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Abstract

Eukaryotic genomes are packaged into chromatin, which is the physiological substrate for all 

DNA transactions, including DNA damage and repair. Chromatin organization imposes major 

constraints on DNA damage repair and thus undergoes critical rearrangements during the repair 

process. These rearrangements have been integrated into the “Access-Repair-Restore” (ARR) 

model, which provides a molecular framework for chromatin dynamics in response to DNA 

damage. Here, we take a historical perspective on the elaboration of this model and describe the 

molecular players involved in damaged chromatin reorganization in human cells. In particular, we 

present our current knowledge of chromatin assembly coupled to DNA damage repair, focusing on 

the role of histone variants and their dedicated chaperones. Finally, we discuss the impact of 

chromatin rearrangements after DNA damage on chromatin function and epigenome maintenance.
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1 Introduction

Genome stability is constantly jeopardized by endogenous and exogenous sources of 

genotoxic stress, which generate a variety of DNA lesions [1–3]. These lesions are processed 

by dedicated repair pathways that protect cells from the deleterious consequences of 

mutations and chromosomal aberrations resulting from the accumulation of DNA damage. 

Among them, the highly conserved Nucleotide Excision Repair (NER) pathway is unique in 

that it recognizes a broad spectrum of structurally-unrelated lesions, including pyrimidine 
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dimers arising from exposure to UVC light and bulky chemical adducts [4,5] (see elsewhere 

in this issue).

In eukaryotic cells, however, repair machineries operate on a chromatinized substrate; a 

repeated nucleoproteic structure whose building block is the nucleosome [6]. In the 

nucleosome core, DNA is wrapped around an octamer of histone proteins comprising an 

(H3-H4)2 tetramer flanked by two H2A-H2B dimers, while linker histone H1 associates 

with internucleosomal DNA. Histone proteins exist in the form of sequence variants [7,8], 

which have a profound impact on chromatin structure and function, in particular through the 

modulation of histone post-translational modifications (PTMs) and interacting factors, 

nucleosome stability and higher-order chromatin folding. Histone variants are deposited onto 

DNA in a regulated manner by dedicated histone chaperones [9]. Variations in chromatin 

elementary components (histone variants, PTMs) along with higher-order organization and 

regulatory factors form the so-called epigenome, which provides a versatile template for 

specific gene expression and cell functions. Therefore, chromatin not only helps packaging 

the eukaryotic genome into the cell nucleus, which impacts DNA accessibility, but also 

provides a major source of information that contributes to genome function.

How cells detect and repair DNA lesions in a chromatin environment and with what 

consequences on chromatin organization and epigenome maintenance are long-standing 

questions that have been the focus of intense research. In this context, we describe in this 

review the stepwise elaboration of the “Access-Repair-Restore” (ARR) model, which 

provided a molecular framework for integrating nucleosome dynamics in the repair 

response. Then, we present our current view of chromatin assembly coupled to DNA 

damage repair in human cells, primarily in the context of NER of UVC-induced DNA 

lesions, focusing on the role of histone variants and their dedicated chaperones. For the 

contribution of histone modifications and chromatin remodeling factors to chromatin 

dynamics in response to DNA damage, the reader is referred to recent reviews [10–13]. 

Finally, we discuss the impact of chromatin rearrangements after DNA damage on 

epigenome integrity and plasticity.

2 Emergence of the ARR model: from the original concepts to a molecular 

framework for chromatin dynamics in response to DNA damage

2.1 Unfolding-refolding model

Evidence for chromatin rearrangements upon DNA damage originally emerged from 

measuring the accessibility of damaged DNA to nucleases in the chromatin of UVC-

irradiated human fibroblasts in which replicative synthesis was suppressed by contact 

inhibition and hydroxyurea treatment. Interestingly, regions undergoing repair synthesis 

were more sensitive to Micrococcal Nuclease (MNase) digestion than bulk DNA [14,15]. 

This was initially interpreted as repair synthesis occurring preferentially and more rapidly in 

nuclease accessible regions of chromatin, leading to the idea of a non-uniform distribution of 

NER in chromatin. An alternative interpretation of these findings, however, stemmed from 

Smerdon’s pioneering observation that the repaired regions recovered nuclease resistance 

over time. This was based on pulse-labeling of repaired DNA followed by chase times of 
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several hours [15]. The transient increase in nuclease sensitivity of chromatin regions 

undergoing NER, confirmed by Bodell & Cleaver using monkey cells [16], was indicative of 

chromatin unfolding during repair. Similar results were obtained upon chromatin digestion 

with DNase I [17–19] or restriction enzymes [20]. In addition, UVC-damaged chromatin 

decondensation was confirmed by cytological observations that were based on analyses of 

prematurely condensed chromosomes [21]. Remarkably, the increased nuclease sensitivity 

of damaged regions was independent of the initial distribution of UV photoproducts in 

chromatin [22], further supporting a chromatin unfolding model rather than NER occurring 

preferentially in accessible chromatin regions. Altogether, these studies set the first 

principles of the Unfolding-Refolding model that describes the transitions in chromatin 

structure during NER, with first chromatin unfolding then followed by refolding of newly 

repaired DNA into nucleosomes (Fig. 1A). Furthermore, chromatin recovers its native 

configuration with the same nucleosome repeat length, deposition of linker histone H1 [23] 

and re-establishment of a canonical DNase I footprint, a 10 bp periodic pattern characteristic 

of nucleosomal DNA due to its binding to the histone octamer surface [17]. Interestingly, 

such nucleosome rearrangements are not restricted to NER of UVC-induced damage, as 

similar observations were made in human cells treated with the alkylating agent methyl 

methanesulfonate [24] and the radiomimetic drug bleomycin [25].

2.2 Unfolding-Refolding-Repositioning model

Further examination of chromatin dynamics in response to UVC damage in human cells 

helped refine the above model by revealing that chromatin restoration was actually a 

biphasic response. A rapid nucleosome refolding phase during the first hours was followed 

by a slower maturation phase, which might correspond to the repositioning/rephasing of 

reconstituted nucleosomes within repaired regions, or their packaging into higher-order 

chromatin structures [26]. Measuring the position of repair patches in nucleosomes after 

restoration of nuclease resistance indeed revealed that repair patches were initially at the 

edges of nucleosome core particles and then occupied more random positions, indicative of 

nucleosome migration [27]. The above-described unfolding-refolding model then 

incorporated an extra step to take into account nucleosome repositioning (Fig. 1B). 

