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Abstract

The nucleotide excision repair system removes a wide variety of DNA lesions from the human 

genome, including photoproducts induced by ultraviolet (UV) wavelengths of sunlight. A defining 

feature of nucleotide excision repair is its dual incision mechanism, in which two nucleolytic 

incision events on the damaged strand of DNA at sites bracketing the lesion generate a damage-

containing DNA oligonucleotide and a single-stranded DNA gap approximately 30 nucleotides in 

length. Although the early events of nucleotide excision repair, which include lesion recognition 

and the dual incisions, have been explored in detail and are reasonably well understood, the fate of 

the single-stranded gaps and excised oligonucleotide products of repair have not been as 

extensively examined. In this review, recent findings that address these less-explored aspects of 

nucleotide excision repair are discussed and support the concept that post-incision gap and excised 

oligonucleotide processing are critical steps in the cellular response to DNA damage induced by 

UV light and other environmental carcinogens. Defects in these latter stages of repair lead to cell 

death and other DNA damage signaling responses and may therefore contribute to a number of 

human disease states associated with exposure to UV wavelengths of sunlight, including skin 

cancer, aging, and autoimmunity.
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Schematic of human nucleotide excision repair. UV induces the formation of UV photoproducts 

in DNA, including a representative thymine dimer indicated in the figure. Two nucleolytic incision 

events take place ~20 ± 5 phosphodiester bonds 5’ and 6 ± 3 nt phosphodiester bonds 3’ of the UV 

photoproduct to generate an ~30-nt-long gapped DNA duplex and an 30-nt-long damage-

containing DNA oligonucleotide. Completion of the DNA repair reaction requires DNA repair 

synthesis and ligation to fill in the gap and degradation of the excised, damage-containing DNA 

oligonucleotide.

INTRODUCTION

Ultraviolet (UV) wavelengths of sunlight induce the formation of photoproducts in genomic 

DNA that interfere with DNA metabolism and normal cellular physiology. Because these 

UV lesions block or slow the progression of DNA and RNA polymerases, the resulting 

replication and transcription stress have the potential to lead to mutagenesis, genomic 

instability, and cell death. These processes may therefore ultimately contribute to sunlight-

induced skin carcinogenesis, aging, and other pathologies in susceptible individuals.

In humans and other placental mammals, the sole mechanism for removing UV 

photoproducts from DNA is nucleotide excision repair (1–4). A central feature of this repair 

system is its dual incision mechanism, which involves two nucleolytic events ~20 ± 5 

phosphodiester bonds 5’ and 6 ± 3 nt phosphodiester bonds 3’ to the UV photoproduct (5). 

The reaction products of the nucleotide excision repair reaction therefore include a damage-

containing oligonucleotide approximately 24- to 32-nt in length and a corresponding single-

stranded DNA (ssDNA) gap approximately 30 nt long (6). A simple schematic of this repair 

process is outlined in Figure 1. Biochemical studies in vitro and in vivo have demonstrated 

that the length of the excised, UV photoproduct-containing oligonucleotides are identical in 

humans and many other eukaryotic organisms (5,7–11). Although additional nucleolytic 

degradation of the excised oligonucleotide is expected to take place to break down these 

byproducts of DNA repair, the ultimate fate of the adducted nucleotides is not known (12). 

Coincident with the dual incision event, a ssDNA gap is generated and must be filled in by a 
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DNA polymerase and then the remaining nick ligated to restore the DNA duplex to its 

initial, undamaged state. Failure to efficiently fill and seal excision gaps is associated with 

the activation of DNA damage response signaling (13), a reduced rate of repair, and cell 

death.

The discovery of excision repair in the 1960s was made possible by the use of methods that 

are now known to directly measure the two reaction products of the nucleotide excision 

repair reaction. Howard-Flanders and Setlow found that radiolabeled thymidine incorporated 

into the genomic DNA of bacterial and human cells was released (“excised”) from DNA 

following UV irradiation in the form of small oligonucleotides (14–16). Similarly, Painter 

and Hanawalt observed the incorporation of radionucleotides into the DNA of non-S phase 

cells following UV (17,18), which represents the gap filling step of repair. The identification 

of UV-sensitive and cancer-prone human patients with deficiencies in nucleotide excision 

repair (19,20) demonstrated that DNA repair was important to human health and prompted 

the identification, cloning, and characterization of the genes and corresponding proteins that 

are responsible for UV photoproduct removal from genomic DNA in human cells. This work 

ultimately enabled the purification of the six core nucleotide excision repair factors (XPA, 

RPA, XPC, TFIIH, XPF-ERCC1, and XPG) and the development of a detailed, mechanistic 

model for the nucleotide excision repair reaction (21–26). Indeed, the ability to study the 

individual steps and components of nucleotide excision repair in isolation has been critical 

to the current understanding of the damage recognition and dual incision steps of repair. 

However, important questions in the field remain to be answered, particularly regarding the 

fate of the excision gap and excised oligonucleotide products of repair. In addition, the 

extent to which human diseases associated with exposure to UV wavelengths of sunlight are 

influenced by defects in these latter steps of repair remains to be determined. Studies over 

the past decade have begun to more fully examine these latter steps of excision repair. Thus, 

in this review, the pre-incision steps of nucleotide excision repair are briefly summarized 

before undertaking a more extensive discussion of recently published findings that address 

the processing of the excision gap and excised oligonucleotide products of the dual incision 

reaction. Important unanswered questions and links between defects in these post-excision 

steps of nucleotide excision repair and human disease are also highlighted.

