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Abstract 

Investigating the role of nucleotide excision repair (NER) proteins in the repair of oxidative 

DNA damage 

 

Namrata Kumar, PhD 

 

University of Pittsburgh, 2021 

 

 

 

 

UV-DDB, consisting of subunits DDB1 and DDB2, recognizes UV-induced photoproducts 

during global genome nucleotide excision repair (GG-NER). We recently demonstrated a 

noncanonical role of UV-DDB in stimulating base excision repair (BER). This provocative study 

raised several questions about the timing of UV-DDB arrival at 8-oxoguanine (8-oxoG), and the 

dependency of UV-DDB on the recruitment of downstream BER and NER proteins. Using two 

different approaches to introduce 8-oxoG in cells, we show that DDB2 is recruited to 8-oxoG 

immediately after damage and colocalizes with 8-oxoG glycosylase (OGG1) at sites of repair. 

Interestingly, OGG1 recruitment to 8-oxoG is significantly reduced in the absence of DDB2. NER 

proteins, XPA and XPC, also accumulate at 8-oxoG. While XPC recruitment is dependent on 

DDB2, XPA recruitment is DDB2-independent and transcription-coupled. Finally, DDB2 

accumulation at 8-oxoG induces local chromatin unfolding. We propose that DDB2-mediated 

chromatin decompaction facilitates the recruitment of downstream BER proteins to 8-oxoG 

lesions. 
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1.0 Introduction 

Every cell in our body suffers tens of thousands of DNA lesions per day [1, 2], which if 

left unrepaired, may lead to mutations, genome instability and cancer. DNA damage can occur 

from: 1) exogenous sources like ultraviolet (UV) light, ionizing radiation (IR), and chemical 

exposure from pollutants, or 2) endogenous processes such as replication errors, reactive oxygen 

species (ROS) or inflammation. Depending on the type of lesion formed in the DNA, six major 

repair pathways play a key role in maintaining genome stability, these include: direct reversal, base 

excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), recombination 

with two major sub-pathways [homologous recombination (HR) and non-homologous end joining 

(NHEJ)], and interstrand cross-link (ICL) repair, which combines features of several pathways 

including NER and recombination. There are also several dedicated translesion DNA polymerases 

that allow the replication machinery to bypass specific lesions, at the expense of lowered fidelity 

[3]. Furthermore, key DNA damage signaling pathways are controlled by transcription factors like 

tumor protein P53 (p53) and DNA kinases including ataxia-telangiectasia mutated (ATM), ataxia 

telangiectasia and Rad3 related protein (ATR) and DNA-dependent protein kinase (DNA-PK). 

Although these pathways have been described to work independently, the past two decades have 

brought into focus the significant interplay between these pathways. 

Specifically, ROS-induced oxidative DNA damage is primarily considered to be removed 

by the BER pathway. However, growing evidence indicates the involvement of NER proteins in 

oxidative DNA damage repair [4, 5], which is also the focus of this thesis.  
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1.1 Oxidative DNA damage 

1.1.1 DNA lesions generated by oxidation 

Reactive oxygen and nitrogen species (ROS/RNS), such as singlet oxygen, superoxide, 

hydrogen peroxide, hydroxyl radical, nitric oxide and peroxynitrite, can be generated 

endogenously by normal cellular metabolism or inflammation, or by exogenous sources such as 

ultraviolet (UV) or ionizing radiation (IR) [2, 6, 7]. Oxidation can either directly or indirectly 

introduce a wide spectrum of base lesions in the DNA [8]. Due to the extensive DNA damage 

caused by oxidation, these lesions have been associated with a large number of human maladies 

including neurodegeneration, cancer and aging [9]. Some of the most widely studied DNA lesions 

resulting from oxidation are shown in Figure 1. One of the best characterized oxidative lesions is 

8-oxoguanine (8-oxoG), the major product produced from the oxidation of guanine. Further 

oxidation of 8-oxoG results in the formation of spiroiminodihydantoin (Sp) and 5-

guanidinohydantoin (Gh). Purine oxidation can also result in the formation of 5’,8-cyclo-purine 

adducts. An important product of thymine oxidation is thymine glycol (TG). Cytosine is subject 

to methylation, resulting in the formation of 5-methylcytosine (5mC). Oxidative removal of 5-

methylcytosine (5mC) occurs through an active enzymatic process in which 5mC is oxidized in 

three steps by a family of Ten-eleven translocation (TET) dioxygenases to form 5-hydroxymethyl-

C (5hmC), 5-formylC (5fC), and 5-carboxylC (5caC).1 

 

 

1Sections 1.0-1.3 were adapted from ref. 13. Please refer to Table 1 of Appendix E for frequencies of DNA lesions 

formed by oxidative DNA damage. 
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Figure 1: DNA Lesions generated by oxidation 

A. Various oxidation products of guanine , B.  Formation of cyclic guanosine by oxidation ,  C. Formation of 

cyclic adenosine by oxidation,  D. Enzymatic oxidative demethylation of 5-methylcytosine, E.  Oxidation of 

thymine to thymine glycol. ROS: Reactive oxygen species; DNMT: DNA methyltransferase; TET: Ten eleven 

translocation enzymes. From Ref. [10], with permission. 
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1.1.2 Base excision repair (BER) 

Oxidative base lesions are commonly repaired via base excision repair (BER) pathway 

[11]. BER is initiated after a lesion-specific DNA glycosylase cleaves the glycosidic bond, which 

frees the lesion, and creates an abasic site [6] (Figure 2). Currently, there are 11 known mammalian 

DNA glycosylases that can be categorized as monofunctional or bifunctional. Monofunctional 

glycosylases only possess the ability to break the glycosidic bond between the damaged base and 

the sugar moiety, resulting in an abasic site, which is processed by AP endonuclease 1 (APE1) to 

form a 3’OH and a deoxyribo-5′-phosphate (dRP). This dRP is removed by the lyase activity of 

DNA polymerase β (pol β). Bifunctional glycosylases have an additional AP lyase activity which 

allows for cleavage of the phosphate backbone, creating a single strand break, leaving a free 5’ 

phosphate and either a 3´-phospho-α, β-unsaturated aldehyde (3’-PUA) (β-elimination) or 3’ 

phosphate (β,δ-elimination). APE1 acts on the β-elimination product, while polynucleotide kinase 

phosphate (PNKP) is required to process the 3’phosphate after β,δ-elimination. The resulting 3’OH 

is bound by Poly [ADP-ribose] polymerase 1 (PARP1) which recruits the BER complex consisting 

of DNA polymerase beta (pol β), X-ray cross complementing protein 1 (XRCC1), and DNA ligase.  

The one base gap is then filled by pol β and the nick in the DNA is sealed by DNA ligase [7]. The 

human 8-oxoG glycosylase (OGG1) is a bifunctional glycosylase responsible for the recognition 

and removal of 8-oxoG. Like several glycosylases, OGG1 is product inhibited, binding avidly to 

abasic sites, and turns over slowly in the absence of other proteins such as APE1 [7]. Sp and Gh 

are removed by the actions of the bifunctional glycosylases Endonuclease VIII-like glycosylase 1-

3 (NEIL1-3), discussed in section 1.3.4. TG is removed by the bifunctional glycosylase 

Endonuclease III-like 1 (NTHL1). 5fC and 5caC are removed by the action of thymine DNA 

glycosylase (TDG), which is a monofunctional glycosylase.  
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Figure 2: DNA glycosylase-initiated short-patch base excision repair (BER) in mammalian cells. 

The process consists of these main steps: Excision of the base lesion, incision by an AP endonuclease, end 

processing, gap filling and ligation. Insert shows the common oxidative lesions repaired by BER: 8-

oxoguanine (8-oxoG), guanidinohydantoin (Gh), spiroiminodihydantoin (Sp). Grey boxes (red dashed outline) 

indicate the involvement of NER (XPA, XPC, XPG, CSA, CSB and UVSSA) proteins in BER. From Ref. [12], 

with permission. 
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1.1.3 BER in chromatin 

As previously mentioned, several glycosylases are product-inhibited and need the activity 

of APE1 to turnover and work on other unrepaired lesions [13]. Another factor which can reduce 

the activity of BER proteins is the inaccessibility of oxidative lesions in the context of chromatin. 

DNA glycosylases have been shown to have impaired activity on damage when the lesion is 

contained within a nucleosome [14-22]. It is important to note, while certain glycosylases such as 

single-strand-selective monofunctional uracil-DNA Glycosylase 1 (SMUG1) are completely 

inhibited, others such as OGG1, 3-alkyladenine DNA glycosylase (AAG), or uracil-DNA 

glycosylase (UDG) can recognize outward facing lesions and can readily initiate BER [15, 17, 23, 

24]. In addition, both NEIL1 and NTH1 have been shown to have reduced activity on TG substrates 

embedded in nucleosomes [23, 25, 26]. The issue of lesion accessibility in the context of chromatin 

is an important factor in other repair pathways including nucleotide excision repair (NER), which 

is discussed below [27, 28]. 

1.2 Nucleotide excision repair (NER) 

1.2.1 Lesions repaired by NER 

Nucleotide excision repair consists of a group of proteins that participate in the repair of 

lesions that cause significant helical distortion in the DNA structure, such as those induced by 

ultraviolet (UV) light, environmental mutagens like polycyclic aromatic hydrocarbons (PAHs) and 

certain chemotherapeutic agents like cisplatin [29, 30]. UVC (254 nm) produces mainly 
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cyclobutane pyrimidine dimers (CPD) and pyrimidine (6-4) pyrimidone photoproducts (6-4PP), 

while cisplatin forms intra- or interstrand Pt-adducts. Interestingly, longer wavelengths UVB (280-

320 nm) and UVA (320-400 nm), which penetrate the earth’s atmosphere, can produce a spectrum 

of lesions including photoproducts and oxidized bases, removed by NER and as well as BER.  

1.2.2 Steps in NER 

NER includes two sub-pathways: global genome NER (GG-NER) and transcription-

coupled NER (TC-NER). GG-NER operates in the entire genome, including non-transcribed 

regions and silent chromatin, while TC-NER recognizes and repairs bulky lesions in the 

transcribed DNA strands of active genes. Damage recognition in GG-NER is initiated by two 

proteins, UV-DDB and XPC-RAD23B. In response to UV-induced DNA damage, UV-DDB in 

complex with CUL4 and RBX forms a ubiquitin E3 ligase complex and binds to the chromatin to 

ubiquitylate histones, making the lesion more accessible to downstream repair proteins in the NER 

pathway, including XPC-RAD23B. XPC-RAD23B binds with high affinity to the strand opposite 

to the distorted lesion, which begins the damage verification step of NER [31]. During the damage 

verification step of GG-NER, the transcription factor TFIIH is recruited by XPC-RAD23B protein 

[32-34]. TFIIH consists of 10 subunits, including the helicases XPB and XPD, that are responsible 

for opening up the DNA around the lesion [35]. XPD binding to the lesion facilitates the 

recruitment of the pre-incision complex (XPA, RPA, XPG) [36-38]. XPB is believed to act as a 

translocase to help reel the DNA into the pre-incision complex. XPA and RPA recruit the 

heterodimeric endonuclease, XPF-ERCC1. Recruitment of XPF-ERCC1 produces an 

endonucleolytic incision 5’ to the lesion. DNA polymerases δ, ε or κ begin to fill in the repair 

patch, which stimulates the 3’ endonucleolytic activity of XPG, leading to the release of an 
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oligonucleotide of 22-27 nucleotides containing both the lesion and TFIIH [39]. DNA polymerase 

(δ/ ε) and ligase I then fill in and ligate the gap [40]. TC-NER, on the other hand, is triggered by 

stalled RNA polymerase at a DNA lesion during transcription, causing the Cockayne syndrome 

proteins (CSB and CSA), and other lesion accessory proteins (UVSSA, XAB2, and HMGN1) to 

be recruited at the lesion site. XAB2 facilitates recruitment of XPA and subsequently TFIIH, at 

which step TC-NER converges with the GG-NER [41]. 

1.2.3 Diseases associated with NER 

Defects in these NER proteins impair the ability to repair UV damage, causing autosomal 

recessive disorders including xeroderma pigmentosum (XP) (mutations in XPA-G, XPV) 

characterized by extreme sensitivity to sunlight and increased risk to skin cancer in exposed areas. 

About 20-30% of these patients also develop neurodegeneration. Also mutations in CSA and CSB, 

affecting only TC-NER, result in Cockayne syndrome (CS), with patients presenting 

developmental impairment and neurodegeneration, related to premature aging [42-44].  

While both BER and NER pathways have been conventionally associated with specific 

substrates, growing evidence shows a significant cooperation between these two repair 

mechanisms, and has recently been reviewed in [4, 5, 45]. The relevance of this potential 

interaction includes the fact that NER deficient (XP and CS) patients may develop developmental 

and neurological symptoms, related to premature aging, that can be due to endogenous lesions, 

such as DNA damage induced by oxidation, which are normally considered substrates for BER. 

Thus, understanding BER and NER interplay may help us to better understand the causes for the 

symptoms of premature aging found in these patients and even during the normal aging process. 
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1.3 Involvement of NER in the repair of oxidative DNA damage 

Oxidation of DNA can lead to a myriad of base lesions in the cell, including single-strand 

breaks and oxidized bases (Figure 1) [8]. Due to its low redox potential, guanine is the most readily 

oxidized base [46] leading to the formation of 8-oxoguanine (8-oxoG). This modification is one 

of the most abundant oxidative lesions in the genome, with an estimated steady-state level of about 

1–2 lesions/106 guanines [1, 2, 47]. 8-oxoG is pre-mutagenic and if unrepaired, can cause G:C to 

T: A transversions [48-50]. Accumulation of mutations can lead to genomic instability, which is 

associated with various maladies such as ageing, cancer and neurodegeneration [9, 51]. 

Base lesions, such as 8-oxoG, do not significantly distort the nucleosome structure [52], 

and several biochemical studies, using purified OGG1 on reconstituted nucleosomes, have shown 

that OGG1 activity is severely inhibited when 8-oxoG is buried in the nucleosome [53]. Although, 

in some sequence contexts, lesions facing outward are more accessible for initiation of repair [21, 

54]. Therefore, one major question in the field is how glycosylases act on occluded lesions hidden 

in a sea of undamaged bases that are organized into a highly compact chromatin structure [55, 56]. 

To this end, several chromatin remodelers and histone modifiers such as RSC (Remodeling the 

Structure of Chromatin), FACT (facilitates chromatin transcription) and ISWI (Imitation 

SWItch/SNF) have been suggested to help facilitate the repair of 8-oxoG, see reviews [14, 57-59]. 

Interestingly, several studies have suggested the involvement of nucleotide excision repair (NER) 

proteins in the repair of 8-oxoG, reviewed in [4, 5, 10, 12, 29, 45] and discussed further below.2 

 

2Section 1.3 was adapted from ref. 15. Please refer to Appendix F for description of crosstalk between NER and BER 

pathways.  
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1.3.1 Cooperative interactions of NER proteins in processing 8-oxoG:  

As described above, 8-oxoG is processed by OGG1 through BER, although recent studies 

show that other proteins and sub-pathways may partner in this process. One of the earliest 

experiments suggesting an involvement of NER proteins in the repair of oxidized lesions was an 

in vitro study from the Sancar laboratory. They showed that cell free extracts from human cell 

lines either lacking or containing mutated NER proteins (XP-A, XP-B, XP-C, XP-D, XP-F and 

XP-G) had markedly reduced ability to excise two major oxidized lesions, 8-oxoG and thymine 

glycol (TG) [60]. They went on to show that the complete NER system reconstituted with purified 

XPA, RPA, TFIIH (containing XPB and XPD), XPC-RAD23B, XPG, and ERCC1-XPF proteins, 

were necessary and sufficient to excise 8-oxoG or TG. While these studies indicated that NER 

proteins are capable of acting on two common oxidized bases, whether NER proteins had a direct 

role in BER by interacting with BER proteins or intermediates was uncertain. The authors 

suggested that perhaps NER is a relatively slow back-up system for BER.  

D’Ericco, Dogliotti, and colleagues provided the first direct evidence that XPC plays a role 

in the protection against oxidative stress [61]. They demonstrated that keratinocytes and fibroblasts 

with mutations in XPC were extremely sensitive to potassium bromate (KBrO3) and ionizing 

radiation (IR). Using LC/MS and HPLC-ED, they were able to show the accumulation of 8,5’-

cyclopurine 2’-deoxynucleosides and slow removal of 8-oxoG and 8-oxoA in cells lacking XPC. 

Biochemical assays with purified proteins showed stimulation of DNA glycosylase OGG1 by 

XPC-RAD23B and far western blots showed that purified XPC-RAD23B interacted directly with 

OGG1. Unlike XPC, at the concentrations surveyed, XPA was not capable of stimulating OGG1. 

This study indicates that XPC-RAD23B facilitated recognition of 8-oxoG in an OGG1-dependent 

pathway. It is interesting to note that XP-C patients, in addition to high skin cancer rates, also have 
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a higher incidence of internal cancer development [62, 63]. Thus, reduced kinetics of oxidatively 

generated DNA damage might be a major contributor to these internal cancers. Moreover, oxidized 

damage are also associated with increased risk of neurodegenerative diseases [64, 65]. While XP-

A, XP-B, XP-D and XP-G patients may show neurodegeneration symptoms, XP-C patients show 

no signs of neurological defects. Thus, it is possible that XPC might be acting as a cofactor in the 

repair process, therefore its loss alone does not display major effects.  

In a separate study by Kassam and Rainbow (2007), methylene blue plus visible light 

(photoactivated MB, which generates singlet oxygen) was used to produce 8-oxoG in an 

adenovirus-encoded β-galactosidase (β-gal) reporter gene, and a host cell reactivation (HCR) assay 

was used to demonstrate that human cells deficient in XPC showed lower HCR as compared to 

WT cells, supporting a role for XPC in the processing of 8-oxoG [66].  Similarly, XP-A and XP-

C NER deficient cells were found to be more sensitive to photoactivated MB, compared to NER 

proficient cells [67]. Problems dealing with the oxidized damage, in XP-A and XP-C cells, were 

confirmed with observations of cell cycle delay (increased G2/M arrest) and genotoxic stress 

(H2AX phosphorylation). These results confirm NER proteins participate in the processing of 

oxidized DNA damage, although which type of lesion (including 8-oxoG) is involved was not 

clear.  