Gradually, this model evolved as our understanding of the molecular events underlying 

chromatin changes increased (see below).

2.3 Access-Repair-Restore model

Based on seminal work presented in the previous sections, in 2002 Green and Almouzni 

developed the ARR model [28] (Fig. 1C). In this model, transient opening of chromatin by 

nucleosome mobilization and, or, disruption facilitates the access of repair machineries to 

DNA lesions. The original chromatin organization is restored after repair is complete. Also, 

the ARR model incorporates molecular players involved in the Access and Restore steps, 

including histone chaperones (detailed below), chromatin remodelers and histone 

modifications. More recently, a refined version of the ARR model [29] integrated the fact 

that new histone deposition occurs in the Restore step, highlighting that chromatin 

restoration is not an entirely faithful process that resets it back to its original state. Hence, 

the incorporation of new histones into repaired chromatin can confer some degree of 

plasticity to epigenome maintenance after DNA damage, a property that had not been 
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appreciated before. Noteworthy, the fundamental principles describing NER in chromatin 

have helped to broaden the scope of the original model to other types of DNA damage, 

including DNA double-strand breaks (DSBs).

2.4 Access/Prime and Repair/Restore model: elaborating on the basics

The latest version of the model described in [30] elaborates on the basic principles, 

integrating chromatin dynamics in response to DNA damage, from the nucleosome up to 

higher-order chromatin structures, like heterochromatin (Fig. 1D). In addition, the most 

current model also highlights the active role of chromatin and chromatin-associated proteins, 

which are not only hindering access to repair machineries but are also actively promoting 

repair. Finally, it reconsiders the boundaries between the three steps of the ARR model, as 

restoration of chromatin structure after damage is not initiated upon completion of repair but 

actually starts during the earliest stages of damage detection. Therefore, DNA damage repair 

and chromatin restoration are now seen as a concerted process. The mechanistic insights into 

the Access/Prime and Repair/Restore steps in human cells are detailed below, followed by a 

discussion of the functional consequences of chromatin dynamics in response to DNA 

damage.

3 Access/Prime step

DNA damage in chromatin is refractory to repair. In particular, NER has long been known to 

be suppressed by nucleosomes [31]. Indeed, DNA packaging into chromatin restricts the 

accessibility of DNA lesions to repair factors, even more so in compact heterochromatin 

[32]. These observations highlight the need for nucleosome rearrangements and, or, 

disassembly to relieve the structural constraints and to make chromatin a suitable substrate 

for repair machineries.

3.1 Histone mobilization

Several lines of evidence support the idea that histone proteins are mobilized in the earliest 

stages of the UV damage response. In fact, UV damage interferes with nucleosome 

formation in vitro by diminishing DNA interactions with histone proteins [33] (see 

elsewhere in this issue). Also, UV damage causes changes in DNA wrapping around the 

histone octamer, as measured by Fluorescence Resonance Energy Transfer in reconstituted 

nucleosomes containing UV photoproducts [34]. In addition to such spontaneous 

unwrapping and, or, destabilization of damaged nucleosomes, active mechanisms mediating 

histone modifications and ATP-dependent chromatin remodeling control chromatin 

rearrangements in response to UVC. In particular, histone ubiquitylation was reported to 

promote nucleosome destabilization in vitro and, although this result is disputed, the levels 

of soluble ubiquitylated histones increase in response to UVC irradiation in vivo [35–37] 

(see elsewhere in this issue).

Besides histone modifications, the remodeling factors Brahma-Related Gene 1 (BRG1) and, 

to a lesser extent, INOsitol requiring 80 (INO80) are required for increasing chromatin 

accessibility upon UVC irradiation of human cells, as revealed by MNase digestion profiles 

[38,39]. Both remodelers contribute to efficient repair of UV damage but whether they 
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stimulate chromatin relaxation in the entire nucleus or only locally around damaged sites is 

still to be determined. It will also be important to integrate into this framework and, thus, to 

further investigate the role of ISWI (Imitation Switch) remodeling complexes, recently 

shown to accumulate at UVC-induced damaged sites and to stimulate transcription-coupled 

NER [40]. Further evidence for remodeling of chromatin in UVC-damaged areas came from 

a recent report showing an ATP-dependent reduction of core and linker histone density at 

sites of local UVC irradiation [41]. It is not entirely clear if this involves nucleosome 

disruption, sliding or chromatin opening but such histone mobilization correlates with 

efficient repair and is mediated by the UV damage sensor DNA damage binding protein 2 

(DDB2). Future studies will determine if DDB2 acts in association with nucleosome 

remodelers to promote chromatin rearrangement, many of which are know to be recruited to 

UVC-damaged chromatin and, or, to facilitate repair (reviewed in [11]).

Importantly, histone mobilization is not strictly limited to the UVC-damage response since a 

transient loss of core histones, indicative of complete or partial nucleosome disruption, has 

also been observed by chromatin immunoprecipitation in the vicinity of DSBs induced by 

site-specific endonucleases [42–44] or occurring during programmed recombination in 

meiosis [45]. Altogether, these studies illustrate the importance of chromatin rearrangements 

at the nucleosome level in response to various types of DNA damage.

3.2 Extent of chromatin disorganization

Because chromatin integrity is central to cell function and identity, chromatin 

rearrangements in response to DNA damage may jeopardize epigenome maintenance. Thus, 

the magnitude of chromatin rearrangements is a critical issue. Specifically, despite the short 

size of the NER patch (~30 nucleotides in length) [46], chromatin disorganization can 

extend several kilobases away from the damage site, as shown by probing psoralen 

accessibility of chromatin in rat hepatocytes upon induction of bulky DNA adducts [47]. 

