have been 

summarized in Figure 10.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

OG-seq Click-code-seq OxiDIP-seq OGG1-AP-seq AP-seq snAP-seq

Damage recognition ✗ ✓ ✗ ✗ ✗ ✓

Single nucleotide 
resolution

✓ ✓ ✗ ✓ ✓ ✓

Potential single 
nucleotide

✗/✓ ✗ ✗ ✓ ✓ ✗

Damage recognition
before sonication

✓ ✓ ✓ ✓ ✓ ✓

Ease of  use ✓ ✓ ✓ ✓ ✓ ✓
Reagents commercially
avaiable

✓ ✗ ✓ ✓ ✓ ✗

Potential problems with 
specificity

Induced
oxidation and 
probe side 
reactions

Specificity of  FpG for 
8-oxodG and 
incomplete masking
of  AP sites/strand
breaks

General 
antibody
specificity

Specificity of  
OGG1 for 8-
oxodG and 
incomplete 
masking of
AP sites

Side reactions
with other
aldehydes, e.g
5-fU,if  present

Side reactions
with other
aldehydes. 
Incolplete
depletion of  5-fU
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II. Aims of the study 
 
 
8-oxodG is widely considered as the most common marker of oxidative 

stress. Its accumulation within the genome has been associated with major 

human health issues but new discoveries revealed that there is more to it 

than that. Indeed, there is growing evidence about 8-oxodG potential role as 

an epigenetic marker. In particular, 8-oxodG has a role in the epigenetic 

regulation of transcription, but this role could be intrinsically associated with 

its nature as DNA damage.  

Indeed, it is well known that the transcription activation can require 

“scheduled” oxidative DNA damage, thus providing to DNA lesions not 

only a harmful role, but also effects that are indispensable for an important 

cell function that is transcription.  

Thus, the aim of this work is firstly focused to provide an accurate map of 8-

oxodG accumulation to determine if was randomly distributed along human 

genome. Then, we wondered if the pre-mutagenic 8-oxodG accumulation 

was correlated with structural/functional landscape of the genome.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 29 

III. Materials and Methods 
 
 
Cell culture and treatments 

MCF10A cells were cultured in a 1:1 mixture DMEM-F12 supplemented 

with 5% horse serum, 10 µg/ml insulin, 5 µg/ml hydrocortisone, 20 ng/ml 

epidermal growth factor, 100 ng/ml cholera enterotoxin and incubated at 

37◦C in a humidified atmosphere with 5% CO2 (Ambrosio 2016). MCF10A 

cells were arrested in G0 by growth for 2 days in a minimal medium 

containing 1:1 mixture DMEM-F12 supplemented with 5% horse serum . 

 

Flow cytometry analysis and 8-oxodG genomic quantification 

DNA profiles were analyzed as follows: cells were fixed in 70% ethanol at –

20◦C, then stained in hypotonic solution of PBS, 50 µg/ml propidium iodide, 

50 µg/ml and 0.00125% Nonident-P40 for 30 min at room temperature. For 

Ki67 quantification cells were, after fixing, permeabilized with 0.1% Triton 

X-100/PBS and blocked in 5% bovine serum albumin/PBS. Cells were 

incubated with the primary antibody anti-Ki67 and with the secondary 

antibody Alexa647 donkey anti-goat (Invitrogen) before propidium iodide 

staining. For 8-oxodG quantification, cells were fixed and permeabilized as 

indicated for Ki67, treated with 50 µg/ml RNAse incubated with anti-8-

oxodG (Millipore, 1:200 diluted 5% bovine serum albumin/PBS) and the 

secondary antibodies Alexa488 anti-goat before propidium iodide staining. 

Cytofluorimetric acquisition and analysis were performed on a Becton 

Dickinson FACScalibur flow cytometer using FACSDiva and Cyflogic for 

analysis. 

 

OxiDIP-sequencing and quantitative 8-oxodG immunoprecipitation 

assays 

Genomic DNA from growing or G0 arrested MCF10A cells was extracted 

by using Dneasy Blood&Tissue kit (Cat. no. 69504, QIAGEN). 10 µg of 
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genomic DNA per immuno-precipitation were sonicated in 100 µl TE buffer 

(100 mM Tris–HCl pH 8.0, 0.5 M EDTA pH 8.0) to generate random 

fragments ranging in size between 200 and 800 bp using Bioruptor Plus 

UCD-300. 4 µg of fragmented DNA in 500 µl TE Buffer were denatured for 

5 min at 95◦ C and immuno-precipitated overnight at 4◦ C with 4 µl of 

polyclonal antibodies against 8-Hydroxydeoxyguanosine (AB5830 

Millipore) in a final volume of 500 µl IP buffer (110 mM NaH2PO4, 110 mM 

Na2HPO4 ph 7.4, 0.15 M NaCl, 0.05% Triton X-100, 100 mM Tris–HCl pH 

8.0, 0.5 M EDTA pH 8.0) under constant rotation. The immuno- 

precipitated complex was incubated with 50 µl Dynabeads Protein G (Cat. 

No. 10003D, ThermoFisher Scientific, previously saturated with 0.5% 

bovine serum albumin diluted in PBS) for 3h at 4 ◦C, under constant 

rotation, and washed three times with 1 ml washing buffer (110 mM NaH2 

PO4, 110mM Na2HPO4 pH 7.4, 0.15 M NaCl, 0.05% Triton X- 100). The 

beads–antibody–DNA complexes were then disrupted by incubation in 200 

µl Lysis buffer (50 mM Tris– HCl pH 8, 10 mM EDTA pH 8, 1% SDS, 0.5 

mg/ml Proteinase K) for 4 h at 37◦C, and 1 h at 52◦C following addition 100 

µl Lysis buffer. The immuno-precipitated DNA was purified by using 

MinElute PCR Purification kit (Cat. No. 28004, QIAGEN) in a final volume 

of 72 µl EB buffer (provided in the kit). All the steps of the OxiDIP-Seq 

protocol, including the washes of the immunocomplexes, were carried out 

in low-light conditions. Furthermore, 50 µM N- tert-butyl-α-phenylnitrone 

(stock solution: 28 mM in H2O; B7263, Sigma) was added to each Dneasy 

Blood&Tissue buffer, IP and washing buffers, to preserve the oxidized DNA 

(Lu 2004). Conversion of ssDNA to dsDNA was obtained by Random 

Primers DNA Labeling System (Cat. No. 18187-013, ThermoFisher 

Scientific).  

For qPCR analysis, 3μl of 8oxodG immunoprecipitated DNA (antibody 

AB5830, Millipore) was analyzed in duplicate by quantitative PCR, using 
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SYBR Green 2X PCR Master Mix (Applied Biosystems). The following 

primer sets were used: 

Positive region (genomic position chr2: 233294905 - 233294981) 

FW 5’-CCAACATCTTAAATTTGTCAACTCTC; 

REV 5’-TGCTGGCAGAAGTGTGATTT. 

Negative region (genomic position chr2: 232053796-232053862)  

FW 5’- AAGCTGGAGGCAGAGTGG;  

REV 5’- TCTGACAACCCTGTTCACTACC. 

 

Preparation of OxiDIP sequencing libraries 

Library preparation was performed as described in (Amente 2019) using 2 

ng of DIP or Input DNA. Prior to sequencing, libraries were quantified using 

Qubit dsDNA HS Assay Kit (Invitrogen) and quality-controlled using 

Agilent Bioanalyzer. 50 bp single-end sequencing was performed using 

Illumina HiSeq 2000 platform according to standard operating procedures. 

 

Read processing and identification of 8-oxodG-enriched regions  

Reads were quality checked and filtered with NGS-QC Toolkit (Patel 2012). 

Alignments were performed with BWA (Li 2010) to hg18 reference genome 

using default parameters. SAMtools (Li 2009) and Bedtools (Quinlan 2010) 

were used for filtering and format conversion steps. The identification of 

peaks from uniquely mapped reads, after removal of PCR duplicates, was 

performed using MACS (Zhang 2008)  (P < 1e–5 and fold enrichment > 7) 

and DNA Input was used as control. UCSC genome browser was employed 

for data visualization. Uniquely mapped reads of the 8-oxodG signal were 

normalized over genomic input (log2 8-oxodG/Input ratio) using the 

bamCompare tool from Deeptools suite (Ramírez 2014), with SES method 

(Diaz 2012) as scaling factor. This should account for GC content 

sequencing bias, which would affect the pull-down samples and the inputs 

alike, as well as for the bias linked to different amounts of DNA.  
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OxiDIP-Seq peaks were annotated using PAVIS (Huang 2013). The hg18 

genomic coordinates of peaks identified in MCF10A cells were converted to 

hg38 coordinates before annotation by using the UCSC tool liftover. 

Relative peak enrichment was determined with the Fisher test of the 

Bedtools suite. 

Metagene analysis and heatmaps were generated using the computeMatrix 

and plotHeatmap tools from Deeptools suite with default parameters. Signal 

profile plots were derived using R starting from the matrices generated by 

the computeMatrix tool. 

 

Pol II-S2P ChIP-sequencing 

Chromatin extracts of growing or G0 arrested MCF10A cells were 

performed as described (Ambrosio  2015). 

Rabbit polyclonal against Phospho RNA Polymerase II (S2) (A300-654A) 

was used. 

