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Abstract: It has been a long-standing question how DNA damage repair proceeds in a 

nuclear environment where DNA is packaged into chromatin. Several decades of analysis 

combining in vitro and in vivo studies in various model organisms ranging from yeast to 

human have markedly increased our understanding of the mechanisms underlying 

chromatin disorganization upon damage detection and re-assembly after repair. Here, we 

review the methods that have been developed over the years to delineate chromatin 

alterations in response to DNA damage by focusing on the well-characterized Nucleotide 

Excision Repair (NER) pathway. We also highlight how these methods have provided key 

mechanistic insight into histone dynamics coupled to repair in mammals, raising new 

issues about the maintenance of chromatin integrity. In particular, we discuss how NER 

factors and central players in chromatin dynamics such as histone modifiers, nucleosome 

remodeling factors, and histone chaperones function to mobilize histones during repair. 
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1. Introduction 

In the cell nucleus, DNA is packaged into chromatin, a complex nucleoprotein structure whose 

basic unit is the nucleosome [1]. The nucleosome core particle is composed of approximately 146 base 

pairs of DNA wrapped around an octamer of histone proteins comprising a (H3–H4)2 tetramer flanked 

by two H2A–H2B dimers [2]. Linker histones such as H1 and non-histone proteins also associate with 

the nucleosomal fiber, contributing to the formation of higher-order chromatin structures and nuclear 

domains [3,4]. Beyond this basic organization, the chromatin fiber shows variations in its compaction 

level and in its elementary components due to the existence of histone variants and post-translational 

modifications (reviewed in [5–8]). Altogether, these parameters provide an additional layer of 

information, potentially inherited through multiple cell generations, which controls gene expression 

and ultimately dictates cell function [3]. 

One of the key issues in the chromatin field is to understand how the information conveyed by 

chromatin is preserved while allowing all DNA metabolic activities (i.e., DNA replication, 

transcription, and repair) that necessarily disorganize—at least transiently—chromatin structure. 

Several factors, including nucleosome remodeling factors, histone modifying enzymes, and histone 

chaperones, have emerged as critical players in chromatin dynamics (reviewed in [7,9–12]). Chromatin 

plasticity is particularly important during DNA repair as DNA damage occurs in an unscheduled 

manner and involves rearrangements of chromatin structure that prime chromatin for repair and help 

restore its integrity. These rearrangements, described in the Access/Prime-Repair-Restore model [13–16], 

involve the disorganization and subsequent re-organization of chromatin, the mechanisms of which are 

still incompletely understood. 

Here, we review the methods that have been used to study histone dynamics during DNA repair and 

we present key findings from studies in mammalian cells that have contributed to build this model 

(extensive work conducted in other eukaryotic systems such as yeast is reviewed by others in this 

issue). More specifically, we focus on Nucleotide Excision Repair (NER), an evolutionarily conserved 

pathway that removes helix-distorting lesions such as those induced by UVC (UltraViolet C) light. 

This pathway has been extensively studied and its molecular players are well characterized (reviewed 

in [17]). Thus, it represents an attractive model that can be manipulated to address the issue of 

chromatin dynamics after DNA damage. In this review, we first describe the dynamic changes in 

chromatin structure that have been observed during NER. Then, we present our current knowledge of 

the mechanisms underlying these dynamics, with an emphasis on the role of specific histone 

modifications, nucleosome remodelers, and histone chaperones. 

2. Dynamic Changes in Chromatin Structure during Nucleotide Excision Repair 

Over the past decades, a series of methods have been developed both in vitro and in vivo to assess 

histone and nucleosome dynamics coupled to NER (Figures 1–3), considerably increasing our 

understanding of chromatin rearrangements during the NER process.  
  



Int. J. Mol. Sci. 2012, 13 11897 

 

2.1. DNA Damage-Induced Nucleosome Destabilization and Histone Mobilization  

The NER pathway is involved in the repair of pyrimidine dimers and bulky DNA adducts that can 

be induced either in cultured cells or on DNA templates by irradiation with UVC light or treatment 

with cross-linking agents like Cisplatin (CisPt) or UVA-activated psoralen (Figure 1). Pyrimidine 

dimers can also be formed by chemical synthesis [18]. 