Furthermore, relaxation of chromatin affecting the whole nucleus has been reported in 

response to UVC irradiation of a limited nuclear area. These observations were based on 

increased sensitivity of chromatin to denaturation by hydrochloric acid [48]. However, loss 

of histone density was observed only in the damaged area when human cells were exposed 

to localized UVC irradiation [41]. Thus, how far from the damage site chromatin 

disorganization can span remains unclear. High-resolution techniques for probing chromatin 

structure in the vicinity of site-specific lesions should help clarify this issue. In particular, it 

would be interesting to investigate whether the original chromatin state - euchromatin vs. 

more compact heterochromatin - can modulate the extent of chromatin rearrangements and 

more generally if there are structural barriers in the cell nucleus that would restrict damaged 

chromatin disorganization. It is worth pointing out that the extent of chromatin 

rearrangements is also likely to be substantially different depending on the type of DNA 

lesion and repair pathway at work.

3.3 Priming chromatin for repair: not only a matter of access

In the original version of the ARR model [28], chromatin remodeling by destabilizing or 

disrupting the organization of nucleosomes around DNA damage sites was proposed to 

facilitate access of damaged DNA to repair factors. However, the recent discovery that 
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repressive factors, generally associated with chromatin compaction, were recruited to 

damaged chromatin challenged this view. Factors including Heterochromatin Proteins 1 

(HP1), Polycomb Group proteins and subunits of the Nucleosome Remodeling Deacetylase 

complex, are indeed recruited to DSBs where they facilitate repair (reviewed in [30,49]). 

Thus, chromatin organization cannot simply be considered as a barrier to repair that must be 

relieved by unfolding to increase access to DNA lesions. Factors involved in chromatin 

compaction also play an active role in priming chromatin for repair. At least in part, this is 

achieved because such factors are involved in transcription inhibition at DSBs [50–53]. It is 

very likely that a similar scenario occurs in response to other DNA lesions, including UV-

induced DNA damage, because repressive proteins like HP1 are also recruited to UVC-

damaged chromatin [54].

4 Repair/Restore step

4.1 Chromatin assembly coupled to repair in vitro

Once repair is initiated, the process of chromatin restoration starts concomitantly, which 

involves histone dynamics mediated by histone chaperones. The first evidence for chromatin 

restoration by repair-coupled chromatin assembly came from in vitro experiments that 

analyzed nucleosome deposition on DNA undergoing NER compared to undamaged DNA. 

Circular plasmid DNA templates containing UV- or Cisplatin- DNA adducts were incubated 

in cell-free extracts from Drosophila embryos, Xenopus eggs or human cells, and the extent 

of nucleosome assembly was followed by supercoiling and MNase sensitivity assays [55–

57]. Also, histone deposition was monitored on UVC-damaged DNA templates immobilized 

on magnetic beads [58]. The naked damaged DNA substrates were used as proxies for 

chromatin reorganization observed during NER in vivo. These assays established that 

nucleosome assembly occurred preferentially on damaged DNA, concomitantly with DNA 

repair synthesis. Moreover, regularly spaced nucleosome arrays propagated bi-directionally 

from the repair site [55,56]. Notably, Chromatin Assembly Factor-1 (CAF-1) was identified 

as the histone chaperone responsible for NER-coupled nucleosome assembly [55]. The 

direct interaction of CAF-1 largest subunit with the polymerase sliding clamp Proliferating 

Cell Nuclear Antigen (PCNA) constituted the molecular basis for coupling histone 

deposition and repair synthesis [59]. CAF-1 also interacted and worked in synergy with 

another histone chaperone, Anti-Silencing Function1 (ASF1), to promote repair-coupled 

nucleosome assembly in vitro [60]. Thus, in vivo ASF1 could be a histone donor for CAF-1, 

providing new histones or recycling parental histones as proposed at the replication fork 

[61].

4.2 Chromatin assembly coupled to repair in vivo

Analyses of repair-coupled chromatin assembly were taken one step further, when the 

dynamics of histones and histone chaperones were investigated in human cells exposed to 

DNA damaging agents. Thus, several histone chaperones were shown to be recruited to 

UVC damaged chromatin, as first demonstrated for CAF-1 [62,63] and, more recently, for 

Facilitates Chromatin Transcription (FACT) and Histone Regulator A (HIRA) [64,65]. Next, 

exploring histone dynamics associated with the recruitment of chaperones to UVC damage 

sites revealed a de novo deposition of transiently expressed histone proteins, like H2A and 
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H3.1 histones [64,66]. The development of the SNAP-tag technology for tracking newly 

synthesized histones in vivo [67,68] was instrumental for visualizing the de novo deposition 

of more histone variants at UV sites. It revealed that in addition to new H3.1, new H3.3 

histones were deposited in UVC-damaged chromatin, whereas the centromeric H3 variant 

Centromeric Protein A (CENPA) was not deposited [65]. Remarkably, H3 variants are 

incorporated into damaged chromatin by dedicated chaperones (Fig. 2A); new H3.1 histones 

are deposited by CAF-1 and deposition of new H3.3 at UV sites is stimulated by HIRA 

[65,66]. In contrast, no contribution of the H3.3-specific chaperone Death domain-associated 

protein (DAXX) could be identified, although it cannot be excluded that DAXX-mediated 

H3.3 deposition may be restricted to specific chromatin regions like DNA damage 

containing heterochromatin domains. Interestingly, HIRA and CAF-1 chaperones appear to 

act sequentially during repair of UV-induced DNA lesions. While HIRA-mediated 

deposition of H3.3 at UV sites is coupled to the early steps (UVC damage detection) [65], 

CAF-1-mediated deposition of H3.1 occurs later and is dependent on DNA repair synthesis 

[66] (Fig. 2B). Given that CAF-1 also escorts the H3.2 variant [69], it is likely that both 

H3.1 and H3.2 are deposited by this chaperone in UVC-damaged chromatin. Since recurrent 

point mutations in H3 variants were recently discovered in several human cancers (reviewed 

in [70]), questions can be raised about the potential consequences of such mutations on 

DNA damage-associated histone dynamics, which could play a major role in tumor 

development.

It is unlikely that the function of CAF-1 and HIRA histone chaperones is restricted to the 

response of UVC-induced damage, as they are recruited to other types of DNA lesions, 

including mitotic DSBs in human cells and meiotic DSBs in yeast [45,65,66,71–73]. 

Regarding new H2A deposition at UV damage sites, it may be promoted by the histone 

chaperone FACT, which was shown to accelerate the turnover of H2A-H2B in UVC 

damaged chromatin [64]. In summary, these studies highlight the importance of new 

histones and their dynamics in the restoration of chromatin organization after UVC-induced 

DNA damage. We will now discuss their possible consequences on chromatin function and 

epigenome maintenance.