ChIP-seq libraries were prepared from 2 ng of ChIP (or Input) DNA with 

TruSeq ChIP Sample Prep Kit (Illumina) according to the manufacturer’s 

instructions. 50bp single-end sequencing was performed using Illumina 

HiSeq 2000 platform. For qPCR analysis, 3μl of Pol II-S2P 

immunoprecipitated DNA (antibody A300-654A, Bethil) was analyzed in 

duplicate by quantitative PCR, using SYBR Green 2X PCR Master Mix 

(Applied Biosystems).  

The following primer sets were used: 

Positive region (genomic position chr5: 172126206 - 172126502) 

FW 5’- CTGGTACATTTCCACGGAGAG; 

REV 5’- AAGTGCTATGGGAAGCAGAAA. 

Negative region (genomic position chr3: 73471477 - 73471656)  

FW 5’- TGCTGTCATCTTGCTTACCC;  

REV 5’- ACTGGACTAGCTGCTTCATTC. 
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ChIP-seq and ATAC-seq analysis 

OGG1 ChIP-seq data was downloaded from GEO (GSE89017); ChIP-seq 

of PARP1, Pol II-S5P, were downloaded from GEO (GSE93040); ChIP-seq 

of H3K4me3, H3K4me1, H3K9ac, H3K27ac were from GEO (GSE85158).  

Pol II-S2P ChIP-seq data was performed in Amente’s laboratory according 

to the above-described protocol.  

 ChIP-seq reads were quality checked and filtered with NGS-QC-Toolkit. 

Alignments to hg18 reference genome were performed with BWA using 

default parameters. SAMtools and Bedtools were used to perform filtering 

steps and format conversions. Uniquely mapped reads of each signal were 

normalized over genomic input (log2 ChIP/Input ratio) using the 

bamCompare tool from Deeptools suite (Ramírez 2014), using SES method 

(Diaz 2012) as scaling factor as described above. 

Metagene analysis and heatmaps were generated using computeMatrix and 

plotHeatmap tools from Deeptools suite with default parameters, signal 

profile plots were derived using custom script in R starting from the matrices 

generated by the computeMatrix tool. Preprocessed and normalized data for 

ATAC-seq was publicly available from GEO (GSE89013). Genomic 

coordinates were converted to hg18 reference coordinates using UCSC 

liftover tool. Metagene analysis was performed using computeMatrix tool 

from the Deeptools suite with default parameters, while plots were generated 

using custom script in R starting from the data matrix produced by 

computeMatrix tool. 

 

GRO-seq analysis 

GRO-seq data was obtained from Array-Express (E- MTAB-742). FASTQ 

files were aligned to hg18 reference genome using Bowtie (Langmead 2009) 

with default parameters and allowing a maximum of two mismatches for the 

identification of uniquely mapping regions. GRO-seq read quantifications 

were performed using HTSeq (Anders 2015) and transcription levels of the 
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human genes were converted into transcripts per million (TPM) of mapped 

reads. Bidirectional transcription at TSSs was determined analyzing the 

GRO-seq signal with the computeMatrix tool from the Deeptools suite with 

default parameters and R was used for plots generation. 

 

Reference, damaged and control gene/promoter datasets 

The 21074 human genes used in this study were obtained from the hg18 

Refseq genes catalogue removing all of the transcripts having the same 

genomic coordinates (‘chromosome’, ‘start’ and ‘end’) and keeping those 

showing alternative TSSs. Genes <2.5 kb in length were also removed. The 

promoter regions were then defined as the 1 kb regions flanking the TSSs of 

the above selected (21 074) human genes. Bedtools suite was used to intersect 

the identified 8- oxodG high-confidence peaks (Amente 2019) with the 

above-described promoters. The genes containing at least one 8-oxodG high- 

confidence peak in their promoter region were defined as 8- oxodG-positive 

(oxidized) promoters in growing cells. Control genes were defined as genes 

with negligible levels of 8-oxodG at promoter regions in growing cells. In 

particular, the 8-oxodG signal was binned over the considered human 

promoters using a 100 bp bin size. Then, the promoter level of 8-oxodG 

signal was defined as the maximum 8-oxodG value computed overall the 

bins of each promoter by using the computeMatrix tool from Deeptools suite 

with default parameters and custom R scripts. Finally, the subset of control 

genes was defined as the genes where the value of 8-oxodG promoter signal 

over the Input DNA was lower than 1-fold, corresponding to the bottom 

15% of the over- all 8-oxodG promoter signal distribution. 

 

Comparison of oxidized promoters identified in G0 and growing cells 

Starting from the set of peaks identified from cells in the G0 condition we 

defined a set of (n = 811) G0 promoters by following the same procedure as 

for the growing cells (see previous paragraph). 
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We defined the class of growing-specific promoters as the promoters marked 

as oxidized in growing cell condition only and the set of G0-specific 

promoters as the promoters marked as oxidized in G0 condition only. 

Common oxidized promoters were defined as the intersection between G0 

oxidized promoters and growing oxidized promoters. We analyzed the 

presence of DE genes between growing and G0 condition in these two 

classes by counting how many genes from the class of common oxidized 

promoters and the class of growing-specific promoters were also marked as 

differentially expressed between growing and G0 cells (∼ 11% and ∼ 9% 

respectively). 

 

GC content enrichment at the promoter regions 

For the quantification of GC content, the hg18.gc5Base track was retrieved 

from UCSC and the average GC content was assessed at oxidized and 

control promoters using the computeMatrix tool from the Deeptools suite 

with default parameters. 

To investigate the relationship between GC content and 8-oxodG levels, 

oxidized promoters were analyzed at two resolution levels by first dividing 

the corresponding regions in bins of 50 bp (Figure 14C) or 10 bp (Figure 

14D) and then calculating the average GC content per bin using the com- 

puteMatrix tool from the Deeptools suite with default parameters. 

 

Statistical analysis 

Linear correlations between Pol II-S5P/Pol II-S2P/OGG1 signal, 

transcription levels, and 8-oxodG signals, as well as between biological 

replicates of Input and OxiDIP-seq experiments, were tested by means of 

Pearson’s correlation test on the gene loci of the oxidized promoters using 

multi-BamSummary and plotCorrelation tools from the Deep- tools suite 

with default parameters. Heatmaps were generated with R. Statistical 

significance of the observed differences in transcription levels and gene 
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lengths between the gene clusters were evaluated by means of two tailed t-

test with heteroskedasticity assumption. Fisher’s exact test was used to test 

the statistical significance of the distribution of each promoter class among 

the identified gene clusters. Mean value and standard deviation of each 

genomic signal at the promoter/gene loci were calculated with compute-

Matrix tool from Deeptools suite, with default parameters, while the 

standard error was calculated in R. This study was conducted using 0.05 as 

the significance threshold and all statistical analyses were performed with R 

version 3.5. 

 

Pathway enrichment and HOMER motif analysis 

Gene Ontology (GO) functional annotation of pathways (Puissant 2013), or 

groups of functionally related genes was performed using GSEA. GSEA 

assigns to each gene set an enrichment score (ES) (Puissant 2013). The 

significance of the ES is assessed by means of permutation based on p-value 

and adjusted for multiple testing through FDR correction. 

GSEA was run on the collections of 50 hallmark gene sets (h) from version 

7.4 of the Molecular Signatures Database Gene sets with an FDR ≤ 0.25 and 

a nominal P ≤ 0.05 were considered significant (Puissant 2013).  

The search for motif enrichment in specific oxidized promoters was 

performed by using the HOMER tool. We used the findMotifs.pl that 

performs a number of operations to provide a basic analysis of motif and 

functional enrichment. To run findMotifs.pl we used the above defined 

human promoter set. HOMER tool creates HTML output pages for its de 

novo analysis, containing a sorted list of non-redundant motifs ranked by 

their enrichment p-values (Heinz 2010). 
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IV. Results 
 
4.1 8-oxodG maps within gene loci and co-localizes 
with OGG1 and PARP1 at the promoter regions of 
human genes 
 
In our previous study (Amente 2019), we carried out OxiDIP-Seq in vitro 

immortalized non-tumorigenic human epithelial breast cells (MFC10A) in 

order to profile the genome-wide distribution of 8-oxodG. The OxiDIP-Seq 

data were performed in growing cells in two biological replicates. The 

genomic DNA was first extracted from asynchronous MCF10A cells, then 

was fragmented by sonication and denatured. After that, the DNA fragments 

were immunoprecipitated using efficient anti–8-oxodG antibodies and the 

immunoprecipitated samples and input DNA were sequenced through next 

generation sequencing. The method combines the high-throughput 

sequencing to DNA immunoprecipitation for genome-wide profiling of 8-

oxodG  

The obtained sequence tags were aligned to the human genome and a peak 

calling analysis was performed by using MACS (Model-based Analysis for 

ChIP-Seq) algorithm. MACS identifies regions in the genome that have been 

enriched with aligned reads in the OxiDIP sample relative to the genome 

background. In this way, it detects areas enriched in 8-oxodG residues 

deriving from sequenced and aligned immunoprecipitated fragments. 

Specifically, this analysis identified 52 298 genomic regions enriched in 8-

oxodG.  

Next, in order to determine whether the genomic distribution of 8-oxodG 

peaks was correlated to specific regions of the human genome, we annotated 

peaks by using Peak Annotation and Visualization (PAVIS) tool. First, 

PAVIS analysis displays the number of annotated peaks and relative 

enrichment level in each genomic feature category including transcription 

start site, intron, exon or 5ʹ/3ʹ-untranslated region. Then, PAVIS analysis 
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provides a summary plot of the relative proportion of peaks in each category 

reporting the relative enrichment of peaks in these functionally distinct 

categories. 