In order to better understand the potential roles of XPA and XPC in the removal of oxidized 

bases, Dogliotti and coworkers [68] measured the rates of 8-oxoG removal by HPLC–ED in mouse 

embryo fibroblasts (MEFs) derived from NER (Csbm/m, Csa-/- Xpa-/- Xpc -/- and combinations of 

these) and/or Ogg1-/- deficient mouse. Following treatment with the oxidizing agent, potassium 

bromate (KBrO3), Ogg1-/- deficient cells displayed a dramatic deficiency in the rate of 8-oxoG 

removal. NER deficient mutants (Csbm/m, Csa-/- Xpa-/- Xpc -/-) also displayed reduced rates of 
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removal as compared to WT MEFs.  Furthermore, Csb-/- Xpa-/- and Csb-/- Xpc-/- double mutants 

were more deficient in repair as compared to the single mutants. On the other hand, Xpc-/- Xpa-/- 

double mutant did not show slower repair kinetics as compared to the single mutant MEFs, 

suggesting that XPC and XPA function through the same pathway, while CSB is OGG1-

dependent, but XPA/XPC independent. These mouse experiments were confirmed in human XP-

A primary fibroblasts that were more sensitive to KBrO3 as compared to WT fibroblasts. 

Furthermore, SV40-transformed XP-A deficient cell line (XP12SV40) with OGG1 knocked down, 

showed slower 8-oxoG repair kinetics than either the XP-A cells alone or when XPC was knocked 

down. Whether this enhanced repair of 8-oxoG through the action of XPA, XPC, and CSB is 

mediated through canonical BER is unclear. Why XPA did not stimulate OGG1 activity in their 

previous study, but a deficiency in XPA showed a slower repair rate of 8-oxoG remains to be 

reconciled. Also, the involvement of these proteins could vary in the context of chromatin 

accessibility. Finally, it is interesting to note that the Xpa-/-/Xpc-/- and Csbm/m/Ogg1-/- double mutant 

mice are viable and do not show evidence for neurodegeneration [69, 70].   

XP-G deficient cells were also found to be sensitive to the treatment with photoactivated 

MB, indicating that XPG protein, and thus NER, participate in the processing of oxidized DNA 

damage [71]. This was observed for cells from a severely affected patient, with neurological 

problems, carrying an XPG mutation that completely abrogates the protein. The increased 

sensitivity was also confirmed by HCR of plasmids treated with photoactivated MB. Interestingly, 

two different XPG missense alleles, from patients with no neurological symptoms (but with XP 

and increased frequency of skin tumors), showed sensitivity to UV-light induced DNA damage, 

but not to oxidized lesions induced by singlet oxygen. These results indicate that XPG protein 

might participate on the removal of UV-induced lesions by NER, with an independent function for 
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oxidized base damage, and defects on this latter function is in fact relevant for the induction of 

neurological symptoms in XP-G patients. 

1.3.2 Cellular imaging of 8-oxoG processing involving CSB and XPC: 

Menoni, Hoeijkmakers and Vermeulen used a novel imaging tool to study the role of XPC 

and CSB in the repair of oxidized lesions in living cells [72]. By using a photosensitizer (Ro 19-

8022) and 405 nm laser light, they were able to generate localized oxidized lesions in specific 

regions of the nucleus. XPC-GFP and CSB-GFP both were seen to be recruited to the sites of 

damage. CSB appeared to be recruited faster than XPC, possibly due to different intrinsic mobility 

or chromatin binding properties. Indeed, they reported that CSB was prominently recruited in the 

nucleolus (regions with high transcription activity) and XPC accumulated more densely in the 

heterochromatic region, consistent with their roles in TC-NER and GG-NER of UV-induced 

photoproducts, respectively. Interestingly they reported, but did not show the data, that neither 

XPB nor XPA was recruited to the damage site even after 5-10 minutes of damage induction. 

These data suggesting that CSB and XPC recruitment was independent of subsequent steps in NER 

is in contrast to the work by Dogliotti and coworkers who showed that both XPA and XPC might 

facilitate 8-oxoG removal [68].  

In a more recent study by Vermeulen’s group, the role of CSB in 8-oxoG repair was further 

elaborated [73]. Using the live-cell imaging approach described above, it was shown that OGG1 

recruitment to the damage site was independent of CSB, but the recruitment of the BER scaffolding 

protein XRCC1 was stimulated by CSB in a transcription-dependent manner. It is possible that as 

a chromatin remodeler, CSB helps XRCC1 loading under certain circumstances, perhaps in 

transcribed genes or at specific genomic regions that are not accessible to the downstream BER 
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proteins. Alternatively, since XRCC1 is recruited to nicks resulting from OGG1 and APE1’s action 

on 8-oxoG, perhaps CSB-mediated repair is initiated downstream of OGG1 if the nick stalls the 

transcription machinery.  

1.3.3 Comet-FISH assay reveals an involvement of XPA, CSB, and UVSSA in TCR of 8-

oxoG: 

As noted above, the role of XPA in the processing of 8-oxoG adducts has been 

controversial and contrasting studies have been published. Guo, Hanawalt and Spivak, in an 

elegant tour-de-force study, combined single-cell electrophoresis (Comet assay) with fluorescence 

in situ hybridization (FISH) and established the involvement of XPA and CSB preferentially in 

transcription-coupled 8-oxoG removal [74]. For these experiments, 5’- and 3’-ends of ATM gene 

were labelled with different fluorescent probes. The increase in the distance between the probes 

after damage was an indication of single strand breaks. The repair rates of transcribed and non-

transcribed strands in CS-B and XP-A cells were similar, indicating that they played a role in 

transcription-coupled repair (TCR) of 8-oxoG. They also showed that elongating Pol II and 

UVSSA were necessary for this process consistent with TCR. The authors speculated that after 

initial recognition and incision by OGG1 and APE1, the single stranded break formed causes a 

block to transcription, recruiting TCR proteins to continue repair. This model is consistent with 

the work by Vermeulen cited above.  XPC, since it is involved in GG-NER, was not investigated 

in this study. 
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1.3.4 Oxidized guanine lesions are excised more efficiently by competing BER than NER 

pathways: 

The base damage, 8-oxoG is susceptible to further oxidation, leading to the formation of 

spiroiminodihydantoin (Sp) and 5-guanidinohydantoin (Gh), which are recognized by the DNA 

glycosylase NEIL1 [75-79].  

Very recently, Shafirovich and colleagues examined the excision of these lesions in intact 

human cells and the relative contribution of BER and NER in the processing of these lesions [80]. 

In this study, an internally labelled hairpin substrate containing these lesions were transfected into 

HeLa cells. DNA was isolated at different time points and analyzed by Polyacrylamide gel 

electrophoresis (PAGE). The BER activity was determined by the presence of a 65nt incision 

product, while the presence of a 24-30nt excision product indicated NER activity. The hairpins 

with both Gh and Sp lesions exhibited BER, as well as NER activity, suggesting a competition 

between these two pathways in repair. Addition of unlabeled hairpin with a known BER substrate 

5-OHU caused significant reduction in the BER product, but an increase in the NER product. This 

suggests that the participation of these two pathways depends on the local concentration of the 

recognition factors that recognize and bind to the same lesions in a competitive manner.    
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1.4 A new role of UV-DDB in the removal of 8-oxoG 

1.4.1 UV-DDB structure 

UV-damaged DNA binding protein (UV-DDB) is a heterodimeric protein consisting of 

DDB1 (127kDa) and DDB2 (48kDa). UV-DDB is part of a larger complex containing CUL4A/B 

and RBX1 that possess E3 ligase activity, and associates with chromatin in response to UV 

radiation (Figure 3A) [81, 82]. UV-DDB ubiquitylates histones to destabilize the nucleosome, 

thereby allowing downstream repair proteins, such as XPC-RAD23B, to access the lesion [36, 38]. 

UV-DDB can bind to a wide spectrum of lesions with high affinity [83, 84]. How UV-

DDB can efficiently scan DNA for damage, while at the same time bind damaged DNA with the 

highest affinity of any damaged DNA-binding proteins is intriguing. One proposed mechanism is 

‘conformational proofreading’, which involves both UV-DDB and the DNA undergoing different 

conformational changes to attain highly specific damage recognition [85].  Two co-crystals of UV-

DDB have been resolved on DNA containing either a 6-4PP or an abasic site analog, 

tetrahydrofuran (THF) [86, 87]. These structures revealed important contacts between UV-DDB 

and damaged DNA, giving insights into the mechanism of damage recognition. 

DDB1 is a large tri-β-propeller substrate adaptor protein with β-propeller domains denoted 

as BPA, BPB, and BPC, with a C-terminal helical domain referred to as CTD [88].  DDB2 is 

organized as a seven-bladed WD40 β-propeller (residues 103–421), preceded by an N-terminal 

domain (residues 1–102), with the hairpins of repeats 4-7 making extensive contacts around the 

damaged site (Figure 3B). The damaged base with the 3’ adjacent base was flipped into a 

hydrophobic pocket in DDB2 and the 3’ base was stabilized by a stacking interaction with Trp203 

(W203). These flipped out bases leave a two-base gap in the DNA duplex, which is filled by 
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Phe334 (F), Gln335 (Q), and His336 (H) that form a beta-hairpin knuckle-like structure inserted 

through the minor groove. The structures also showed a set of salt-bridges between the Arg112 

(R112), Lys132 (K132), and Lys244 (K244) on the damaged strand, and the Arg332 (R332) and 

Arg370 (R370) contacting the non-damaged strand.  

 

 

Figure 3: Structure of UV-DDB 

A.  Molecular model of UV-DDB-CUL4A-RBX complex bound to a nucleosome. DDB1 (blue); DDB2 (red); 

CUL4A (tan); RBX (pink); nucleosome (purple); 6-4 photoproduct (orange). Built from PDB codes: 4A0K 

and 6R8Y, [89, 90]. B.  Damage recognition interface of DDB2 (red ribbon) with tetrahydrofuran, THF 

(orange)-containing DNA (gray) with adjacent 3’ base flipped out (yellow). This flipped out base is stabilized 

by W203 (green) and an FQH knuckle (dark blue) fills the void made by the two flipped out bases. Important 

salt contacts with positively charged amino acids (teal) with phosphate backbone are shown. K244 when 

mutated to E causes XP-E. PDB codes: 4E54, see  [86]. 
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1.4.2 DDB2 and Cancer 

Mutations in the DDB2 gene cause XP complementation group E (XP-E) and can affect 

DDB2’s function during DNA damage recognition and repair. So far, eight amino acid changes, 

including several frameshift/truncation mutants, altered splice mutants and deletions, have been 

discovered (Table 2, Appendix C).  Specifically, a DDB2 Lys244 to Glu mutation was shown to 

cause loss in photolesion recognition and subsequent repair [91].  Furthermore, this mutant led to 

increased sliding on the DNA [85]. Variants that map to the DDB2-DNA interface (Arg239Ile, 

Asp307Tyr, Thr305Asn, Pro357Leu) would be expected to reduce or eliminate UV-DDB binding 

activity. Mutations localized within the DWD (DDB1-binding WD40 protein) box motif 

(Asn349∆/Leu350Pro, Arg273His) impair the interaction with DDB1, inactivating UV-DDB’s E3 

ligase activity [92, 93]. 

In mice, apart from DDB2’s role in protection against UV- induced DNA damage [94, 95], 

it was also shown that DDB2 can protect against spontaneous internal tumors [96].  DDB2 

knockout mice were shown to have overall lower survival even in the absence of any external 

DNA damage and developed spontaneous tumors including adenocarcinoma of the lung and 

mammary gland as well as several forms of sarcoma [96]. Interestingly, The Cancer Genome Atlas 

(TCGA) data show that higher levels of DDB2 gene expression is associated with higher survival 

in patients with endometrial, cervical and breast cancer 

(https://www.proteinatlas.org/ENSG00000134574-DDB2/pathology). Together, these data 

suggest that loss of DDB2 probably leads to accumulation of endogenously formed DNA lesions, 

perhaps mediated by ROS or other naturally occurring reactions in the cell. Therefore, it would be 

of interest to study the mutational signature of these tumors. 

https://www.proteinatlas.org/ENSG00000134574-DDB2/pathology
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1.4.3 UV-DDB induced nucleosome destabilization 

1.4.3.1 Interaction of UV-DDB with nucleosomes containing site-specific lesions 

UV-DDB was found to bind to nucleosomes containing DNA photoproducts and was 

proposed to be an early responder in the repair of UV damage [97, 98]. A major advancement was 

made recently using cryo-EM to examine UV-DDB’s interactions with a nucleosome containing 

defined damage sites at various positions along the nucleosome [90]. DNA damage recognition 

and repair is hindered by the presence of tightly bound histones wrapped around DNA. 

Specifically, lesions facing inward are more challenging to access by DNA repair proteins. 

However, UV-DDB was shown to directly bind damaged DNA on the 5S nucleosome (an in vitro 

nucleosome model system consisting of 5S RNA genes from Xenopus) and shift the DNA register 

up to three bases, altering the nucleosome architecture to allow access to occluded sites [90].  

1.4.3.2 UV-DDB is an E3 ligase and ubiquitylates histone H2A 

UV-DDB is an active ubiquitin E3 ligase when bound to cullin4A/B (CUL4A/B) and Roc1 

(RBX). The DDB2-DDB1-CUL4A-RBX (CRLDDB2) ubiquitin ligase auto-ubiquitylates itself and 

also ubiquitylates XPC [32]. While mono-ubiquitylated XPC is stabilized at sites of UV-induced 

DNA damage, the binding of UV-DDB is destabilized, due to poly-ubiquitylation of DDB2. This 

work led to the concept that UV-DDB needs to poly-ubiquitylate itself to allow proper hand off of 

UV-induced photoproducts to XPC during GG-NER, [82, 99, 100]. Furthermore, poly-

ubiquitylated DDB2 is extracted from the chromatin by the p97 segregase VCP, a protein 

unfoldase, and subsequently degraded by the 26S proteosome [82, 101].  

DDB1-CUL4BDDB2 E3 ligase can specifically bind to mono-nucleosomes containing UV 

damage and mono-ubiquitylate histone H2A and H3 [97]. Mono-ubiquitylated H2A at Lys119 and 



 

20 

Lys120 helps facilitate the destabilization of nucleosome containing UV-induced photoproducts, 

as mutating these residues to Arg prevented the dissociation of poly-ubiquitylated DDB2 from the 

UV damage containing nucleosome. Both CUL4A and CUL4B have been shown to interact with 

UV-DDB and support ubiquitylation of histone H2A [102]. Finally, while UV-DDB can mono-

ubiquitylate H3, H3 ubiquitylation is not necessary for UV-DDB-mediated destabilization of the 

nucleosome [97].  

1.4.3.3 DDB2 can directly change the core histone density at UV-induced DNA lesions 

A number of chromatin remodelers have been shown to play an important role in the 

regulation of nucleotide excision repair (reviewed in [103]). A novel and DDB1-CUL4A-RBX 

(CRL)-independent role was identified for DDB2 in unfolding of higher order chromatin structures 

at the sites of UVC damage [104]. Using a LacR-tagged DDB2 construct in various cell lines 

consisting of integrated LacO arrays, it was shown that tethering of LacR-DDB2 could 

significantly reduce density of GFP-tagged H1, H2A and H4. Furthermore, the decondensation of 

chromatin by DDB2 was independent of DDB1-CUL4A E3 ligase activity and dependent on ATP 

hydrolysis, indicating that ATP-dependent chromatin remodeling factors might be involved in the 

process. Also, this process required poly(ADP-ribose) polymerase (PARP1) activity, which has 

been linked to chromatin remodeling in the context of double-strand breaks [105, 106].  

Using FRAP in cells stably expressing SNAP-tagged histone 3.3, it was demonstrated that 

DDB2 is necessary and sufficient for changing the histone density at locally induced UV damage 

sites, causing a redistribution of SNAP-H3.3 [107]. Knockdown of chromatin remodeling factors, 

ALC1 (amplified in liver cancer 1) and INO80 (inositol regulatory gene 80) did not affect the 

histone dynamics, suggesting that DDB2 binding is upstream of any chromatin remodeling 

activity. Furthermore, in contrast to the study discussed above [104], redistribution of histone H3.3 
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at sites of UV damage was PARP1-independent. How PARP is mechanistically linked to 

chromatin remodeling during NER is still unclear and requires further investigation. 

1.4.4 Biochemical and single-molecule studies suggest UV-DDB as a damage sensor in BER 

The earliest evidence of recognition of abasic (AP) sites by UV-DDB was shown using an 

electrophoresis DNA binding assay [84]. A 148 bp DNA probe was end-labeled with 32P and 

damaged by UV to induce CPD and 6-4PP. Unlabeled DNA containing AP sites was used as a 

competitor. Partially purified UV-DDB from HeLa cell extracts was run on a gel along with the 

DNA. While the DNA containing AP sites was able to inhibit UV-DDB binding to UV damaged 

DNA, the affinity was 17-fold lower for the AP sites.  

More direct evidence of recognition of AP sites by UV-DDB was established by using 

recombinant purified UV-DDB and DNA substrates with a site-specific CPD, 6-4PP and AP site  

[83, 108]. A 6-fold higher affinity for CPD, 83-fold higher affinity for 6-4PP and a 46-fold higher 

affinity for an AP site was observed as compared to undamaged DNA. A mismatch substrate was 

also tested with a 50-fold higher affinity as compared to undamaged DNA. This broad substrate 

specificity is probably because UV-DDB does not detect the damage site directly but recognizes 

helix-distorting lesions that can be flipped into the binding site of DDB2 (Figure 3B).  

Recently, our lab established a novel role for UV-DDB in the repair of oxidative DNA 

damage [109]. Using a combination of biochemical, single-molecule and cellular studies, we 

demonstrated that UV-DDB can recognize and aid in the repair of 8-oxoG lesions. EMSA assays 

conducted in the presence of 5 mM Mg2+ showed that UV-DDB preferentially bound abasic sites, 

CPD and 8-oxoG, with equilibrium dissociation constants, Kd, of 3.9, 30, and 160 nM, 

respectively, with high specificity as compared to undamaged DNA (Kd = 1108 nM) [109, 110]. 
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We further showed that when the EMSAs are done in the presence of Mg2+ in the binding buffer, 

gel, and running buffers, UV-DDB has enhanced specificity for both abasic sites and 8-oxoG.  