PRE-INCISION STEPS OF NUCLEOTIDE EXCISION REPAIR

The first step in removing UV photoproducts and other bulky DNA adducts from DNA is the 

initial recognition of the damage, which takes place through one of two pathways outlined in 

Figure 2. In the so-called general or global genome repair pathway, UV lesions are 

recognized by an XPC (xeroderma pigmensotum group C)-dependent process that leads to 

the assembly of XPC, TFIIH (transcription factor II-H), RPA (replication protein A), and 

XPA (xeroderma pigmentosum group A) at the site of damage. The precise mechanism of 

damage recognition and the order of assembly of repair proteins at UV lesions have been the 

subject of a number of excellent studies (27–31) and have been discussed in greater detail 

elsewhere (1,4,32,33). Nonetheless, once the damage is identified, TFIIH unwinds the DNA 

around the lesion to generate a repair bubble of approximately 20 nt (23,25,34,35). These 

factors are not sufficient for the dual incision reaction to take place, however, and the 

subsequent recruitment of the endonucleases XPG (xeroderma pigmentosum group G) and 
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then XPF-ERCC1 (xeroderma pigmentosum group F) is therefore required for the dual 

incision events to take place 6 ± 3 nt phosphodiester bonds 3’ and ~20 ± 5 phosphodiester 

bonds 5’ of the lesion, respectively. It should be noted that the purification of the individual 

repair factors and the utilization of in vitro biochemical assays were essential for 

characterizing these damage recognition and dual incision steps of repair (22–26,36). 

Moreover, the ability to reconstitute the full dual incision reaction in vitro with only these 

six core repair factors (RPA, XPA, XPC, TFIIH, XPF-ERCC1, and XPG) (22,23) 

demonstrated that these factors alone are sufficient for damage recognition and excision. 

Thus, though there are many additional proteins and regulatory systems that can influence 

the efficiency of repair in certain physiological contexts and within specific chromosomal 

regions in vivo, these six core factors are the only essential components of the general 

excision repair pathway.

A second pathway for damage recognition and removal involves gene transcription and RNA 

polymerase. It was recognized more than 30 years ago that UV photoproducts on the 

transcribed strand of active genes are repaired at a faster rate than on non-transcribed strands 

and within inactive genes (37–39). UV photoproducts are barriers to RNA polymerase 

movement (40–43), and thus the stalling of an RNA polymerase at a lesion provides a 

mechanism for the initial recognition of the DNA damage. Because this sub-pathway of 

excision repair, termed transcription-coupled repair (44), has not been reconstituted in vitro, 

it is not understood at the level of detail as the general repair pathway. Nonetheless, genetic 

approaches have demonstrated that two additional factors, termed CSA and CSB (Cockayne 

Syndromes group A and B), are necessary for the removal of UV photoproducts from the 

transcribed strand of active genes and for the resumption of transcription (45–49). These 

factors are thought to facilitate the eventual assembly of a pre-incision complex containing 

RPA, XPA, and TFIIH (but not XPC). Similar to the global genome repair mechanism, the 

recruitment of the XPF and XPG nucleases then allows for the dual incisions and the 

removal of the damage.

As described earlier, an important aspect of nucleotide excision repair is the generation of a 

lesion-containing oligonucleotide and a corresponding single-stranded DNA gap 

approximately 30-nt in length. Though the excised 30-mer products of the general excision 

repair pathway were first observed nearly 25 years ago using cell-free extracts and defined 

DNA substrates in vitro (5,50), only recently have methods been developed to isolate, 

visualize, quantify, and map the excised oligonucleotides in UV-irradiated cells in vivo (51–

54). This work, described in greater detail below, demonstrated that the lengths of the 

excised oligonucleotide products of excision repair are identical in cells deficient in either 

XPC or CSB (10,51), in which UV photoproducts can only be removed through the 

transcription-coupled or global genome repair pathway, respectively. Similarly, earlier 

studies had shown the excision gap size to be approximately 30 nt in length for both excision 

repair pathways (6,55). These results therefore demonstrate that the final products of 

nucleotide excision repair (a ssDNA gap and an excised, damage-containing 

oligonucleotide) are identical irrespective of how the damage was initially recognized.

Following nucleolytic cutting by XPF and XPG, the damage-containing oligonucleotide 

dissociates from the gapped, duplex DNA (24,56). As will be described in detail below, this 
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excised oligonucleotide is initially released in a tight complex with the repair factor TFIIH 

before associating with the ssDNA-binding protein RPA and undergoing further degradation 

(Figure 2) (10,56). The excision of the UV photoproduct-containing oligonucleotide leaves a 

ssDNA gap in the DNA that must be filled in and ligated to complete the repair reaction. 

These steps, also described below, require a heterotrimeric “clamp” protein known as PCNA 

(proliferating cell nuclear antigen), a DNA polymerase, and a DNA ligase. The diversity in 

polymerase and ligase usage that has been described for this step over the past decade was 

unanticipated and suggests additional levels of regulation of the latter steps of nucleotide 

excision repair.

POST-EXCISION STEPS OF NUCLEOTIDE EXCISION REPAIR

Fate of the Gap

In additional to physically removing lesions from DNA, the completion of nucleotide 

excision repair necessitates that the ssDNA gap is filled in by the action of a DNA 

polymerase and then the remaining nick ligated. Though these processes are expected to take 

place rapidly during normal repair, defects in gap filling and ligation likely take place under 

specific biological conditions or at specific chromosomal loci and may therefore contribute 

to genomic instability.

Gap filling DNA synthesis—DNA repair synthesis requires the action of a DNA 

polymerase to add nucleotides to the 3’-hydroxyl that is generated by the action of the XPF 

endonuclease. Because of its similarity to replicative DNA synthesis, gap filling DNA 

replication was assumed to involve the canonical replicative DNA synthesis enzymes. 

Indeed, in vitro reconstitution experiments with purified factors demonstrated that either of 

the high-fidelity replicative B-family DNA polymerases (Pols δ and ε) could support the 

filling in of the excision gap in conjunction with the replicative clamp protein PCNA and 

clamp loader RFC (replication factor C), (21,26,57,58). However, validation that these 

polymerases alone are responsible for gap filling in vivo was complicated by the fact that the 

polymerases play essential roles in chromosomal DNA replication.

Interestingly, more recent data has implicated a role for the error-prone Y-family 

polymerase, Pol κ, in nucleotide excision repair. Cells deficient in this polymerase were 

found to be partially defective in the removal of UV photoproducts from genomic DNA (59). 