Figure 1. Methods for inducing DNA damage repaired by the Nucleotide Excision Repair 

(NER) pathway. When not chemically synthesized, DNA lesions (i.e., pyrimidine dimers 

and bulky DNA adducts, red triangles) are generally induced by exposure to UV light 

and/or cross-linking agents (purple). Genotoxic treatment is applied on DNA templates  

(in vitro) or on cultured human cells (in vivo). Damaged DNA templates are further 

immobilized onto magnetic beads [19] or used to reconstitute nucleosome particles by salt 

dialysis [20,21]. Global cell irradiation with a UVC lamp generates DNA damage 

throughout the nucleus. Localized DNA damage is induced by irradiating cells with a UVC 

lamp through a micropore filter [22–24] or by focusing a UVC laser to specific sub-nuclear 

regions [25]. 

 

Early work studying how the NER pathway repairs UVC lesions on naked DNA revealed that, 

despite the short size of the repair patch (about 30 nucleotides in length) [26], access to at least  

100 base pairs flanking the lesion was needed for the repair machinery to excise the damaged 

oligonucleotide [27]. These early observations suggested that, in vivo, the chromatin structure should 
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be rearranged in order for repair factors to process UVC lesions. Formal proof of chromatin 

reorganization upon DNA damage was obtained by measuring chromatin accessibility to nucleases, 

which preferentially cleave the DNA between nucleosome particles (Figure 2). Pioneering experiments 

using partial MNase (Micrococcal Nuclease) digestion on chromatin purified from UVC-irradiated 

human fibroblasts [28] showed that chromatin regions undergoing NER present a transient increase in 

nuclease sensitivity. These initial observations were further confirmed by using other nucleases such as 

DNase I (DNA Nuclease 1) [29] or restriction enzymes [30]. 

Figure 2. Methods for measuring chromatin disorganization upon UVC damage. 

Spontaneous changes in DNA folding in reconstituted nucleosomes containing UV 

photoproducts (red triangles) is measured by FRET (Fluorescence Resonance Energy 

Transfer) between the donor (Cy3) and acceptor (Cy5) fluorophores [21]. Chromatin 

rearrangements upon UVC damage can also be assessed by probing the accessibility of 

damaged DNA to nucleases (orange scissors), which is performed either on reconstituted 

chromatin (in vitro) or on chromatin purified from damaged cells (in vivo). The 

accumulation of small DNA fragments, indicative of disorganized chromatin (by 

nucleosome disruption and/or random positioning), is visualized by electrophoresis on an 

agarose gel stained with Ethidium Bromide (EtBr) [28,29,31]. In vivo, changes in histone 

density can be visualized by a decrease in fluorescent signal at sites of local UVC damage 

in cultured human cells expressing GFP-tagged histones (green) [32]. 
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Evidence of altered chromatin organization in the presence of UV photoproducts was recently 

obtained at the nucleosome scale. The FRET (Fluorescent Resonance Energy Transfer) technology has 

been adapted to follow spontaneous alterations in the folding of UV-damaged DNA in reconstituted 

nucleosomes (Figure 2). FRET efficiency is reduced in a UV dose-dependent manner showing that UV 

damaged nucleosomes remain partially unwrapped for longer times compared to undamaged nucleosomes. 

These data highlight that UV damage itself can cause changes in DNA wrapping around the histone 

octamer in vitro, which potentially facilitates access for repair machineries to DNA lesions in vivo [21].  

In addition to the spontaneous dynamics of UV-damaged nucleosomes, active mechanisms  

also promote chromatin disorganization around UVC lesions, as recently visualized in vivo by locally 

irradiating cells through micropore filters (Figures 1 and 2). Human cells expressing fluorescently-labeled 

histones showed a decrease in fluorescence intensity at damage sites in an ATP (Adenosine 

TriPhosphate)-dependent manner, revealing that histone density is locally reduced by an active 

mechanism [32]. Whether this local loss of histones results from a complete disruption of damaged 

nucleosomes and/or nucleosome sliding away from the lesions is still to be determined. 