While Mg2+ greatly diminishes binding to a non-damaged 37 bp duplex by 26-fold from 42 nM to 

1100 nM, Mg2+ only decreased binding to abasic site and 8-oxoG:C base pairs by 4-5-fold, greatly 

enhancing the specificity window of UV-DDB. We next showed that UV-DDB stimulated OGG1 

and APE1 activity on 8-oxoG:C and abasic site-containing substrates by ~3-fold and ~9-fold, 

respectively. Using a single-molecule DNA tightrope assay where DNA containing an abasic site 

every 2 kb is suspended between 5μm poly-L-lysine coated beads and quantum-dot labeled 

purified proteins are observed in real time [111], UV-DDB was found to undergo limited linear 

diffusion in the presence of Mg2+ in the flow cell as compared to strict 3D searching on DNA with 

little or no linear diffusion in the absence of Mg2+.  By orthogonally labeling UV-DDB and OGG1 

or APE1 with different colored Qdots, we also showed that UV-DDB could form transient 

complexes with OGG1 and APE1 on the damaged site [109]. Moreover, UV-DDB facilitated the 

dissociation of these proteins from the damaged site, suggesting that UV-DDB can help turnover 

OGG1 and APE1 from the abasic site. Using an in vitro BER reaction, the activity of pol β was 

measured through the incorporation of radiolabeled dCTP into the gap created by the dual action 

of APE1 incision and polβ dRpase activity. This assay revealed that addition of UV-DDB 

increased BER product formation by 30-fold. Additionally, we were able to show that the newly 

incorporated dCTP could be ligated into full length product, indicating that UV-DDB does not 

have an inhibitory effect on downstream steps in BER.3 

 

3Section 1.4 was adapted from ref. 110. Please refer to Appendix G for further discussion on UV-DDB’s role in 

maintaining genome stability. 
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1.5 Hypotheses and Scope 

To test the hypothesis that UV-DDB plays a role in 8-oxoG repair in the context of cellular 

chromatin and to gain mechanistic insights into how the NER proteins, DDB2, XPC and XPA 

coordinate the processing of 8-oxoG in chromatin, we use two independent systems (fluorogen 

activation protein and photosensitizer Ro 19-8022 plus 405 nm, see section 1.6) to introduce 8-

oxoG in cells. This present study specifically addresses the following questions:  

1) Is UV-DDB required for recruitment of OGG1 to 8-oxoG?  Previously, we have shown 

that purified UV-DDB can recognize 8-oxoG embedded in a 37-bp duplex DNA. Here, we 

introduce 8-oxoG specifically in different regions of the genome to directly visualize UV-DDB 

accumulation.  

2) Do NER proteins, XPC and XPA facilitate 8-oxoG processing in cells? Cells deficient 

in XPC or XPA exhibit delayed repair of 8-oxoG, after treatment with potassium bromate (KBrO3), 

an oxidant that predominantly forms 8-oxoG lesions [61, 68]. Using a system consisting of a 

photosensitizer (Ro 19-8022) plus 405 nm light to introduce predominantly 8-oxoG lesions [112], 

it was demonstrated that XPC accumulated to oxidative damage generated at heterochromatic 

regions [72, 73]. Interestingly, contrasting models have been presented for the potential role of 

XPA in the removal of 8-oxoG [72, 74]. While these studies suggest a role for NER proteins in 

facilitating 8-oxoG repair, a unified model of how these proteins work in synchrony is lacking. 

3) Does the CRLDDB2 complex participate in 8-oxoG recognition and mediate dissociation 

of DDB2 from 8-oxoG sites? Previous studies have shown that the CRLDDB2 complex helps 

destabilize nucleosomes at UVC-induced DNA damage sites. Furthermore, the CRL complex 

auto-ubiquitylates DDB2 to allow for its extraction from chromatin and subsequent degradation 
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by the 26S proteosome. Here, we aimed to determine whether the CRL complex regulates DDB2 

similarly at sites of 8-oxoG damage.  

4) How does binding of DDB2 to 8-oxoG impact the chromatin state at the damage site? 

It has been demonstrated that DDB2 binding to UVC-induced damage is sufficient to cause local 

chromatin unfolding at the damage sites. We sought to demonstrate this at 8-oxoG sites by 

measuring chromatin changes in the presence and absence of DDB2. 

Finally, we propose a new model for 8-oxoG processing that directly involves the NER 

proteins, DDB2, XPC and XPA, and two sub-pathways: a) a global genome pathway where DDB2 

binds 8-oxoG lesions to change the local chromatin environment facilitating the recruitment of 

XPC and OGG1, and b) a transcription-coupled repair pathway that is initiated when BER 

intermediates stall RNA polymerase and act as a transcription block. 

1.6 Approach 

1.6.1 Fluorogen activating protein (FAP) system to introduce 8-oxoG in telomeric DNA 

Studying oxidative DNA damage in vivo has been challenging due to the unavailability of 

tools that introduce specific base damage without the formation of other lesions such as single-

strand or double-strand breaks [113]. To overcome this problem, we used a recently developed 

chemoptogenetic approach to target 8-oxoG specifically at telomeres (Figure 4) [109, 114]. This 

approach utilizes a fluorogen-activating protein (FAP) in combination with a photosensitizer dye, 

di-iodinated malachite green (MG-2I) [115]. Upon binding to FAP, the FAP plus MG-2I 

combination is excited by near-infrared wavelength (660 nm) to generate singlet oxygen. Here, 
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FAP is fused to a telomere binding protein, TTAGGG repeat binding factor 1 (TRF1), (FAP-

TRF1) [109, 114]. Singlet oxygen is highly reactive and short-lived and can cause localized 

damage at telomeres [116]. Treatment with dye (MG-2I) and light generates singlet oxygen that 

oxidizes guanines at telomeric DNA to form ~ 1-2 8-oxoG lesions/telomere [114].  

 

Figure 4: Schematic of FAP-TRF1 system 

Cells stably expressing FAP-TRF1 were treated with dye (100 nM, 15 min) plus light (660 nm, 10 min) to 

introduce 8-oxoG lesions at telomeres. 

1.6.2 Photosensitizer Ro 19-8022 plus 405 nm to generate 8-oxoguanine in genomic DNA 

Ro19-8022 is a potent type II photosensitizer with an absorption maximum at 427 nm. 

Ro19-8022 has high polarity and can easily penetrate cellular membranes. It was shown that the 

combination of  Ro 19-8022 and visible light resulted in DNA damage profile similar to that caused 
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by singlet oxygen in isolated DNA and AS52 Chinese hamster ovary cells, [112]. Furthermore, 

Sequence analysis revealed GC→TA and GC→CG transversions (see section 2.7.2.2 for method). 
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2.0 Materials and Methods 

2.1 Mammalian cell culture 

2.1.1 Cell lines 

The U2OS-FAP-TRF1 and RPE-FAP-TRF1 stable lines were obtained by transfecting 

pLVX-FAP-mCer-TRF1 plasmid in U2OS, and RPE-hTERT cells respectively, and then selected 

in 500 μg/ml G418 (Gibco) [114]. Single-cell cloning was used to select for cells with expression 

of FAP-mCer-TRF1 construct at telomeres. U2OS-FAP-TRF1 cells were cultured at 5% oxygen 

in Dulbecco’s Modified Eagle Medium (DMEM) containing 4 g/l glucose (Gibco). RPE-FAP-

TRF1 cells were cultured at 5% oxygen in Dulbecco’s Modified Eagle Medium/ Nutrient Mixture 

F-12 (DMEM/F12 1:1) containing 2.438 g/l sodium bicarbonate (Gibco). Cells were supplemented 

with 10% fetal bovine serum (Gibco), 1×penicillin/streptavidin (Life Technologies) and 500μg/ml 

G418. 

SV40-immortalized MRC-5 cells stably expressing OGG1-GFP or XRCC1-YFP (Menoni 

H. et al., NAR, 2018), hTERT-immortalized human fibroblasts VH10 stably expressing GFP-

DDB2 [117] and hTERT-immortalized fibroblasts GM01389 (DDB2-deficient) [118] stably 

expressing GFP-DDB2 were cultured at 37 °C in a humidified atmosphere with 5% CO2 in a 1:1 

mixture of DMEM (Gibco, 41699-052) and Ham’s F10 (Lonza, BE02-014F) supplemented with 

10% fetal calf serum (FBS, FBS-12A) and 1% penicillin-streptomycin (Sigma, P0781). 
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2.1.2 Knockout (KO) and knockdown (KD) cell line generation 

DDB2 knockout cells were generated in U2OS-FAP-TRF1 and RPE-FAP-TRF1 cells. 

HEK293T cells were co-transfected with a lentiviral construct expressing SpCas9 and a guide 

RNA targeting DDB2 exon 1 (Genscript DDB2 CRISPR Guide RNA1, 

CCGAGATTGTATTACGCCCC), along with the Sigma CRISPR & MISSION Lentiviral 

Packaging Mix (Sigma, SHP002).  Briefly, 2.5x105 HEK293T cells (ATCC) were seeded in a 6-

well plate. The next day 500 ng of the lentiviral vector, 4.6μl of the lentiviral packaging mix and 

2.7μl was incubated in 30.3μl of OptiMEM. After incubation at room temperature for 15 minutes, 

the mix was added dropwise to each well containing 2 ml serum-free DMEM. The cells were 

incubated for 24 hours at 37°C and 5% oxygen. Next day, the media was replaced with 2 ml of 

fresh complete DMEM. Between 36-48 hours post-transfection, the supernatant was collected and 

filtered through a 0.2μm filter. Fresh 2 ml complete DMEM was added to the HEK293T cells for 

the second harvest. The first harvest was added with 2μl 10 mg/ml polybrene (Millipore #TR-

1003-G) to the U2OS-FAP-TRF1 cells plated in a 6-well plate and incubated overnight at 37°C. 

The procedure was repeated for the second lentiviral harvest, between 60-72 hours post-

transfection. The cells were then incubated overnight at 37°C and 5% oxygen. Next day, fresh 

media was added, and cells were allowed to recover for 6-8 hours. Cells were then selected with 

1.5 μg/ml puromycin for 2 days in a 6 cm dish. Cells were then moved to a 75 cm2 flask under 

selective pressure for an additional 2 days before harvesting for protein extraction and single cell 

cloning without puromycin. The clones were tested for DDB2 expression by western blot (abcam 

#ab181136) and immunofluorescence (abcam #ab51017). Clone 10 and Clone 37 were used for 

U2OS-FAP-TRF1 and RPE-FAP-TRF1 respectively. 
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2.2 DNA damage generation in cells 

2.2.1 Dye plus Light treatment to generate 8-oxoG at telomeres 

Cells were plated on coverslips in 35 mm dishes (100,000 cells/dish). 48 hours post 

transfection, cells were incubated with 100 nM MG-2I dye for 15 minutes at 37°C, 5% oxygen in 

phenol red-free DMEM. Cells were then exposed to 660 nm light (100 mW/cm2) for 10 minutes 

(unless specified otherwise) to induce the production of singlet oxygen. Cells were pre-treated with 

transcription inhibitors for 90 minutes: α-amanitin (Sigma #A2263) and Cdk7 Inhibitor VIII, 

THZ1-Calbiochem (Sigma# 5323720001). Cells were fixed or harvested for further experiments. 

2.2.2 Photosensitizer plus 405 nm to generate 8-oxoguanine in genomic DNA 

Photosensitizer Ro 19-8022 was used to generate oxidative DNA damage (a kind gift from 

F. Hoffmann-La Roche, Ltd). The following inhibitors were used: NEDD8 neddylation activating 

enzyme inhibitor (NAE1 inhibitor, MLN4924, Boston Biochem) and CSN5-catalysed cullin de-

NEDDylation inhibitor (CSN5 inhibitor, SB-58-SN29, kindly provided by Novartis) [119].   

2.2.3 Local UV-C damage 

Cells were washed with PBS. Using a 254 nm lamp, cells were exposed to 60 J/m2 UV-C 

either globally or through a 2 µm polycarbonate filter (Millipore Sigma; #TTTP04700). 
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2.3 Plasmids 

mNeon-DDB2 was made by Gene Universal Inc., by cloning the human DDB2 cDNA 

between BglII-XhoI sites of pmNeonGreen-C1 plasmid. DDB2(human)-mCherry was made by 

Gene Universal Inc., by removing the mNeonGreen sequence by digesting with AgeI and BglII 

and cloning the mCherry sequence between XhoI-HindIII sites of pmNeonGreen-DDB2 plasmid. 

DDB2(mouse)-mCherry, GFP-DDB1(mouse) and GFP-CUL4A were provided by Dr. Wim 

Vermeulen [117, 120].  OGG1-GFP was provided by Dr. A. Campalans [121]. DDB2-Flag was 

purchased from ORIGENE (RC200390). DDB2(K244E)-Flag mutant was made using the 

QuickChange II Mutagenesis kit (Agilent, #200523).  

2.4 siRNA transfections 

40 nM siRNA was transfected using Lipofectamine 2000 (Thermo Fisher Scientific, 

#11668027) in serum-free DMEM, according to the manufacturer’s instructions. Fresh complete 

media was added 4-6 hours post transfection. Immunofluorescence and western blots were 

performed 48 hours post transfection, unless specified otherwise.  

siRNAs used: Control siRNA: siGENOME non-Targeting siRNA Pool #2 (Dharmacon D-

001206-14-05); OGG1: siGENOME Human OGG1 (Dharmacon M-005147-03-0005); DDB2: 5’-

AACUAGGCUGCAAGACUU-3’; DDB1: 5’-AACGGCUGCGUGACCGGACAC -3’; CUL4A: 

5’-GAAGAUUAACACGUGCUGGdTdT -3’; XPC: siGENOME Human XPC (SMARTpool, 

Dharmacon M-016040-01-0005); CSB: 5'- GUG UGC AUG UGU CUU ACG A -3'. 
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2.5 Western blotting 

Cell pellets were resuspended in 1X lysis buffer (Cell signaling #9803) containing 1mM 

protease inhibitor (Millipore Sigma; #539134). Supernatants were obtained by centrifugation at 

15,000 RPM for 15 minutes at 4˚C. Protein was quantified using Bio-Rad protein assay (Bio-Rad, 

#5000006). Equal amounts of protein were diluted in 2X sample buffer (Bio-Rad; #1610737) and 

loaded on 4-20% tris-glycine polyacrylamide gels (Invitrogen; XP04202BOX). Proteins were 

transferred onto a polyvinylidene difluoride membrane and blocked in 20% nonfat dry milk 

(diluted in PBST: phosphate-buffered saline containing 0.1% Tween-20) for 1 hour at room 

temperature. Membranes were incubated with primary antibodies for 2 hours at room temperature 

or overnight at 4˚C. Membranes were washed 3X 10 minutes in PSBT and incubated with 

peroxidase conjugated secondary antibodies for 1 hour at room temperature. Membranes were 

washed again before developing using SuperSignal West Femto Maximum Sensitivity Substrate 

(Thermo Fisher Scientific; #34095). Primary antibodies used: DDB2 (1:1000; abcam #ab181136), 

OGG1(1:1000; abcam #124741), CUL4A (1:1000; CST #2699S), DDB1 (1:1000; Invitrogen #37-

6200), β-actin (1:30,000; Sigma #A2228). Secondary antibodies used: anti-rabbit IgG (1:50,000 

Sigma #A0545), or anti-mouse IgG (1:50,000 Sigma #A4416).  

For figures 14 and 15: Cells were collected in 2x sample buffer (125 mM Tris-HCl pH 6.8, 

20% Glycerol, 10% 2-β-Mercaptoethanol, 4% SDS, 0.01% Bromophenol Blue), homogenized 

passing through a syringe tip and boiled at 98°C for 5 min. Protein lysate was separated by SDS-

PAGE and transferred to a PVDF membrane (0.45 µm, Merck Millipore). The membrane was 

blocked in 3% BSA and then incubated with primary and secondary antibodies for 2 h or overnight. 

Antibodies used were anti-DDB2 (ab181136, Abcam), anti-CUL4A (ab72548, Abcam), anti-CSA 

(ab137033, Abcam), anti-AQR (A302-547A, Bethyl Laboratories). Secondary antibodies were 
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conjugated with CF IR Dye 680 or 770 (Sigma) and visualized using the Odyssey CLx Infrared 

Imaging System (LI-COR Biosciences).   

2.6 Cell growth assays 

2.6.1 Colony formation assay 

U2OS-FAP-TRF1 (WT and DDB2 KO) cells were plated in 6-well plates 24 hours prior 

to treatment. The next day, cells were treated with KBrO3 (Sigma 309087), (0–20 mM) for 1 h at 

37 °C. After treatment, cells were trypsinized and counted, and 800 cells were plated in 6 cm dishes 

in triplicate for each condition. Cells were then allowed to recover for 8 days. On day 8, cells were 

fixed with 4% formaldehyde in PBS for 15 minutes at room temperature and colonies were stained 

using a 0.1% crystal violet, 20% methanol solution for 30 minutes at room temperature. The plates 

were washed with water and dried overnight before counting. 

2.7 Cellular imaging 

2.7.1 Widefield imaging 

2.7.1.1 8-oxoG immunofluorescence 

100,000 cells were plated on coverslips in 35 mm dishes. siRNAs were transiently 

transfected for the experiments. 48 hours post transfection, cells were fixed for 8-oxoG staining 

using the Trevigen 8-oxo antibody (cat # 4354-MC-050). Briefly, cells were fixed with 1:1 MeOH, 
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acetone for 20 minutes on ice and coverslips were allowed to air dry. Fixed cells were next treated 

with 0.05N HCl for 5 minutes on ice. After washing cells 3 times with 1X PBS, coverslips were 

incubated with 100µg/ml RNAse in 150mM NaCl, 15mM sodium citrate for 1 hour at 37°C. Next, 

cells were washed sequentially in 1X PBS, 35%, 50% and 75% EtOH, for 3 minutes each. Cellular 

DNA was then denatured in situ with 0.15N NaOH in 70% EtOH for 4 minutes. After washing 

briefly 2x with 1X PBS, 0.2 µg/ml Hoechst 33342 (Thermo fisher scientific, cat #H3570) in 1X 

PBS was used to stain DNA for 10 minutes. Coverslips were washed sequentially in 70% EtOH 

containing 4% v/v formaldehyde, 50% and 35% EtOH, and 1X PBS for 2 minutes each. Finally, 

coverslips were incubated in 5µg/ml proteinase K in 20mM Tris, 1mM EDTA, pH 7.5 (TE) for 10 

minutes at 37°C, washed several times with 1X PBS and blocked with 1%BSA, 10% normal goat 

serum in 1X PBS, 1hour at RT. Cells were washed 3x with 1X PBS, and incubated with anti-8-

hydroxyguanine antibody (1:250) diluted in 1X PBS containing 1% BSA, 0.01% Tween 20 at 4°C 

O/N in a humidified chamber. Next day, cells were washed several times with 1X PBS containing 

0.05% Tween 20 for 5 minutes each and incubated in fluorescent secondary antibody conjugate, 

Donkey anti-mouse Alexa488 (1:1000; 1Thermo Fisher Scientific #A21202) in 1X PBS 

containing 1% BSA, for 1hr in the dark, at room temperature. Finally, cells were washed several 

times with 1X PBS containing 0.05% Tween 20 and rinsed with de-ionized water before mounting 

with Prolong Diamond Anti-Fade (Catalog #P36970; Molecular Probes). 