5 Functional consequences of repair-coupled chromatin assembly

5.1 Contribution to DNA damage repair?

Repair-coupled chromatin assembly could be important for completion of DNA damage 

repair. However, neither H3.1 deposition by CAF-1 nor H3.3 deposition by HIRA seem to 

impact UVC damage repair in human cells [65,66]. Similarly, depletion of CAF-1 and HIRA 

in budding yeast does not impair recombination of meiotic DSBs [45], indicating that 

chromatin re-assembly in the course of DNA repair is not required for DNA damage repair 

per se. However, fission yeast mutants for the HIRA ortholog are UV-sensitive [74] and H3.3 

promotes replication fork progression after UV damage in chicken cells [75]. Thus, it is 

possible that H3.3 deposition at UV sites may be important for processive replication of 

damaged DNA, also known as lesion bypass. Future studies will be needed to further dissect 

the intricate relationship between chromatin restoration and DNA damage repair.
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5.2 Fidelity of the restoration process and epigenome maintenance?

Chromatin restoration after DNA damage is a critical step in epigenome maintenance. For 

nucleosomal arrays to be converted back to their original configuration, both nucleosome 

structure and positioning need to be re-established. Similarly, to fully reproduce the initial 

state, histone PTMs and histone variant patterns need to be faithfully reset. While recycling 

parental histones would be the simplest way to ensure faithful restoration, the observation of 

an incorporation in damaged chromatin of newly synthesized histones, which differ from the 

original histones in particular regarding their PTMs [76], added another parameter 

challenging the maintenance of epigenome integrity. It is tempting to speculate that the new 

histones deposited at damaged sites could acquire parental histone marks in a manner similar 

to epigenome inheritance during DNA replication [77]. This could provide means to 

preserve the original chromatin landscape. Alternatively, one can imagine that new histones 

deposited at damage sites are maintained in their naive state and act as “damage scars”, 

which could potentiate the response during a subsequent exposure to genotoxic stress.

5.3 Restoration of chromatin function

Repair-coupled histone dynamics are important not only for restoring chromatin architecture 

after DNA damage but also for recovering chromatin function. Indeed, both FACT and 

HIRA chaperones were shown to be required for transcription recovery after UVC damage 

in human cells [64,65]. The underlying mechanisms are still elusive. In particular, it is not 

entirely clear whether these chaperones contribute to transcription-coupled repair of UVC 

damage. Interestingly however, both FACT and HIRA are rapidly recruited to UVC-

damaged chromatin [64,65], and it has been proposed that HIRA, through H3.3 deposition, 

primes chromatin for transcription restart once repair is complete [65]. Thus, chromatin 

dynamics occurring during the very first stages of the repair response determine the capacity 

to re-transcribe, by turning damaged chromatin to a poised state for transcription activation. 

Future work should now address the molecular bases of this poised state, in particular to 

elucidate whether it involves newly deposited H3.3 or other chromatin marks.

6 Concluding remarks and future directions

Since Smerdon’s early studies on chromatin rearrangements in response to UVC-induced 

damage, much effort has been invested to study DNA damage-associated chromatin 

dynamics. This has led to the identification of key factors that promote histone dynamics at 

damage sites. However, the underlying molecular mechanisms are not completely 

characterized. In particular, the contribution of histone modifications and the role of 

chromatin remodeling factors in damaged chromatin dynamics deserve further investigation. 

Furthermore, how DNA damage-associated histone dynamics are affected by the type of 

DNA damage, the cellular state and the original chromatin configuration are still open 

issues. Most importantly, the impact of DNA damage induced-histone dynamics on 

epigenome stability and plasticity needs to be addressed. The recent development of several 

techniques for high-resolution mapping of UVC damage and UVC damage repair in the 

human genome [78–80] should help monitor the epigenetic changes that occur after damage 

in terms of nucleosome positioning, patterns of histone variants and modifications. Finally, 

our growing knowledge of chromatin dynamics in response to DNA damage should prompt 
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us to revisit the etiology of human genome instability disorders. At least some of them may 

arise through defects in repair-coupled chromatin rearrangements rather than solely through 

DNA damage repair defects.
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Abbrevations

ARR Access-Repair-Restore

ASF1 Anti-Silencing Function 1

BRG1 Brahma-Related Gene 1

CAF-1 Chromatin Assembly Factor-1

CENPA Centromeric Protein A

DAXX Death domain-associated protein

DDB2 DNA Damage Binding protein 2

DSB Double-Strand Break

FACT Facilitates Chromatin Transcription

HIRA Histone Regulator A

HP1 Heterochromatin Protein 1

INO80 INOsitol requiring 80

ISWI Imitation Switch

MNase Micrococcal Nuclease

NER Nucleotide Excision Repair

PCNA Proliferating Cell Nuclear Antigen

PTM Post-translational modification

UV UltraViolet

Polo and Almouzni Page 9

DNA Repair (Amst). Author manuscript; available in PMC 2016 November 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



References

[1]. Ciccia A, Elledge SJ. The DNA damage response: making it safe to play with knives. Mol Cell. 
2010; 40:179–204. DOI: 10.1016/j.molcel.2010.09.019 [PubMed: 20965415] 

[2]. Jackson SP, Bartek J. The DNA-damage response in human biology and disease. Nature. 2009; 
461:1071–1078. DOI: 10.1038/nature08467 [PubMed: 19847258] 

[3]. Hoeijmakers JHJ. DNA damage, aging, and cancer. The New England Journal of Medicine. 2009; 
361:1475–1485. DOI: 10.1056/NEJMra0804615 [PubMed: 19812404] 

[4]. Alekseev S, Coin F. Orchestral maneuvers at the damaged sites in nucleotide excision repair. Cell 
Mol Life Sci. 2015; :2177–2186. DOI: 10.1007/s00018-015-1859-5 [PubMed: 25681868] 

[5]. Marteijn JA, Lans H, Vermeulen W, Hoeijmakers JHJ. Understanding nucleotide excision repair 
and its roles in cancer and ageing. Nat Rev Mol Cell Biol. 2014; 15:465–481. DOI: 10.1038/
nrm3822 [PubMed: 24954209] 