Besides its likely role in giving access to repair machineries, histone eviction may also be a way to 

eliminate damaged histones (Figure 4). Indeed, UV irradiation can lead to the production of reactive 

oxygen species and free radicals via photosensitization mechanisms [33]. Histone proteins oxidized by 

such reactive molecules may then be targeted for degradation [34]. An alternative possibility is that 

histones removed from damaged chromatin regions are recycled by histone chaperones (Figure 4) and 

contribute to chromatin reorganization after DNA repair. Further studies on the fate of displaced 

histones will be required to understand how the original information conveyed by chromatin via 

histone variants and modifications can be preserved. 

The extent of chromatin disorganization coupled to NER in vivo is also intriguing. Several lines of 

evidence suggest that it spreads far beyond the repair patch, at least up to 2 kilobases from the damage 

site [35], while another study reports that chromatin rearrangements extend over the whole nucleus 

following local UVC irradiation [36]. It is still unclear whether structural barriers to chromatin 

disorganization exist in the cell nucleus. As chromatin organizes itself in specific nuclear domains [3,4], it 

is conceivable that existing boundaries between these domains may limit spreading of chromatin 

rearrangements after DNA damage. The extent of chromatin disorganization after damage may also 

differ between euchromatin and more compact heterochromatin regions. To address these issues, a 

newly developed UVC laser micro-irradiation technique (Figure 1) would be interesting to use in the 

future as it provides a means to target the damage to specific sub-nuclear regions [25]. 

In conclusion, a large body of evidence implicates chromatin disorganization in NER, including 

damaged nucleosome destabilization and histone displacement, which raises the issue of how 

chromatin integrity can be preserved. 

2.2. Nucleosome Restoration and New Histone Deposition Coupled to NER  

The first evidence of chromatin restoration following NER came from nuclease digestion experiments 

on chromatin purified from UVC-damaged cells as described in the previous section [28,29]. These 

experiments indeed demonstrated that regions undergoing repair became progressively more nuclease 

resistant to finally present the same digestion profile as non-damaged chromatin, indicating restoration 
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of nucleosomal arrays where nucleosomes occupy non-random positions. Furthermore, nucleosome 

restoration is complete with deposition of linker histone H1 [37] and re-establishment of a canonical 

DNase I footprint [29]. 

Figure 3. Methods for measuring chromatin restoration upon UVC damage. Deposition of 

histone proteins from a cell-free extract onto damaged DNA immobilized on magnetic 

beads is measured by western blotting (WB) against pulled-down histones [19,31]. 

Chromatin assembly coupled to NER can also be monitored in vitro by supercoiling assays 

using damaged plasmids mixed with extracts from human cells, xenopus eggs or 

drosophila embryos that are supplemented with a radioactive desoxyribonucleotide 

([32P]dCTP which labels repair patches, orange). Within minutes, the plasmid is relaxed by 

topoisomerases present in the extracts. Nucleosome assembly introduces negative 

superhelical turns into the relaxed plasmid, which can be detected as faster migrating forms 

by electrophoresis on an agarose gel stained with Ethidium Bromide (EtBr, total DNA) or 

revealed by autoradiography (32P, repaired DNA) ([38,39], reviewed in [31]). In vivo, new 

histone deposition at sites of local UVC damage is visualized by immunofluorescence (IF) 

in cultured human cells transiently expressing epitope-tagged histones (e-H3.1, green) [40]. 
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The coupling between NER and chromatin assembly was then further studied in vitro by using 

supercoiling assays (Figure 3). In these assays, UV or Cisplatin-damaged plasmids are mixed with 

cell-free extracts supplemented with radioactive desoxyribonucleotides to label repair patches, and 

analyzed by agarose gel electrophoresis and autoradiography. The accumulation of repaired 

supercoiled DNA molecules is indicative of nucleosome assembly coupled to NER [38,39]. 