2.7.1.2 Immunofluorescence and fluorescence in situ hybridization (IF-FISH) to visualize 

recruitment of repair proteins at telomeres 

100,000 cells were plated on coverslips in 35 mm dishes. Plasmids were transiently 

transfected for the experiments. 48 hours post transfection, cells were treated with dye plus light, 

and allowed to recover for indicated time periods. Cells were incubated with ice-cold CSK buffer 



 

34 

(100 mM NaCl, 3 mM MgCl2, 300 mM glucose, 10 mM Pipes pH 6.8, 0.5% Triton X-100) for 2 

minutes before fixing with 4% paraformaldehyde for 10 minutes. Cells were washed thrice with 

PBS and permeabilized with 0.2% Triton X-100 for 10 minutes. After permeabilization, cells were 

blocked for 1 hour at room temperature (10% goat serum, 1% BSA in PBS). Primary antibodies 

were added to the cells and incubated overnight at 4 °C. Next day, cells were washed thrice with 

PBS, and incubated with secondary antibodies for 1 hour at room temperature. After three PBS 

washes, cells were fixed again with 4% paraformaldehyde for 10 minutes, washed in PBS, and 

dehydrated in 70%, 90% and 100% ethanol for 5 minutes each. The hybridization solution (70% 

Di Formamide, 1× Maleic acid, 10 mM Tris, pH 7.5, 1× MgCl2, 0.1 μM PNA probe) was prepared 

and incubated at 85 °C for 3–5 min. PNA probes used: PNA Bio, F1004; (CCCTAA)3-Alexa488 

or PNA Bio, F1013; (CCCTAA)3-Alexa647. After the coverslips dried, cells were hybridized for 

10 minutes at 85 °C and incubated at room temperature for 2 hours in a humid chamber, in the 

dark. After 2 hours, coverslips were washed twice in hybridization wash buffer (70% formamide, 

10 mM Tris-HCl pH 7.5) for 15 minutes each. Next, coverslips were washed thrice with PBS and 

incubated with DAPI (1:5000) for 10 minutes at room temperature. Finally, coverslips were 

washed once with PBS and dH2O, and mounted on slides with Prolong Diamond Anti-Fade 

(Catalog #P36970; Molecular Probes). 

Primary antibodies used: mCherry (1:250; Abcam #ab167453), GFP (1:100, Santa Cruz 

#B-2), Flag (1:500; CST #14793S), TRF1 (1:500; abcam #10579). Secondary antibodies used: 

Donkey anti-mouse Alexa488 (1:1000; 1Thermo Fisher Scientific #A21202), Goat anti-Rabbit 

Alexa-594 (1:1000; Thermo Fisher Scientific #A11012). 
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2.7.1.3 Quantification of protein colocalization at telomeres 

Images were acquired on the Nikon Ti inverted microscope with a 60X objective (1.4 NA) 

using a z stack of 0.2 μm. The exposure time of each channel was kept consistent throughout 

samples. Images were deconvoluted and analyzed using NIS Elements 5.2 advance research 

software.  

For the quantification of foci, the region of interest (ROI) tool was used to label the nuclei. 

Next, in the measurement tab, a separate binary layer was created for the repair protein foci and 

the telomere foci. The intersection tool was then used to identify the third binary layer, which 

corresponded to the colocalized foci. The intensity threshold for each channel was kept consistent 

throughout the samples. The foci counts were exported to Excel for analysis. The colocalized foci 

number was normalized to the telomere foci number of each nucleus to get the percent telomeres 

colocalized with the repair protein, which was reported. 

2.7.1.4 Proximity ligation assay 

10,000 cells were plated in each well of an 8-chambered tissue culture treated glass slide 

(Falcon, #354118). DDB2-mCherry and OGG1-GFP were transiently transfected for the 

experiments. 48 hours post transfection, cells were treated with dye plus light, and allowed to 

recover for indicated time periods.  

Cells were incubated with ice-cold CSK buffer for 2 minutes before fixing, permeabilizing 

and blocking as mentioned above. Primary antibodies were added to the cells and incubated 

overnight at 4 °C. Next day, probe incubation, ligation and amplification were performed using 

the Sigma-Aldrich PLA kit (#DUO92101) according to the manufacturer’s instructions.  
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Images were acquired on the Nikon Ti inverted microscope with a 60X objective (1.4 NA) 

using a z stack of 0.2 μm. Images were deconvoluted and analyzed using NIS Elements 5.2 

advance research software. PLA foci per nucleus was reported.  

 

2.7.2 Confocal imaging 

2.7.2.1 Telomere volume measurements 

U2OS-FAP-TRF1 cells were imaged on a Sweptfield confocal system with a 1.2 pinhole 

at 100x magnification and a 1.5x coupler using a z-stack of 0.13μm. RPE-FAP-TRF1 cells were 

imaged on the Nikon A1 confocal system using a 60x magnification, a pinhole of 1.2 and a z-stack 

of 0.1μm. All imaging conditions were kept consistent throughout samples. Images were 

deconvoluted using the Richardson Lucy method and the number and volumes of telomeres was 

analyzed using NIS Elements advance research GA3 software using a custom GA3 script. 

2.7.2.2 Local DNA damage induction using photosensitizer Ro 19-8022 

Cells were examined in normal culture medium and maintained at 37°C and 5% CO2 

within a large chamber included in the Leica TCS SP5 confocal microscope. Local DNA damage 

was induced in a sub-nuclear area with a diameter of 1.5μm as described before [73]. For the 

induction of direct single strand breaks (SSBs) a 405 nm laser-pulse was used. For the induction 

of oxidative DNA damage, cells were first incubated for 10 min with 50μM photosensitizer Ro 

19-8022 and micro-irradiated as described above. Resulting accumulation curves were corrected 

for background values and normalized to the relative fluorescence signal before local irradiation. 

Data are presented as mean ± SEM from at least three independent, pooled experiments.  
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2.8 Statistical analysis 

Statistical analysis was performed as indicated in figure legends. Means of two groups were 

compared using Student’s t test with a 95% confidence interval. Multiple comparisons were 

performed by one-way ANOVA or Two-way ANOVA with Sidak post-test. All the analyses were 

performed on GraphPad Prism (V8.2) software. 
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3.0 Results 

3.1 Loss of DDB2 leads to accumulation of endogenous 8-oxoG 

To determine if DDB2 is involved in 8-oxoG repair, we sought to investigate if there were 

unrepaired 8-oxoG lesions in the cell when DDB2 was knocked down. DDB2 and OGG1 were 

knocked down in U2OS-FAP-TRF1 cells and 8-oxoG levels were measured by 

immunofluorescence using an antibody that recognizes 8-oxoG in DNA, 48 hours post transfection 

with siRNAs (Figure 5A and B). There was a significant increase in endogenous 8-oxoG levels in 

the absence of DDB2 and OGG1, suggesting that DDB2 is involved in 8-oxoG processing in cells. 

It is to be noted that these cells are maintained at 5% O2, to minimize background levels of 

oxidative stress. 

To determine whether loss of DDB2 had long term effects on cell growth after oxidative 

damage we performed cell survival assays. We treated WT and DDB2 knockout (KO) cells (Figure 

5C) with KBrO3 before performing a colony formation assay. We found that cells deficient in 

DDB2 were more sensitive to oxidative DNA damage induced by KBrO3 (Figure 5D). Taken 

together, these results indicate that DDB2 plays a critical role in 8-oxoG processing within cellular 

DNA. 
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Figure 5: Loss of DDB2 leads to accumulation of 8-oxoG. 

A. U2OS-FAP-TRF1 cells were transfected with control, DDB2 or OGG1 siRNA and 8-oxoG signal was 

measured by immunofluorescence, 48 hours post transfection. B. Mean nuclear intensity of A. Data 

represents three experiments, mean ± SEM. C. Western blot and Immunofluorescence (after local UVC 

exposure through 2 µm PC membrane) for DDB2 in U2OS-FAP-TRF1 wildtype (WT) and DDB2 

knockout (KO) cells. D. Clonogenic cell survival curves in U2OS WT and DDB2 knockout (KO) cells 

treated with a range of concentrations of KBrO3. Data (D) shows one representative experiment 

(performed in triplicate), mean ± SD. One-way ANOVA (B) and two-way ANOVA (D) were performed 

for statistical analysis: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Scale: 5 µm. 
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3.2 Robust recruitment of DDB2 to telomeric 8-oxoG lesions 

Using the FAP chemoptogenetic system we previously showed that mCherry-tagged 

mouse DDB2 was recruited to 8-oxoG in human cells immediately after damage [109]. The 

recruitment of DDB2 preceded that of OGG1 suggesting that DDB2 may be the first responder in 

8-oxoG recognition. Here, we confirmed and extended these results using a human DDB2-

mCherry expressed in U2OS cells stably expressing FAP-TRF1 (U2OS-FAP-TRF1) and show that 

DDB2 is recruited to 8-oxoG after dye plus light treatment (Figure 6A, 6B). As a parallel approach, 

we visualized the fluorescence of mNeon-DDB2 without using antibodies or DDB2-Flag in U2OS-

FAP-TRF1 and RPE-hTERT cells stably expressing FAP-TRF1 (RPE-FAP-TRF1) and observed 

robust recruitment of DDB2 after dye plus light treatment (Figure 6C, 6D). These results directly 

demonstrate that DDB2 recruitment to telomeric 8-oxoG is not cell type dependent. Moreover, N-

terminal (mNeon-DDB2) or C-terminal tags (DDB2-mCherry, DDB2-Flag) result in similar 

recruitment frequencies (Figure 6C, 6D). In order to further validate that DDB2 is associated with 

telomeres after 8-oxoG damage, we utilized a proximity ligation assay (PLA) (Figure 6E, 6F, 6G). 

Antibodies against mCherry-tagged DDB2 and TRF1 were used and the PLA signal in untreated 

and dye plus light treated cells was examined. We observed a significant increase in PLA signal 

after dye plus light treatment (Figure 6H), indicating that DDB2 is recruited to telomeres after 8-

oxoG damage.  



 

41 

 

Figure 6: : Robust recruitment of DDB2 to telomeric 8-oxoG. 

A. Recruitment of DDB2-mCherry to 8-oxoG sites at telomeres in untreated, dye alone, light alone 

and dye plus light treated cells. B. Percentage telomeres colocalized with DDB2-mCherry in A. C. 
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Recruitment of mNeon-DDB2 at telomeres after dye (100 nM, 15 min) plus light (660 nm, 10 min) 

treatment in U2OS and RPE-hTERT cells. mCerulean and mNeon fluorescence was directly 

observed under the microscope. D. Recruitment of DDB2-Flag at telomeres after dye (100 nM, 15 

min) plus light (660 nm, 10 min) treatment in U2OS and RPE-hTERT cells. E. Schematic of the FAP-

TRF1 overexpression construct stably expressed in U2OS and RPE-hTERT cells. F. Schematic 

representation of proximity ligation assay (PLA). G. Antibodies against mCerulean (mCer3) and 

TRF1 were used as a positive control to validate the PLA conditions. H. Proximity ligation assay 

(PLA) for mCherry and TRF1 in untreated cells and cells treated with dye (100 nM, 15min) and light 

(660 nm, 10 min). Data represent mean ± SEM (B) or mean ± SD (C, D)  from two independent 

experiments. ‘n’ represents the number of cells scored for each condition. One-way ANOVA (B) and 

Student’s two-tailed t-test (C, D, G, H) were performed for statistical analysis: *p<0.05, **p<0.01, 

****p<0.0001, ns = not significant. Scale: 5 µm. 

3.3 XP-E K244E variant does not recognize 8-oxoG lesions and UV photoproducts. 

Mutations in DDB2 can cause xeroderma pigmentosum E (XP-E), a rare skin disorder 

characterized by extreme light sensitivity and increased risk of skin cancer [122]. We examined 

whether an XP-E variant K244E (Lys 244 to Glu) (Figure 7A) that is unable to bind specifically 

to UV-induced damage sites [85, 91] (Figure 7B) can recognize 8-oxoG lesions in cells. We 

visualized the accumulation of WT or K244E DDB2-Flag at telomeric 8-oxoG in U2OS-FAP-TRF1 

cells. Compared to WT, we observed a 2-fold reduction in DDB2 (K244E) binding to damaged 

telomeres (Figure 7C, 7D), suggesting that DDB2 uses a similar damage recognition mechanism 

for UV-induced photoproducts and 8-oxoG. Taken together, these results indicate that DDB2 plays 

a critical role in 8-oxoG recognition within cellular telomeric DNA. 
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Figure 7: Robust recruitment of WT DDB2, but not XP-E variant K244E, to UVC-induced DNA damage and 

telomeric 8-oxoG. 

A. Structure of DDB2 (dark red) bound to damaged (Purple) duplex DNA. Lysine 244 (pink) was mutated to 

glutamic acid (K244E). B. Immunofluorescence for DDB2-Flag (after local UVC exposure through 2µm PC 

membrane) in U2OS-FAP-TRF1 cells expressing WT or K244E variant of DDB2-Flag. C. Recruitment of 

DDB2-WT and DDB2-K244E to 8-oxoG sites at telomeres after dye plus light treatment. D. Percentage 

telomeres colocalized with DDB2-Flag in C. Data represents mean ± SEM. ‘n’ represents the number of cells 

scored for each condition. One-way ANOVA (D) was performed for statistical analysis: *p<0.05, 

****p<0.0001. Scale: 5µm. 
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3.4 DDB2 is required for efficient OGG1 recruitment to 8-oxoG. 

To evaluate the spatial and temporal association of DDB2 with OGG1 at sites of 8-oxoG 

damage, we employed PLA over a period of three hours after dye and light treatment. We observed 

a robust PLA signal from DDB2 and OGG1 immediately after dye and light treatment that 

decreased to background levels by three hours (Figure 8A, 8B). These results strongly support the 

concept that DDB2 and OGG1 transiently associate during processing of 8-oxoG. Biochemical 

and single-molecule results from our group have previously shown that UV-DDB stimulates the 

turnover of OGG1, and the two proteins transiently interact at abasic sites [109]. Strikingly, using 

IF we observed a higher accumulation of DDB2 at sites of damage in the absence of OGG1 at 30 

minutes post dye and light treatment (Figure 8C, 8D). By fitting these kinetic data to an exponential 

decay, we calculated an approximate 3-fold longer half-life (t1/2) of DDB2 in the absence of OGG1 

(Control siRNA = 30.65 min, OGG1 siRNA = 89.91 min). These data suggest that DDB2 continues 

to re-bind unrepaired lesions in the absence of OGG1.  

While the above-mentioned data suggest that DDB2 recruitment precedes OGG1, we 

wanted to examine whether DDB2 is absolutely required for OGG1 recruitment to 8-oxoG sites. 

To that end, we monitored the accumulation of OGG1 at damaged sites in the presence or absence 

of DDB2 (Figure 9B). Remarkably, when DDB2 was knocked down using siRNA, we observed a 

3-fold reduction in OGG1 accumulation at both 30 minutes and an hour after dye and light 

treatment (Figure 9A, 9C). Consistent with these results, complete knockout of DDB2 resulted in 

a significant reduction of OGG1 accumulation at early times and longer retention at later times 

(Figure 9D, 9E). Together, these results establish that DDB2 is required for rapid and efficient 

recruitment and turnover of OGG1 at 8-oxoG sites.  
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Figure 8: DDB2 is recruited to 8-oxoG in the absence of OGG1. 

A. DDB2-mCherry and OGG1-GFP associate at 8-oxoG sites as shown by PLA after dye (100 nM, 15 min) 

plus light (600 nm, 10 min) treatment, over a period of three hours. Antibodies against mCherry and GFP 

were used. B. Quantification of PLA. C. Accumulation of DDB2-mCherry at telomeric 8-oxoG post dye plus 

light treatment in U2OS-FAP-TRF1 cells transfected with control or OGG1 siRNA. D. Western blot for 

OGG1 expression in U2OS-FAP-TRF1 cells transfected with control or OGG1 siRNA, 48 hours post siRNA 

transfection. E. Percent telomeres colocalized with DDB2-mCherry as shown in C. Data represents mean ± 

SEM from two independent experiments. ‘n’ represents the number of cells scored for each condition. One-

way ANOVA: *p<0.05, **p<0.01, ****p<0.0001. Scale: 5 µm. 
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Figure 9:DDB2 is required for efficient OGG1 recruitment to 8-oxoG. 

A. Recruitment of OGG1-GFP at damaged telomeres in cells transfected with control or DDB2 siRNA. B. 

Western blot for DDB2 expression in U2OS-FAP-TRF1 cells transfected with control or DDB2 siRNA, 48 

hours post siRNA transfection. C. Percent telomeres colocalized with OGG1-GFP as shown in A. D. 

Recruitment of OGG1-GFP to damaged telomeres after dye plus light treatment in U2OS WT and DDB2 KO 

cells. E. Quantification of D. Data represents mean ± SEM from two independent experiments. ‘n’ represents 

the number of cells scored for each condition. One-way ANOVA: *p<0.05, **p<0.01, ****p<0.0001. Scale: 5 

µm. 
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3.5 DDB2 recruits XPC to telomeric 8-oxoG, while XPA recruitment is transcription-

coupled and independent of DDB2. 

In GG-NER, UV-DDB facilitates the recruitment of XPC [32], which binds to the non-

damaged strand and helps flip out the lesion on the opposite strand, facilitating the recruitment of 

the transcription factor TFIIH. Current models suggest that XPA is recruited simultaneously with 

TFIIH and is involved in both GG-NER and TC-NER [44]. To determine whether DDB2 mediates 

the recruitment of XPC and XPA to 8-oxoG, we examined the accumulation of GFP-tagged XPC 

or XPA over a period of three hours after dye plus light treatment. In WT cells, we observed both 

XPC and XPA are recruited to 8-oxoG within 30 minutes post dye plus light treatment (Figure 

10A-D, Appendix D.1, Figure 19A, 19B), confirming the involvement of these proteins in 8-oxoG 

repair [61, 68, 72, 74]. Interestingly, knocking out DDB2 decreased XPC accumulation 3-fold 

(Figure 10A, 10B). However, the recruitment of XPA to 8-oxoG damage was not affected even in 

the complete absence of DDB2 (Figure 10C, 10D). These data suggest that XPC is recruited 

downstream of DDB2. Contrary to XPC, XPA appears to be recruited in a DDB2-independent 

repair pathway.  