 

Figure 11: Pie charts show the annotated 8-oxodG peaks based on their distribution 

in the context of genomic features (A) and in the context of gene types (B). The 

genomic features are divided in genic regions with Upstream (-5kb), 5’UTR, Exons; 

Introns; 3’UTR; Downstream (+5kb) and intergenic regions (A). The gene types 

are classified in ribosomal RNA (rRNA), long intergenic non-coding RNA 

(lincRNA), microRNA (miRNA), mRNA (protein coding), other RNA (B). (C) 

Table shows p-value of enrichment analysis (Bedtools Fisher test) of the 8-oxodG 

peaks within the regions indicated in the pie charts (A,B).  

Thus, we analyzed the genomic distribution of 8-oxodG peaks in the context 

of genomic features and we found that 42 % of 8-oxodG peaks localize 

within the gene loci (i.e., promoter and gene body). Furthermore, relative 

peak enrichment was determined with Fisher test of Bedtools suite, revealing 

A) B)

Genetic element 8-oxodG enrichment
Gene loci p<2.2e-16
Promoter p<2.2e-16
Gene body p<2.2e-16
Protein coding gene p<2.2e-16
lncRNA p<2.2e-16
miRNA p=5.8e-3
intergenic p=1

C)
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that 8-oxodG peaks were enriched within both gene body and promoter 

regions P < 2.2e–16 (Figure 11 A,C).  

In conclusion, PAVIS analysis allows us also to annotate 8-oxodG 

distribution among different types of genes. Interestingly, we found that 54% 

and 30% of the 8-oxodG peaks were enriched within protein-coding and long 

non-coding genes, respectively (P < 2.2e–16; Figure 11B,C). 

These data reveal that 8-oxodG is preferentially mapped in gene-related 

regions and particularly, that the protein-coding genes were the most 

oxidized. It has known that 8-oxodG has a role in the epigenetic regulation 

of transcription. In order to further study the association between 8-oxodG 

and gene transcription, in this work we will analyze the 8-oxodG signals 

within promoter regions. 

Indeed, the 8-oxodG enrichment within promoter regions prompt us to 

identify 8-oxodG-positive promoters. To this purpose, using Bedtools suite 

the 8-oxodG high-confidence peaks (n = 52 298) were intersected with 

promoters of RefSeq human genes (n = 21 074). We defined the promoter 

regions as the 1 kb regions flanking the TSSs of the above selected human 

genes. We identified 1456 genes containing at least one 8-oxodG high-

confidence peak in their promoter regions. These promoters were hereafter 

called “oxidized promoters”.  

Then, we performed a metagene analysis of 8-oxodG signals along the genes 

associated with oxidized promoters in growing cells.   
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Figure 12: (A) 8-oxodG distribution over the corresponding gene loci (from -5 kb 

upstream the transcription start site, TSS, to +5 kb from transcription end site, TES) 

in growing MCF10A cells. The 95% confidence interval (2 standard error) of the 

mean is indicated by the light blue shaded area. (B) Mean-density profile (top) and 

heatmap (bottom) of the normalized 8-oxodG signal ±5 kb from TSS (left) or ±5 kb 

from TES (right) of genes with oxidized promoters. The arrows indicate the 

direction of transcription. 

 

The analysis of 8-oxodG signals, over the corresponding gene loci (n = 

1456), was performed from 5 kb upstream of the Transcription Start Site 

(TSS) to 5 kb downstream of the Transcription End Site (TES).  It confirmed 

the enrichment of 8-oxodG within the promoter region and revealed that 8-

oxodG is enriched also within the gene body (Figure 12A). 

Focusing on the ±5 kb region flanking the TSS and ±5 kb region flanking 

the TES of the same genes (n = 1456), the analysis showed a promoter-

specific bimodal distribution of 8-oxodG peaking at about +600 and - 600 

bp from the TSS (Figure 12 B). 

We then investigated the presence of OGG1, which specifically recognizes 

and excises 8-oxodG. We analyzed the OGG1 signal over the genes marked 

by oxidized promoters (n = 1456), using a publicly available ChIP-Seq 

dataset.  

A) B)
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Figure 13: OGG1 (A) and PARP1 distribution (C) over the corresponding gene 

loci (from -5 kb upstream the transcription start site, TSS, to +5 kb from 

transcription end site, TES) in growing MCF10A cells. The 95% confidence interval 

(2 standard error) of the mean is indicated by the light blue shaded area. Mean-

density profile (top) and heatmap (bottom) of the normalized 8-oxodG signal ±5 kb 

from TSS (left) or ±5 kb from TES (right) of genes with oxidized promoters. The 

arrows indicate the direction of transcription. (B,D). 

 

First, we compared the OGG1 ChIP signal with the 8-oxodG high-

confidence peaks (n = 52 298) and we founded a high correlation using 

Pearson correlation test (r = 0.80, P = 2.2e-16). 

Consistently, the metagene analysis of OGG1 over the oxidized promoters 

(n = 1456) and their respective flanking regions showed a peak at the 

promoter that is slightly shifted downstream of the TSS (Figure 13 A,B). 

In conclusion, because PARP1 is considered a modulator of BER pathway 

and a molecular nick-sensor in the repair induced by oxidatively-generated 

A) B)

C) D)
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DNA damage (Reynolds 2015), we performed a metagene analysis of the 

distribution of PARP1 signal over the oxidized promoters (n = 1456) and 

their flanking regions. The distribution of PARP1 signal over the genes with 

oxidized promoters (n = 1456) showed a clear peak at their TSS (Figure 13 

C,D). 

All together, these data show that 8-oxodG accumulation at gene promoters 

associates with OGG1 and PARP1 recruitment. 

 

4.2 The 8-oxodG distribution at promoter regions 
correlates with GC content 
 
In order to determine the relationship between the GC content and 8-oxodG 

accumulation at promoter regions, we quantified the percentage of GC 

content at oxidized and control promoters. The subsets of oxidized and 

control promoters were properly chosen. In particular, as previously 

reported, the oxidized promoters are the 1456 genes that contains at least 

one 8-oxodG high-confidence peak in their promoter regions. Instead, the 

control promoters are defined as genes with negligible levels of 8-oxodG at 

promoter regions, and they were specifically selected as described in 

Materials and methods. 
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Figure 14: A) The GC content (%) distribution in box plot was measured at 

oxidized (blue) and control (red) promoters (Bonferroni adjusted pairwise t-test; 

***P = 2.2e-16). The regions of the box plots where the oxidized and control 

promoters have comparable GC content (52–57%) are indicated with the dashed 

rectangle. (B) The distribution of the normalized signal of 8-oxodG, OGG1 and 

PARP1 measured at oxidized (blue) and control (red) promoters with comparable 

GC content (52–57%) was represented in box plot (Bonferroni adjusted pairwise t-

test; ***P < 2.2e–16). The dependencies between 8-oxodG and GC content at 

oxidized promoters was visualized at 50 bp resolution(C) and at 10bp resolution 

(D). The normalized 8-oxodG signal and average GC content (color code, as 

indicated) ±5 kb from TSS of genes with oxidized promoters was showed in the 

mean-density profile (D). 

 

Supplementary Figure 3

Supplementary Figure 3. Plot representing the mean-density profile of the normalized 8-oxodG signal (green
line) and of the GC content (red line) in the ±5 kb flanking region of the TSS of genes with oxidized promoters.
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In the box plot represented in Figure 14A, we can observe the GC content 

distribution in control and oxidized promoters. We demonstrated that the 

GC content at control promoters is marginal reduced comparing with 

oxidized ones. This result shows a high statistical significance (P = 2.2e-16). 

Then, we selected the subsets of oxidized and control promoters that have 

been shown the comparable GC content (52–57%) and we indicated them 

with a dashed rectangle as reported in Figure 14A. In these subsets of 

promoters, we analyzed the 8-oxodG, OGG1 and PARP1 signals. 

Consistently, the box plots in Figure 14 B reveal that only the oxidized 

promoters show a specific enrichment of 8-oxodG, OGG1 and PARP1 

signals normalized on their input.  

We analyzed the GC content and 8-oxodG signal at the oxidized promoters 

at two resolution levels. First, we divided the corresponding regions in bins 

of 50 bp (Figure 14C) and then calculated the average GC content per bin. 

The 8-oxodG levels increase as the GC content arises from 50 to 56% and 

then sharply drop down when GC content arises to 65% (Figure 14 C).  

Furthermore, GC content and 8-oxodG signal at the oxidized promoters 

were analyzed with a higher resolution (10 bp windows size). The 8-oxodG 

and GC content signals showed different profiles at TSS (Figure 14 D). The 

GC content (in red in Figure 14D) showed a peak at TSS; the 8-oxodG 

enrichment (in blue in Figure 14D) dropped down at TSS and generated two 

peaks. In particular, the 8-oxodG peak downstream of the TSS showed the 

strongest signal.  