The analysis of nucleosome dynamics during NER was then taken one step further by examining 

the role of specific histone variants. Indeed, most histones exist as distinct variants which differ in their 

amino-acid sequences, their expression profiles, and their timing and/or sites of incorporation into 

chromatin [5]. So far, the efforts towards investigating histone variant dynamics coupled to NER have 

been focused on the replicative H3.1 variant that is synthesized mostly in S phase and incorporated 

into nucleosomes in a DNA synthesis-coupled manner. In vitro experiments demonstrated that  

epitope-tagged H3.1 histone is deposited onto immobilized UV-damaged templates [41] (Figure 3). 

These data were then further strengthened in vivo in human cells transiently expressing Flag-HA-tagged 

H3.1. Upon local UVC irradiation, newly synthetized H3.1 histones accumulate at damage sites in a 

manner coupled to repair synthesis [40]. This study puts forward new H3.1 histone incorporation as 

critical in chromatin restoration after repair of UVC lesions (Figure 5). 

Although it presumably helps restoring nucleosomal structure at damage sites, the incorporation of 

new histones challenges the maintenance of chromatin integrity. Indeed, newly synthesized soluble 

histones are known to bear post-translational modifications that differ from nucleosomal histones [42] 

and thus, deposition of new histones could lead to substantial changes in the chromatin landscape in 

repaired regions. Whether such changes are only transient or longer-term, leaving an imprint on 

chromatin, is an issue that clearly deserves further investigation. Notably, the dynamics of pre-existing 

histones and other variants also needs to be considered, and histone deposition at earlier steps in the 

NER process cannot be excluded. Further investigation of histone variant dynamics coupled to NER  

in vivo should now be possible by exploiting SNAP-tag-based pulse-chase imaging, a powerful 

technique that allows tracking new or old histones in live cells and quantifying their turnover [43–46]. 

Altogether, studies of chromatin dynamics coupled to NER reveal that chromatin undergoes 

dramatic changes in its organization during the repair process, involving nucleosome rearrangements 

and mobilization of histone proteins. Identifying the molecular players in these processes has been the 

focus of intense research, providing interesting mechanistic insights into histone dynamics coupled to 

NER, which we describe in the following section. 

3. Mechanisms Underlying Histone Dynamics during Nucleotide Excision Repair  

3.1. Chromatin Accessibility and Histone Post-Translational Modifications 

Histone modifications play central roles in regulating chromatin dynamics not only during 

transcription but also in the context of DNA repair [7]. Historically, acetylation was the first histone 

post-translational modification shown to promote UV-damaged chromatin accessibility and to 

stimulate NER, as reported in yeast and mammalian cells (reviewed in [47] and by R. Waters and 

colleagues in this issue). 
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Figure 4. Histone dynamics at early steps of NER in mammals. The GGR (Global Genome 

Repair) factor DDB2 is recruited to the lesion (red triangle), where it promotes chromatin 

decompaction and histone displacement [32]. In conjunction with DDB1, Cul4 and RBX1, 

DDB2 forms an E3-ubiquitin ligase complex, which triggers ubiquitylation (orange) of 

several substrates. In particular, various core histones (H2A, H3 and H4) are  

ubiquitylated [48–53], which is thought to destabilize nucleosome structure and to promote 

histone loss from damaged chromatin [49,54]. The fate of histones displaced from 

damaged chromatin regions (degradation or recycling by histone chaperones) is still under 

investigation. In addition to a possible eviction of histones from damaged nucleosomes, 

histone dynamics during NER likely involves histone mobilization/sliding by nucleosome 

remodeling factors such as INO80, likely recruited via its interaction with DDB1 [55] and 

SWI/SNF, recruited concomitantly with the GGR factor XPC [56–59]. In addition to their 

association with repair factors, binding to DNA damage-induced histone modifications 

could be another mechanism for recruiting chromatin remodelers. During TCR 

(Transcription Coupled Repair), stalled RNAPII (green) is recognized by CSB, a 

SWI/SNF-like ATPase whose function in chromatin remodeling in vivo is still unclear [60]. 
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Studying how the NER machinery processes DNA lesions also revealed the importance of protein 

ubiquitylation in coordinating the NER response (for review, see [61]). Interestingly, in addition to various 

NER factors, H2A, H3 and H4 histones are ubiquitylated in the course of NER in mammals [48–53]. 