Spivak and colleagues have shown that cells lacking XPA were deficient in 8-oxoG repair 

in the transcribed strand [74]. To examine whether XPA is being recruited to sites of 8-oxoG 

damage through transcription-coupled repair (TCR) process, we pretreated cells with transcription 

inhibitors, α-amanitin and THZ1, and analyzed the accumulation of XPC or XPA 30 minutes after 

treating with dye plus light. As expected, we saw no difference in XPC recruitment at 8-oxoG sites 

(Figure 10E, 10F). Strikingly, we saw a 2-3-fold reduction in XPA accumulation in the presence 

of transcription inhibitors (Figure 10G, 10H) or when cells were transfected with CSB siRNA 

(Figure 11B, 11D), indicating that XPA participates in TCR of 8-oxoG. The presence of TCR at 
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8-oxoG sites is noteworthy because 8-oxoG itself lacks transcription-blocking capacity [123]. 

However, it has been shown that BER intermediates (abasic sites and/or single-strand breaks) can 

efficiently block transcription [123, 124]. Transcription of the C-rich strand ‘CCCTAA’ at 

telomeres by Pol II gives rise to a class of long noncoding RNAs containing telomeric repeats 

(TERRA) [125]. While studies suggest TERRA plays a role in regulating telomere function and 

homeostasis, its mechanism of action is largely unknown [126]. The FAP-TRF1 system damages 

the G-rich strand of telomeres containing the ‘TTAGGG’ repeat, which is the non-transcribed 

strand. Therefore, TCR of telomeric 8-oxoG is counterintuitive. We believe this could be due to 

two possible reasons: (1) It has been shown that single-strand nicks in the non-transcribed strand 

favors the formation of R-loops, which involves the transcribed strand and efficiently blocks 

transcription, needing the TCR machinery to be recruited [127-129]; (2) U2OS cells maintain their 

telomeres through the recombination-mediated alternative lengthening of telomeres (ALT) 

pathway. ALT cells contain a ‘TCAGGG’ variant repeat throughout the telomeres [130], therefore 

guanines are present in the complementary C-rich transcribed strand. The repair of this oxidized 

guanine might require TCR. To test these two possibilities, recruitment of TCR proteins should be 

measured in ALT-negative cell lines. 
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Figure 10: DDB2 and OGG1 recruit XPC to telomeric 8-oxoG, while XPA recruitment is transcription-

coupled and independent of DDB2. 

A and C. Representative images showing recruitment of GFP-XPC (A) or GFP-XPA (C) to 8-oxoG at 

telomeres after dye (100 nM, 15 min) and light (600 nm, 10 min) treatment in U2OS WT and DDB2 KO cells, 

30 minutes post treatment. B and D. Percentage telomeres colocalized with GFP-XPC (B) or GFP-XPA (D) 

after treatment, over a period of three hours. E and G. Representative images of GFP-XPC (E) or GFP-XPA 

(G) accumulation at damaged telomeres 30 minutes after dye plus treatment in cells pre-treated with 

transcription inhibitors α-amanitin and THZ1. F and H. Quantification of E (F) and G (H). I and J. 



 

50 

Colocalization of GFP-XPC with telomeres after dye plus light treatment in cells transfected with control or 

OGG1 siRNA. K and L. Colocalization of GFP-XPA with telomeres after dye plus light treatment in U2OS-

FAP-TRF1 cells transfected with control or OGG1 siRNA. Data represents mean ± SEM from two 

independent experiments. ‘n’ represents the number of cells scored for each condition. One-way ANOVA (B, 

D, F, J) and Student’s two-tailed t-test (J, L): **p<0.01; ***p<0.001; ****p<0.0001. Scale: 5 µm. 

 

As mentioned earlier, Pol II stalls at BER intermediates, and formation of BER 

intermediates requires the action of OGG1 and/or APE1. To test whether XPA recruitment 

depends on OGG1-mediated processing of 8-oxoG, we knocked down OGG1 using siRNA (Figure 

9A). We found that recruitment of XPA was decreased ~5-fold in the absence of OGG1 (Figure 

10K, 10L). However, in OGG1 KD cells, XPC was still recruited to sites of 8-oxoG, although 

there was a slight 25% reduction (Figure 10I, 10J). Furthermore, OGG1 recruitment to telomeres 

was not dependent on XPC (Figure 11A, 11C). It is possible that XPC stabilization at 8-oxoG 

requires timely dissociation of DDB2 and subsequent recruitment of OGG1, similarly to our recent 

observation that timely dissociation of DDB2 and recruitment of the downstream GG-NER factor 

TFIIH stabilizes XPC binding to UV damage [101]. Moreover, it has been shown that XPC can 

stimulate OGG1 activity on 8-oxoG-containing duplex oligonucleotide by 3-fold [61]. In 

summary, our results indicate that 8-oxoG is processed at telomeres through two separate and 

distinct pathways: (1) a global repair pathway, involving GG-NER proteins, where DDB2 and 

XPC work together to enable OGG1 recruitment to 8-oxoG, and (2) a transcription-coupled repair 

pathway involving XPA, that is initiated when repair intermediates interfere with transcription.  
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Figure 11: OGG1 is required for XPC and XPA accumulation during processing of 8-oxoG. 

A. Western blot showing XPC levels in cells treated with control or XPC siRNA, 48 hours post transfection. 

B. Western blot showing CSB levels in cells treated with control or CSB siRNA, 48 hours post transfection. C. 

Colocalization of OGG1-GFP with telomeres after dye plus light treatment in U2OS-FAP-TRF1 cells 

transfected with control or XPC siRNA. D. Colocalization of GFP-XPA with telomeres after dye plus light 

treatment in cells transfected with control, CSB or CSB and OGG1 siRNA. Data represents mean ± SEM 

from two independent experiments. ‘n’ represents the number of cells scored for each condition. Student’s 

two-tailed t-test (C) and One-way ANOVA (D): **p<0.01; ***p<0.001; ****p<0.0001. Scale: 5 µm. 
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3.6 DDB2 binds sparse telomeric 8-oxoG lesions independently of the DDB1-CUL4A-RBX1 

E3 ligase. 

DDB2 was discovered as part of a heterodimeric complex, UV-DDB, consisting of DDB2 

itself and the larger subunit DDB1 [131]. UV-DDB forms a larger complex with the CUL4A-

RBX1 ubiquitin E3 ligase (CRLDDB2) and binds to UV damage to ubiquitylate histones and allow 

for chromatin relaxation and subsequent accessibility to downstream repair proteins, including 

XPC [110]. Interestingly, longer retention of UV-DDB at the damage site, either due to high 

affinity to the lesion or high lesion density, can obstruct downstream repair [101]. Therefore, 

timely removal of DDB2 is necessary for efficient repair. The CRLDDB2 E3 ligase complex can 

auto-polyubiquitylate DDB2 to allow for its extraction from chromatin by the Valosin-containing 

Protein (VCP)/p97 Segregase and subsequent degradation by the 26S proteosome [101]. Other 

studies have shown that DDB2, in the absence of other factors, can cause chromatin decompaction 

and together with ATP-dependent chromatin remodelers, alter the nucleosome structure around 

photoproducts after UV damage [104, 107, 117].   

To evaluate the role of the CRLDDB2 complex in 8-oxoG repair, we measured the 

accumulation of DDB2 after siRNA-mediated depletion of DDB1 or CUL4A (Figure 13A, 13B). 

We found that DDB2 binds to relatively sparse 8-oxoG sites (1-2 per telomere [114]) even in the 

absence of CRL (Figure 12A, 12B). To assess whether DDB2 dissociation from the damage site 

required the ubiquitylation action of DDB1 or CUL4A, we quantified the colocalization of DDB2-

mCherry with GFP tagged DDB1 or CUL4A at 8-oxoG sites (Figure 12C-F). We observed that 

DDB2 rapidly accumulated at sites of damage and dissociated by 30 minutes. On the other hand, 

we saw a significant accumulation of both DDB1 and CUL4A by 30 minutes. However, very little 

colocalization (< 3%) was observed between DDB2 and DDB1 or CUL4A. Moreover, recruitment 
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of DDB1 and CUL4A at 30 minutes was independent of DDB2 (Figure 13C and 13D). It is possible 

that the significant recruitment of DDB1 or CUL4A at 30 minutes post damage is due to TCR at 

repair sites, since DDB1 and CUL4A also associate with CSA (CRLCSA) during TC-NER to 

ubiquitylate CSB [132]. Ubiquitylation and degradation of CSB has been shown to be 

indispensable for post TC-NER recovery of RNA synthesis [132, 133].  

The absence of colocalization between DDB2 and DDB1 or CUL4A could be due to low 

8-oxoG density or differences in the repair of lesions in telomeres versus the bulk genome, since 

targeted damage to telomeric DNA only represents 0.02% of the genome. Therefore, much lower 

damage is being introduced after dye and light treatment as compared to studies that have used 

high doses (10-60 J/m2) of UVC to damage the entire genome. Additionally, the binding affinity 

of UV-DDB to 8-oxoG is ~5-fold lower than to CPDs [109], decreasing its retention time on the 

lesion, thus potentially eliminating the necessity for CRL mediated ubiquitylation and degradation. 

To that end, we looked at the total cellular DDB2 amounts in cells after dye plus light treatment. 

As expected, we saw no significant degradation of DDB2 after dye and light treatment 

(100mW/cm2, 10 or 20 minutes) or KBrO3 treatment (40mM, 1hour), but we saw as much as a 4-

fold decrease in DDB2 levels 4 hours after global UV damage (60J/m2) (Figure 12G).  

We recently demonstrated that DDB2 dissociation from UV damage is stimulated by 

recruitment of the downstream protein complex TFIIH, and longer retention on the damage site 

leads to CRLDDB2 mediated DDB2 polyubiquitylation and degradation [101]. We therefore 

examined whether DDB2 and CUL4A colocalize at 8-oxoG sites in the absence of the downstream 

protein OGG1, 30 minutes post dye plus light treatment. Compared to WT cells, we observed a 

2.5-fold increase in DDB2 and CUL4A colocalization at damaged telomeres when OGG1 was 

knocked down (Figure 12H, 12I). As shown earlier (Figure 10K, 10L), XPA is not recruited to 
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telomeric 8-oxoG in the absence of OGG1, suggesting that 8-oxoG processing by OGG1 is 

required to form transcription blocking intermediates. To confirm that the CUL4A recruitment 

seen in OGG1 KD cells is not due to TCR, we treated OGG1 KD cells with α-amanitin and 

observed no effect on CUL4A recruitment (Figure 13E). Moreover, while CUL4A accumulation 

at damaged telomeres is significantly reduced in the absence of CSB, when both CSB and OGG1 

is knocked down, an increase in CUL4A colocalization with telomeres is observed (Figure 13F), 

suggesting that in the absence of OGG1, CUL4A is required for DDB2 dissociation from telomeric 

8-oxoG. In total, these results indicate that at lower lesion densities and when OGG1 is present, 

DDB2 dissociation from 8-oxoG may not require CRLDDB2 activity.  
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Figure 12: DDB2 binds sparse telomeric 8-oxoG independently of the DDB1-CUL4A-RBX1 E3 ligase. 

A. Representative images showing recruitment of DDB2-mCherry to telomeric 8-oxoG sites in cells 

transfected with control, DDB1 or CUL4A siRNA. B. Quantification of A. C and E. DDB2-mCherry 

and GFP-DDB1 (C) or DDB2-mCherry and GFP-CUL4A (E) accumulation at 8-oxoG sites after dye 
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(100 nM, 15 min) plus light (600 nm, 10 min) treatment. D and F. Quantification of C and E 

respectively. G. Western blot for DDB2 in U2OS-FAP-TRF1 cells treated with UVC, potassium 

bromate (KBrO3) or dye plus light at indicated doses. Independent experiments are represented by 

black circles. H. Colocalization of DDB2-mCherry and GFP-CUL4A at damaged telomeres in U2OS-

FAP-TRF1 cells transfected with control or OGG1 siRNA. I. Quantification of H. Data represents 

mean ± SEM from two independent experiments. ‘n’ represents the number of cells scored for each 

condition. One-way ANOVA (B), Student’s two-tailed t-test (I) was performed for statistical analysis: 

*p<0.05, ***p<0.001, ns = not significant. Scale: 5 µm. 
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Figure 13: The DDB1-CUL4A-RBX complex is required for transcription-coupled repair of 8-oxoG. 

A. Western blot for DDB1 and D. CUL4A in cells treated with DDB1 or CUL4A siRNA. C. GFP-DDB1 and 

D. GFP-CUL4A recruitment to 8-oxoG sites after dye (100 nM, 15 min) plus light (600 nm, 10 min) treatment 

in WT and DDB2 KO cells. E. Accumulation of GFP-CUL4A at damaged telomeres in U2OS-FAP-TRF1 cells 

transfected with control or OGG1 siRNA and pre-treated with transcription inhibitors α-amanitin. F. 

Percent telomeres colocalized with GFP-CUL4A in cells transfected with control, CSB or CSB and OGG1 

siRNA. Data represents mean ± SEM from one (C, D) or three (E, F) independent experiments. ‘n’ represents 

the number of cells scored for each condition. One-way ANOVA: **p<0.01, ***p<0.001, ****p<0.0001. 
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3.7 DDB2 stimulates OGG1 recruitment to densely clustered 8-oxoG sites 

As shown in Figure 12H and 12I, persistent binding of DDB2 to unrepaired 8-oxoG lesions 

results in the recruitment of the CRL complex. To validate DDB2’s role in 8-oxoG recognition at 

higher lesion densities at non-telomeric sequences, we employed an independent approach using 

a photosensitizer (Ro 19-8022) in combination with 405 nm laser pulse [72, 73] to locally induce 

8-oxoG lesions at high density in specific sub-nuclear regions. We employed real-time live-cell 

imaging in three different cell lines stably expressing GFP-DDB2 or OGG1-GFP and observed 

rapid recruitment (within a minute) of both DDB2 and OGG1 at 8-oxoG sites (Figure 14A, 14B). 

The recruitment of DDB2 or OGG1 was not observed when only single-strand breaks were 

introduced (Figure 15A, 15B).  

In undamaged cells, the CRLDDB2 complex is bound by the COP9 signalosome [134], 

which renders it inactive. Following UV damage, neddylation of CUL4A by NEDD8 makes 

CRLDDB2 an active ubiquitin ligase. We used two different inhibitors to study this process: 1) 

NAEi, which inhibits neddylation keeping CRLDDB2 inactive, and 2) CSN5i, which prevents 

deneddylation and keeps CRLDDB2 hyperactive causing continual ubiquitylation and subsequent 

degradation of DDB2, even in the absence of UV damage (Figure 14C and 14F). These inhibitors 

seem to be specific to CRLDDB2 as CSA levels were unaffected. Using the NEDD8 inhibitor 

(NAEi) and keeping UV-DDB inactive significantly reduced OGG1 accumulation (Figure 14D 

and 14E). Furthermore, when DDB2 is greatly depleted by the action of CSN5i, we observed a 

significant reduction of OGG1 recruitment to 8-oxoG sites (Figure 14D and 14E). Taken together 

these data suggest that DDB2 helps facilitate OGG1 recruitment to 8-oxoG sites irrespective of 

the genomic location. Moreover, either blocking CRLDDB2 or ubiquitylating and degrading DDB2 



 

59 

reduces OGG1 recruitment to 8-oxoG, indicating the involvement of CRLDDB2 during 8-oxoG 

repair when these lesions are at high densities in genomic DNA.   

 

 

Figure 14: DDB2 stimulates OGG1 recruitment to densely clustered 8-oxoG sites. 
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A. Representative time-lapse pictures of OGG1-GFP and GFP-DDB2 accumulation at micro-irradiated (405 

nm laser) sub-nuclear area, indicated by arrows, in the presence of 50μM Ro 19-8022 photosensitizer. B. 

Quantification of accumulation kinetics of OGG1-GFP and GFP-DDB2 (as shown in A). C. Schematic 

overview of the molecular interactions of DDB2 within the CUL4A-DDB1-RBX1 E3 ubiquitin ligase complex 

(CRL), which is required for the successive molecular interactions by ubiquitylation and subsequent DNA 

repair. The activation of CRL is mediated by covalent attachment of the ubiquitin-like activator NEDD8 on 

CUL4A and its proteolytic removal leads to the deactivation of ubiquitin ligase function. These crucial events 

can be fine-tuned by specific inhibitors MLN4924 (NAE1i) and SB-58-SN29 (CSN5i), acting on NEDD8-

activating enzyme NAE1 and CSN5 respectively. D. Representative time-lapse pictures of OGG1-GFP 

accumulation at micro-irradiated (405 nm laser) sub-nuclear area, indicated by arrows, in the presence of 

10μM Ro 19-8022 photosensitizer. Cells were pre-treated with DMSO (CTR), NEDDylation inhibitor (NAE1i) 

or de-NEDDylation inhibitor (CSN5i) for 1.5 hours. E. Quantification of accumulation kinetics of OGG1-GFP 

(as shown in D). F. Immunoblot analysis for DDB2, CUL4A, CSA and AQR (loading control) in MRC-5 

expressing OGG1-GFP. Cells were treated with inhibitors as indicated in D. These data were generated by 

Arjan F. Theil from Department of Molecular Genetics, Oncode Institute, Erasmus MC, University Medical 

Center Rotterdam, Dr. Molewaterplein 40, 3015 GD, Rotterdam, The Netherlands 
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Figure 15: OGG1-GFP and GFP-DDB2 do not accumulate at SSBs. 

A. Representative time-lapse pictures of XRCC1-YFP, OGG1-GFP and GFP-DDB2 accumulation at micro-

irradiated (405 nm laser) sub-nuclear area, indicated by arrows. B. Quantification of accumulation kinetics of 

XRCC1-YFP, OGG1-GFP and GFP-DDB2 (as shown in A). C. Representative time-lapse pictures of XRCC1-

YFP and OGG1-GFP accumulation at micro-irradiated (405 nm laser) sub-nuclear area, indicated by 

arrows. Cells were pre-treated with DMSO (CTR), neddylation inhibitor (NEDDi) or de-neddylation 

inhibitor (deNEDDi) for 1.5 hours. D. Quantification of accumulation kinetics of XRCC1-YFP and OGG1-

GFP (as shown in C). These data were generated by Arjan F. Theil from Department of Molecular Genetics, 

Oncode Institute, Erasmus MC, University Medical Center Rotterdam, Dr. Molewaterplein 40, 3015 GD, 

Rotterdam, The Netherlands 
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3.8 DDB2 mediates chromatin decompaction at sites of telomeric 8-oxoG. 