Overall, these findings demonstrate that the 8-oxodG distribution at gene 

promoters does not depend only by GC content supporting the hypothesis 

that the 8-oxodG accumulation in the TSS region could be linked also to the 

epigenetic mechanism. 
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4.3 The association between 8-oxodG positive 
promoters and transcription process  
 

In order to assess whether 8-oxodG accumulation is associated with gene 

transcription, we decided to compare 8-oxodG signals to either ChIP-Seq 

signals of Ser5- and Ser2-phosphorylated isoforms of RNA Polymerase II 

(Pol II-S5P and Pol II-S2P), or gene transcription measured by global run-

on sequencing GRO-Seq.  We chose to analyze both Pol II-S5P and Pol II-

S2P because they mark respectively initiating and elongating RNA 

Polymerase II. 

 
Figure 15: (A) The Pearson correlation coefficients between transcription (GRO-

Seq data), Pol II-S5P and Pol II-S2P (ChIP-Seq signals) and 8-oxodG (Oxi-DIP-

Seq signal), at genes with oxidized promoters were distributed in an heatmap. (B) 

The H3K4me3, H3K27ac, H3K9ac, H3K4me1, Pol II-S5P and Pol II-S2P (log2 

signal/Input DNA) levels at the oxidized and control promoters were reported in 

c
c cC) D)

A) B)
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the heatmap. (C) The normalized ATAC-Seq signal ±5 kb from the TSS of oxidized 

(blue) and control (red) promoters were visualized in a mean-density profile.The 

95% confidence interval (2 standard error) of the mean is indicated by the light blue 

and light red shaded areas. The arrow indicates the direction of transcription. (D) 

The Box plot showed the distribution of genes with oxidized (white) and control 

(grey) promoters associated with transcription levels measured by GRO-Seq 

(logTPM) (Bonferroni adjusted pairwise t-test; ***P < 2.2e–16). 

 

We performed a Pearson correlation analysis to evaluate the relationship 

between 8-oxodG accumulation and the transcriptional activity. The 

correlation coefficients were distributed into the heatmap (Figure 15A) that 

showed a high-to-moderate correlation between 8-oxodG levels and Pol II-

S5P and S2P (r = 0.9) and also transcription levels (r = 0.3).  

Moreover, it has been suggested that 8-oxodG correlates with open 

chromatin, thus we compared both the control and oxidized promoters with 

open chromatin markers (H3K4me3, H3K27ac and H3K4ac), in a new 

heatmap (Figure 15B). Coherently with previous studies (Poetsch 2018), we 

found that the oxidized promoters are associated with the open chromatin 

markers (Figure 15B).  

In order to further determine the chromatin accessibility at the oxidized 

promoters I analyzed the ATAC-Seq signals (Liu 2017). Consistently, the 

oxidized promoters showed a higher chromatin accessibility (Figure 15C) 

and higher levels of Pol II-S5P and S2P (Figure 15B) compared to the control 

promoters. 

Moreover, the GRO-Seq analysis revealed that the genes associated with 

oxidized promoters show higher transcription levels than control ones 

measured as log of Transcript per Million (median transcription levels of 3.6 

and 0.1 logTPM, respectively, P < 2.2e- 16; Figure 15D). 

Collectively, these data suggest that the 8-oxodG accumulation in the genes 

associated with oxidized promoters correlates with transcription process at 

genome-wide level.  
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4.4 The oxidized promoters are involved in 
inflammatory response  
 

In order to investigate the pathways involving the genes associated with 

oxidized promoters we performed a gene set enrichment analysis (GSEA). 

First, we evaluated the overlaps between the gene associated with oxidized 

promoters and the gene sets in Hallmarks collection available in Molecular 

Signatures Database (MSigDB). The enrichment score value of genes 

associated with the corresponding pathway was expressed as -log10 of p-

value (determined by Fisher’s exact test). The false discovery rate (FDR) was 

used to measure the statistical significance of the analysis.  

 
Figure 16: A) The Top ten pathway associated with the oxidized promoter with the 

highest enrichment score. The p-value of the corresponding pathway is determined 

by Fisher’s exact test and it is used to calculate the enrichment score value 
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2
C
T
A
G
TC
G
A
TA
C
G
CTG
A
T
A
C
G
T
C
G
A
T
A
C
G
CT
G
A
TA
C
G
TC
G
A
TC
A
G
CTG
A 1e-

22 -5.153e+01 36.85% 24.63% 555.9bp
(645.0bp)

PRDM1/MA0508.3/Jaspar(0.674)
More Information | Similar Motifs
Found

motif
file
(matrix)

3
A
T
G
C
A
G
C
T
G
A
T
C
C
A
G
T
G
A
T
C
A
G
C
T
C
T
A
G
A
G
C
T
G
T
A
C
AG
C
T 1e-

20 -4.636e+01 30.70% 19.87% 543.7bp
(647.6bp)

Smad2(MAD)/ES-SMAD2-ChIP-
Seq(GSE29422)/Homer(0.613)
More Information | Similar Motifs
Found

motif
file
(matrix)

4
G
A
C
T
G
T
A
C
G
C
T
A
T
C
G
A
G
A
C
T
T
A
G
C
G
A
T
C
G
T
A
C
G
C
A
T
G
T
A
C 1e-

16 -3.790e+01 43.66% 32.61% 559.5bp
(642.7bp)

PH0137.1_Pitx1/Jaspar(0.713)
More Information | Similar Motifs
Found

motif
file
(matrix)

5
C
T
G
A
ACTGTGCACTAGATCGGTCAACGTCTAGACTGGTCATACGCGTA 1e-

14 -3.231e+01 10.99% 5.53% 551.9bp
(675.6bp)

ZNF415(Zf)/HEK293-ZNF415.GFP-
ChIP-Seq(GSE58341)/Homer(0.612)
More Information | Similar Motifs
Found

motif
file
(matrix)

6
C
T
A
G
C
T
A
G
A
C
T
G
C
A
T
G
C
T
G
A
T
C
A
G
G
C
T
A
T
C
G
A
G
T
C
A
G
C
A
T
T
C
A
G
T
C
A
G 1e-

13 -3.223e+01 17.00% 10.08% 573.8bp
(669.1bp)

ZNF263/MA0528.2/Jaspar(0.633)
More Information | Similar Motifs
Found

motif
file
(matrix)

7
CT
G
A
T
A
C
G
G
C
T
A
T
A
G
C
G
C
T
A
C
A
T
G
G
T
C
A
G
C
A
T
C
A
T
G
C
G
T
A
C
G
T
A
C
T
A
G 1e-

13 -3.200e+01 5.05% 1.68% 625.2bp
(675.8bp)

HAND2/MA1638.1/Jaspar(0.703)
More Information | Similar Motifs
Found

motif
file
(matrix)

8 *
CA
T
G
ATC
G
TG
C
A
CA
G
T
CGTAGCTATCAGCGTACATGACTGACTGAGCT 1e-

11 -2.761e+01 2.27% 0.43% 634.6bp
(730.1bp)

Gata6(Zf)/HUG1N-GATA6-ChIP-
Seq(GSE51936)/Homer(0.659)
More Information | Similar Motifs
Found

motif
file
(matrix)

9 *
AGTCATGCAGTCATCGATGCTGCAAGCTAGTCAGTCAGCTCTGAACTG 1e-

11 -2.752e+01 2.49% 0.52% 503.7bp
(555.8bp)

GCM2/MA0767.1/Jaspar(0.717)
More Information | Similar Motifs
Found

motif
file
(matrix)

10 *
T
G
C
A
T
A
G
C
G
C
T
A
A
T
C
G
G
C
T
A
G
C
A
T
C
A
G
T
A
T
C
G
T
A
G
C
G
C
T
A
C
G
T
A
C
T
G
A 1e-

11 -2.725e+01 2.27% 0.44% 593.6bp
(656.4bp)

NEUROD1/MA1109.1/Jaspar(0.766)
More Information | Similar Motifs
Found

motif
file
(matrix)

11 *
AG
T
C
A
T
C
G
ATG
C
GTA
C
AG
C
T
A
G
T
C
TA
C
G
GC
A
T
AGTCACGT 1e-

10 -2.376e+01 15.97% 10.16% 456.2bp
(546.1bp)

CREB3L4/MA1474.1/Jaspar(0.623)
More Information | Similar Motifs
Found

motif
file
(matrix)

12 *
T
C
A
G
T
C
A
G
A
C
T
G
A
C
T
G
T
A
G
C
G
A
C
T
G
A
C
T
T
C
A
G
C
T
A
G
A
C
T
G
T
A
C
G
G
C
T
A 1e-9 -2.122e+01 15.31% 9.93% 484.8bp

(642.7bp)

ZNF682/MA1599.1/Jaspar(0.719)
More Information | Similar Motifs
Found

motif
file
(matrix)

13 *
AT
C
G
CTA
G
ACG
T
ATC
G
CG
A
T
ACTGGATCGTCACTGACTAGTCAGGCTA 1e-8 -1.989e+01 2.20% 0.57% 571.4bp

(663.0bp)

PB0044.1_Mtf1_1/Jaspar(0.659)
More Information | Similar Motifs
Found

motif
file
(matrix)

14 *
TG
A
C
AGC
T
ACTGATCGCATGAGTCGTCAGTACAGTCGACTCGTAGTAC 1e-6 -1.605e+01 1.54% 0.36% 537.4bp

(716.4bp)

ZNF416(Zf)/HEK293-ZNF416.GFP-
ChIP-Seq(GSE58341)/Homer(0.737)
More Information | Similar Motifs
Found

motif
file
(matrix)