[6]. Luger K, Mäder AW, Richmond RK, Sargent DF, Richmond TJ. Crystal structure of the 
nucleosome core particle at 2.8 A resolution. Nature. 1997; 389:251–260. DOI: 10.1038/38444 
[PubMed: 9305837] 

[7]. Maze I, Noh K-M, Soshnev AA, Allis CD. Every amino acid matters: essential contributions of 
histone variants to mammalian development and disease. Nat Rev Genet. 2014; 15:259–271. 
DOI: 10.1038/nrg3673 [PubMed: 24614311] 

[8]. Talbert PB, Henikoff S. Environmental responses mediated by histone variants. Trends Cell Biol. 
2014; 24:642–650. DOI: 10.1016/j.tcb.2014.07.006 [PubMed: 25150594] 

[9]. Gurard-Levin ZA, Quivy J-P, Almouzni G. Histone chaperones: assisting histone traffic and 
nucleosome dynamics. Annu Rev Biochem. 2014; 83:487–517. DOI: 10.1146/annurev-
biochem-060713-035536 [PubMed: 24905786] 

[10]. House NCM, Koch MR, Freudenreich CH. Chromatin modifications and DNA repair: beyond 
double-strand breaks. Front Genet. 2014; 5:296.doi: 10.3389/fgene.2014.00296 [PubMed: 
25250043] 

[11]. Lans H, Marteijn JA, Vermeulen W. ATP-dependent chromatin remodeling in the DNA-damage 
response. Epigenetics Chromatin. 2012; 5:4.doi: 10.1186/1756-8935-5-4 [PubMed: 22289628] 

[12]. Smeenk G, van Attikum H. The chromatin response to DNA breaks: leaving a mark on genome 
integrity. Annu Rev Biochem. 2013; 82:55–80. DOI: 10.1146/annurev-biochem-061809-174504 
[PubMed: 23414304] 

[13]. Polo SE. Reshaping chromatin after DNA damage: the choreography of histone proteins. 2015; :
626–636. DOI: 10.1016/j.jmb.2014.05.025

[14]. Cleaver JE. Nucleosome structure controls rates of excision repair in DNA of human cells. 
Nature. 1977; 270:451–453. [PubMed: 593366] 

[15]. Smerdon MJ, Lieberman MW. Nucleosome rearrangement in human chromatin during UV-
induced DNA- reapir synthesis. Proc Natl Acad Sci USA. 1978; 75:4238–4241. [PubMed: 
279912] 

[16]. Bodell WJ, Cleaver JE. Transient conformation changes in chromatin during excision repair of 
ultraviolet damage to DNA. Nucleic Acids Res. 1981; 9:203–213. [PubMed: 6259620] 

[17]. Smerdon MJ, Lieberman MW. Distribution within chromatin of deoxyribonucleic acid repair 
synthesis occurring at different times after ultraviolet radiation. Biochemistry. 1980; 19:2992–
3000. [PubMed: 7397113] 

[18]. Bodell WJ, Banerjee MR. The influence of chromatin structure on the distribution of DNA repair 
synthesis studied by nuclease digestion. Nucleic Acids Res. 1979; 6:359–370. [PubMed: 424297] 

[19]. Smerdon MJ, Tlsty TD, Lieberman MW. Distribution of ultraviolet-induced DNA repair 
synthesis in nuclease sensitive and resistant regions of human chromatin. Biochemistry. 1978; 
17:2377–2386. [PubMed: 678515] 

[20]. Baxter BK, Smerdon MJ. Nucleosome unfolding during DNA repair in normal and xeroderma 
pigmentosum (group C) human cells. J Biol Chem. 1998; 273:17517–17524. [PubMed: 9651343] 

Polo and Almouzni Page 10

DNA Repair (Amst). Author manuscript; available in PMC 2016 November 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



[21]. Hittelman WN, Pollard M. Visualization of chromatin events associated with repair of ultraviolet 
light-induced damage by premature chromosome condensation. Carcinogenesis. 1984; 5:1277–
1285. [PubMed: 6488448] 

[22]. Zolan ME, Smith CA, Calvin NM, Hanawalt PC. Rearrangement of mammalian chromatin 
structure following excision repair. Nature. 1982; 299:462–464. [PubMed: 7121585] 

[23]. Smerdon MJ, Watkins JF, Lieberman MW. Effect of histone H1 removal on the distribution of 
ultraviolet-induced deoxyribonucleic acid repair synthesis within chromatin. Biochemistry. 1982; 
21:3879–3885. [PubMed: 7138811] 

[24]. Sidik K, Smerdon MJ. Nuclease sensitivity of repair-incorporated nucleotides in chromatin and 
nucleosome rearrangement in human cells damaged by methyl methanesulfonate and 
methylnitrosourea. Carcinogenesis. 1984; 5:245–253. [PubMed: 6230170] 

[25]. Sidik K, Smerdon MJ. Nucleosome rearrangement in human cells following short patch repair of 
DNA damaged by bleomycin. Biochemistry. 1990; 29:7501–7511. [PubMed: 1699600] 

[26]. Smerdon MJ. DNA repair and the role of chromatin structure. Curr Opin Cell Biol. 1991; 3:422–
428. [PubMed: 1892653] 

[27]. Nissen KA, Lan SY, Smerdon MJ. Stability of nucleosome placement in newly repaired regions 
of DNA. J Biol Chem. 1986; 261:8585–8588. [PubMed: 3722162] 

[28]. Green CM, Almouzni G. When repair meets chromatin. First in series on chromatin dynamics. 
EMBO Rep. 2002; 3:28–33. DOI: 10.1093/embo-reports/kvf005 [PubMed: 11799057] 

[29]. Groth A, Rocha W, Verreault A, Almouzni G. Chromatin Challenges during DNA Replication 
and Repair. Cell. 2007; 128:721–733. DOI: 10.1016/j.cell.2007.01.030 [PubMed: 17320509] 

[30]. Soria G, Polo SE, Almouzni G. Prime, repair, restore: the active role of chromatin in the DNA 
damage response. Mol Cell. 2012; 46:722–734. DOI: 10.1016/j.molcel.2012.06.002 [PubMed: 
22749398] 