Intriguingly, we observed a gradual expansion of GFP-DDB2 and OGG1-GFP repair 

proteins at local 8-oxoG damaged sites after treatment with Ro 19-8022 and 405 nm light (Figure 

14A). As mentioned earlier, previous studies have shown a role for DDB2 in chromatin 

decompaction [104, 107]. Moreover, in these studies, DDB2 was tethered to a Lac repressor 

(LacR) and expressed in cells containing Lac operator (LacO) sites. Binding of DDB2-LacR to the 

LacO led to an expansion of the LacO area, suggesting that binding of DDB2 is necessary and 

sufficient for decompaction of chromatin. Based on these previous findings and our data, we asked 

whether binding of DDB2 to 8-oxoG lesions at telomeres impacted the local chromatin structure.  

To address whether DDB2 binding to telomeric DNA causes telomere expansion, 8-oxoG 

was induced at telomeres and telomere 3D volumes in WT cells were measured using confocal 

imaging (Figure 16A, Figure 20B, 20D). These results indicated that the telomeric chromatin 

relaxes after 8-oxoG damage. Interestingly, this increase in telomere volumes was not observed 

when DDB2 was knocked out (Figure 16B, Figure 20B, 20D), indicating that DDB2 plays a critical 

role in local chromatin unfolding at the sites of 8-oxoG damage. U2OS cells maintain their 

telomeres through the alternative lengthening of telomeres (ALT) pathway, which is characterized 

by a heterogenous telomere length and telomere clustering after double-stranded breaks [135]. To 

verify that the apparent telomere expansion we observed was not a result of ALT-associated 

telomere clustering, we measured the telomere volumes in a telomerase positive cell line, RPE-

FAP-TRF1. We observed a significant increase in telomere volume in WT cells, but not in DDB2 

KO cells (Figure 16C, 16D, Figure 20A, 20C, 20E). These data clearly demonstrate that DDB2 

binds to 8-oxoG sites in the chromatin and mediates a local chromatin restructuring to allow 

downstream proteins to access the lesion. As DDB2 has no known chromatin remodeling activity, 
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whether this decompaction is a direct result of DDB2 binding or through the recruitment of other 

chromatin remodelers remains to be investigated. 

 

 

Figure 16: DDB2 mediates chromatin decompaction at sites of telomeric 8-oxoG. 

A and B. Distribution of the largest 20% telomeres in untreated and dye plus light treated U2OS-FAP-TRF1 

WT and DDB2 KO cells. Cells were fixed 30 minutes post treatment. C. and D. Distribution of the largest 

20% telomeres in untreated and dye plus light treated RPE-FAP-TRF1 WT and DDB2 KO cells. Cells were 

fixed 30 minutes post treatment. 
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4.0 Discussion 

In this study we used two complementary tools to introduce 8-oxoG sites at telomeric or 

local sub-nuclear regions and provided direct evidence for the involvement of several NER 

proteins in 8-oxoG processing. We show that the GG-NER protein DDB2 initiates 8-oxoG 

processing in chromatin immediately after damage is introduced. Furthermore, we observe that 

recruitment of XPC to 8-oxoG is facilitated by DDB2, suggesting that both UV-DDB and XPC 

act as early recognition factors in the repair of 8-oxoG. Strikingly, DDB2 knockdown by siRNA 

showed almost a complete inhibition of OGG1 recruitment at telomeres (Figure 8F). Similarly, at 

locally induced 8-oxoG damage sites, a strong reduction of DDB2 by the COP9 signalosome 

deneddylation inhibitor, CSNi, which keeps the E3 ligase CRLDDB2 in a hyperactive state, led to a 

decrease in OGG1 recruitment (Figure 14E). XPA was also found to be recruited to sites of 8-

oxoG damage at telomeres, and this recruitment is dependent upon OGG1 and transcription. We 

also found that in the absence of OGG1 or at high lesion density, UV-DDB was associated with 

CUL4A. Finally, we observed evidence for chromatin decompaction at 8-oxoG sites which was 

dependent upon DBB2.  

4.1 Longer retention of DDB2 at unrepaired 8-oxoG lesions requires CRLDDB2 mediated 

DDB2 dissociation. 

UV-DDB, as part of the CRLDDB2 complex, helps modify chromatin at sites of UV damage 

by ubiquitylating histones H2A, H3 and H4, and aids downstream NER [44]. Moreover, if UV-
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DDB remains bound to the lesion, CRLDDB2 auto-polyubiquitylates DDB2 to allow for its 

dissociation and degradation. When 8-oxoG was produced at low density (1-2 per telomere) we 

found that recruitment and dissociation of DDB2 to 8-oxoG sites is independent of the CRLDDB2 

complex. We speculate that at low 8-oxoG density in telomeric DNA, DDB2 binding is transient, 

so DDB2 can dissociate without degradation. Indeed, when we introduced a higher lesion density 

using the photosensitizer (Ro 19-8022) plus 405 nm laser illumination, we observed that OGG1 is 

not recruited effectively when CRLDDB2 is inhibited. Recruitment of downstream NER proteins, 

such as TFIIH, can facilitate the dissociation of DDB2 from UV lesions [101]. Consistent with 

these findings, we saw a significant increase in DDB2 and CUL4A accumulation at telomeric 8-

oxoG sites in the absence of OGG1, indicating that lesion density and location dictate whether 

DDB2 alone or in complex with DDB1-CUL4A-RBX are necessary for efficient OGG1 

recruitment.  Future experiments will focus on determining whether DDB2 dissociation in OGG1 

KD cells is facilitated by CRLDDB2 mediated DDB2 polyubiquitylation, subsequent action of VCP 

to extract ubiquitylated DDB2 from chromatin, and finally degradation by the 26S proteosome.  

4.2 XPC and XPA participate in 8-oxoG processing through two independent sub-

pathways. 

Surprisingly, we observed both XPC and XPA recruitment to 8-oxoG. XPC recruitment 

was dependent upon DDB2. Why might XPC be recruited to sites of 8-oxoG processing, as these 

lesions are not expected to be processed by GG-NER? Biochemical experiments with purified 

XPC and OGG1 revealed that XPC can help turnover OGG1 at product inhibited abasic sites [61]. 

We have also shown with biochemical and single-molecule approaches that UV-DDB plays a 
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similar role [109]. Furthermore, it was recently shown that repair of oxidative DNA damage was 

slower in XP-C cells compared to normal fibroblasts [136]. Future studies will be necessary to 

show that these XPC and UV-DDB can work together to improve OGG1 access to damage and 

help turnover OGG1 during 8-oxoG processing, thereby stimulating the processing of 8-oxoG. 

Our present study also clearly demonstrates that XPA recruitment is mediated through 

transcription-coupled repair. Previous studies have shown contrasting evidence for XPA’s role in 

8-oxoG repair [61, 72, 74], which could have been due to differences in experimental techniques 

and conditions. Here, we show that XPA is recruited to telomeric 8-oxoG as part of a transcription-

coupled pathway when processing of 8-oxoG by OGG1 leads to transcription-blocking 

intermediates. Furthermore, we also observed TCR-linked recruitment of DDB1 and CUL4A 

suggesting an involvement of the CRLCSA complex in TCR of 8-oxoG. Future work will be 

necessary to determine if TC-NER recognition proteins, CSA and CSB, are recruited to actively 

transcribed regions at telomeric 8-oxoG to further define the interplay between GG-NER and TCR 

with BER.   

4.3 Chromatin structure defines the critical players required for 8-oxoG processing. 

Chromatin structure can drastically affect the amount of oxidative DNA damage and repair 

in cells [137, 138]. Specifically, it has been shown that heterochromatic regions are more 

susceptible to 8-oxoG damage [137], although this could be due to inefficient accumulation of 

BER proteins at heterochromatin compared to euchromatic regions [138]. Therefore, repair at 

heterochromatin may require additional factors including NER proteins. In this study, we observed 

a higher degree of DDB2 dependency on the recruitment of OGG1 when damage was introduced 
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at telomeric chromatin versus at sub-nuclear genomic regions (Figure 8F, 14E), suggesting that 

chromatin structure and lesion density play a key role in repair kinetics. Recent studies have 

established a chromatin decompaction role for DDB2 at sites of UV damage [90, 104, 107]. We 

demonstrate that when bound to 8-oxoG lesions, DDB2 facilitates chromatin expansion at sites of 

damage, as measured by increase in telomere volume. While DDB2 has been shown to lead to 

chromatin decompaction [107], it does not have any known chromatin remodeling properties.  We 

therefore propose that DDB2 may mediate the change in chromatin state by recruiting other factors 

like chromatin remodelers. Chromatin remodelers and histone chaperones, such as RSC and 

FACT, have been shown to be involved in 8-oxoG repair [52]. Our DDB2 KO studies suggest that 

continued cellular absence of DDB2 activates compensatory pathways that facilitate less efficient 

recognition of 8-oxoG by OGG1. Future experiments are required to identify these additional 

factors. Furthermore, it is possible that DDB2 is required for 8-oxoG recognition in regions that 

are challenging for OGG1 to access. To that end, Thoma and colleagues have shown that UV-

DDB can bind a lesion embedded in the nucleosome and even change the register of an occluded 

region by as much as 3 base pairs [90], suggesting a “pioneering repair factor” function for UV-

DDB.   

In NER, DDB2 is regulated by several post-translational modifications, including 

ubiquitylation, PARylation and SUMOylation [110]. For example, it has been suggested that 

PARP1 mediated poly-ADP-ribosylation (PARylation) of DDB2 and subsequent recruitment of 

SWI/SNF chromatin remodeler, ALC1, facilitates repair of UV damage [117].  PARP1 also plays 

an important role downstream in BER by accumulating at BER intermediates (abasic sites/ single-

strand breaks) and recruiting repair factors, XRCC1 and Pol β. More recently, ALC1 has also been 



 

69 

shown to be required for BER [139, 140]. To that end, it would be of importance to study the 

crosstalk between DDB2 and PARP1 at 8-oxoG sites undergoing repair.  

4.4 Working model 

In summary, our data support a fundamentally new model for how 8-oxoG lesions are 

processed at telomeres and other genomic regions, which consists of DDB2-dependent and -

independent pathways (Figure 18). We propose that DDB2, alone at telomeres and as a CRLDDB2 

E3 ligase in other genomic regions, binds 8-oxoG damage and facilitates local chromatin 

decompaction, stimulating damage recognition by XPC and OGG1. In contrast, if damage occurs 

in actively transcribed regions, where the chromatin structure is more relaxed, OGG1 may 

recognize damage independent of DDB2. Binding of OGG1 or processing of 8-oxoG by OGG1 

and/or APE1 can stall Pol II, blocking transcription and requiring the recruitment of TC-NER 

proteins, including XPA. When the lesion density is high, re-binding of DDB2 to unrepaired 

lesions can inhibit downstream repair, requiring CRLDDB2 mediated ubiquitylation and degradation 

of DDB2. Our study establishes a mechanistic role for NER proteins DDB2, XPC and XPA in 8-

oxoG processing. It remains to be investigated whether involvement of DDB2 and XPC in 8-oxoG 

repair is specific to heterochromatic and more condensed genomic regions that are tightly bound 

by nucleosomes, and thus in the absence of these GG-NER proteins would not efficiently be 

recognized by OGG1. We propose that repair of 8-oxoG in heterochromatic DNA requires 

additional factors as these regions are inaccessible to BER. Furthermore, persistent damage at 

heterochromatin can alter the chromatin structure and make cells for susceptible to genomic 

instability [141].  



 

70 

 

Figure 17: Unified working model: role of NER proteins in 8-oxoguanine repair. 

Treatment of cells expressing FAP-TRF1 with dye (100 nM, 15 min) plus light (660 nm, 10 min) introduces 8-

oxoG lesions at telomeres. In the DDB2-dependent repair pathway, DDB2 recognizes 8-oxoG lesions and 

facilitates chromatin relaxation through chromatin decompaction allowing the recruitment of XPC and 

OGG1 to the damage site. OGG1 recruitment facilitates the dissociation of DDB2. In the absence of 

downstream repair, DDB2 is retained longer at 8-oxoG sites requiring DDB1-CUL4A-RBX1 (CRL) mediated 

DDB2 dissociation.  At actively transcribed strands, OGG1 can access the lesion independent of DDB2. 8-

oxoG processing can lead to toxic BER intermediates that can act as a transcription block. Transcription-

coupled repair (TCR) proteins, including XPA, participate in the repair of these BER intermediates. 
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4.5 Limitations of the study 

One of the challenges in this study was the low lesion density introduced by the FAP system 

at telomeres (~1-2 8-oxoG/ telomere). To introduce a higher lesion density, we utilized an 

independent approach using a photosensitizer (Ro 19-8022) in combination with 405 nm laser 

pulse, which predominantly introduces 8-oxoG [72, 73]. An alternate approach using the FAP 

system would be to fuse the FAP protein to a more abundant DNA binding protein, for example 

histones. We have now established a cell line (U2OS-H2B-FAP), where the FAP is fused to histone 

H2B. This system can be employed for targeted generation of 8-oxoG at higher densities and can 

be used for live-cell imaging to study protein dynamics on oxidative DNA damage. 

The second limitation is the transient overexpression of repair proteins, which could have 

changed the protein association and dissociation kinetics in the cell. To overcome this, future 

studies could be performed in cell lines selected for stable and low expression of tagged repair 

proteins or cell lines with endogenously tagged repair proteins.  

4.5.1 Measuring 8-oxoG lesion density 

Lesion density can be defined as the number of 8-oxoG lesion per million bases and can 

be measured using Comet assay, LC/MS or  HPLC (see Appendix E, Table 1) [10]. 

Another method for measuring lesion density is to treat cellular DNA with 8-oxoG 

processing enzymes such as Formamidopyrimidine DNA Glycosylase (Fpg) or OGG1 and APE1. 

Briefly, cells can be treated with increasing amounts of dye and light to introduce different lesion 

densities. DNA extracted from these cells can be subjected to treatment with Fpg. Fpg is a 

bifunctional DNA glycosylase with DNA N-glycosylase and AP lyase activities. The glycosylase 
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activity will help remove the damaged base leaving an abasic site. The AP lyase activity cleaves 

the AP site, via β and δ-elimination, creating a 1 nucleotide DNA gap. Further treatment with S1 

nuclease will convert the single nucleotide gaps to double stranded breaks in the DNA which can 

be visualized by gel electrophoresis. Damaged DNA will run faster than undamaged DNA and the 

distance run on the gel can be used to calculate the lesion frequency [142, 143]: 

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑚𝑒𝑎𝑛 𝐷𝑁𝐴 𝑙𝑒𝑛𝑔𝑡ℎ (𝑀𝐷𝐿) =  𝛴 (𝑀𝑊𝑖 𝑥 𝐼𝑖) / 𝛴(𝐼𝑖) 

MWi: length of the DNA at each row (kb); Ii: integrated volume at each row 

𝐿𝑒𝑠𝑖𝑜𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =  (𝑀𝐷𝐿 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 /𝑀𝐷𝐿 𝑡𝑟𝑒𝑎𝑡𝑒𝑑)  − 1 

Fold change =  Frequency in experimental sample/ Frequency in control sample 
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5.0 Outlook 

This thesis establishes a mechanistic role of three NER proteins, UV-DDB, XPC, and XPA 

in the processing of 8-oxoG through two distinct pathways involving global genomic and 

transcription-coupled mechanisms. While these data answer several questions in the field, they 

also provide many new future directions that would provide more insights into the synergistic role 

DNA repair pathways play in 8-oxoG repair.  

5.1 UV-DDB mediated regulation of chromatin structure at 8-oxoG: 

5.1.1 How does UV-DDB help in chromatin decompaction at 8-oxoG sites? 

As discussed in section 3.8, DDB2 binding to telomeric 8-oxoG leads to local chromatin 

decompaction as measured by the increase in telomere volume. Previous studies have shown that 

DDB2 binding to UV damage is sufficient to cause histone rearrangements [104, 107]. 

Furthermore, absence of DDB2 abrogated the chromatin unfolding at these damage sites. 

Therefore, it would be interesting to understand how the histone dynamics change in the presence 

of 8-oxoG. This can be done by tagging histones with a fluorescent tag (Halo- or SNAP-) and 

using live-cell imaging to monitor changes in fluorescence after damage. Halo- and SNAP- tags 

are self-labelling proteins (SLP), that can be fused to a protein of interest (POI) [144]. Most often, 

SLPs are engineered version of enzymes that react covalently with a fluorescent substrate. 

Depending on the concentration of substrate added, a stable bond between the SLP and substrate 
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will be formed, and the POI is labelled as desired. Using cells stably expressing halo- or SNAP-

tagged H3.3, localized 8-oxoG can be generated in the H2B-FAP cell line using a 660nm laser and 

H3.3 fluorescence can be measured. A decrease in fluorescence will suggest mobility of histones 

and chromatin opening. If UV-DDB is involved in regulating the chromatin dynamics at 8-oxoG 

sites, there would be no reduction in H3.3 fluorescence observed at the damage site in the absence 

of the protein.  

Since UV-DDB does not have an ATPase or histone binding domain, it is more likely that 

it works with other factors that directly affect the chromatin dynamics, such as chromatin 

remodelers and histone chaperones. Previous studies show the involvement of ATP-dependent 

chromatin remodelers (ACRs) in NER as well as BER (Table 1) [57, 117, 145-153], although no 

direct evidence has been shown that ACRs are recruited to the sites of 8-oxoG lesions. Most studies 

so far have used RNAi knockdown of ACR complexes to examine the effect on BER [154], but 

interpretation of these data can be complicated as defects in ACRs can affect other global cellular 

processes like transcription, which, in turn, can impact BER activity. Additionally, the study of 

BER in cells is hampered due to the inability to induce purely 8-oxoG lesions in the cells without 

other DNA lesions [113].  The FAP system presents advantageous and can be used to identify 

chromatin remodelers recruited to 8-oxoG. 

First, to explore chromatin remodelers and histone chaperones being recruited after 

damage, an unbiased proteomics approach that can be used is the proximity-based biotin ligase 

(BirA), that biotinylates nearby proteins within ~10nm [155]. The biotinylated proteins can then 

be pulled down by streptavidin beads and subjected to mass spectrometry and western blot 

analysis. Fusing BirA to DDB2 would help determine the remodelers being recruited by DDB2 to 

8-oxoG.  
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Second, the chromatin remodelers identified by the proteomics approach could be validated 

by western blots and immunofluorescence after dye plus light treatment in DDB2 proficient and 

deficient cell lines. Finally, an effect on oxidative DNA damage repair could be determined by 

knocking down the chromatin remodelers and measuring the repair of 8-oxoG as well the 

sensitivity of cells to oxidizing agents.  