Though not required for the dual incision reaction per se, experimental approaches in human 

cells have indicated that DNA polymerase activity contributes to pre-incision factor turnover 

at damage sites in UV-irradiated cells in vivo and thus impacts the overall rate of nucleotide 

excision repair (60,61). Nonetheless, to further address the roles for the different DNA 

polymerases in the repair of UV photoproducts, a subsequent analysis showed that all three 

DNA polymerases (δ, ε, and κ) contribute to the gap filling step of excision repair in vivo 

(62), with RNA interference-based approaches in asynchronously growing cultured cells 

indicating that Pol ε is responsible for approximately half of all repair synthesis and that 

Pols δ and κ carry out the remaining repair synthesis as part of a common pathway. 

Similarly, immunostaining approaches showed that all three polymerases were recruited to 

large, UV-damaged, sub-nuclear foci but that each polymerase showed unique requirements 
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for recruitment. Whereas the recruitment of Pols δ and κ required the canonical clamp 

loader RFC (62,63), Pol ε recruitment to damage sites instead required the action of an 

alternative clamp loader comprising the CTF18 protein in conjunction with the canonical 

small RFC subunits. A schematic summarizing these findings is provided in Figure 3. 

Furthermore, siRNA-mediated knockdown experiments showed that Pol κ recruitment to 

foci also required the DNA repair scaffold protein XRCC1 and the ubiquitination of the 

PCNA clamp by the Rad18 ubiquitin ligase complex. Evidence showing that Pol ε is 

involved in gap filling solely in dividing cells and not in serum-starved quiescent cells 

suggests that the utilization of specific DNA polymerases during gap filling may involve 

distinct cellular conditions, such as proliferation, dNTP levels, specific DNA structures, or 

other factors. It will be interesting in the future to apply whole genome mapping strategies to 

determine whether there are particular chromosomal regions or chromatin states that 

influence the preferential recruitment of specific DNA polymerases.

Ligation—Similar to the prevalent roles for DNA polymerases δ and ε in general DNA 

metabolism, DNA ligase I (Lig I) was largely assumed to be the enzyme that seals the nick 

in the DNA that remains following gap filling DNA synthesis. Indeed, experiments with 

purified proteins in vitro showed that Lig I was able to seal the nick to restore the DNA 

duplex to its native state (21,26,58). However, genetic studies yielded conflicting findings 

regarding the sensitivity of Lig I-deficient cells to UV and thus the role of Lig I in excision 

repair (64,65). Recent work using Lig I-deficient cells maintained in a confluent, non-

dividing state to limit genomic stress from chromosomal DNA replication showed that Lig I-

deficient cells exhibited no major defects in UV photoproduct removal (60). Instead, the loss 

of DNA ligase III (Lig III) was shown to impair the ligation of nucleotide excision repair-

generated nicks and the removal of UV damage from genomic DNA. Like DNA synthesis, 

DNA ligation is not required for the dual incision reaction to take place but may affect repair 

protein turnover at localized sites of UV irradiation in cells in vivo to influence overall 

nucleotide excision repair rate (60). Furthermore, both Lig III and its binding partner 

XRCC1 were found to co-localize and associate with excision repair factors at UV-damaged 

sites in quiescent, non-cycling cells (60). Nonetheless, Lig I was found to be present within 

UV-damage foci in replicating cells, which indicates that Lig I may play a role in sealing at 

least a portion of the nicks that remain after gap filling DNA synthesis in dividing cells. 

Thus, Lig III and to a lesser extent Lig I are responsible for completing the final step of 

human nucleotide excision repair (Figure 3).

Gap enlargement, double-strand break formation, and activation of DNA 
damage response kinases—Though both the excised oligonucleotide and excision gap 

show a mean length of approximately 30 nt in human cells (5,6,10,55), longer ssDNA gaps 

have been detected in UV-irradiated Saccharomyces cerevisiae cells and were shown to be 

dependent on a 5’→3’ exonuclease known as Exonuclease 1 (Exo1) (66). Moreover, this 

nucleolytic enlargement of the excision gap appeared to be required for maximal activation 

of a cell cycle checkpoint that delays the entry of UV-irradiated G1 cells into S phase. 

Consistent with this data in yeast, fluorescence microscopy studies have shown that human 

Exo1 accumulates at UV-damage sites in human cells and forms a complex with the core 

excision repair factor XPA (67). The recruitment of Exo1 to UV damage foci in vivo 
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required the 5’ incision by XPF but not the 3’ incision by XPG and was enhanced when gap 

filling was inhibited with chemicals that lower nucleotide levels and block chain elongation. 

Moreover, studies in non-cycling human cells in vivo (67,68) and with a reconstituted 

system composed of purified excision repair and DNA damage checkpoint proteins in vitro 

(68) demonstrated that maximal activation of the ATR (ataxia telangiectasia and rad3-

related) DNA damage checkpoint kinase (69,70) required Exo1-nucleolytic processing of 

the excision repair gaps. These studies showed that the phosphorylation of multiple ATR 

kinase substrates, including RPA and the tumor suppressor protein p53, was defective in 

Exo1-deficient non-cycling cells following UV. A schematic of Exo1-dependent excision 

gap enlargement is provided in Figure 4.

Whether a cell cycle delay is the sole or even major functional pathway controlled by ATR 

in response to Exo1-enlarged excision gaps is unknown and requires further study. 

Replicative DNA polymerase stalling at DNA lesions and uncoupling from DNA helicase 

activity (71,72), which generates regions of single stranded DNA for recruitment of the 

ATR/ATRIP complex to DNA (73,74), is the most widely recognized trigger for the 

recruitment and activation of ATR (69,70,75). Thus, although ATR has well-described roles 

in controlling replication fork stability, origin firing, and cell cycle phase transitions in 

response to DNA damage encountered during chromosomal DNA replication (69,75), the 

functions of ATR in response to excision repair intermediates and other stimuli in non-

replicating cells are less clear. Indeed, it should be noted that ATR can be activated by 

multiple mechanisms in UV-irradiated, non-replicating cells, including by direct association 

with bulky DNA adducts induced by UV and related chemical carcinogens (76–78), by 

nucleotide excision repair-dependent processing of DNA lesions (67,79–83), and by 

transcription stress (84,85). Thus, additional work is needed to determine the downstream 

functions of these alternative ATR signaling processes, including in response to excision 

gaps enlarged by Exo1. Nonetheless, the factors that affect whether excision gaps are 

enlarged by Exo1 or are efficiently filled in and ligated are not known. These issues have 

important implications for genomic instability in UV-irradiated cells because ssDNA gaps 

are likely prone to breakage, which could give rise to double-strand breaks that are 

potentially lethal to the cell or which could lead to gene deletions or to chromosomal 

rearrangements.