[31]. Wang ZG, Wu XH, Friedberg EC. Nucleotide excision repair of DNA by human cell extracts is 
suppressed in reconstituted nucleosomes. J Biol Chem. 1991; 266:22472–22478. [PubMed: 
1939267] 

[32]. Lemaître C, Soutoglou E. Double strand break (DSB) repair in heterochromatin and 
heterochromatin proteins in DSB repair. DNA Repair (Amst). 2014; 19:163–168. DOI: 10.1016/
j.dnarep.2014.03.015 [PubMed: 24754998] 

[33]. Mann DB, Springer DL, Smerdon MJ. DNA damage can alter the stability of nucleosomes: 
effects are dependent on damage type. Proc Natl Acad Sci USA. 1997; 94:2215–2220. [PubMed: 
9122174] 

[34]. Duan M-R, Smerdon MJ. UV damage in DNA promotes nucleosome unwrapping. Journal of 
Biological Chemistry. 2010; 285:26295–26303. DOI: 10.1074/jbc.M110.140087 [PubMed: 
20562439] 

[35]. Takedachi A, Saijo M, Tanaka K. DDB2 complex-mediated ubiquitylation around DNA damage 
is oppositely regulated by XPC and Ku and contributes to the recruitment of XPA. Mol Cell Biol. 
2010; 30:2708–2723. DOI: 10.1128/MCB.01460-09 [PubMed: 20368362] 

[36]. Lan L, Nakajima S, Kapetanaki MG, Hsieh CL, Fagerburg M, Thickman K, et al. 
Monoubiquitinated histone H2A destabilizes photolesion-containing nucleosomes with 
concomitant release of UV-damaged DNA-binding protein E3 ligase. Journal of Biological 
Chemistry. 2012; 287:12036–12049. DOI: 10.1074/jbc.M111.307058 [PubMed: 22334663] 

[37]. Wang H, Zhai L, Xu J, Joo H-Y, Jackson S, Erdjument-Bromage H, et al. Histone H3 and H4 
ubiquitylation by the CUL4-DDB-ROC1 ubiquitin ligase facilitates cellular response to DNA 
damage. Mol Cell. 2006; 22:383–394. DOI: 10.1016/j.molcel.2006.03.035 [PubMed: 16678110] 

[38]. Jiang Y, Wang X, Bao S, Guo R, Johnson DG, Shen X, et al. INO80 chromatin remodeling 
complex promotes the removal of UV lesions by the nucleotide excision repair pathway. Proc 
Natl Acad Sci U S A. 2010; 107:17274–17279. DOI: 10.1073/pnas.1008388107 [PubMed: 
20855601] 

[39]. Zhao Q, Wang Q-E, Ray A, Wani G, Han C, Milum K, et al. Modulation of nucleotide excision 
repair by mammalian SWI/SNF chromatin-remodeling complex. Journal of Biological 
Chemistry. 2009; 284:30424–30432. DOI: 10.1074/jbc.M109.044982 [PubMed: 19740755] 

Polo and Almouzni Page 11

DNA Repair (Amst). Author manuscript; available in PMC 2016 November 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



[40]. Aydin ÖZ, Marteijn JA, Ribeiro-Silva C, Rodríguez López A, Wijgers N, Smeenk G, et al. 
Human ISWI complexes are targeted by SMARCA5 ATPase and SLIDE domains to help resolve 
lesion-stalled transcription. Nucleic Acids Research. 2014; 42:8473–8485. DOI: 10.1093/nar/
gku565 [PubMed: 24990377] 

[41]. Luijsterburg MS, Lindh M, Acs K, Vrouwe MG, Pines A, van Attikum H, et al. DDB2 promotes 
chromatin decondensation at UV-induced DNA damage. J Cell Biol. 2012; 197:267–281. DOI: 
10.1083/jcb.201106074 [PubMed: 22492724] 

[42]. Goldstein M, Derheimer FA, Tait-Mulder J, Kastan MB. Nucleolin mediates nucleosome 
disruption critical for DNA double-strand break repair. Proc Natl Acad Sci U S A. 2013; 
110:16874–16879. DOI: 10.1073/pnas.1306160110 [PubMed: 24082117] 

[43]. Berkovich E, Monnat RJ, Kastan MB. Roles of ATM and NBS1 in chromatin structure 
modulation and DNA double-strand break repair. Nat Cell Biol. 2007; 9:683–690. DOI: 10.1038/
ncb1599 [PubMed: 17486112] 

[44]. Courilleau C, Chailleux C, Jauneau A, Grimal F, Briois S, Boutet-Robinet E, et al. The chromatin 
remodeler p400 ATPase facilitates Rad51-mediated repair of DNA double-strand breaks. J Cell 
Biol. 2012; 199:1067–1081. DOI: 10.1083/jcb.201205059 [PubMed: 23266955] 

[45]. Brachet E, Béneut C, Serrentino M-E, Borde V. The CAF-1 and Hir Histone Chaperones 
Associate with Sites of Meiotic Double-Strand Breaks in Budding Yeast. PLoS ONE. 2015; 
10:e0125965.doi: 10.1371/journal.pone.0125965 [PubMed: 25938567] 

[46]. Hu J, Choi J-H, Gaddameedhi S, Kemp MG, Reardon JT, Sancar A. Nucleotide Excision Repair 
in Human Cells: FATE OF THE EXCISED OLIGONUCLEOTIDE CARRYING DNA 
DAMAGE IN VIVO. J Biol Chem. 2013; 288:20918–20926. DOI: 10.1074/jbc.M113.482257 
[PubMed: 23749995] 

[47]. Mathis GA, Althaus FR. Isolation of 8-methoxypsoralen accessible DNA domains from 
chromatin of intact cells. Cell Biol Toxicol. 1990; 6:35–45. [PubMed: 2334867] 

[48]. Rubbi CP, Milner J. p53 is a chromatin accessibility factor for nucleotide excision repair of DNA 
damage. Embo J. 2003; 22:975–986. DOI: 10.1093/emboj/cdg082 [PubMed: 12574133] 

[49]. Vissers JHA, van Lohuizen M, Citterio E. The emerging role of Polycomb repressors in the 
response to DNA damage. J Cell Sci. 2012; 125:3939–3948. DOI: 10.1242/jcs.107375 [PubMed: 
23104738] 