15 *
GA
T
C
GC
T
A
T
G
A
C
C
G
T
A
A
T
C
G
GC
A
T
AT
G
C
CG
A
T
AGTCGTCAATGCGTCA 1e-6 -1.433e+01 10.26% 6.65% 613.8bp

(643.9bp)

MGA/MA0801.1/Jaspar(0.609)
More Information | Similar Motifs
Found

motif
file
(matrix)

16 *
ACTGAGTCGTACAGTCACTGCGTAACGTATCGACTGCGTAACTGACTG 1e-6 -1.409e+01 0.51% 0.03% 487.9bp

(530.8bp)

ZSCAN22(Zf)/HEK293-
ZSCAN22.GFP-ChIP-
Seq(GSE58341)/Homer(0.667)
More Information | Similar Motifs
Found

motif
file
(matrix)

1e-6 -1.398e+01 46.37% 39.85% 550.5bp PB0137.1_Irf3_2/Jaspar(0.737) motif

Smad2
30,70% (19,87%), p = 1e−20

26/03/21, 18*54Promoters_1456// - Homer de novo Motif Results

Pagina 1 di 2file:///Volumes/DatiLab_Synology/Analisi_Galileo/Seq_Salerno/homer_analysis/Promoters_1456/homerResults.html

Homer de novode novo Motif Results (Promoters_1456//)
Known Motif Enrichment Results
Gene Ontology Enrichment Results
If Homer is having trouble matching a motif to a known motif, try copy/pasting the matrix file into STAMP
More information on motif finding results: HOMER | Description of Results | Tips 
Total target sequences = 1365
Total background sequences = 44392
* - possible false positive

Rank Motif P-
value

log P-
pvalue

% of
Targets

% of
Background

STD(Bg
STD) Best Match/Details Motif

File

1
AGT
C
GA
T
C
AT
G
C
AGTCGTACACGTGTACGCATGACTACGT 1e-

22 -5.239e+01 53.41% 39.86% 578.7bp
(659.8bp)

MAZ/MA1522.1/Jaspar(0.677)
More Information | Similar Motifs
Found

motif
file
(matrix)

2
C
T
A
G
TC
G
A
TA
C
G
CTG
A
T
A
C
G
T
C
G
A
T
A
C
G
CT
G
A
TA
C
G
TC
G
A
TC
A
G
CTG
A 1e-

22 -5.153e+01 36.85% 24.63% 555.9bp
(645.0bp)

PRDM1/MA0508.3/Jaspar(0.674)
More Information | Similar Motifs
Found

motif
file
(matrix)

3
A
T
G
C
A
G
C
T
G
A
T
C
C
A
G
T
G
A
T
C
A
G
C
T
C
T
A
G
A
G
C
T
G
T
A
C
AG
C
T 1e-

20 -4.636e+01 30.70% 19.87% 543.7bp
(647.6bp)

Smad2(MAD)/ES-SMAD2-ChIP-
Seq(GSE29422)/Homer(0.613)
More Information | Similar Motifs
Found

motif
file
(matrix)

4
G
A
C
T
G
T
A
C
G
C
T
A
T
C
G
A
G
A
C
T
T
A
G
C
G
A
T
C
G
T
A
C
G
C
A
T
G
T
A
C 1e-

16 -3.790e+01 43.66% 32.61% 559.5bp
(642.7bp)

PH0137.1_Pitx1/Jaspar(0.713)
More Information | Similar Motifs
Found

motif
file
(matrix)

5
C
T
G
A
ACTGTGCACTAGATCGGTCAACGTCTAGACTGGTCATACGCGTA 1e-

14 -3.231e+01 10.99% 5.53% 551.9bp
(675.6bp)

ZNF415(Zf)/HEK293-ZNF415.GFP-
ChIP-Seq(GSE58341)/Homer(0.612)
More Information | Similar Motifs
Found

motif
file
(matrix)

6
C
T
A
G
C
T
A
G
A
C
T
G
C
A
T
G
C
T
G
A
T
C
A
G
G
C
T
A
T
C
G
A
G
T
C
A
G
C
A
T
T
C
A
G
T
C
A
G 1e-

13 -3.223e+01 17.00% 10.08% 573.8bp
(669.1bp)

ZNF263/MA0528.2/Jaspar(0.633)
More Information | Similar Motifs
Found

motif
file
(matrix)

7
CT
G
A
T
A
C
G
G
C
T
A
T
A
G
C
G
C
T
A
C
A
T
G
G
T
C
A
G
C
A
T
C
A
T
G
C
G
T
A
C
G
T
A
C
T
A
G 1e-

13 -3.200e+01 5.05% 1.68% 625.2bp
(675.8bp)

HAND2/MA1638.1/Jaspar(0.703)
More Information | Similar Motifs
Found

motif
file
(matrix)

8 *
CA
T
G
ATC
G
TG
C
A
CA
G
T
CGTAGCTATCAGCGTACATGACTGACTGAGCT 1e-

11 -2.761e+01 2.27% 0.43% 634.6bp
(730.1bp)

Gata6(Zf)/HUG1N-GATA6-ChIP-
Seq(GSE51936)/Homer(0.659)
More Information | Similar Motifs
Found

motif
file
(matrix)

9 *
AGTCATGCAGTCATCGATGCTGCAAGCTAGTCAGTCAGCTCTGAACTG 1e-

11 -2.752e+01 2.49% 0.52% 503.7bp
(555.8bp)

GCM2/MA0767.1/Jaspar(0.717)
More Information | Similar Motifs
Found

motif
file
(matrix)

10 *
T
G
C
A
T
A
G
C
G
C
T
A
A
T
C
G
G
C
T
A
G
C
A
T
C
A
G
T
A
T
C
G
T
A
G
C
G
C
T
A
C
G
T
A
C
T
G
A 1e-

11 -2.725e+01 2.27% 0.44% 593.6bp
(656.4bp)

NEUROD1/MA1109.1/Jaspar(0.766)
More Information | Similar Motifs
Found

motif
file
(matrix)

11 *
AG
T
C
A
T
C
G
ATG
C
GTA
C
AG
C
T
A
G
T
C
TA
C
G
GC
A
T
AGTCACGT 1e-

10 -2.376e+01 15.97% 10.16% 456.2bp
(546.1bp)

CREB3L4/MA1474.1/Jaspar(0.623)
More Information | Similar Motifs
Found

motif
file
(matrix)

12 *
T
C
A
G
T
C
A
G
A
C
T
G
A
C
T
G
T
A
G
C
G
A
C
T
G
A
C
T
T
C
A
G
C
T
A
G
A
C
T
G
T
A
C
G
G
C
T
A 1e-9 -2.122e+01 15.31% 9.93% 484.8bp

(642.7bp)

ZNF682/MA1599.1/Jaspar(0.719)
More Information | Similar Motifs
Found

motif
file
(matrix)

13 *
AT
C
G
CTA
G
ACG
T
ATC
G
CG
A
T
ACTGGATCGTCACTGACTAGTCAGGCTA 1e-8 -1.989e+01 2.20% 0.57% 571.4bp

(663.0bp)

PB0044.1_Mtf1_1/Jaspar(0.659)
More Information | Similar Motifs
Found

motif
file
(matrix)

14 *
TG
A
C
AGC
T
ACTGATCGCATGAGTCGTCAGTACAGTCGACTCGTAGTAC 1e-6 -1.605e+01 1.54% 0.36% 537.4bp

(716.4bp)

ZNF416(Zf)/HEK293-ZNF416.GFP-
ChIP-Seq(GSE58341)/Homer(0.737)
More Information | Similar Motifs
Found

motif
file
(matrix)

15 *
GA
T
C
GC
T
A
T
G
A
C
C
G
T
A
A
T
C
G
GC
A
T
AT
G
C
CG
A
T
AGTCGTCAATGCGTCA 1e-6 -1.433e+01 10.26% 6.65% 613.8bp

(643.9bp)

MGA/MA0801.1/Jaspar(0.609)
More Information | Similar Motifs
Found

motif
file
(matrix)

16 *
ACTGAGTCGTACAGTCACTGCGTAACGTATCGACTGCGTAACTGACTG 1e-6 -1.409e+01 0.51% 0.03% 487.9bp

(530.8bp)

ZSCAN22(Zf)/HEK293-
ZSCAN22.GFP-ChIP-
Seq(GSE58341)/Homer(0.667)
More Information | Similar Motifs
Found

motif
file
(matrix)

1e-6 -1.398e+01 46.37% 39.85% 550.5bp PB0137.1_Irf3_2/Jaspar(0.737) motif

Pitx1
43,66% (32,61%), p = 1e−16

26/03/21, 18*54Promoters_1456// - Homer de novo Motif Results

Pagina 1 di 2file:///Volumes/DatiLab_Synology/Analisi_Galileo/Seq_Salerno/homer_analysis/Promoters_1456/homerResults.html

Homer de novode novo Motif Results (Promoters_1456//)
Known Motif Enrichment Results
Gene Ontology Enrichment Results
If Homer is having trouble matching a motif to a known motif, try copy/pasting the matrix file into STAMP
More information on motif finding results: HOMER | Description of Results | Tips 
Total target sequences = 1365
Total background sequences = 44392
* - possible false positive

Rank Motif P-
value

log P-
pvalue

% of
Targets

% of
Background

STD(Bg
STD) Best Match/Details Motif

File

1
AGT
C
GA
T
C
AT
G
C
AGTCGTACACGTGTACGCATGACTACGT 1e-

22 -5.239e+01 53.41% 39.86% 578.7bp
(659.8bp)