Indeed, a recent study found that double-strand breaks are formed in UV-irradiated, non-

replicating, quiescent cells in a manner that requires the canonical excision repair factors 

(86). This phenomenon was associated with rapid and robust signaling by the ATM (ataxia 

telangiectasia-mutated) DNA damage response kinase (Figure 4), which has well-recognized 

roles in the cellular response to DNA double-strand breaks (87,88). Moreover, inhibition of 

ATM and the related kinase DNA-PK (89), which promotes the repair of double-strand 

breaks by non-homologous end joining pathway, was shown to sensitize non-replicating, 

quiescent cells to the lethal effects of UV and UV mimetic chemical carcinogens (84,86). 

Though dependent on the dual incisions by the core nucleotide excision repair machinery 

(86), the mechanism of double-strand break formation in UV-irradiated non-replicating cells 

remains unclear. Double-strand break formation and recognition by ATM and DNA-PK may 

require nucleolytic processing of nearby excision gaps on opposing strands of DNA by 

Exo1, nucleolytic targeting of ssDNA at excision gaps by other cellular nucleases, or RNA 
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polymerase-dependent transcription through nicks or unfilled excision gaps. Nonetheless, 

double-strand break formation following UV may to lead to loss of genetic information, 

gross chromosomal rearrangements, or aberrant cell death. Thus, it will be important to 

determine the mechanism of excision repair-dependent double-strand break formation in 

non-replicating UV-irradiated cells and its impact on human diseases associated with 

genomic instability, such as cancer and aging.

Fate of the Excised Oligonucleotide

The second product of the nucleotide excision repair reaction is a short, UV photoproduct-

containing DNA oligonucleotide approximately 24- to 32-nt in length. The ultimate fate of 

these excised oligonucleotides, and in particular the UV-damaged nucleotide bases, has not 

been thoroughly studied (12). In this section we highlight several recent reports that have 

focused on understanding this unexplored area of nucleotide excision repair.

Association of excised oligonucleotides with TFIIH and RPA—Reconstituted 

excision repair reactions using purified proteins and defined DNA substrates demonstrated 

that the excised oligonucleotide is protein-bound in vitro (22,24), and a recent gel filtration 

chromatography analysis of in vitro repair reactions with a defined DNA damage substrate 

and cell-free extract showed that the excised oligomers are largely found in two distinct 

complexes (56). Targeted immunoprecipitation of specific excision repair factors 

subsequently established that the excised oligonucleotides are nearly entirely bound to the 

core repair factors TFIIH and RPA following the dual incision event in vitro (56). This 

finding was further confirmed in vivo through the use of a new in vivo excision assay that 

allows for the isolation and detection of excised oligonucleotides in UV-irradiated cells 

(10,90). Whether there are additional proteins that associate with the TFIIH- and RPA-

excised oligonucleotide complexes has not been fully explored, though a least a fraction of 

the TFIIH-excised oligonucleotide complexes contain either XPF or XPG (10).

Interestingly, in vitro psoralen crosslinking experiments had previously shown that the XPD 

subunit of TFIIH and the 70-kDa and 32-kDa subunits of RPA are in close proximity to 

DNA lesions during excision repair (91). XPD is a DNA helicase, and its 5→3 helicase 

activity is known to be essential for nucleotide excision repair by unwinding the DNA 

duplex around the lesion (92,93). Moreover, biochemical analyses of XPD homologues have 

indicated that XPD helicase activity is inhibited by the presence of DNA lesions on the 

translocated strand of DNA (94,95) and that XPD is indeed capable of forming a stable 

nucleoprotein complex with damage-containing DNA in vitro (96). Structural studies and 

mutational analyses of XPD and its archaeal homologue have further verified that the protein 

is important in validating the presence of damage (97–99). Thus, during the process of 

damage recognition and verification, the stalling of XPD and TFIIH at the damage site likely 

results in the lesion and surrounding DNA being essentially buried within the XPD subunit 

of TFIIH. Upon the dual incisions by XPF and XPG, the damage-containing oligonucleotide 

would be expected to remain within the TFIIH holoenzyme and specifically bound to XPD. 

Based on in vitro biochemical experiments with immobilized DNA substrates that have 

shown that the excised oligomers do not remain stably associated with gapped duplex DNA 

following the dual incisions (22,24,56), the TFIIH-excised oligonucleotide complexes are 
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thought to readily dissociate from the excision gaps following XPF and XPG cutting (Figure 

5).

Our understanding of how the excised oligonucleotides are processed following the dual 

incision event is limited. Experiments in which TFIIH-excised oligonucleotide complexes 

were isolated from in vitro excision repair reactions and then studied under defined reaction 

conditions revealed that the TFIIH-excised DNA complex is remarkably stable. In the 

absence of ATP, the excised oligonucleotides remain stably associated with TFIIH for at 

least 8 hours (56). Interestingly, in the presence of ATP or a non-hydrolyzable ATP analog, 

excised oligonucleotides slowly dissociated from TFIIH. These results suggest that ATP 

binding, but not hydrolysis, by a component of TFIIH may alter its conformation to allow 

for release of the excised, damage-containing oligonucleotide. It is expected that there may 

be additional factors that promote the release of excised oligonucleotides from TFIIH to 

allow for the high rate of excision repair observed in vivo. The identification of a purported 

release factor may therefore help shed new light on the regulation of this novel step of repair, 

which is likely important for recycling TFIIH for new rounds of repair or for TFIIH to 

function in gene transcription (35). Nonetheless, the fact that excised oligonucleotides 

associate tightly with TFIIH following the dual incision event has been a useful 

experimental tool that has allowed for the generation of high-resolution, genome-wide maps 

of UV photoproduct repair in human cells (51,52).