[50]. Chou DM, Adamson B, Dephoure NE, Tan X, Nottke AC, Hurov KE, et al. A chromatin 
localization screen reveals poly (ADP ribose)-regulated recruitment of the repressive polycomb 
and NuRD complexes to sites of DNA damage. Proc Natl Acad Sci USA. 2010; 107:18475–
18480. DOI: 10.1073/pnas.1012946107 [PubMed: 20937877] 

[51]. Gong F, Chiu L-Y, Cox B, Aymard F, Clouaire T, Leung JW, et al. Screen identifies 
bromodomain protein ZMYND8 in chromatin recognition of transcription-associated DNA 
damage that promotes homologous recombination. Genes Dev. 2015; 29:197–211. DOI: 10.1101/
gad.252189.114 [PubMed: 25593309] 

[52]. Ui A, Nagaura Y, Yasui A. Transcriptional Elongation Factor ENL Phosphorylated by ATM 
Recruits Polycomb and Switches Off Transcription for DSB Repair. Mol Cell. 2015; 58:468–482. 
DOI: 10.1016/j.molcel.2015.03.023 [PubMed: 25921070] 

[53]. Kakarougkas A, Ismail A, Chambers AL, Riballo E, Herbert AD, Künzel J, et al. Requirement 
for PBAF in transcriptional repression and repair at DNA breaks in actively transcribed regions 
of chromatin. Mol Cell. 2014; 55:723–732. DOI: 10.1016/j.molcel.2014.06.028 [PubMed: 
25066234] 

[54]. Luijsterburg MS, Dinant C, Lans H, Stap J, Wiernasz E, Lagerwerf S, et al. Heterochromatin 
protein 1 is recruited to various types of DNA damage. J Cell Biol. 2009; 185:577–586. DOI: 
10.1083/jcb.200810035 [PubMed: 19451271] 

[55]. Gaillard PH, Martini EM, Kaufman PD, Stillman B, Moustacchi E, Almouzni G. Chromatin 
assembly coupled to DNA repair: a new role for chromatin assembly factor I. Cell. 1996; 
86:887–896. [PubMed: 8808624] 

[56]. Gaillard PH, Moggs JG, Roche DM, Quivy JP, Becker PB, Wood RD, et al. Initiation and 
bidirectional propagation of chromatin assembly from a target site for nucleotide excision repair. 
Embo J. 1997; 16:6281–6289. DOI: 10.1093/emboj/16.20.6281 [PubMed: 9321407] 

Polo and Almouzni Page 12

DNA Repair (Amst). Author manuscript; available in PMC 2016 November 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



[57]. Gérard A, Polo SE, Roche D, Almouzni G. Methods for studying chromatin assembly coupled to 
DNA repair. Meth Enzymol. 2006; 409:358–374. DOI: 10.1016/S0076-6879(05)09021-X 
[PubMed: 16793412] 

[58]. Mello JA, Moggs JG, Almouzni G. Analysis of DNA repair and chromatin assembly in vitro 
using immobilized damaged DNA substrates. Methods Mol Biol. 2006; 314:477–487. DOI: 
10.1385/1-59259-973-7:477 [PubMed: 16673900] 

[59]. Moggs JG, Grandi P, Quivy JP, Jónsson ZO, Hübscher U, Becker PB, et al. ACAF-1-PCNA-
mediated chromatin assembly pathway triggered by sensing DNA damage. Molecular and 
Cellular Biology. 2000; 20:1206–1218. [PubMed: 10648606] 

[60]. Mello JA, Silljé HHW, Roche DMJ, Kirschner DB, Nigg EA, Almouzni G. Human Asf1 and 
CAF-1 interact and synergize in a repair-coupled nucleosome assembly pathway. EMBO Rep. 
2002; 3:329–334. DOI: 10.1093/embo-reports/kvf068 [PubMed: 11897662] 

[61]. Groth A, Corpet A, Cook AJL, Roche D, Bartek J, Lukas J, et al. Regulation of replication fork 
progression through histone supply and demand. Science. 2007; 318:1928–1931. DOI: 10.1126/
science.1148992 [PubMed: 18096807] 

[62]. Green CM, Almouzni G. Local action of the chromatin assembly factor CAF-1 at sites of 
nucleotide excision repair in vivo. Embo J. 2003; 22:5163–5174. DOI: 10.1093/emboj/cdg478 
[PubMed: 14517254] 

[63]. Martini E, Roche DM, Marheineke K, Verreault A, Almouzni G. Recruitment of phosphorylated 
chromatin assembly factor 1 to chromatin after UV irradiation of human cells. J Cell Biol. 1998; 
143:563–575. [PubMed: 9813080] 

[64]. Dinant C, Ampatziadis-Michailidis G, Lans H, Tresini M, Lagarou A, Grosbart M, et al. 
Enhanced chromatin dynamics by FACT promotes transcriptional restart after UV-induced DNA 
damage. Mol Cell. 2013; 51:469–479. DOI: 10.1016/j.molcel.2013.08.007 [PubMed: 23973375] 

[65]. Adam S, Polo SE, Almouzni G. Transcription Recovery after DNA Damage Requires Chromatin 
Priming by the H3.3 Histone Chaperone HIRA. Cell. 2013; 155:94–106. DOI: 10.1016/j.cell.
2013.08.029 [PubMed: 24074863] 

[66]. Polo SE, Roche D, Almouzni G. New histone incorporation marks sites of UV repair in human 
cells. Cell. 2006; 127:481–493. DOI: 10.1016/j.cell.2006.08.049 [PubMed: 17081972] 

[67]. Bodor DL, Rodríguez MG, Moreno N, Jansen LET. Analysis of protein turnover by quantitative 
SNAP-based pulse-chase imaging. Curr Protoc Cell Biol. 2012; Chapter 8:Unit8.8.doi: 
10.1002/0471143030.cb0808s55

[68]. Adam S, Dabin J, Bai S-K, Polo SE. Imaing Local Deposition of Newly Synthesized Histones in 
UVC-Damaged Chromatin. Methods Mol Biol. 2015; 1288:337–347. DOI: 
10.1007/978-1-4939-2474-5_19 [PubMed: 25827889] 

[69]. Latreille D, Bluy L, Benkirane M, Kiernan RE. Identification of histone 3 variant 2 interacting 
factors. Nucleic Acids Research. 2014; doi: 10.1093/nar/gkt1355