MAZ/MA1522.1/Jaspar(0.677)
More Information | Similar Motifs
Found

motif
file
(matrix)

2
C
T
A
G
TC
G
A
TA
C
G
CTG
A
T
A
C
G
T
C
G
A
T
A
C
G
CT
G
A
TA
C
G
TC
G
A
TC
A
G
CTG
A 1e-

22 -5.153e+01 36.85% 24.63% 555.9bp
(645.0bp)

PRDM1/MA0508.3/Jaspar(0.674)
More Information | Similar Motifs
Found

motif
file
(matrix)

3
A
T
G
C
A
G
C
T
G
A
T
C
C
A
G
T
G
A
T
C
A
G
C
T
C
T
A
G
A
G
C
T
G
T
A
C
AG
C
T 1e-

20 -4.636e+01 30.70% 19.87% 543.7bp
(647.6bp)

Smad2(MAD)/ES-SMAD2-ChIP-
Seq(GSE29422)/Homer(0.613)
More Information | Similar Motifs
Found

motif
file
(matrix)

4
G
A
C
T
G
T
A
C
G
C
T
A
T
C
G
A
G
A
C
T
T
A
G
C
G
A
T
C
G
T
A
C
G
C
A
T
G
T
A
C 1e-

16 -3.790e+01 43.66% 32.61% 559.5bp
(642.7bp)

PH0137.1_Pitx1/Jaspar(0.713)
More Information | Similar Motifs
Found

motif
file
(matrix)

5
C
T
G
A
ACTGTGCACTAGATCGGTCAACGTCTAGACTGGTCATACGCGTA 1e-

14 -3.231e+01 10.99% 5.53% 551.9bp
(675.6bp)

ZNF415(Zf)/HEK293-ZNF415.GFP-
ChIP-Seq(GSE58341)/Homer(0.612)
More Information | Similar Motifs
Found

motif
file
(matrix)

6
C
T
A
G
C
T
A
G
A
C
T
G
C
A
T
G
C
T
G
A
T
C
A
G
G
C
T
A
T
C
G
A
G
T
C
A
G
C
A
T
T
C
A
G
T
C
A
G 1e-

13 -3.223e+01 17.00% 10.08% 573.8bp
(669.1bp)

ZNF263/MA0528.2/Jaspar(0.633)
More Information | Similar Motifs
Found

motif
file
(matrix)

7
CT
G
A
T
A
C
G
G
C
T
A
T
A
G
C
G
C
T
A
C
A
T
G
G
T
C
A
G
C
A
T
C
A
T
G
C
G
T
A
C
G
T
A
C
T
A
G 1e-

13 -3.200e+01 5.05% 1.68% 625.2bp
(675.8bp)

HAND2/MA1638.1/Jaspar(0.703)
More Information | Similar Motifs
Found

motif
file
(matrix)

8 *
CA
T
G
ATC
G
TG
C
A
CA
G
T
CGTAGCTATCAGCGTACATGACTGACTGAGCT 1e-

11 -2.761e+01 2.27% 0.43% 634.6bp
(730.1bp)

Gata6(Zf)/HUG1N-GATA6-ChIP-
Seq(GSE51936)/Homer(0.659)
More Information | Similar Motifs
Found

motif
file
(matrix)

9 *
AGTCATGCAGTCATCGATGCTGCAAGCTAGTCAGTCAGCTCTGAACTG 1e-

11 -2.752e+01 2.49% 0.52% 503.7bp
(555.8bp)

GCM2/MA0767.1/Jaspar(0.717)
More Information | Similar Motifs
Found

motif
file
(matrix)

10 *
T
G
C
A
T
A
G
C
G
C
T
A
A
T
C
G
G
C
T
A
G
C
A
T
C
A
G
T
A
T
C
G
T
A
G
C
G
C
T
A
C
G
T
A
C
T
G
A 1e-

11 -2.725e+01 2.27% 0.44% 593.6bp
(656.4bp)

NEUROD1/MA1109.1/Jaspar(0.766)
More Information | Similar Motifs
Found

motif
file
(matrix)

11 *
AG
T
C
A
T
C
G
ATG
C
GTA
C
AG
C
T
A
G
T
C
TA
C
G
GC
A
T
AGTCACGT 1e-

10 -2.376e+01 15.97% 10.16% 456.2bp
(546.1bp)

CREB3L4/MA1474.1/Jaspar(0.623)
More Information | Similar Motifs
Found

motif
file
(matrix)

12 *
T
C
A
G
T
C
A
G
A
C
T
G
A
C
T
G
T
A
G
C
G
A
C
T
G
A
C
T
T
C
A
G
C
T
A
G
A
C
T
G
T
A
C
G
G
C
T
A 1e-9 -2.122e+01 15.31% 9.93% 484.8bp

(642.7bp)

ZNF682/MA1599.1/Jaspar(0.719)
More Information | Similar Motifs
Found

motif
file
(matrix)

13 *
AT
C
G
CTA
G
ACG
T
ATC
G
CG
A
T
ACTGGATCGTCACTGACTAGTCAGGCTA 1e-8 -1.989e+01 2.20% 0.57% 571.4bp

(663.0bp)

PB0044.1_Mtf1_1/Jaspar(0.659)
More Information | Similar Motifs
Found

motif
file
(matrix)

14 *
TG
A
C
AGC
T
ACTGATCGCATGAGTCGTCAGTACAGTCGACTCGTAGTAC 1e-6 -1.605e+01 1.54% 0.36% 537.4bp

(716.4bp)

ZNF416(Zf)/HEK293-ZNF416.GFP-
ChIP-Seq(GSE58341)/Homer(0.737)
More Information | Similar Motifs
Found

motif
file
(matrix)

15 *
GA
T
C
GC
T
A
T
G
A
C
C
G
T
A
A
T
C
G
GC
A
T
AT
G
C
CG
A
T
AGTCGTCAATGCGTCA 1e-6 -1.433e+01 10.26% 6.65% 613.8bp

(643.9bp)

MGA/MA0801.1/Jaspar(0.609)
More Information | Similar Motifs
Found

motif
file
(matrix)

16 *
ACTGAGTCGTACAGTCACTGCGTAACGTATCGACTGCGTAACTGACTG 1e-6 -1.409e+01 0.51% 0.03% 487.9bp

(530.8bp)

ZSCAN22(Zf)/HEK293-
ZSCAN22.GFP-ChIP-
Seq(GSE58341)/Homer(0.667)
More Information | Similar Motifs
Found

motif
file
(matrix)

1e-6 -1.398e+01 46.37% 39.85% 550.5bp PB0137.1_Irf3_2/Jaspar(0.737) motif

ZNF415 (Zf)
10,99% (5,53%), p = 1e−14

26/03/21, 18*54Promoters_1456// - Homer de novo Motif Results

Pagina 1 di 2file:///Volumes/DatiLab_Synology/Analisi_Galileo/Seq_Salerno/homer_analysis/Promoters_1456/homerResults.html

Homer de novode novo Motif Results (Promoters_1456//)
Known Motif Enrichment Results
Gene Ontology Enrichment Results
If Homer is having trouble matching a motif to a known motif, try copy/pasting the matrix file into STAMP
More information on motif finding results: HOMER | Description of Results | Tips 
Total target sequences = 1365
Total background sequences = 44392
* - possible false positive

Rank Motif P-
value

log P-
pvalue

% of
Targets

% of
Background

STD(Bg
STD) Best Match/Details Motif

File

1
AGT
C
GA
T
C
AT
G
C
AGTCGTACACGTGTACGCATGACTACGT 1e-

22 -5.239e+01 53.41% 39.86% 578.7bp
(659.8bp)

MAZ/MA1522.1/Jaspar(0.677)
More Information | Similar Motifs
Found

motif
file
(matrix)

2
C
T
A
G
TC
G
A
TA
C
G
CTG
A
T
A
C
G
T
C
G
A
T
A
C
G
CT
G
A
TA
C
G
TC
G
A
TC
A
G
CTG
A 1e-

22 -5.153e+01 36.85% 24.63% 555.9bp
(645.0bp)

PRDM1/MA0508.3/Jaspar(0.674)
More Information | Similar Motifs
Found

motif
file
(matrix)

3
A
T
G
C
A
G
C
T
G
A
T
C
C
A
G
T
G
A
T
C
A
G
C
T
C
T
A
G
A
G
C
T
G
T
A
C
AG
C
T 1e-

20 -4.636e+01 30.70% 19.87% 543.7bp
(647.6bp)

Smad2(MAD)/ES-SMAD2-ChIP-
Seq(GSE29422)/Homer(0.613)
More Information | Similar Motifs
Found

motif
file
(matrix)

4
G
A
C
T
G
T
A
C
G
C
T
A
T
C
G
A
G
A
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(expressed as -log10(pvalue). The statistical significance of the association between 

the oxidized promoter and the corresponding pathways is expressed as -log of the 

False Discovery Rate (FDR). B) HOMER analysis of putative motif within the 

oxidized promoters.  

 

The Gene Ontology analysis revealed that the gene sets which were enriched 

in the oxidized promoters included the gene related to the inflammatory 

response. In addition, the Hallmark of Apical Junction and KRAS signaling 

pathway were highly represented. 