As mentioned above, excised oligonucleotides also associate with RPA both in vitro and in 

vivo (10,56,90). RPA binding to the excised oligonucleotide likely takes place after the 

release from TFIIH and may be coordinated with oligonucleotide degradation. This 

hypothesis is based in part on the fact that the lengths of the excised oligonucleotides that 

are bound to TFIIH and RPA are distinct. Oligonucleotides that are bound to TFIIH are in 

the range of 24- to 32-nt, and the majority of oligonucleotides that are bound to RPA are 

closer to 18- to 20-nt in mean length (10,56,90). The TFIIH- and RPA-bound excised 

oligonucleotides are thus frequently referred to as the full-length, primary excision products 

and the partially degraded excision products, respectively. Though full-length 

oligonucleotides can be found to be associated with RPA, particularly at early time points 

during repair in vitro (56), the smaller products overwhelmingly predominate at later time 

points of excision repair both in vitro (56) and in vivo (10,90). Whether the binding of RPA 

to the excised oligonucleotides is non-specific or a defined, intermediate step in nucleotide 

excision repair has yet to be resolved. However, as will be described in greater detail below, 

the use of chemical inhibitors of DNA repair synthesis and ligation in vivo has been shown 

to lead to a preferential enrichment of excised oligonucleotides that are bound to RPA (90). 

Thus, the association of excised oligonucleotides with RPA following their release from 

TFIIH may be a regulated process during the post-incision steps of nucleotide excision 

repair. However, additional work aimed at understanding the molecular details of 

oligonucleotide release from TFIIH is needed to test this hypothesis. Nonetheless, the 

binding of excised oligonucleotides to RPA could prevent RPA from taking part in DNA 

replication and other DNA metabolic processes, which is an important issue given that 

insufficient RPA protein levels may contribute to genomic instability (61,100).
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Nucleolytic degradation of excised oligonucleotides—The nucleases that degrade 

the excised oligonucleotides are not known, and it is possible that there are multiple 

nucleases that act in a redundant manner to break down these products of nucleotide 

excision repair. It is clear that there must be at least one nuclease responsible for converting 

the primary, full-length excised oligomers (24–32 nt) that are bound to TFIIH to the slightly 

smaller products (18–20 nt) that are bound to RPA. Whether this limited degradation occurs 

on DNAs bound to RPA or on transiently protein-free DNA molecules is not known. 

However, we note that one of the major DNA binding modes of RPA includes DNA in this 

size range (101,102), and thus the length of the oligonucleotides bound to RPA could simply 

represent a footprint of RPA on the excised oligonucleotide that limits further degradation of 

the DNA. Furthermore, the generation of 18- to 20-nt-long oligomers from the larger DNAs 

may not be unique to excision repair and damaged DNA processing because addition of a 

random 27-mer oligonucleotide to cell-free extract was shown to generate the same size 

products as found in a bona fide nucleotide excision repair event (56).

The enzymes responsible for this limited degradation or trimming of RPA-bound 

oligonucleotides are unlikely to be either of the two nucleases (XPF and XPG) that comprise 

the core nucleotide excision repair machinery because excised oligonucleotides generated in 

a fully reconstituted reaction comprising only the six core repair factors (which contain XPF 

and XPG) did not show any nucleolytic processing (56). Thus, there must be other nucleases 

present in cells that are responsible for this initial degradation. Though the 5’→3’ 

exonuclease Exo1 and 3’→5’ exonuclease Trex1 are possible candidates, the pattern of 

post-excision oligonucleotide processing is not apparently affected by loss of either of these 

nucleases from cells or cell-free extracts (56) (Hu and Kemp, unpublished).

There are a number of other possible nuclease candidates that could be explored in the future 

using UV-irradiated cells and gene-targeting knockdown methods. One challenge with this 

experimental approach, however, is that the nuclease that degrades the excised 

oligonucleotides may also facilitate the turnover or recycling of TFIIH or RPA during repair 

and thus impact the overall rate of excision repair. Thus, loss of a candidate nuclease could 

in principle affect both the degradation and the generation of excision oligonucleotides. 

Nonetheless, there is experimental evidence that various nucleases contribute to the cellular 

response to UV. For example, loss of the 3’→5’ exonuclease Trex2 has been shown to slow 

nucleotide excision repair rate and lead to increased UV- and UV mimetic-induced skin 

carcinogenesis (103,104). Similarly, loss of the 3’→5’ exonuclease/nucleoside diphosphate 

kinase is associated with a reduced rate of UV photoproduct repair and elevated 

carcinogenesis in experimental models (105,106). Though these studies have not 

demonstrated a direct role for these nucleases in nucleotide excision repair, future work 

should explore roles for these and other nucleases in repair and excised oligonucleotide 

degradation.

It should also be noted that several studies employing tritiated thymidine-containing 

genomic DNA, trichloroacetic acid precipitation, and high performance liquid 

chromatography to follow the fate of excised, UV photoproduct-containing oligonucleotides 

described the detection and isolation of small, pyrimidine dimer-containing oligonucleotides 

6- to 7-nt and 3- to 4-nt in length in UV-irradiated human cells (107,108). Oligonucleotides 
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in this size range are not efficiently retained using the in vivo excision assay (10,53,54) 

because the ability to precipitate oligonucleotides in ethanol drops significantly with 

oligonucleotides less than ~16 nt in length (109). Nonetheless, these alternative methods 

demonstrate the existence of additional intermediates in the post-dual incision processing of 

excised oligonucleotides that may be useful for characterizing the enzymes that degrade the 

excised oligonucleotide products of repair. Indeed, such approaches have revealed the 

existence of an enzyme that appears to hydrolyze the interpyrimidine phosphodiester bond in 

excised cyclobutane dimers (107,108,110).

Lastly, the ultimate fate of the UV-damaged nucleotides is also an important, unanswered 

question (12). This issue is particularly important for cyclobutane pyrimidine dimers (CPDs) 

because the cyclobutane ring between the C5-C5 and C6-C6 bonds is resistant to direct 

photoreversal by UV wavelengths present in sunlight (>300 nm) and to non-enzymatic 

degradation by extreme heat or pH. Though E. coli photolyase is able to repair CPDs within 

short trithymidylates in vitro (111,112), it is much less active than on longer 

oligonucleotides. Furthermore, there are no known mammalian enzymes that are able to 

metabolize and breakdown CPDs into simpler constituents, and thus the identification of 

such enzymes is a worthwhile pursuit.