By examining H3 and H2A extractability from damaged chromatin in vitro and in vivo [49,54], histone 

ubiquitylation was shown to destabilize nucleosomal organization, suggesting that this modification 

could facilitate access to damaged chromatin in vivo by promoting histone displacement from damaged 

nucleosomes (Figure 4). Whether ubiquitylation alone is sufficient for increasing chromatin accessibility 

or if it acts as a signal for recruiting chromatin remodelers and/or histone chaperones is still to  

be determined. 

The mechanisms for how this modification is established in response to UVC damage and coupled 

with NER are still under investigation. Several E3 ubiquitin ligases acting at different steps of the NER 

pathway have been identified as histone modifiers. First, by taking advantage of NER-deficient cell 

lines established from XPE (Xeroderma Pigmentosum E) patients, the E3 ubiquitin ligase complex 

RBX1 (Ring-BoX 1)-Cul4 (Cullin 4)-DDB1-DDB2 (DNA Damage Binding protein), a key player in 

UVC damage detection, was shown to ubiquitylate H2A in vitro and in vivo [48,50] (Figure 4). This 

complex is also involved in H3 and H4 ubiquitylation stimulated by UVC irradiation [49]. In addition, 

H2A was found to be ubiquitylated by the ubiquitin ligase RNF2 (Ring finger protein 2) in a manner 

dependent on the NER factor XPA [51]. The ubiquitin ligase RNF8 (Ring finger protein 8) also 

modifies H2A upon formation of singled stranded DNA, an NER intermediate resulting from lesion 

processing [53]. While the multiplicity of E3 ubiquitin ligases involved in modifying H2A complicates 

the analysis of its function in the NER pathway, it clearly underlines a critical role of this modified 

histone in this process. Finally, H2A ubiquitylation has been proposed to occur after repair synthesis 

and to be dependent on the H3.1 histone chaperone CAF-1 (Chromatin Assembly Factor 1) [52]. In 

this context, histone ubiquitylation, reported to destabilize nucleosomes, might help remodelers to 

reposition newly formed nucleosomes and could thus be an important player in chromatin restoration 

upon UVC irradiation (Figure 5). Future experiments will help clarify this issue and define the role of 

this modification in chromatin rearrangements coupled to early and late NER steps. 

In conclusion, histone modifications by acetylation and ubiquitylation have emerged as key regulators 

of chromatin accessibility during NER. How they potentially crosstalk with other factors involved in 

chromatin dynamics such as remodelers and histone chaperones will be important to consider. 

3.2. Nucleosome Mobilization by Chromatin Remodeling Factors  

Chromatin remodelers use the energy of ATP hydrolysis to disrupt histone-DNA contacts, thus 

promoting nucleosome sliding, removal or exchange [9,10]. Remodeling factors were first identified as 

key regulators of gene expression, and it is only recently that their role in DNA damage response 

pathways has been investigated (reviewed in [62]). 

In mammalian cells, both SWI/SNF (SWItch/Sucrose Non Fermentable) and INO80 (INOsitol 

requiring 80) remodeling factors stimulate NER as their down-regulation confers hypersensitivity  

to UVC, associated with inefficient removal of UV damage and impaired recruitment of 

early/intermediate NER factors [55–59]. The coupling between remodelers and NER factors is further 

supported by co-immunoprecipitation experiments revealing interactions between the SWI/SNF 
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complex subunits BRG1 (Brahma-Related Gene 1) and SNF5/INI1 (Integrase Interactor 1) with  

XPC [57,59] and between INO80 and DDB1 [55] (Figure 4). Additionally, the first hints towards a 

possible involvement of other mammalian chromatin remodelers in NER started to emerge with 

members of the CHD (Chromodomain Helicase DNA binding protein) and ISWI (Imitation SWItch) 

families whose loss of function sensitizes cells to UVC irradiation [62,63]. 