In order to confirm these results, we performed a promoter-based motif 

finding analysis using HOMER Motif Analysis. HOMER finds the motifs 

that are enriched in the genes associated with oxidized promoters relative to 

other human promoters. The oxidized promoters showed significant 

enrichment for the motifs of MAZ and PRDM1 (P = 1e-22 ). In particular, 

Myc-associated zinc finger (MAZ) is a transcription factor highly 

upregulated in chronic inflammatory disease (Triner 2018). Instead, PR 

domain zinc finger protein 1 (PRDM1) also known as B lymphocyte-

induced maturation protein-1 (BLIMP-1) plays a significant role in B cell 

development and antibody production and acts as a repressor of beta-

interferon (β-IFN) gene expression (Di Zazzo 2013). 

Overall, these findings suggest that the genes associated with oxidized 

promoters are related with the inflammatory response pathway.  

 

 

4.5 The accumulation of 8-oxodG at promoters is 
associated with DNA replication and/or transcription 
 
It has been demonstrated that the TSS of transcribed genes is associated with 

the recruitment of the Origin Recognition Complex (ORC1) and with the 

firing of DNA replication Origins (ORIs) (Chen 2019; Dellino 2013). 
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These findings prompted us to wonder whether the 8-oxodG accumulation 

at the promoter regions is due to the DNA replication process, alone or in 

combination with transcription.  

In order to study the association between 8-oxodG accumulation and DNA 

replication process, the MCF10A cells were first deprived by growth factors.  

We performed a FACS analysis (Figure 17A) and used a Ki67 as 

proliferation marker (Figure 17B). 

 
Figure 17: Flow cytofluorimetry analysis of DNA content (propidium iodide 

stained, panel A) and of Ki-67 (immuno-stained, panel B) in both asynchronously 

growing and G1- arrested (G0) MCF10A cells. (C) Quantification of 8-oxodG at 

genomic level of both growing or G0 MCF10A cells through flow cytofluorimetry 

analysis of immuno-stained 8-oxodG cells. Plots represented the results of an 

experiment whereas data in the tables reported the results of independent 

experiments with SD (n = 2). 
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Thus, we confirmed that MCF10A were arrested in G1 phase (G0 =74,1 ± 

6,1 panel A; G0 = 67,0 ± 2,6 panel B).  

Then, the 8-oxodG global levels were measured in cycling and quiescent 

(G0) MCF10A cells and it was demonstrated a 2-fold reduction of 8-oxodG 

levels in quiescent than growing cells (Figure 17C). 

Once we confirmed that MCF10A cells were arrested in G1, we performed 

OxiDIP-Seq in the quiescent cells in two biological replicates (Pearson 

correlation test between two biological replicates , r=0.98). We identified 23 

641 genomic regions enriched in 8-oxodG. After that, using Bedtools suite 

the 8-oxodG high-confidence peaks (n = 23 641) were intersected with 

promoter of RefSeq human genes (n = 21 074) in order to identify the 

oxidized promoters in quiescent cells (G0). We obtained 811 genes that 

contain 832 8-oxodG high-confidence peaks in their promoter regions. 

As previously described for growing MCF10A cells, we performed a 

metagene analysis of 8-oxodG signals on the oxidized promoters in 

quiescent cells. 

  

Figure 18: (A) 8-oxodG distribution over the corresponding gene loci (from �5 kb 

upstream the transcription start site, TSS, to +5 kb from transcription end site, TES) 

in quiescent (G0) MCF10A cells. The 95% confidence interval (2 standard error) of 

the mean is indicated by the light blue shaded area. (B) Mean-density profile (top) 

and heatmap (bottom) of the normalized 8-oxodG signal ±5 kb from TSS (left) or 

±5 kb from TES (right) of genes with oxidized promoters. The arrows indicate the 

direction of transcription. 

A) B)
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The analysis of 8-oxodG signals, over the corresponding gene loci (n = 811) 

confirmed the presence of DNA oxidation specifically within the promoter 

regions (Figure 18A). Furthermore, 8-oxodG signal at promoters showed the 

same bimodal distribution observed in cycling MCF10A cells (Figure 18B), 

with only a slight reduction of 8-oxodG signal. 

 

 

Figure 19: Subsets of oxidized promoters detected through intersection analyses. 

 

In order to determine a subset of promoters that showed persistent 8-oxodG 

signal upon growth factors withdrawal, we intersected the 1456 oxidized 

promoters, identified in growing condition, with the 811 oxidized promoters, 

identified in quiescent cells. Interestingly, we identified 676 promoters that 

showed persistent 8-oxodG signal upon growth factors withdrawal (oxidized 

promoters ‘common’ to growing and quiescent cells; Figure 19). These 

promoters were hereafter called “persistently oxidized promoters”. 

Instead, the 54% of the oxidized promoters identified at steady-state in the 

growing cells were lost in the G0 cells (n = 780/1456; hereafter called 

‘growing-specific’ oxidized promoters). 
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Figure 20: (A) The normalized 8-oxodG signal measured at promoter regions of 

the growing-specific (white) and persistently (grey) oxidized promoters in 

proliferating (P) and quiescent (G0) MCF10A cells are visualized in a box plot 

(Bonferroni adjusted pairwise t-test; ***P < 2.2e-16) (B) Pol II pausing index 

(calculated using the Pol II-S2P ChIP-Seq data) was determined based on the 

fraction of genes with growing-specific (red) or persistently (black) oxidized 

promoters in the proliferating MCF10A cells (Kruskal–Wallis test; **P = 2.5e-2). 

(C) Number of ORC1 were plotted in both growing-specific (white) and persistently 

(grey) oxidized promoters (***P < 3.5e-2). 
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Then, we compared the 8-oxodG signal levels in growing and quiescent 

condition in both subsets of promoters (growing-specific and persistently 

oxidized). Interestingly, the 8-oxodG levels in growing condition at the 

persistently promoters were higher than those observed at the growing- 

specific ones (Figure 19A; compare P of persistently versus P of growing-

specific). Furthermore, the persistently oxidized promoters showed smaller 

8-oxodG signal drop upon growth arrest compared with the growing specific 

oxidized promoters (Figure 19A). Altogether, these data suggest that 8-

oxodG accumulation at promoters showing persistent 8-oxodG signal in G0 

cells is mainly associated with replication-independent transcription-

associated events. 

Furthermore, the RNA:DNA hybrids can form and/or be stabilized as a 

consequence of physiological Pol II pausing (Skourti-Stathaki 2011), or 

following collisions between transcription-replication machineries 

(Helmrich 2011), at promoter regions of human genes. 

Thus, we calculated the Pol II pausing index of the genes associated with 

oxidized promoters as the ratio of promoter to gene body signals of Pol II-

S2P. Interestingly, the Pol II pausing index measured at the genes associated 

with the growing-specific oxidized promoters was higher than the genes with 

persistent oxidatively-damaged promoters (Figure 19B; P = 2.5e- 2). These 

findings suggest that paused Pol II contributes to the 8-oxodG levels 

observed in these loci. In conclusion we measured the occurrence of DNA 

replication origins at both growing-specific and persistently oxidized 

promoters. As shown in Figure 19C the ORC1 were enriched at growing 

specific promoters compared to persistently (186 versus 130, P = 3.5e- 2). 

Thus, frequent transcription-replication clashes might contribute to the 

oxidation levels observed at the growing-specific oxidized promoters. 

Collectively, these data led us to identify two promoter classes: the 

“growing-specific” and “persistently-oxidized” promoters.  The 8-oxodG 

accumulation in these two subsets of promoters is due to either DNA 
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replication-dependent or replication-independent and transcription-

associated events. 

 

4.6 Spontaneous accumulation of 8-oxodG at 
persistently oxidized promoters is associated with 
transcription process 
 

In order to demonstrate that the transcription per se has a role in the 

accumulation of 8-oxodG in the persistently oxidized promoters, we 

performed a Pol II-S2P ChIP-Seq under both growing and quiescent growth 

conditions. First, we correlated the 8-oxodG signals with Pol II-S2P signals 

obtained respectively from growing and G1-arrested MCF10A cells. 

 

Figure 21: Scatter plot showing the correlation between Pol II-S2P ChIP signals 

and 8-oxodG signals in growing (panel A) and quiescent (G0; panel B) MCF10A 

cells, reported as Pearson’s correlation coefficient (r = 0,82 panel A; r = 0,83 panel 

B). (C,D) Mean-density profile (top) and heatmap (bottom) of Pol II S2P occupancy 

from -5 kb upstream TSS to -5 kb downstream TES in growing-specific oxidized 

promoters (n =780) in growing (panel C) and quiescent (G0; panel D) condition. 

The arrows indicate the direction of transcription. 
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The results showed a high correlation among oxidation levels and Pol II-S2P 

occupancy, expressed as Pearson coefficient, in both growing (r = 0,82; 

Figure 21A) and quiescent (r = 0,83; Figure 21B) samples. To further 

investigate the role of transcription in the specific genes associated with 

oxidized promoters we performed a metagene analysis of Pol II-S2P signals 

on both subsets of genes associated with oxidized promoters (780 growing- 

specific; 676 persistently oxidized). As observed in Figure 21C, in growing 

condition the Pol II-S2P signals showed high levels along the gene body of 

the 780 genes associated with oxidized promoters. Interestingly, in quiescent 

condition the Pol II-S2P occupancy is still considerable, even if there is a 

reduction of the signal (Figure 21D). These results are consistent with the 

idea that growing specific promoters accumulate 8-oxodG through DNA 

replication-dependent event. 

