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Abstract

DNA damage signaling and repair machineries operate in a nuclear environment, where DNA is
wrapped around histone proteins and packaged into chromatin. Understanding how chromatin
structure is restored together with the DNA sequence during DNA damage repair has been a topic
of intense research. Indeed, chromatin integrity is central to cell functions and identity. Yet,
chromatin shows remarkable plasticity in response to DNA damage. This review presents our
current knowledge of chromatin dynamics in the mammalian cell nucleus in response to DNA-
double strand breaks and UV lesions. | provide an overview of the key players involved in
regulating histone dynamics in damaged chromatin regions, focusing on histone chaperones and
their concerted action with histone modifiers, chromatin remodelers and repair factors. I also
discuss how these dynamics contribute to reshaping chromatin and, by altering the chromatin
landscape, may affect the maintenance of epigenetic information.
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Introduction

The cell nucleus is a critical organelle that is central to cell functions as it stores genetic
information within the DNA sequence. However, DNA molecules need to be highly
compacted to fit the small nuclear volume. This compaction is achieved by the incorporation
of DNA into chromatin [1], a repeated nucleoproteic structure whose basic unit is the
nucleosome [2]. In the nucleosome core particle, DNA wraps around an octamer of histone
proteins, composed of two H2A-H2B dimers flanking a (H3-H4), tetramer. Interactions
between nucleosomes, stabilized by the association of linker histones, non-histone proteins
and structural RNA components, drive further compaction of chromatin fibers [3,4].

Furthermore, histone proteins, through their post-translational modifications [5] and the
existence of sequence variants [6], confer additional variations to chromatin structure and
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contribute to encoding epigenetic information, which regulates gene expression without
changes to the DNA sequence. The maintenance of chromatin integrity with the inheritance
of epigenetic information through cell generations is thus key for preserving cell functions
and identity.

While chromatin is the physiological substrate for all DNA metabolic reactions, access of
replication, repair and transcription factors is impeded by chromatin compaction. One of the
key features of chromatin function is thus its exquisitely dynamic nature. Chromatin
dynamics involve the concerted action of histone chaperones [7,8], histone modifying
enzymes [5], and remodeling factors [9,10] and play a crucial role in response to DNA
damage [11-14]. Arising from endogenous products of cell metabolism and from exposure
to environmental mutagens [15], DNA damage indeed poses a major threat to genome
stability and to the maintenance of chromatin organization. DNA damage detection and
repair are accompanied by profound rearrangements of the nucleosomal fiber, as described
in the Access/Prime-Repair-Restore model [16,17]. This model, based on seminal work by
M. Smerdon and colleagues, predicts a transient disorganization of damaged chromatin,
which primes chromatin for repair of DNA lesions, followed by restoration of chromatin
structure. Chromatin thus serves as an integration platform that coordinates DNA repair with
the maintenance of cellular functions.

In this review, | present our current knowledge of chromatin dynamics in response to DNA
damage in the mammalian cell nucleus, focusing on the mobilization of histone proteins. |
also discuss how studying damaged chromatin dynamics has provided exciting insights into
the plasticity of epigenetic information in response to genotoxic stress, and | highlight future
challenges in this rapidly expanding field.

Monitoring histone dynamics in response to DNA damage in human cells

Over the past decades, series of experimental approaches have been designed to monitor
chromatin dynamics in response to DNA damage and to address how this may affect the
maintenance of chromatin integrity.

Chromatin rearrangements: transient disorganization of nucleosomal fibers

Measuring DNA accessibility to nucleases within damaged chromatin /n vivo was
instrumental for revealing the transient disorganization of the nucleosomal fiber in response
to DNA damage. Partial digestion of UV-damaged chromatin with Micrococcal Nuclease
(MNase) or DNA Nuclease 1 (DNase I) indeed showed a transient increase in nuclease
sensitivity of chromatin regions undergoing repair of UltraViolet C (UVC) lesions in
confluent human fibroblasts [18,19]. These pioneering experiments have led to the Access/
Prime-Repair-Restore model (Fig. 1), which is still the prominent view of the chromatin
rearrangements triggered in response to DNA damage [16,17].