However, the precise role of these remodelers at UV damage sites is still an open issue. Such 

factors likely help reorganize the chromatin structure for repair machineries to have access to DNA 

damage. While BRG1 and to a lesser extent INO80 were shown to increase chromatin accessibility 

upon global UV irradiation in human cells as revealed by MNase digestion profiles [55,57], it is not 

formally demonstrated that such factors actually promote nucleosome remodeling locally at DNA 

damage sites. Whether different remodelers fulfill distinct/complementary functions at damage sites 

(i.e., nucleosome sliding vs. disruption) is another issue that warrants further investigation.  

Besides well-defined chromatin remodelers, some NER factors also display nucleosome remodeling 

activity. In mammals, CSB (Cockayne Syndrome B), a NER factor involved in repair of UV damage 

on transcribed DNA strands, contains a SWI/SNF ATPase domain and was shown to remodel 

chromatin in vitro, but the relevance of this activity in vivo still needs to be addressed [60] (Figure 4). 

Additionally, a recent study revealed that the UV damage recognition factor DDB2 promotes 

chromatin decompaction and ATP-dependent histone displacement from sites of local UVC  

irradiation ([32], Figure 4). Notably, this function is independent of the E3 ubiquitin ligase activity of 

the CUL4-DDB complex and does not rely on SWI/SNF remodelers. The mechanisms underlying  

DDB2-mediated chromatin remodeling at damage sites are still unclear and most likely mediated by 

remodeling factor(s) yet to be identified. 

Altogether, current studies mainly support a role for remodelers in promoting chromatin 

accessibility by moving histones/nucleosomes away from the damage site. Nevertheless, this does not 

exclude a possible function during chromatin restoration in cooperation with histone chaperones. 

3.3. Histone Mobilization by Histone Chaperones 

Histone chaperones are key players in histone metabolism involved in escorting histones and 

mobilizing them in and out of chromatin [11,12]. The list of known histone chaperones has been 

growing significantly, but only a few have been associated with the DNA damage response (reviewed 

in [16,64]) and CAF-1 is the only one with a well-described role in the context of NER in mammalian 

cells. CAF-1 is an evolutionarily conserved complex, initially identified by its ability to promote 

histone deposition coupled to DNA replication [65,66] and characterized later as a chaperone 

dedicated to the replicative H3.1 variant [41,45]. Notably, CAF-1 function is not restricted to 

replication, as it is recruited to DNA damage sites during late steps of NER as shown in vitro and in 

human cells [67–69]. Interestingly, consistent with a late recruitment in NER, CAF-1 is not required 

per se for efficient repair of UV lesions or for the recruitment of NER factors to damage in human 

cells [40]. Its function during NER was elucidated by a series of in vitro and in vivo experiments 

demonstrating that this histone chaperone promotes chromatin restoration coupled to NER by 

depositing newly synthesized H3.1 histones at damage sites in a repair-synthesis dependent  

manner [38,40,41] (Figure 5). The direct interaction of CAF-1 with the polymerase sliding clamp 
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PCNA (Proliferating Cell Nuclear Antigen) provides molecular support for a coupling between 

chromatin re-assembly and DNA synthesis both during replication and repair [67,70]. 

Figure 5. Histone dynamics at late steps of NER in mammals. Newly synthesized H3.1 

histone variants in dimers with H4 (black) are deposited at UVC damage sites [40,41].  

De novo histone deposition is coupled to repair synthesis via a direct interaction between 

the specific H3.1 histone chaperone CAF-1 (purple) and the polymerase sliding clamp 

PCNA (yellow) [67]. The chaperone ASF-1 may be a donor of new H3.1 for CAF-1 and/or 

contribute to old histone recycling. The involvement of other histone variants and other 

chaperones in the new histone deposition process is still to be determined. The contribution 

of old histone recycling is also an open issue. H2A is ubiquitylated (orange) in a  

CAF-1-dependent manner [52]. This modification, reported to destabilize nucleosome  

structure [54], might contribute in concert with nucleosome remodelers (blue) to re-position 

newly formed nucleosomes after repair. 