Instead, when we performed the same metagene analysis of Pol II-S2P 

signals obtained under growing and quiescent growth conditions on genes 

associated with persistently oxidized promoters (676 genes) the results were 

different.  
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Figure 22: Mean-density profile (top) and heatmap (bottom) of Pol II S2P 

occupancy from -5 kb upstream TSS to -5 kb downstream TES in persistently 

oxidized promoters (n = 676) under growing (panel A) and quiescent (G0; panel B) 

cell conditions. The arrows indicate the direction of transcription. 

 

Indeed, as we observed in Figure 22, the Pol II-S2P signals along the gene 

body of the genes associated with persistently oxidized promoters (n = 676) 

showed the same profile in both growing and G0 MCF10A cells conditions. 

These results are consistent with the idea that the persistently oxidized 

promoters accumulate 8-oxodG through replication-independent 

transcription-associated events. 

Overall, these data strongly confirm a crucial role of the transcription process 

for the accumulation of the oxidative DNA damage, even if these data alone 

cannot establish which is causality between the two mechanisms. 
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V. Discussion 
 
 

In the present study, we applied an innovative methodology (OxiDIP-Seq), 

which combines the high-throughput next-generation sequencing to 8-

oxodG immunoprecipitation, for the genome-wide mapping of DNA 

oxidation. In diploid human mammary-epithelial cells (MCF10A) in 

unperturbed conditions, we found ∼52 000 genomic regions enriched in 8-

oxodG. The 42% of these regions showed an accumulation of oxidation in 

gene-related regions (i.e., promoters and gene body) and among these, in 

protein-coding genes (Amente 2019). The 8-oxodG enrichment within gene-

related regions prompted us to identify human promoters containing 8-

oxodG peaks.  

The oxidized promoters, identified in cycling MCF10A cells, showed two 8-

oxodG sharp peaks, immediately upstream and downstream of the TSS, 

defining a promoter-specific bimodal distribution of 8-oxodG which seems 

to suggest the presence of bidirectional transcription. 

Because the TSS is a GC-rich region we wondered if the 8-oxodG 

accumulation was correlated with a higher GC content (Ginno 2013; Kellner 

2015). Indeed, we investigated the relationship between 8-oxodG 

accumulation and GC content at gene promoters. It has been found that the 

percentage of GC content measured at oxidized and control promoters was 

very similar. This analysis suggested that the GC content could have only a 

marginal influence in the accumulation of 8-oxodG at promoter regions. 

However, analysis at a higher resolution level determined a rather intricate 

relationship. Indeed, the promoter regions with high GC content showed a 

decrease of 8-oxodG levels while promoter regions with similar GC content 

showed different 8-oxodG levels. Overall, these findings demonstrated that 

the accumulation of oxidatively-modified nucleobases within promoter 
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regions does not only depend on GC content but could be linked also to the 

epigenetic mechanism.  

Moreover, we observed that OGG1, one of the major DNA 

glycosylases/AP lyases involved in the BER pathway (Wang 2018), was 

recruited to the oxidatively-damaged promoters. Also PARP1, known as a 

negative modulator of the BER pathway and molecular nick-sensor in the 

repair induced by oxidatively-generated DNA damage (Hegde 2012; 

Morales 2014; Reynolds 2015), was recruited to the oxidized promoters. The 

OGG1 and PARP1 recruitment, as BER intermediates, at oxidized 

promoters suggested that the cells can sense and repair these 8-oxodGs. 

Moreover, there is various evidence on the coupling of BER and 

transcriptional activation which leads to the hypothesis that 8-oxodG 

accumulation may be an epigenetic modification that regulates gene 

expression. 

Previous works showed that the accumulation of 8-oxodG in the promoters 

of specific genes can stimulate transcription through the BER pathway. In 

particular, Perillo et al. reported how DNA breaks, generated upon processing 

of 8oxodG residues, were necessary for transcription activation of estrogen-

responsive genes (Perillo 2008); similarly, Amente et al. demonstrated that the 

repair of the 8-oxodG drives the transcription of Myc target genes (Amente 

2010).  

Contrariwise, we use a genome-wide approach to study the association 

between oxidative DNA damage and transcription globally, no longer 

restricted to a specific subset of genes.  

Comparing 8-oxodG signals to either ChIP-seq signals of Pol II-S5P and Pol 

II-S2P or GRO-seq signals, we found a high-to-moderate correlation 

between 8-oxodG accumulation and gene transcription. The high chromatin 

accessibility at the oxidized promoters further confirmed the strong 

association between the oxidatively DNA damage and the transcription 

process.  
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Among the genes associated with the oxidized promoters, we found that 

they were essentially enriched for MAZ and PRDM1 motif. The both of 

aforementioned factors are involved in the inflammatory process; in 

particular, the Myc-associated zinc finger (MAZ) is a transcription factor 

highly upregulated in chronic inflammatory disease (Triner 2018). Instead, 

PR domain zinc finger protein 1 (PRDM1) also known as B lymphocyte-

induced maturation protein-1 (BLIMP-1) plays a significant role in B cell 

development and antibody production and acts as a repressor of beta-

interferon (β-IFN) gene expression (Di Zazzo 2013). The Gene Ontology 

analysis further confirms that the gene sets which were principally enriched 

in the oxidized promoters included the gene related to the inflammatory 

response. Different studies support an interdependent relationship between 

inflammation and oxidative stress involving the activation of specific 

transcription factors such as NF- #B	(Biswas	2016;	Castellani	2014;	Mittal	

2014).	Our	work	demonstrated	at	a	genome-wide	 level	 the	 link	between	

inflammation	and	8-oxodG	accumulation.	

Finally, mapping of 8-oxodG-enriched regions in G0-arrested cells 

determined the identification of two subsets of oxidatively-damaged 

promoters classified in “growing-specific” and “persistently” oxidized 

promoters. In particular, we demonstrated that growing-specific oxidized 

promoters showed a strong 8-oxodG signal reduction, when the DNA 

replication is absent. Furthermore, the RNAPII Ser2-P occupancy at 

growing-specific oxidized promoters showed a reduced signal intensity in 

the quiescent condition compared with growing condition. These results are 

consistent with the idea that growing-specific promoters accumulate 8-

oxodG through DNA replication-dependent events. Coherently, we also 

found high levels of physiological Pol II pausing and ORC1 binding in a 

significant fraction of the growing-specific oxidized promoters, thus 

suggesting an increased probability of DNA replication-transcription 

clashes. 
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By contrast, persistently oxidized promoters showed the highest 8-oxodG 

signals at the steady-state, underwent milder signal reduction. Interestingly 

the RNAPII Ser2-P occupancy at persistently oxidized promoters showed 

the same signal intensity in the quiescent condition compared with the 

growing condition. 

Moreover, the expression levels of the vast majority of genes associated with 

both promoter classes did not show significant changes upon growth arrest 

and this further supports an epigenetic role of the 8-oxodGs in gene 

expression processes (Ba 2014; Fleming 2017; Fleming and Burrows 2017; 

Li 2013; Olinski 2018; Zarakowska 2014). Thus, while transcription seems 

to be the main contributing factor to the 8-oxodG accumulation observed at 

the persistently oxidized promoters, DNA replication-associated events 

(alone, or in combination with transcription) are responsible for the 8-oxodG 

accumulation at the growing-specific oxidized promoters.  

In conclusion, our findings add further evidence in support of the idea that 

the oxidatively-generated DNA damage at gene promoters could act in 

combination with the gene transcription through an epigenetic mechanism. 
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VI. Conclusions 
 
 

Here, we report a study of the correlation between oxidative DNA damage 

and replication and/or transcription processes. 

We provided OxiDIP-Seq methodology to precisely determine the 8-oxodG 

distribution in human genomes. By using a genome-wide approach, we 

found that 8-oxodG is preferentially mapped in gene-related regions and in 

particular the protein-coding genes were the most oxidized. The 8-oxodG 

enrichment within promoter regions suggested us to further investigate the 

correlation between DNA damage and transcription.  

In this study, we identified 8-oxodG-positive promoters in proliferative 

human non-tumorigenic epithelial breast cells (MCF10A). The OxiDIP-Seq, 

and ChIP-seq of Ser5- and Ser2-phosphorylated isoforms of RNA 

Polymerase II (Pol II-S5P and Pol II-S2P) and GRO-Seq supported the 

evidence that 8-oxodG accumulation correlates with transcription processes. 

Moreover, the gene ontology analysis showed that the genes associated with 

oxidized promoters are involved in the inflammatory response. 

The OxiDIP-Seq in quiescent (G0) cells identified the 8-oxodG-positive 

promoters in absence of DNA replication.  

Thus, we classified the oxidized promoters into two subsets: the growing-

specific and persistently oxidized promoters.   

 

 

 

 

Figure 23: Schematic representation 

of oxidized promoters classified in the 

two subsets. 
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In conclusion the ChIP-seq of Pol II-S2P in both proliferative and quiescent 

(G0) cells allowed us to conclude that, while DNA replication (alone or in 

combination with transcription) influenced the 8-oxodG accumulation at 

growing-specific oxidized promoters, instead the transcription is responsible 

per se for the 8-oxodG accumulation at the persistently oxidized promoters. 

Finally, new studies are required to add new insights to a putative molecular 

mechanism through which the transcriptional apparatus could govern 8-

oxodG accumulation at promoter regions.  
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