Localization of excised oligonucleotides in the cell—The subcellular localization 

of the excised DNA oligonucleotide products of repair is an important issue given that the 

presence of DNA in the cytosol following infection or other cellular pathologies is 

associated with the induction of innate immune signaling that can contribute to autoimmune 

disorders (113,114). Early work following the fate of excised, radiolabeled thymidine in UV-

irradiated human cells demonstrated that the excision products were retained in cells and not 

appreciably released from cells into the culture medium (16,115). In vitro studies with 

defined DNA substrates and purified repair proteins or cell-free extracts showed that more 

than 90% of the excised oligonucleotides dissociate from immobilized, duplex DNA into the 

soluble fraction of the reaction following the dual incisions (24,56). Translating these in 

vitro findings to subcellular localization in vivo is potentially more difficult because 

biochemical fractionation methods may disrupt the integrity of cellular architecture. 

Nonetheless, when UV-irradiated cells are lysed under conditions that keep the nucleus and 

nuclear membrane largely intact and then centrifuged, nearly all of the excised 

oligonucleotides remain within the nuclear pellet (90). These findings suggest that the 

primary and partially degraded excised oligonucleotides do not reach the cytosol of the cell 

under normal cellular conditions. Moreover, though the cGAS-STING (stimulator of 

interferon genes)-dependent innate immune signaling pathway is robustly activated by 

cytosolic DNA (114), a recent study did not find evidence for excision repair-dependent 

activation of this pathway in UV-irradiated cells (116). Nonetheless, it remains formally 

possible that under specific cellular conditions, excised oligonucleotides may contact and 

activate innate immune sensors of cytosolic DNA. Thus, the excised oligonucleotide 

products of repair could, in principle, contribute to the pathological effects of sunlight UV in 

autoimmune disorders such as lupus.

Though this recent report showed that essentially all of the excised oligonucleotides remain 

in the nucleus following UV (90), the primary and partially degraded excised 
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oligonucleotides were found to exhibit different biochemical properties with regards to their 

extractability from chromatin and nuclear matrix. Though both classes of excision products 

can be readily solubilized and separated from the bulk chromatin fraction of UV-irradiated 

cells using an isotonic buffer containing a non-ionic detergent (10,54,90), the two classes 

show different degrees of extractability with hypotonic buffers. The primary, TFIIH-bound 

oligonucleotides are largely resistant to extraction under these conditions (90), which 

suggests that ionic strength impacts TFIIH-excised oligonucleotide solubility. Experiments 

showing that the primary excised oligonucleotide products of repair are not recoverable from 

cells that are fixed with formaldehyde prior to cell lysis suggest that the TFIIH-bound 

excised oligonucleotides may be associated with chromatin (90). In contrast, the partially 

degraded, RPA-bound excised oligonucleotides are readily solubilized when cells are lysed 

in a hypotonic buffer containing a non-ionic detergent and can be recovered from 

formaldehyde-crosslinked cells. Immunoblot analyses of total TFIIH and RPA protein 

distribution in the same sub-cellular fractions demonstrated that the excised oligonucleotide-

bound forms of TFIIH and RPA have unique biochemical properties that are distinct from 

the total, excised oligonucleotide-free protein. Though the physiological relevance of these 

biochemical properties remains to be determined, the unique biochemical solubility of the 

TFIIH- and RPA-excised oligonucleotide complexes allows for the easy, differential 

isolation of the two excision product species from UV-irradiated cells.

It will also be important to determine whether the full-length or degraded excised 

oligonucleotide products of nucleotide excision repair are ever released from UV-irradiated 

cells. Though a modest amount radiolabeled thymidine can be detected in cell culture 

medium at late time points following exposure of human cells to high doses of UV (16), it is 

not known whether this apparent release of damage-containing DNA from cells is dependent 

on repair and part of an active export process or simply a result of cell death. Similarly, 

ELISA and 32P-postlabeling methods have detected the presence of CPDs in human urine, 

including after exposure to solar UV radiation (117–121). It will therefore be interesting to 

determine whether these CPD-containing species are bona fide products of nucleotide 

excision repair and can be used as a biomarker for DNA repair capacity.

Excised oligonucleotides and cell signaling—Interestingly, recent studies of double-

strand break repair and base excision repair suggest that the excised products of DNA repair 

may activate intracellular signaling pathways. For example, during DNA end resection at 

double-strand breaks, small exonucleolytically generated oligonucleotides 4- to 12-nt in 

length associate with the MRN (Mre11-Rad50-Nbs1) nuclease complex to help amplify 

ATM kinase signaling (122). Similarly, OGG1 (8-oxoguanine glycosylase), which removes 

8-oxoguanine residues from DNA during base excision repair, remains in a tight complex 

with 8-oxoguanine following excision. This protein-nucleotide base complex then serves as 

a nucleotide exchange factor for the Ras family of signaling proteins to induce various 

immune and inflammatory responses (123–127). Thus it will be interesting to determine 

whether the excised, UV photoproduct-containing oligonucleotide products of nucleotide 

excision repair may similarly serve a signaling function in the cell, either alone or in 

complex with additional proteins. Indeed, artificial ssDNA oligonucleotides with lengths 

similar to the excised oligonucleotide products of nucleotide excision repair impart 
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sequence-specific binding activity to the tumor suppressor and transcriptional regulator p53 

(128).

INTERPLAY BETWEEN GAP FILLING AND EXCISED OLIGONUCLEOTIDE 

PROCESSING

Excision gap filling and excised oligonucleotide processing have thus far been considered as 

two independent events with different processing steps during nucleotide excision repair. 

The demonstration that purified human damage recognition and incision factors are 

sufficient for the dual incision event in vitro (22,23) proved unequivocally that DNA repair 

synthesis is not necessary for the dual incision event to take place. Nonetheless, whether the 

gap filling machinery impacts the function and catalytic nature of the six core human 

excision repair factors has not been thoroughly studied.