Remarkably, these rearrangements can span several kilobases on chromatin [20] despite the
small size the repair patch, which is around 30 nucleotides for Nucleotide Excision Repair

(NER) of UVC damage in human cells [21]. Furthermore, a global relaxation of chromatin
affecting the whole nucleus has been reported in response to local UVC irradiation, as
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highlighted by an increased sensitivity of chromatin to denaturation by hydrochloric acid
[22]. This is in apparent contrast to the local expansion of chromatin observed at sites of
DNA breaks induced by laser micro-irradiation in human cells expressing H2A or H2B
histones tagged with a photoactivatable version of GFP (PA-GFP). The expansion of
damaged chromatin at these sites is an active process that requires adenosine triphosphate
(ATP) and Poly(ADP-ribose) Polymerase (PARP) activity [23,24]. However, alterations of
chromatin compaction were not examined outside damaged areas in these studies. Thus, it is
still unclear how far away from damaged regions chromatin disorganization actually spreads.
Determining the extent of chromatin alterations will be critical to evaluate the impact of
genotoxic stress on the epigenome overall. It will be particularly interesting to examine
whether chromatin organization into nuclear domains regulates the spreading of chromatin
disruption in response to DNA damage by imposing structural barriers to chromatin
disorganization.

Histone mobility/displacement

Histone proteins are mostly incorporated into chromatin [25] and thus poorly mobile in
human cells, as measured by Fluorescence Recovery After Photobleaching on cells
expressing GFP-tagged histones [26]. However, a slight increase in core histone mobility,
most pronounced for the H2A. X variant, has been observed after DNA break induction in
nuclear regions exposed to laser micro-irradiation [27]. Consistent with these observations,
histones are more readily extracted from chromatin in cells treated with DNA break-
inducing agents like ionizing radiation (IR) or the radiomimetic drug bleomycin compared
to undamaged cells [28,29]. IR-induced release of histones to the soluble fraction has also
been reported [30]. Such nucleosome destabilization is an early and transient response to
DNA damage, occurring around 30 min after acute genotoxic treatment.

Nucleosome destabilization in response to genotoxic stress results in histone removal from
damaged DNA. Indeed, chromatin immunoprecipitation experiments at site specific DNA
double strand breaks (DSBs) induced by the homing endonuclease I-Ppol in the human
genome have revealed a loss of core histones over a region of 3 kilobases around DSBs
[31,32]. Similar analyses in cells expressing the AsiSI restriction enzyme have also shown
reduced histone H3 occupancy in the vicinity of DSBs [33]. Interestingly, nucleosomes are
partially disassembled in G1 cells, with the displacement of H2A-H2B only, whereas all
core histones are removed in asynchronous cells, most likely as a result of DSB repair by
homologous recombination in S-G2 while DSBs are repaired by non-homologous end-
joining in G1 [32]. Similar to the response to DSBs, a local reduction in core and linker
histone density has also been observed at sites of UVC irradiation in human cells [34]. It is
still to be determined whether this actually reflects histone eviction from chromatin due to
the disruption of damaged nucleosomes and/or histone sliding away from the lesions as a
result of nucleosome remodeling.

Histone accumulation and nucleosome restoration

The transient increase in nuclease sensitivity of repaired DNA observed in UV-irradiated
human fibroblasts indicates that nucleosome disruption after DNA damage is only
temporary. Nucleosome restoration after UV is revealed by the re-establishment of a
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canonical DNase | footprint [18] and is complete with deposition of linker histone H1 [35].
Nucleosome reassembly also occurs in response to DSBs. Indeed, the use of I-Ppol
endonuclease fused to a destabilization domain to allow DSB repair showed that core
histone removal from DSBs was transient. Histone levels around DSB sites are back to
normal within 2 hours post damage [32].

Several /n vitro assays have been devised for recapitulating nucleosome assembly coupled to
DNA repair, including damaged plasmid supercoiling and histone deposition onto damaged
DNA immobilized on magnetic beads [36,37]. More recently, the development of /in vivo
methods that discriminate between parental and newly synthesized histones was
instrumental for investigating histone deposition during chromatin re-assembly after DNA
damage. In particular, local UVC irradiation of human cells short term after transient
transfection of tagged histones, H3.1-Flag-HA [38] or H2A-GFP [39], revealed an
incorporation of these newly synthesized histones in damaged chromatin regions. Note that
this incorporation represents higher histone exchange and does not reflect an accumulation
of histone proteins in damaged regions as no local increase is detected in total histone levels.
Given that post-translational modifications on new soluble histones are distinct from
parental histone marks as shown for histone H3 [25], the replacement of parental histones by
new histones is likely to dilute the original information conveyed by chromatin. Chromatin
re-assembly after DNA damage thus represents a window of opportunity for modulating
epigenetic information. New histone deposition may be accompanied by a recycling of
parental histones displaced from damaged regions at the onset of the damage response, but
the contribution of parental histones to the composition of repaired chromatin is still to be
determined.