[70]. Kallappagoudar S, Yadav RK, Lowe BR, Partridge JF. Histone H3 mutations-a special role for 
H3.3 in tumorigenesis? Chromosoma. 2015; doi: 10.1007/s00412-015-0510-4

[71]. Yang X, Li L, Liang J, Shi L, Yang J, Yi X, et al. Histone acetyltransferase 1 promotes 
homologous recombination in DNA repair by facilitating histone turnover. J Biol Chem. 2013; 
288:18271–18282. DOI: 10.1074/jbc.M113.473199 [PubMed: 23653357] 

[72]. Baldeyron C, Soria G, Roche D, Cook AJL, Almouzni G. HP1alpha recruitment to DNA damage 
by p150CAF-1 promotes homologous recombination repair. J Cell Biol. 2011; 193:81–95. DOI: 
10.1083/jcb.201101030 [PubMed: 21464229] 

[73]. Adamson B, Smogorzewska A, Sigoillot FD, King RW, Elledge SJ. A genome-wide homologous 
recombination screen identifies the RNA-binding protein RBMX as a component of the DNA-
damage response. Nat Cell Biol. 2012; 14:318–328. DOI: 10.1038/ncb2426 [PubMed: 22344029] 

[74]. Kanoh J, Russell P. Slm9, a novel nuclear protein involved in mitotic control in fission yeast. 
Genetics. 2000; 155:623–631. [PubMed: 10835386] 

[75]. Frey A, Listovsky T, Guilbaud G, Sarkies P, Sale JE. Histone H3.3 is required to maintain 
replication fork progression after UV damage. Curr Biol. 2014; 24:2195–2201. DOI: 10.1016/
j.cub.2014.07.077 [PubMed: 25201682] 

Polo and Almouzni Page 13

DNA Repair (Amst). Author manuscript; available in PMC 2016 November 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



[76]. Loyola A, Bonaldi T, Roche D, Imhof A, Almouzni G. PTMs on H3 variants before chromatin 
assembly potentiate their final epigenetic state. Mol Cell. 2006; 24:309–316. DOI: 10.1016/
j.molcel.2006.08.019 [PubMed: 17052464] 

[77]. Alabert C, Barth TK, Reverón-Gómez N, Sidoli S, Schmidt A, Jensen ON, et al. Two distinct 
modes for propagation of histone PTMs across the cell cycle. Genes Dev. 2015; 29:585–590. 
DOI: 10.1101/gad.256354.114 [PubMed: 25792596] 

[78]. Hu J, Adar S, Selby CP, Lieb JD, Sancar A. Genome-wide analysis of human global and 
transcription-coupled excision repair of UV damage at single-nucleotide resolution. Genes Dev. 
2015; 29:948–960. DOI: 10.1101/gad.261271.115 [PubMed: 25934506] 

[79]. Zavala AG, Morris RT, Wyrick JJ, Smerdon MJ. High-resolution characterization of CPD hotspot 
formation in human fibroblasts. Nucleic Acids Research. 2014; 42:893–905. DOI: 10.1093/nar/
gkt912 [PubMed: 24137003] 

[80]. Powell JR, Bennett MR, Evans KE, Yu S, Webster RM, Waters R, et al. 3D-DIP-Chip: a 
microarray-based method to measure genomic DNA damage. Sci Rep. 2015; 5:7975.doi: 
10.1038/srep07975 [PubMed: 25609656] 

[81]. Adam S, Polo SE, Almouzni G. How to restore chromatin structure and function in response to 
DNA damage--let the chaperones play: delivered on 9 July 2013 at the 38th FEBS Congress in St 
Petersburg, Russia. Febs J. 2014; 281:2315–2323. DOI: 10.1111/febs.12793 [PubMed: 
24673849] 

Polo and Almouzni Page 14

DNA Repair (Amst). Author manuscript; available in PMC 2016 November 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Prologue

This mini-review is a tribute to Mick Smerdon’s pioneering work on chromatin 

rearrrangements in response to DNA damage in human cells. His seminal work, based on 

original observations made more than 35 years ago, established the foundations for 

building a working model now referred to as “Access-Repair-Restore”. This model has 

provided an evolving framework for investigating chromatin dynamics after DNA 

damage and fueled intense research in the field of chromatin and genome integrity.
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Highlights

• The ARR model integrates chromatin dynamics into the DNA damage 

response

• DNA damage-induced chromatin rearrangements prime chromatin for 

repair

• Repair-coupled chromatin assembly helps restoring chromatin structure 

and function

• New histone deposition coupled to repair challenges epigenome 

maintenance
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Fig.1. The Access-Repair-Restore model: from the initial concepts to the most recent molecular 
principles
Nucleosome rearrangements during repair of damaged chromatin in mammalian cells as 

described in the Unfolding-Refolding model (A), which developed in the Unfolding-

Refolding-Repositioning model (B), Access-Repair-Restore model (C) and, more recently, 

in the Access/Prime-Repair/Restore model (D). DNA is represented in purple, the repair 

synthesis patch in pink, histone modifications in orange, inner core histones in grey, outer 

core histones in dark blue and newly synthesized histones in green.
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Fig.2. Restoration of UVC-damaged chromatin structure and function through de novo 
deposition of H3 variants
A. Main histone H3 variants and their dedicated chaperones in mammalian cells 
Amino acids that differ between the histone variant sequences are indicated except for the 

more divergent centromeric variant CENPA. Less well characterized H3 variants are listed in 

parentheses. CAF1, HIRA, HJURP are histone chaperones.

B. Restoration of chromatin organization after UVC damage involves de novo 
deposition of H3 variants 
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Repair factors that facilitate the recruitment of the histone chaperones HIRA and CAF-1 to 

UV-damaged chromatin regions are depicted in blue. HIRA-mediated deposition of new 

H3.3 (green) precedes CAF-1-dependent incorporation of new H3.1 (purple). Early 

bookmarking of chromatin by the H3.3 chaperone HIRA is required for restoring 

transcriptional activity (red) after completion of DNA repair. While new histone deposition 

in UVC damaged chromatin is firmly established, the dynamics of old histones and their 

contribution to repaired chromatin are still to be determined. Adapted from [81] with 

permission.
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