Interestingly, there is strong biochemical data showing that the efficiency and turnover of the 

E. coli nucleotide excision repair system is affected by gap filling proteins. In the E. coli 
excision repair system, UV photoproducts are removed from DNA by the uvrA, uvrB, and 

uvrC gene products, which are necessary and sufficient for the dual incision reaction 

(129,130). However, genetic studies indicated that addition factors were required for 

maximal photoproduct removal in E. coli in vivo (131–134). In vitro studies showed that 

both the 12-mer oligonucleotide dual incision product of excision repair and the UvrC 

nuclease remain bound to the undamaged strand of DNA following the dual incision event 

and then require the action of the UvrD helicase for displacement (135–138). Similarly, gap 

filling by DNA Polymerase I is necessary to release UvrB from the post-incision complex 

(135). Thus, additional post-excision factors are required for the E. coli excision repair 

machinery to function in a catalytic manner. Though the proteins responsible for excision 

repair are not conserved between bacteria and humans, the general phenomenon that the 

post-incision gap filling steps of excision repair may affect the catalytic nature of the dual 

incision machinery has potentially important implications for the human nucleotide excision 

repair system.

Along these lines, independent methods that have quantified excision repair capacity in UV-

irradiated cells in vivo have shown that the maximum number of excision gaps and excised 

oligonucleotides that are present in UV-irradiated cells are approximately equal at roughly 

1–2 × 105 per cell (53,90,139,140). Thus, neither reaction product accumulates in the cell in 

vivo relative to the other product, which argues that the post-excision processing of the 

excised oligonucleotides and excision gaps could be coordinated. Consistent with this 

notion, the similar kinetics of excision and repair synthesis in cell-free excision repair 

systems further indicated that the two processes may be coupled (30,141). Moreover, there 

appear to be structural and functional links between the incision events and gap filling. For 

example, the presence of a PCNA-interaction motif (PIP box) in XPG (142) has long hinted 

that XPG may play a role in facilitating the resynthesis step of excision repair. In vitro 

biochemical studies with recombinant proteins and defined DNA substrates indeed further 

confirmed this hypothesis (141). Recent data with cultured human cells in vivo also propose 

that XPG must be ubiquitinated and degraded to allow for gap filling to take place (143).
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Interestingly, there is also evidence that repair synthesis can begin before both incision 

events have taken place. Though the 5’ incision by XPF-ERCC1 is required to generate a 3’-

hydroxyl for DNA polymerase to act on, in vitro and in vivo experiments with an XPG 

mutant that lacks nuclease activity but retains other functions in pre-incision complex 

formation have shown that nucleotides are incorporated into excision gaps when XPG is 

unable to make the 3’ incision (144). Thus, though the dual incision product is a stable, bone 

fide intermediate of excision repair both in vitro and in vivo, the kinetics of DNA 

polymerization within the excision gap relative to the two incision events may be complex 

and influenced by a variety of factors.

Similar to the E. coli excision repair system, in vitro approaches with mammalian cell-free 

systems have indicated that the efficiency of the mammalian nucleotide excision repair 

system may be affected by gap filling processes. For example, the inclusion of dNTPs in 

cell-free extract-based in vitro excision reactions, which are necessary for gap filling DNA 

synthesis to take place, has been shown to lead to the production of a greater number of 

excised oligonucleotides (9,145). Moreover, an early application of an in vitro assay for 

monitoring the release of thymine dimers from DNA in the form of oligonucleotides 24- to 

32-nt in length discovered PCNA as a factor that promoted nucleotide excision repair (145). 

Similarly, the addition of the PCNA-interacting protein p21 to in vitro excision reactions, 

which prevents PCNA from binding to and recruiting DNA polymerases, partially inhibited 

both the generation of the dual incision product and gap filling DNA synthesis (146). The 

subsequent purification of excision repair proteins and optimization of in vitro reaction 

conditions in the mid-1990s proved that the six core excision repair factors (RPA, XPA, 

TFIIH, XPC, XPF-ERCC1, and XPG) were sufficient to carry out the dual incision reaction 

(22,23), and thus the role for gap filling in improving the efficiency of the reaction by 

promoting the turnover of one or more factors was not further considered. However, given 

the unexpectedly stable and tight binding of excised oligonucleotides to TFIIH (56), it is 

expected that there are likely one or more factors that facilitate the release of excised 

oligonucleotides from TFIIH and RPA to promote the recycling of these proteins for new 

rounds of repair. Thus, it is formally possible that one or more gap filling proteins may 

impact the stability of the TFIIH-excised oligonucleotide complex.

Furthermore, there is also evidence with UV-irradiated, cultured human cells that gap filling 

may affect the rate of repair in vivo. It has been recognized for more than 35 years that the 

treatment of UV-irradiated, non-replicating cells with compounds that block gap filling, such 

as nucleotide analogs and ribonucleotide reductase and DNA polymerase inhibitors, slow or 

inhibit the rate of removal of UV photoproducts from the genome (60,61,147–151). 

However, a limitation of many of these previous studies is that the experimental methods 

that were employed may not fully or accurately monitor repair. For example, early assays of 

repair in vivo involved monitoring the release of radiolabeled thymine dimers from the acid-

precipitable fraction of cells (14–16). Such assays detect only small oligonucleotides less 

than approximately 10- to 12-nt in length (109). Thus, the generation of primary and 

partially degraded excision products 18- to 32-nt in length, which are now known to be 

bound to TFIIH and RPA, respectively, would not be detected as bona fide repair events with 

this classical assay for excision repair. Similarly, though fluorescence microscopy is 

frequently used to monitor the release of UV photoproducts from genomic DNA, fixation 
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steps may crosslink the TFIIH-excised oligonucleotide products of repair to chromatin and 

prevent the detection of these repair events (90). Thus, the full-length excised 

oligonucleotide products of repair are not detected as repair events with either of these repair 

methodologies, and this issue is potentially problematic when attempting to study how 

treatments with inhibitors of gap filling affect the post-excision processing of excised 

oligonucleotides.