5.1.2 Is UV-DDB regulated by post-translational modifications (PTMs) in the presence of 8-

oxoG? 

UV-DDB is modified on several residues by ubiquitylation, PARylation and SUMOylation 

(Figure 18).   

 

Figure 18: Schematic of DDB2 highlighting important residues. 

5.1.2.1 Ubiquitylation 

UV-DDB is regulated by ubiquitylation during GG-NER. UV-DDB is a ubiquitin E3 

ligase, consisting of cullin4A (CUL4A) and RBX that auto-ubiquitylates itself and also 

ubiquitylates XPC [32]. While mono-ubiquitylated XPC is stabilized at sites of UV-induced DNA 
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damage, the binding of UV-DDB is destabilized, due to poly-ubiquitylation of DDB2 and 

subsequent degradation by the 26S proteosome. It has been reported that the N-terminal tail of 

DDB2 contains several lysines that are targeted for ubiquitylation by the CRL4 complex and are 

required for degradation of DDB2 after UV-induced damage [89]. In addition, structural studies 

have identified five potential ubiquitylation lysines outside the N-terminal domain (K146, 151, 

187, 233, and 278). 

These studies were performed in the context of UV damage and whether ubiquitylation of 

DDB2 is necessary after 8-oxoG damage still needs to be pursued. As discussed in section 3.6 and 

3.7, the CRLDDB2 complex mediates DDB2 dissociation from 8-oxoG when the lesion density is 

high or in the absence of downstream repair. However, it is unclear how DDB2 is regulated by 

ubiquitylation after oxidative damage. 

Is DDB2 ubiquitylated and degraded after oxidative damage? The H2B-FAP cell line 

stably expressing a tagged DDB2 can be used for these experiments. First, after high density of 8-

oxoG is introduced, DDB2 levels can be measured by western blots to visualize protein 

degradation. Furthermore, no degradation should be observed in the presence of MG132, a 

proteosome inhibitor. If DDB2 degradation is observed, DDB2 pulldowns can be performed using 

the tag and probed for ubiquitylation using the FK2 antibody (to detect mono- and poly-

ubiquitylated conjugates). Ubiquitylated DDB2 is actively extracted from the chromatin by the 

Valosin-containing Protein (VCP)/p97 Segregase [101]. Therefore, DDB2 degradation after 8-

oxoG damage could also be measured in the absence of VCP.  

Another experiment would be to mutate the lysines (to Arg) on DDB2 that were shown to 

be essential ubiquitylation sites after UV damage and measure DDB2 ubiquitylation and 

degradation by western blots. To ascertain if timely ubiquitylation and dissociation of DDB2 is 
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required for unperturbed 8-oxoG repair, accumulation of downstream proteins should be measured 

in the absence of VCP, or when the important lysine residues are mutated. 

Does CRLDDB2 mediated ubiquitylation play a role in chromatin decompaction at the 

damage site? UV-DDB along with the CUL4A E3 ligase can specifically bind to mono-

nucleosomes containing UV damage and mono-ubiquitylate histone H2A and H3 [97]. Mono-

ubiquitylated H2A at Lys119 and Lys120 helps facilitate the destabilization of nucleosome 

containing UV-induced photoproducts, as mutating these residues to Arg prevents the dissociation 

of poly-ubiquitylated DDB2 from the UV damage containing nucleosome. Furthermore, it has 

been reported that DDB2 might have CRL-independent roles in chromatin unfolding at UV 

damage sites [107].  

We have shown that DDB2 can recognize telomeric 8-oxoG even in the absence of DDB1 

or CUL4A (see section 3.6). While we also observed a DDB2-dependent telomeric chromatin 

decompaction after 8-oxoG damage, whether CRL mediated DDB2 ubiquitylation was involved 

needs to be investigated.   

First, ubiquitylation of histone H2A needs to be measured in H2B-FAP cells after 8-oxoG 

damage, in CRL proficient and deficient cells. This would indicate whether CRLDDB2 is directly 

involved in histone modification. Next, it would be important to determine whether the chromatin 

decompaction observed at 8-oxoG sites is a direct result of DDB2 binding or due to ubiquitylation 

and subsequent destabilization of histones by the CRLDDB2.  To test this, cells expressing SNAP-

tagged H3.3 can be used, and the histone fluorescence can be measured around the damage site in 

a) the absence of DDB1 or CUL4A, b) by mutating H2A Lys 119 and 120 to Arg. If a change in 

histone fluorescence is still observed, it suggests that DDB2 unfolds chromatin in a CRL-

independent manner.  
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If H2A ubiquitylation is still observed but in a CRLDDB2 independent manner, it is possible 

that other E3 ligases might be involved, including the polycomb repressive complexes 1 (PRC1) 

[156]. Therefore, an unbiased approach (perhaps an H2A-Bir, refer to section 5.1.1) would be 

required to identify the E3 ligases involved in histone ubiquitylation after oxidative DNA damage.  

Alternatively, knocking down DDB1 and CUL4A can also affect transcription-coupled 

repair of 8-oxoG as CRLCSA mediated ubiquitylation of CSB and Pol II is crucial for TCR [89, 

132, 133]. Therefore, to assess the E3 ligase independent role of DDB2 in chromatin unfolding at 

the damage site without affecting TCR, DDB2 mutants could be expressed that can recognize and 

bind to the damage but are unable to interact with DDB1 (D307Y, L350P) [104].  

5.1.2.2 PARylation 

Poly(ADP-ribosyl)ation (PARylation) is posttranslational modification of proteins by 

linear or branched chains of ADP-ribose units, originating from NAD+. The main enzyme for PAR 

generation in cells during DNA damage is poly(ADP-ribose) polymerase 1 (PARP1). 

DDB2 was shown to be poly-ADP-ribosylated (PARylated) by PARP1 in response to UV 

damage, subsequently leading to the  recruitment of SWI/SNF chromatin remodeler, ALC1 to the 

damaged site [117]. Furthermore, using FRAP, it was observed that DDB2 had a prolonged 

retention time on the DNA in the absence of poly(ADP-ribose) glycohydrolase (PARG), 

suggesting that PARylation might stabilize the protein at the lesion site. Moreover, inhibition of 

PARP activity resulted in suppressed PARylation but increased ubiquitylation of DDB2, indicating 

that PARylation may prevent DDB2 auto-ubiquitylation and subsequent degradation [157].  

In base excision repair (BER), PARP1 is known to play a role downstream by binding 

single-strand breaks (SSBs) formed by the action of APE1 and recruiting XRCC1 and Pol β for 

the completion of repair. While PARP1’s role as an SSB repair protein is well established, little is 
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known about its chromatin remodeling function in BER. A recent study reported that PARP1 

recruits ALC1 and mediates nucleosome remodeling at abasic sites, upstream of APE1 but 

downstream of the glycosylase [158].  

Based on these studies, several questions arise that can be addressed using the H2B-FAP 

system. First, to assess if DDB2 is PARylated after 8-oxoG damage, PAR enriched proteins can 

be pulled down after dye plus light treatment by affinity capture with the PAR-binding 

macrodomain, AF1521, and validated by western blots [159]. Second, if PARP1 is recruited to 

PARylate DDB2, then recruitment of PARP1 to 8-oxoG and its colocalization with DDB2 could 

be visualized using immunofluorescence. Furthermore, as mentioned above, if PARP1-mediated 

PARylation of DDB2 stabilizes the protein and prevents its degradation, loss of PARP1 should 

lead to hyper-ubiquitylation of DDB2 by CRLDDB2 and degradation by the 26S proteosome. 

Finally, to address whether DDB2 mediated chromatin decompaction at 8-oxoG is PARP1-

dependent, loss of tagged-histone fluorescence can be examined at the damage site in the absence 

of PARP1 or after its chemical inhibition. The crosstalk between ubiquitylation and PARylation 

needs to be further investigated to understand efficient base damage recognition in chromatin. 

5.1.2.3 SUMOylation  

Small ubiquitin-related modifiers (SUMOs) can regulate a variety of cellular processes 

including transcriptional regulation, signal transduction and maintenance of genome integrity by 

causing rapid changes in protein-protein interactions. SUMO is covalently attached to proteins 

through a cascade similar to that of ubiquitylation. DDB2 was shown to be SUMOylated post-UV 

damage and PIASy (protein inhibitor of activated STST proteins) was the major SUMO E3 ligase 

involved [160].  Three DDB2 lysine residues (Lys5, Lys77 and Lys309) were identified to be 

SUMOylated [161]. Lys309Arg completely abolished the DDB2 modification upon UV damage. 
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Moreover, when expressed in cells, this mutant was deficient in the removal of CPDs as well as in 

the recruitment of XPC as compared to the WT, indicating that the SUMOylation at Lys309 is 

functionally significant. 

Although DDB2 SUMOylation was shown to be important for repair, how this 

modification regulates DDB2 has not been explored. Furthermore, whether DDB2 is SUMOylated 

after oxidative base damage is still unknown. Overall, studying all three PTMs and their crosstalk 

after 8-oxoG damage will provide insights on the mechanism of damage recognition by UV-DDB. 

5.2 Coordination of DDB2, XPC and OGG1 at 8-oxoG  

5.2.1 Is XPC modulated by CRLDDB2? 

As discussed in section 3.4, XPC is recruited to 8-oxoG in a DDB2-dependent manner. We 

hypothesized that DDB2 works with XPC to facilitate OGG1 accumulation at 8-oxoG. CRLDDB2 

is known to ubiquitylate XPC after UV damage, helping with its stabilization on DNA [32]. 

Furthermore, subsequent SUMOylation and RNF111-mediated ubiquitylation leads to dissociation 

of XPC from UV damage [161]. To determine if XPC is ubiquitylated after 8-oxoG damage, 

pulldowns for XPC can be performed and probed for ubiquitin in the presence or absence of 

CRLDDB2. Furthermore, it can be tested if the absence of CRLDDB2 affects the recruitment or 

dissociation of XPC. Finally, to test whether XPC ubiquitylation affects downstream repair, the 

ubiquitylation site (K48, K63) on XPC can be mutated to confirm whether recruitment of 

downstream repair proteins is delayed.  
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5.2.2 How is XPC regulated at 8-oxoG? 

Surprisingly, loss of XPC did not affect OGG1 accumulation at 8-oxoG (section 3.5). In 

contrary, there was a small but significant decrease in XPC recruitment in the absence of OGG1. 

Two hypotheses might be tested to understand these data:  

First, XPC plays a role downstream of OGG1. Consistent with this idea, it was previously 

shown that XPC helps OGG1 turnover from abasic site containing duplex DNA [61]. A way to 

test this would be to use an OGG1 mutant (OGG1-K249Q) that is able to recognize and bind to 8-

oxoG but lacks both N‐glycosylase and AP‐lyase activities [162]. If XPC recruitment depends on 

OGG1 processing of the 8-oxoG lesion, then XPC may not accumulate when the OGG1-K249Q 

mutant is expressed.  

Second, it is possible that XPC is not stabilized at 8-oxoG in the absence of OGG1. In GG-

NER, stabilization of XPC at UV damage requires timely dissociation of DDB2 and recruitment 

of the downstream GG-NER factor TFIIH [101]. XPC binds the non-damaged strand opposite the 

lesion and has a higher preference for helix-distorting regions. It is possible both XPC and OGG1 

bind at the site of 8-oxoG, but OGG1 binding to the damaged site helps stabilize XPC. One way 

would be to look at colocalization between OGG1 and XPC by Immunofluorescence or proximity 

ligation assay. More importantly, if the second hypothesis is true and OGG1 helps stabilize XPC 

at 8-oxoG, then XPC should still be recruited in OGG1 deficient cells expressing the OGG1-

K249Q mutant. 

To assess the interaction between XPC and OGG1 at a single-molecule level, the Lumicks 

optical trap microscope (C-Trap®) could be employed to visualize tagged XPC and OGG1 on 

duplex DNA containing 8-oxoG attached between two optically trapped beads.  
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5.2.3 Does XPC recognize 8-oxoG or abasic sites? 

Cellular experiments regarding XPC’s involvement in 8-oxoG repair have been 

contradictory and complicated. Therefore, biochemical and single-molecule approaches can be 

used to understand substrate recognition.  

Electrophoretic mobility shift assays (EMSAs) could be performed with purified XPC on 

8-oxoG and downstream BER substrates (abasic sites, single stranded nicks) to determine which 

substrate is recognized better by XPC. As mentioned earlier, XPC prefers helix-distorting regions, 

therefore, one would predict that it has a higher affinity to abasic sites. Additionally, XPC’s ability 

to turnover OGG1 and/or APE1 must be systematically measured using excision assays. A duplex 

DNA containing 8-oxoG or an abasic site analog THF (tetrahydrofuran) could be incubated with 

limiting amounts of OGG1/APE1. The excision activity of these substrates can then be measured 

in the presence or absence of XPC. We have previously shown that UV-DDB can stimulate OGG1 

and APE1 by 3- and 8-fold respectively [109].  

To directly visualize whether XPC and OGG1 can bind DNA together, atomic force 

microscopy (AFM) could be used. AFM is a powerful tool to study protein-DNA interactions at a 

single-molecule level [111, 163]. A probe tip at the end of an oscillating cantilever scans the 

sample and allows for three-dimensional imaging. Some examples of measurements that can be 

obtained are: 1) protein specificity and affinity to DNA, 2) DNA bending and protein-induced 

DNA bending, and 3) stoichiometry of proteins binding to DNA. 8-oxoG or THF could be 

introduced on duplex DNA and imaged in the presence of purified XPC-RAD23B. 1) Protein 

specificity will help us determine if XPC has more affinity to 8-oxoG or THF. 2) Bending 

introduced by 8-oxoG and THF can be measured to determine XPC’s preference for bent DNA. 3) 

Both purified OGG1 and XPC could be incubated with the DNA substrates to determine the 
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volumes of bound proteins. Volumes directly correlate with stoichiometry and will help determine 

if XPC and OGG1 bind the damage together or separately.   

5.3 Transcription-coupled repair (TCR) of 8-oxoG 

5.3.1 How is TCR of 8-oxoG initiated? 

5.3.1.1 Does RNA polymerase stall at telomeric 8-oxoG? 

In TCR, elimination of damage is initiated by a stalled polymerase at the lesion [38]. 

Transcription-blocking capacity of 8-oxoG has been debated for over a decade, with different 

studies suggesting no blocking to weak blocking [123, 164, 165]. As discussed in section 3.4, NER 

protein XPA was observed to be recruited to 8-oxoG in a transcription-coupled manner. 

Pretreatment of cells with transcription inhibitors dramatically reduced XPA accumulation. 

Furthermore, XPA recruitment is diminished in the absence of OGG1, suggesting that OGG1-

mediated processing of 8-oxoG is required for TCR. We hypothesize that abasic sites and single 

stranded nicks formed by the action of OGG1 act as a transcription block allowing for TCR to be 

initiated.  

It is known that stalling of Pol II at a DNA lesions leads to the ubiquitylation of its largest 

subunit RPB1 at K1268 [166, 167], mediated by the CRL4CSA E3 ligase complex. In agreement 

with this, we do observe DDB2-independent recruitment of DDB1 and CUL4A to telomeric 8-

oxoG which was abrogated in the presence of transcription inhibitors. One potential future 

experiment would be to measure the ubiquitylation and degradation of RPB1 after 8-oxoG damage. 

Furthermore, mutating K1268 will help determine if the ubiquitylation is functionally significant.  
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5.3.1.2 Why is TCR initiated when 8-oxoG is introduced at the non-transcribed strand? 

Interestingly, the FAP-TRF1 system introduces 8-oxoG at the G-rich sequence of the 

telomere, which is not transcribed, therefore why TCR is initiated is an unresolved question. One 

explanation could be that BER intermediates such as single-strand nicks in the non-transcribed 

strand can favor formation of R-loops, which involved the transcribed strand and efficiently block 

transcription [127]. To determine whether generation of 8-oxoG in cells, especially at telomeres 

introduces R-loops, two antibodies can be used after dye plus light treatment: a) S9.6 monoclonal 

antibody, that specifically recognizes RNA: DNA hybrids; or b) an RNase H mutant (D210N), 

which recognizes DNA/RNA hybrids but cannot digest its RNA strand. If a significant 

accumulation of R-loops is observed after 8-oxoG damage, cells could be treated with RNase H 

(an enzyme that degrades RNA within RNA: DNA hybrids) to reduce R-loops, which should lead 

to a significant abrogation in recruitment of TCR proteins.  

As discussed in section 3.5, U2OS cells maintain their telomeres through the ALT pathway. 

ALT cells contain a ‘TCAGGG’ variant repeat throughout the telomeres [130], therefore guanines 

are present in the complementary C-rich transcribed strand which could be oxidized after the dye 

plus light treatment. To examine whether TCR is initiated due to the oxidation of the guanine on 

the C-rich strand, recruitment of TCR proteins can be visualized in cell lines that contain little to 

no ‘TCAGGG’ repeats, such as HeLa [168]. 

5.3.2 Is TCR of 8-oxoG processed specifically by NER proteins? 

We also measured XPA recruitment to telomeric 8-oxoG in CSB deficient cells and found 

that XPA accumulation was CSB dependent suggesting that TC-NER recognition protein CSB is 

involved in initiation of transcription-coupled 8-oxoG repair (section 3.5). Future experiments 
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should focus on directly visualizing recognition proteins CSB and CSA at telomeric 8-oxoG. 

Previous studies have reported that CSB recruitment to oxidative DNA damage is transcription 

dependent [72, 73]. 

To ascertain whether repair of 8-oxoG proceeds through the traditional TC-NER pathway, 

accumulation of downstream TC-NER proteins (XPB, XPD, XPG, XPF) need to be measured and 

their dependency on OGG1 needs to be determined. 

5.4 Involvement of UV-DDB in 8-oxoG repair in the context of chromatin structure 

5.4.1 Can UV-DDB stimulate OGG1 on 8-oxoG embedded in reconstituted nucleosomes? 

Chromatin acts as a natural barrier during several cellular processes including access to 

DNA lesion during DNA damage repair. Using reconstituted 601 nucleosomes and positioning 8-

oxoG at three different rotational orientations (In, Mid, Out) at the dyad axis, it was shown that 

OGG1 activity was completely inhibited on 8-oxoG embedded in a nucleosome [53]. Glycosylase 

activity was measured as product formation when OGG1 was incubated with the lesion containing 

nucleosome. Interestingly, when the lesion was moved off the dyad axis, OGG1 showed 

reasonable activity suggesting that lesion positioning relative to the nucleosome can affect 

accessibility [54]. Surprisingly, lesion accessibility did not correlate with solution accessibility: 

OGG1 had most activity on the ‘Mid’ positioned 8-oxoG but lower activity on ‘In’ and ‘Out’ 

facing lesion. It is possible that the histone tails limit the access to the outward facing lesion. 