The dynamics of incorporation of newly synthesized H3 histones in damaged chromatin
regions has been further explored by combining local UVC irradiation with SNAP-tag based
imaging of new histones. Thus, it was shown that not only H3.1 but also H3.3 variants are
deposited de novo at sites of UVC damage [40]. Interestingly, H3.3 has also been found to
accumulate at DSBs [41]. The centromeric H3 variant Centromeric Protein A (CENPA) by
contrast does not show de novo accumulation at UV sites, and although CENPA
accumulation was initially reported at DSBs induced by laser micro-irradiation and by the
endonuclease I-Scel [42], it has not been reproduced in recent studies [43].

Regarding outer core histones H2A and H2B, their incorporation rate is enhanced by
approximately two folds at sites of local UVC irradiation in human cells, reflecting higher
histone exchange in damaged chromatin [39]. Indeed, accelerated incorporation of
fluorescently labeled H2A-H2B histones was observed at sites of UVC irradiation upon cell
fusion or after photobleaching half of the nucleus. Interestingly, H3.1 and H4 did not show
such a response in this experimental setting, which may reflect their lower mobility
compared to H2A-H2B histones [26].

Concerning H2A variants, while no specific accumulation of H2A.X at damage sites has
been reported so far, an enrichment of H2A.Z at DSBs was revealed by chromatin
immunoprecipitation upon DNA cutting with a zinc-finger nuclease in silent chromatin
regions [28]. However, similar experiments using the AsiSI restriction enzyme to induce site
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specific DSBs did not reveal H2A.Z enrichment [44]. It is possible that H2A.Z enrichment at
DSBs is only detectable in poorly or non-transcribed regions of the genome, where H2A.Z
basal levels are low.

The macroH2A1.1 variant, known for its ability to bind ADP-ribose via its macrodomain, is
recruited to DNA breaks in human cells in a PARP-dependent manner [45-47]. Intriguingly
however, macroH2AL.1 is not stably incorporated into nucleosomes at DSBS, as highlighted
by the necessity to use crosslinking agents to reveal its binding to chromatin unlike intrinsic
chromatin components [47].

Altogether, the studies presented in this section reveal significant alterations of the
chromatin landscape in response to DNA damage, with a prominent role of histone
dynamics. Recent work has shed light on the complex network of regulatory factors that
ensure fine-tuning of histone mobilization in damaged chromatin as described below.

Regulatory factors controlling histone dynamics in response to DNA

damage

Histone modifications and nucleosome remodeling

Histone proteins are targets of a wide range of post-translational modifications that regulate
chromatin functions [5]. Among them, acetylation and ubiquitylation have been associated
with histone dynamics in response to DNA damage (Fig. 1). In particular, H2A
ubiquitylation by the UV damage detection complex comprising DNA Damage Binding
Proteins 1 and 2 and Cullin 4 (DDB2-DDB1-CUL4) has been shown to destabilize damaged
nucleosomes with eviction of ubiquitylated H2A /n vitro [48], but it remains to be
established whether it operates similarly /n vivo. UV-induced ubiquitylation of H3 and H4
by the same complex has also been proposed to weaken the association of histones with
DNA in human cells, facilitating histone release from nucleosomes [49]. Likewise, the
increased mobility of H2A.X observed at laser-induced breaks has been linked to histone
modifications, namely H2A.X acetylation by Tat-interacting protein 60 (Tip60, also known
as KAT5) and subsequent ubiquitylation [27]. How such histone modifications govern
histone mobility in response to DNA damage is a complex and still unresolved issue.
Histone acetylation was recently shown to drive core histones to proteosomal degradation
[50]. Histone modifications can also impair nucleosome stability directly by affecting
histone-histone interactions and histone-DNA contacts, or through the recruitment of
chromatin remodelers.