To address this issue, a recent analysis used more stringent assays of repair, including 

immuno-slot blotting with lesion-specific antibodies and the in vivo excision assay (90), to 

examine how the inhibition of gap filling affects UV photoproduct removal. Consistent with 

the consensus view that gap filling is important for repair rate, this work found that 

inhibiting either repair synthesis or ligation slowed the rate of removal of UV photoproducts 

from genomic DNA (90). Interestingly, this slower rate of removal of damage from genomic 

DNA was correlated with an accumulation of excised, damage-containing oligonucleotides 

that remained in complex with RPA in UV-irradiated cells when gap filling processes were 

inhibited. Interestingly, recent fluorescence microcopy analyses of excision repair protein 

movement in the nuclei of UV-irradiated cells has similarly suggested that RPA turnover and 

localization to new damage sites requires gap filling processes (61). These results support a 

consensus view that gap filling indeed influences the post-excision processing of excised 

oligonucleotides and the turnover of repair proteins, with a specific effect on RPA. However, 

given that prolonged inhibition of gap filling in UV-irradiated quiescent cells stimulates an 

apoptotic form of cell death (90), additional work is necessary to characterize this 

mechanism further and to rule out any indirect effects of apoptotic or other cell death 

processes on the various steps of nucleotide excision repair.

CONCLUSIONS

The efficient removal of UV photoproducts from genomic DNA by the nucleotide excision 

repair system is important to prevent transcription and replication stress, which lead to 

mutagenesis, genomic instability, and cell death in UV-irradiated cells. The post-excision 

steps of repair, which include gap filling and excised oligonucleotide processing, are now 

recognized as playing important roles in repair efficiency and the cellular response to UV. 

Thus, defects in these post-excision steps of repair may lead to genomic instability and 

human diseases associated with UV exposure, such as cancer, aging and autoimmunity. 

Continued investigation of these post-excision steps of repair will therefore provide a 

comprehensive understanding of the nucleotide excision repair mechanism and may 

facilitate the development of new strategies and therapies for minimizing UV light-induced 

human disease.
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Figure 1. Simple schematic of eukaryotic nucleotide excision repair of UV-induced DNA damage
UV induces the formation of UV photoproducts in DNA, including a representative thymine 

dimer indicated in the figure. Two nucleolytic incision events take place ~20 ± 5 

phosphodiester bonds 5’ and 6 ± 3 nt phosphodiester bonds 3’ of the UV photoproduct to 

generate an ~30-nt-long gapped DNA duplex and a 30-nt-long damage-containing DNA 

oligonucleotide. Completion of the DNA repair reaction requires DNA repair synthesis and 

ligation to fill in the gap and degradation of the excised oligonucleotide.
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Figure 2. Model of the global genomic and transcription-coupled repair pathways of human 
nucleotide excision repair
UV photoproducts and other bulky DNA adducts are recognized by either the XPC-

dependent global genomic repair pathway or the CSA/CSB- and RNA polymerase-

dependent transcription-coupled repair pathway. In the general or global genomic repair 

pathway, XPC, XPA, and RPA recognize the damage in a cooperative manner that is 

dependent on TFIIH, which subsequently unwinds the DNA duplex around the lesion to 

generate a bubble structure that is targeted by the XPF and XPG nucleases. A similar 

intermediate is also ultimately generated in the transcription-coupled repair pathway, though 
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the damage recognition step requires RNA polymerase stalling at the lesion and the 

recruitment of the CSA and CSB proteins. Regardless of the mode of damage recognition, 

the dual incisions by XPF and XPG generate a single-stranded DNA gap and an excised, 

damage-containing DNA oligonucleotide that remains in complex with TFIIH. The gap is 

filled in by a DNA polymerase and then the remaining nick sealed by a DNA ligase. The 

damage-containing oligonucleotide dissociates from TFIIH and becomes bound to RPA 

before undergoing further degradation.
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Figure 3. Schematic of the gap filling processes of human nucleotide excision repair
RPA is thought to remain bound to the single-stranded DNA excision gap along with XPG, 

which contains a domain that may facilitate the recruitment of the DNA polymerase clamp 

protein PCNA to the gap. PCNA is then loaded onto the primer-template junction by either 

the canonical RFC complex or the CTF18-RFC complex and may undergo ubiquitination by 

Rad18. Depending on the particular RFC that was utilized and the ubiquitination status of 

PCNA, Polymerases ε, δ, or κ are then recruited to gap to carry out gap filling DNA 

synthesis. Polymerases δ and κ carry out approximately half of repair synthesis as part the 

same pathway, whereas polymerase ε functions independently to carry out the remaining 
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gap filling. The remaining nick is sealed by either DNA Ligase I (Lig I) or the XRCC1-Lig 

III complex.
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Figure 4. Nucleotide excision repair-dependent activation of DNA damage response kinases 
following UV
Under some circumstances, the post-excision gap may be enlarged by Exonuclease I (Exo I). 

The extended region of single-stranded DNA is thought be then become bound by the 

single-stranded DNA-binding protein RPA, which facilitates the recruitment of the DNA 

damage checkpoint kinase ATR to the enlarged gap. ATR then phosphorylates its substrates, 

including the tumor suppressor protein p53. In a mechanism that remains to be fully 

elucidated, excision gaps in non-cycling, non-replicating cells may also give rise to the 

formation of double-strand breaks, which are targeted for repair and damage signaling by 

ATM and DNA-PK.
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Figure 5. Post-excision processing of the excised, damage-containing DNA oligonucleotide 
products of human nucleotide excision repair
Following the dual incisions by XPF and XPG, the UV photoproduct damage is released in 

the form of an ~30-nt-long oligonucleotide in a tight complex with the repair factor TFIIH. 

XPG, and to a lesser extent XPF, can also be observed to associate with the TFIIH-excised 

oligonucleotide complex (10). In an ATP-dependent but ATP hydrolysis-independent 

manner, the full-length, primary excised oligonucleotides dissociate from TFIIH and become 

bound by RPA (56). Once bound to RPA, the excised oligonucleotides undergo a limited 
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amount of nucleolytic degradation before being released and undergoing further degradation. 

The ultimate fate of the damaged/adducted nucleotides is unknown.
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