Consistent with this idea, it was observed that OGG1 activity increased when histone tails were 

acetylated, modeling a more relaxed chromatin structure [54].  
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More recently, a cryo-EM study demonstrated that UV-DDB can bind occluded lesions on 

reconstituted nucleosome containing the abasic site analog, tetrahydrofuran (THF) [90]. UV-DDB 

was able to bind the outward facing lesion without disturbing the nucleosome architecture. In the 

case of inward facing THF, UV-DDB shifted the translational register of the 5S nucleosome and 

bound the lesion in an exposed position. Interestingly, this activity of UV-DDB was independent 

of ATP-dependent chromatin remodelers in vitro. 

We have previously shown that UV-DDB can stimulate OGG1 activity on 8-oxoG 

containing duplex DNA by 3-fold [109]. It is possible that UV-DDB assists OGG1 in damage 

recognition by shifting the nucleosome register and exposing inward facing lesions. First, it needs 

to be determined if UV-DDB can recognize 8-oxoG embedded in a nucleosome at different 

positions. Once verified, purified OGG1 can be tested with 8-oxoG containing nucleosome 

substrates in the presence or absence of UV-DDB to examine whether UV-DDB can stimulate 

OGG1 activity on the nucleosome.  

5.4.2 Is DDB2 required for 8-oxoG removal in more heterochromatin? 

Genome-wide sequencing revealed that there is a higher accumulation of 8-oxoG in lamina 

associated domains (LADs) [137]. This could possibly be because these domains are at the 

periphery of the nucleus and therefore, more susceptible to oxidative stress. Additionally, LADs 

are heterochromatic and it has been reported that BER is less active in heterochromatic regions as 

compared to euchromatin [138]. 

Keeping in mind UV-DDB’s role in chromatin decompaction and its ability to shift the 

nucleosome register, one hypothesis would be that UV-DDB facilitates 8-oxoG repair in specific 
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genomic regions (transcriptionally silent heterochromatic regions), when the lesion is difficult to 

access by OGG1. This hypothesis can be tested using imaging and genomic approaches:  

5.4.2.1 Cellular model to image recruitment of DDB2 to heterochromatic regions:  

In order to track repair in heterochromatin by imaging, a cellular model is required where 

heterochromatic regions are easily distinguishable. For this purpose, a cell line like the NIH/3T3 

mouse embryonic fibroblast could be used where the pericentric heterochromatin domains form 

clusters that can be easily visualized by any DNA stain. Using this cell line, it was recently 

demonstrated that DDB2 regulates heterochromatin compaction after UV damage by stimulating 

displacement of the linker histone H1 [169]. By stably expressing H2B-FAP in NIH/3T3, 

recruitment of repair proteins including DDB2 and OGG1 can be monitored at 8-oxoG specifically 

at heterochromatin or euchromatin. Using this system, following questions can be addressed by 

live-cell imaging or immunofluorescence:  

a) Does DDB2 regulate chromatin decompaction specifically at heterochromatin? Histone 

rearrangements can be examined at the damaged site in heterochromatin and euchromatin in DDB2 

proficient and deficient cells.  

b) Is repair in heterochromatin initiated by global-genome repair proteins, DDB2? The time 

taken for DDB2 to accumulate at 8-oxoG at heterochromatin versus euchromatin could be 

analyzed. Furthermore, whether OGG1 recruitment to heterochromatic regions is dependent on 

DDB2 can be determined.  

c)  Does OGG1 preferentially accumulate at euchromatic 8-oxoG? This would suggest that 

OGG1 activity is inhibited in condensed chromatin.  

d) Do TC-NER proteins preferentially accumulate at 8-oxoG in euchromatin? Euchromatin 

includes actively transcribed regions. Accumulation of TC-NER proteins specifically at 
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euchromatin would suggest that TC-NER takes over 8-oxoG repair when 8-oxoG or downstream 

BER intermediates stall transcription.  

5.4.2.2 CUT&RUN approach to determine preferential binding of DDB2 after 8-oxoG 

damage: 

 CUT&RUN (cleavage under targets and release using nuclease)-sequencing is a method 

used to analyze protein interactions with DNA by fusing a DNA-binding protein to a micrococcal 

nuclease (MNase). The MNase then cleaves the DNA around the DNA-binding protein and the 

bound DNA can then be sequenced to determine the binding site.  

In cells expressing H2B-FAP and a tagged-DDB2 or OGG1, CUT&RUN can be employed 

using an antibody to determine the global distribution of 8-oxoG. As a positive control, OGG1-

K249Q could be used that would bind but not remove 8-oxoG. Furthermore, enrichment at specific 

genomic regions can be assessed to evaluate whether DDB2 preferentially binds to more 

condensed regions such as CpG islands or satellite DNA. Additionally, the bound sequence can be 

analyzed for mutations such as G:C to T:A transversions in DDB2 and/or OGG1 deficient cells, 

validating their role in 8-oxoG repair. Chromatin immunoprecipitation and slot blots for CPDs was 

used to show that loss of DDB2 impeded repair of CPDs in H3K9me3-enriched (heterochromatin) 

compared to H3K9ac-enriched chromatin (euchromatin) [170]. Similarly, it would be instrumental 

to determine if there are more G:C to T:A transversions in H3K9me3-enriched regions when 

DDB2 is knocked down. 
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5.5 Concluding remarks 

In this dissertation, I systematically elucidated the role of three NER proteins, UV-DDB, 

XPC and XPA in processing 8-oxoguanine base damage. I presented a model and proposed that 

repair of 8-oxoG involves two sub-pathways: a global genome repair that is initiated by GG-NER 

protein DDB2 and XPC, and a DDB2-independent pathway that can be initiated by OGG1. If 8-

oxoG is introduced at actively transcribed regions and BER intermediates act as a transcription 

block, then repair of 8-oxoG is processed by TC-NER proteins including CSB and XPA.  
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Appendix A Abbreviations 

5caC – 5-carboxylcytosine 

5fC – 5-fluorocytosine 

5hmC – 5-Hydroxymethylcytosine 

5mC – 5-Methylcytosine 

6-4 PP – 6–4 pyrimidine–pyrimidinone 

8-oxoG – 8-oxoguanine 

AAG – Alkyladenine DNA glycosylase 

ACR – ATP-dependent chromatin remodelers 

ALC1 – Amplified in liver cancer 1 

ALT – Alternative lengthening of telomeres 

AP – Apurinic/apyrimidinic site 

APE1 – Apurinic/apyrimidinic Endonuclease 1 

ATM – Ataxia-telangiectasia mutated 

ATR – Ataxia telangiectasia and Rad3 related protein 

BER – Base excision repair 

CPD – Cyclobutane pyrimidine dimer 

CS – Cockayne syndrome 

CSA – Cockayne syndrome A protein 

CSB – Cockayne syndrome B protein 

CTD – C-terminal domain 

CUL4A – Cullin 4A 
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CUT&RUN – Cleavage under targets and release using nuclease 

DNA-PK – DNA-dependent protein kinase 

DWD – DDB1-binding WD40 protein 

EM – Electron microscopy 

EMSA – Electrophoretic mobility shift assay 

ERCC1 – ERCC excision repair 1, endonuclease non-catalytic subunit 

FACT – Facilitates chromatin transcription 

FAP – Fluorogen activating protein 

Fpg – Formamidopyrimidine DNA Glycosylase 

GG-NER – Global genome nucleotide excision repair  

Gh – 5-guanidinohydantoin 

HCR – Host cell reactivation 

HMGN1 – High mobility group nucleosome binding domain 1 

HR – Homologous recombination 

ICL – Interstrand DNA crosslink 

INO80 – Inositol regulatory gene 80  

IR – Ionizing radiation 

ISWI – Imitation SWItch/SNF 

MG-2I – Di-iodinated malachite green 

MMR – Mismatch repair 

NEIL – Endonuclease VIII-like glycosylase  

NER – Nucleotide excision repair 

NHEJ – Non-homologous end joining 
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NTHL1 – Endonuclease III-like 1  

OGG1 – 8-oxo-G glycosylase 

P53 – Tumor protein P53 

PAGE – Polyacrylamide gel electrophoresis  

PAH – Polycyclic aromatic hydrocarbons  

PARP1 – Poly [ADP-ribose] polymerase 1 

PLA – Proximity ligation assay 

PNKP – Polynucleotide kinase phosphate 

POI – Protein of interest 

Pol II – RNA polymerase II 

Pol β – DNA polymerase β 

PRC1 – Polycomb repressive complexes 1 

PUA – 3´-phospho-α, β-unsaturated aldehyde  

RAD23B – Rad23 homolog B 

RBX1 – Ring-box protein 1  

RNS – Reactive nitrogen species 

ROS – Reactive oxygen species 

RPA – Replication protein A 

RSC – Remodels structure of chromatin 

SLP – Self labeling protein 

SMUG1 – Single-Strand-Selective Monofunctional Uracil-DNA Glycosylase 1 

Sp – Spiroiminodihydantoin 

SUMO – Small ubiquitin-related modifiers 
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TC-NER – Transcription-coupled nucleotide excision repair 

TCR – Transcription-coupled repair 

TDG – Thymine DNA glycosylase 

TERRA – Telomere-repeat-containing RNA 

TET – Ten-eleven translocation 

TFIIH – Transcription factor II 

TG – Thymine glycol 

THF – Tetrahydrofuran 

TRF1 – TTAGGG repeat binding factor 1 

UDG – Uracil DNA glycosylase 

UV – Ultraviolet 

UV-DDB – UV-damaged DNA binding protein 

UVSSA – UV-stimulated scaffold protein A 

VCP – Valosin-containing protein 

XAB2 – XPA binding protein 2 

XP – Xeroderma pigmentosum 

XPA – Xeroderma pigmentosum group A 

XPB – Xeroderma pigmentosum group B 

XPC – Xeroderma pigmentosum group C 

XPD – Xeroderma pigmentosum group D 

XPF – Xeroderma pigmentosum group F 

XPG – Xeroderma pigmentosum group G 

XRCC1 – X-ray cross complementing protein 1 
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Appendix B Table of chromatin remodelers 

Table 1: ATP-dependent chromatin remodelers and histone modifiers shown to be involved in NER and BER. 

Family Complex ATPase Role in NER Role in BER Association 

with UV-DDB 

Chromatin remodelers 

SWI/SNF RSC Sth1 x Stimulates BER 

in vitro [15, 171] 

and in yeast [60] 

x 

BAF BRG1/BRM Enhances NER 

[147] 

x Association 

with DDB2 

[147] 

INO80 INO80 INO80 Promotes NER 

[148, 149] 

x Association 

with DDB1 

[149] 

CHD CHD1  Implicated in UV-

induced damage 

[150] 

x  

Uncategorized CHDL1/ALC1  Involved in repair 

of UV-induced 

damage [117] 

Recruitment by 

PARP1 [139, 

140] 

Recruitment 

mediated by 

PARP1 and 

DDB2 [117] 

Histone modifiers 

CBP/p300 Lysine 

acetyltransferase 

 UV-induced DNA 

damage response 

[151, 152] 

x Association 

with DDB2 

[152] 

ASHL1 Histone 

methyltransferase 

 Promotes CPD 

excision [153] 

x DDB2 recruits 

ASHL1 [153] 
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Appendix C XP-E causing mutations 

Table 2: Characterization of  published XP-E causing mutations 

Patient / Cell 

line 

Allele 1 

Amino Acid 

Allele 2 

Amino 

Acid♦ 

Cancer UDS HCR Biochemistry Cellular Imaging 

XP1GO Thr305Asn  BCC, 

SCC, M 

[172] 

NR Reduced[172] NR NR 

XP37BE& Arg273His  BCC, 

SCC 

[172] 

NR Reduced[172] *DDB1 and CUL4A not 

detected by co-IP  [173, 

174] 

No binding to local UV 

damage, 

*Part of the DDB-CUL4A-

RBX complex [120] 

XP66BE& Arg273His  M [172] NR Reduced[172] *DDB1 and CUL4A not 

detected by co-IP  [173, 

174] 

No binding to local UV 

damage, 

*Part of the DDB-CUL4A-

RBX complex [120] 

XP408BE/ 

GM01389/ 

GM01646 

Leu350Pro Asn349del BCC, 

SCC, M 

[172] 

50% [91, 

175] 

NR EMSA, no binding 

activity (E) [91, 175]; 

DDB1and CUL4A not 

detected by co-IP [33, 

91]; no mono-Ub-H2A 

on chromatin after UVC 

[33] 

No binding to local UV 

damage, 

Fails to recruit DDB1 and 

Cul4A [104] 

XP2RO/ 

GM02415$ 

Arg273His  BCC 

[172, 

176] 

40-60% 

[91, 175, 

177] 

NR EMSA, no binding 

activity (E) [178] 

*DDB1 and CUL4A not 

detected by co-IP  [173, 

174] 

No binding to local UV 

damage, 

*Part of the DDB-CUL4A-

ROC complex  [120] 

XP3RO/ 

GM02450$ 

Arg273His  BCC 

[172, 

176] 

40-60% 

[91, 177] 

NR *DDB1 and CUL4A not 

detected by co-IP     

[173, 174] 

No binding to local UV 

damage, 

*Part of the DDB-CUL4A-

ROC complex  [120]; 
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Table 2 continued 

Patient / Cell 

line 

Allele 1 

Amino Acid 

Allele 2 

Amino 

Acid♦ 

Cancer UDS HCR Biochemistry Cellular Imaging 

XP82TO Lys244Glu  None 

(as of 

2011) 

[172, 

176] 

44% [91, 

177] 

NR EMSA, no binding 

activity (E) [175, 178, 

179] ; Partial binding 

activity detectable (P) 

[173]; no histone 

ubiquitination in 

nucleosome [173] 

No binding to local UV 

damage [104, 173]; 

Slides on DNA in the 

absence of Mg2+ [85] 

XP23PV Leu235_Lys341del  BCC 

[91, 

172] 

65%       

[91, 175] 

NR EMSA, no binding 

activity (E) [91, 175] 

No UV-induced chromatin 

decondensation [104] 

XP25PV Asp307Tyr 

No change 

 BCC, 

SCC 

[91, 

172] 

50%       

[91, 175] 

NR EMSA, no binding 

activity (E) [91, 175]; 

DDB1 not detected by 

co-IP [91] 

No binding to local UV 

damage, 

No recruitment of DDB1 and 

CUL4A [104] 

XP27PV Lys244X 

Trp236Valfs10 

Leu235_ ys341del 

 BCC, 

SCC, M 

[91, 

172] 

48% [91] NR EMSA, no binding 

activity (E)  [91, 175]; 

 

NR 

Ops1 Arg313X  BCC, 

SCC, M 

[172, 

176, 

179] 

99-138% 

[179] 

NR EMSA, no binding 

activity (E) [179] 

DDB1 and CUL4A not 

detected by co-IP [173] 

NR 

XP115BR Met383fs  None 

(as of 

2016) 

[180] 

~50%  

[180] 

NR NR NR 

XP105BR Pro357Leu Arg239Ile BCC, 

SCC, M 

[180] 

~50%  

[180] 

NR NR NR 

XP98BR Trp54X  BCC, 

SCC, M 

[180] 

~50%  

[180] 

NR NR NR 

XP100BR Splice  BCC 

[180] 

~50%  

[180] 

NR NR NR 
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Abbreviations: BCC, Basal cell carcinoma; SCC, Squamous cell carcinoma; M, Melanoma, UDS, Unscheduled DNA synthesis assay; HCR, Host cell 

reactivation; Biochemistry includes electrophoretic mobility shift assays, western blotting and Co-IP; E: Cell extracts; P: Purified protein; Cellular 

Imaging examines both recruitment to local damage and FRAP experiments. NR: not reported 

&: Siblings; $: Second cousins; ♦empty boxes for no allele 2 amino acid indicate homozygous mutation; * contrasting results from biochemistry and 

cellular studies. From Ref. [110], with permission. 
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Appendix D Supplemental figures 

Appendix D.1 Related to figure 10 

 

Figure 19: DDB2 recruits XPC to telomeric 8-oxoG, while XPA recruitment is transcription-coupled and 

independent of DDB2. 

A and B. Representative images showing recruitment of GFP-XPC (A) or GFP-XPA (B) to 8-oxoG sites at 

telomeres after dye (100 nM, 15 min) and light (600 nm, 10 min) treatment in U2OS WT and DDB2 KO cells, 

over 3 hours. Scale: 5µm. 
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Appendix D.2 Related to figure 16 

 

Figure 20: DDB2 mediates chromatin decompaction at sites of telomeric 8-oxoG. 

A. Western blot and immunofluorescence for DDB2 in RPE-FAP-TRF1 WT and DDB2 KO cells. B. and C. 

Telomere volumes were measured in untreated, and cells treated with dye (100 nM, 15 min) plus light (660 

nm, 10 min) in WT and DDB2 KO cells. Cells were fixed 30 minutes post treatment. B. U2OS-FAP-TRF1 and 

C. RPE-FAP-TRF1 cells. D. and E. Representative images of telomere volumes after treatment with dye (100 

nM, 15 min) plus light (660 nm, 10 min) in WT and DDB2 KO cells. D. U2OS-FAP-TRF1 and E. RPE-FAP-

TRF1 cells. ‘n’ represents the number of telomeres analyzed for each condition. One-way ANOVA: 

***p<0.001, ****p<0.0001. 
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Appendix E Studying involvement of NER proteins in the repair of oxidative damage 

Critical review of studies showing the role that NER proteins play in facilitating repair of 

oxidative DNA damage, originally published in Nucleic Acids Research. Ref. [10]:  Kumar, N., S. 

Raja, and B. Van Houten, The involvement of nucleotide excision repair proteins in the removal 

of oxidative DNA damage. Nucleic Acids Res, 2020. 48(20): p. 11227-11243. 
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Appendix F Crosstalk between NER and BER 

Review of findings highlighting the crosstalk between nucleotide and base excision repair 

in DNA damage repair, originally published in Genetics Molecular Biology. Ref. [12]: Kumar, N., 

et al., Cooperation and interplay between base and nucleotide excision repair pathways: From 

DNA lesions to proteins. Genet Mol Biol, 2020. 43(1 suppl. 1): p. e20190104. 
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Appendix G Role of UV-DDB in DNA damage recognition 

Review discussing UV-DDB’s role in maintaining genome stability, originally published 

in DNA repair. Ref. [110]: Beecher, M., et al., Expanding molecular roles of UV-DDB: Shining 

light on genome stability and cancer. DNA Repair, 2020: p. 102860. 
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