Chromatin remodelers use the energy from ATP hydrolysis to disrupt histone-DNA
interactions, thus promoting nucleosome sliding, eviction or histone exchange [9,10]. The
ATP-dependency of chromatin expansion in response to laser damage [23] and of histone
displacement from UVC damage sites [34] is indicative of a possible involvement of
remodelers in the dynamics of damaged chromatin. All families of remodelers have been
implicated in the DNA damage response as they are recruited to damaged chromatin and/or
contribute to damage repair and cell survival after damage [51]. However, only a few of
them have been formally shown to stimulate histone dynamics in response to genotoxic
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stress (Fig. 1). The catalytic subunit of Tip60 remodeling complex - p400 - promotes histone
H3 displacement from DSBs induced by the restriction enzyme AsiSI [33]. The remodeler
brahma-related gene 1 (BRG1, also known as SMARCAA4), and to a lesser extent inositol
requiring mutant 80 (INO8O0), increase chromatin accessibility upon global UV irradiation in
human cells as revealed by MNase digestion profiles [52,53]. However, it is unclear whether
their nucleosome remodeling activity is restricted around DNA damage sites or affects the
whole nucleus.

Current studies mainly support a role for remodelers in promoting chromatin accessibility by
moving histones or nucleosomes away from the damage site. Nevertheless, this does not
exclude a possible function in histone deposition, as recently shown for p400, which
promotes H2A.Z enrichment at DSBs, thus facilitating subsequent chromatin alterations
[29]. In addition to its ATP-dependent remodeling activity, a conserved amino-terminal
region in p400 could mediate a histone chaperone function towards H2A.Z-H2B based on
crystal structure studies of the budding yeast ortholog in complex with histones [54].

Histone chaperones

Histone chaperones escort histone proteins from their point of synthesis up to their
deposition onto DNA [7,8]. Histone H3 chaperones [55] were first to be involved in
regulating histone dynamics in response to DNA damage, in particular the H3.1-specific
chaperone Chromatin Assembly factor -1 (CAF-1) [56,57], which stimulates histone
deposition coupled to DNA synthesis [58,59]. CAF-1 indeed promotes chromatin assembly
in response to UV damage /n vitro [60], acting in synergy with another histone H3
chaperone named Anti-Silencing Factor 1 (ASF-1)[61]. In human cells, CAF-1 is recruited
to UV-damaged chromatin [62,63] and is key for restoring the integrity of chromatin
structure by mediating de novo incorporation of H3.1 histones after UV damage repair [38].
Recent work has shown that CAF-1 is also a chaperone for the H3.2 variant [64]. It is thus
likely that CAF-1 also mediates de novo deposition of H3.2 at UV sites.

Another H3 chaperone that has recently been involved in restoring UV-damaged chromatin
in human cells is Histone Regulator A (HIRA) [40]. As opposed to CAF-1, HIRA
specifically associates with the H3.3 variant [57] and promotes nucleosome assembly
independently of DNA synthesis /n vitro [57,65] and in vivo [59]. HIRA is targeted to UV-
damaged chromatin in human cells, where it promotes deposition of newly synthesized H3.3
variants [40]. Similarly, HIRA is recruited to DSBs, where it stimulates H3.3 accumulation
[40,41,66]. Intriguingly, HIRA is also required for the de novo incorporation of H3.1 in UV-
damaged chromatin [40], revealing unanticipated cross-talk between H3 variant deposition
pathways in response to DNA damage /n vivo, which deserves to be closely examined in
future studies. Not only does HIRA contribute to restoring chromatin structure in response to
genotoxic stress, but it is also critical for proper reactivation of transcription once repair is
complete. HIRA-dependent H3.3 incorporation coupled to DNA damage recognition could
thus serve as a chromatin bookmark that licenses damaged chromatin for transcription restart
upon completion of DNA repair [40]. Importantly, recurrent somatic point mutations of
histone H3.3 were shown to alter H3 post-translational modifications and to be dominant
driver events in several human cancers [6,67-69]. In light of recent data showing that some
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of these mutations affect H3.3 incorporation into chromatin upon transcription activation
[70,71], it will be interesting to examine the how they impact H3.3 deposition by HIRA and
transcription restart at sites of DNA damage, which could contribute to their oncogenic
potential.

While HIRA function in the DNA damage response is now clearly established, whether the
other H3.3-specific chaperone Death domain associated protein (DAXX) [72,73] also
contributes to H3.3 dynamics in response to DNA damage is still to be determined.
Nevertheless, a role for DAXX in response to genotoxic stress has been recently revealed in
cells overexpressing the centromeric H3 variant CENPA. DAXX indeed promotes deposition
of overexpressed CENPA on chromosome arms and this increases cell viability after DNA
damage [74].