 

In conclusion, the histone chaperone CAF-1 stands out as a key factor in chromatin restoration 

coupled to late NER via its ability to deposit new H3.1 histones at damage sites (Figure 5). The 

contribution of other histone chaperones to this process is still to be determined. In this respect, ASF-1 

(Anti-Silencing Function 1) is an interesting candidate as it functions synergistically with CAF-1 to 

assemble nucleosomes during NER in vitro [71] and helps turning off the DNA damage checkpoint 

after UV irradiation both in yeast and mammalian cells [72,73]. It is thus possible that ASF-1 acts as a 

donor of new histones for CAF-1 in chromatin restoration coupled to NER (Figure 5). Another 

attractive possibility is that ASF1 could be involved in old histone recycling at damage sites (Figure 5) 

as described at the replication fork [74]. Future studies may also give more insights into the 

composition of nucleosomes formed upon repair-coupled chromatin restoration by determining 

whether histone variants other than H3.1 get deposited at NER sites. 
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4. Conclusions and Open Issues 

As reviewed here and summarized in the Access/Prime-Repair-Restore model [13–16], the NER 

response induces dramatic chromatin structural changes, which involve histone modification and 

mobilization at various steps of the NER pathway. The underlying molecular mechanisms and the 

functional relevance of chromatin dynamics during NER are topics of intense research. Chromatin 

rearrangements at early stages of NER expose DNA damage to NER machineries and may also 

facilitate the removal of damaged histone proteins. Such disorganization of chromatin most likely 

results from both histone eviction by nucleosome disruption and nucleosome sliding away from DNA 

lesions. It is achieved by the concerted action of NER factors involved in UV damage detection, 

histone modifiers and chromatin remodeling factors (Figure 4). After DNA damage processing, 

chromatin re-assembly involves a coupling between late NER factors and histone chaperones 

incorporating new H3.1 histones at damage sites (Figure 5). 

Nevertheless, many aspects of chromatin dynamics during NER are still unresolved. In particular, 

the roles of histone modifiers, nucleosome remodelers, and histone chaperones during NER have been 

mostly considered separately and at specific repair steps. Thus, a future challenge in the field will be to 

understand how the different players involved in damaged chromatin dynamics work together in a 

coordinated fashion. Distinct players might also be involved depending on the type of damage 

inflicted. It would thus be interesting to analyze potential differences in histone dynamics among the 

several DNA repair pathways. Another critical issue will be to determine whether and how chromatin 

disorganization and restoration are coupled. This may help to understand how the information 

conveyed by chromatin organization is preserved upon repair of DNA damage. As discussed above, 

new histone incorporation at damage sites is likely to modify, at least transiently, the information 

encoded by chromatin structure via alterations in patterns of histone variants and modifications. Since 

these chromatin marks play critical roles in transcription regulation, any change at this level may 

impact on the expression of the genes in the damaged chromatin region. To assess the extent of such 

changes, it will be important to determine the relative proportions of new and old histones involved in 

chromatin reorganization following NER. How long these new histones persist at repair sites and 

whether they could mark chromatin regions that have been damaged is another important question that 

needs to be addressed. 

Finally, the impact of chromatin higher-order structures on NER and the dynamics and functions  

of non histone proteins during this process would be interesting to explore in future studies. Indeed, the 

importance of non histone chromatin proteins was recently revealed in the response to DNA  

double-strand breaks with several reports underlining how repair of DNA damage proceeds in compact 

heterochromatin domains (reviewed in [16]). The role of non histone chromatin-associated proteins in 

NER started to be analyzed in human cells and C. elegans, with evidence for an involvement of HP1 

family members (Heterochromatin Protein 1) in the response to UV damage [75]. How silenced 

heterochromatin-like structures impede the NER process has been addressed only in yeast so far [76,77]. 

Future work should shed light on the interplay between NER and chromatin, to decipher not only how 

NER modulates chromatin structure but also how distinct chromatin organization levels differentially 

regulate NER. 
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