Besides histone chaperones mobilizing H3 variants in damaged chromatin, other chaperones
stimulate H2A histone dynamics, as exemplified by Facilitates Chromatin Transcription
(FACT) and Aprataxin and PNPK-like factor (APLF). APLF promotes the accumulation of
macroH2A.1 macrodomain at sites of laser-induced breaks in human cells [46] but its
function in damaged chromatin regions deserves more extensive characterization. Recent
studies directly implicate FACT in regulating histone turnover in response to DNA damage.
Initially identified as a histone chaperone promoting H2A-H2B dynamics during
transcription [75], FACT was later shown to stimulate H2A/H2A.X exchange in
nucleosomes [76]. FACT is recruited to IR-induced breaks and to UV-damaged chromatin
with, similar to HIRA, a role in transcription recovery after UV damage repair [39].
Furthermore, FACT enhances H2A-H2B turnover at UV sites. The Suppressor of Ty 16
homolog (SUPT16H) subunit of the FACT heterodimer appears to be the driving force for its
recruitment to UV-damaged chromatin and for stimulating histone dynamics at UV sites.
Interestingly, FACT activity is regulated after DNA damage: SUPT16H poly(ADP-
ribosyl)ation in response to DSBs impairs FACT ability to interact with nucleosomes and the
resulting histone exchange reactions [76,77].

As described above, histone chaperones are usually put forward as factors stimulating
chromatin assembly and thus nucleosome restoration after DNA damage (Fig. 2; Table 1).
However, some chaperones have the opposite effect, as recently shown for nucleolin and
ASF1, which both contribute to histone eviction from nucleosomes around DSBs [30,32].
Because AFS1 binding to histones occludes the H3-H4 tetramerization interface [78], it is
likely that H3 and H4 histones are evicted from damaged chromatin as dimers. These data
should prompt us to further examine potential roles for histone chaperones not only in
nucleosome re-formation after repair but also in chromatin destabilization at the earliest
stages of the damage response. It also raises the possibility that some chaperones are
involved at both stages, acting as histone acceptors and donors, thus promoting recycling of
displaced histones as proposed for ASF1 at the replication fork [79].

Cross-talks between histone modifications, histone chaperones and remodelers

Histone modifications, histone chaperones and remodeling factors all contribute to histone
dynamics in response to DNA damage in a coordinated and inter-dependent manner. Indeed,
there is growing evidence that histone modifications regulate nucleosome assembly/
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disassembly by histone chaperones. For instance, phosphorylation and acetylation on histone
H4 determine nucleosome assembly of H3 variants by regulating the association of H3.1 and
H3.3 with their respective chaperones CAF-1 and HIRA [80,81]. Regarding inner core
histones, DNA damage—induced phosphorylation of H2A.X facilitates the exchange of
nucleosomal H2A.X by the histone chaperone FACT [76]. In turn, histone chaperones can
influence histone modifications with a role in the DNA damage response. Indeed, FACT
promotes H2B ubiquitylation at DSBs by recruiting the ubiquitin ligase Ring Finger protein
20, which is important to stimulate DSB repair by homologous recombination [82]. Finally,
while nucleosome remodeling complexes are often associated with histone modifying
activities, they can also be targeted to nucleosomes by histone modifications. For example,
binding of the BRG1 remodeler to IR-damaged nucleosomes in human cells is mediated by
its interaction with acetylated H3 on -yH2AX-containing nucleosomes [83]. Similarly, UV-
induced acetylation on H3 stabilizes nucleosome association of the yeast ortholog to BRG1
complex, facilitating UV damage repair /in vitro [84]. Altogether, the concerted actions of
histone modifiers, chaperones and remodelers contribute to fine-tuning histone dynamics for
an efficient and timely response to DNA damage.

Role of repair factors

The dynamics of damaged chromatin are tightly coordinated with repair pathways as
highlighted by the contribution of repair factors to damaged chromatin rearrangements
(Table 1).

Repair factors can have a direct effect on nucleosome stability when binding to damaged
DNA within chromatin. Indeed, reconstitution of base excision repair reactions with DNA
damage-containing nucleosomes /n vitro has shown that binding of the Ligase3-X-Ray
Cross-Complementing 1 (XRCC1) repair factor complex disrupts gap- and nick-containing
nucleosomes [85].

Repair factors also indirectly affect damaged chromatin reorganization by recruiting histone
chaperones and chromatin remodelers. In particular, the histone chaperone CAF-1 is
recruited to sites of repair synthesis through its direct binding to the polymerase sliding
clamp Proliferating Cell Nuclear Antigen (PCNA) [86], while the association of the APLF
histone chaperone to DNA break repair factors helps targeting APLF to DNA breaks [87]. In
some cases, the enzymatic activity of repair factors is necessary for the recruitment of
histone chaperones, as exemplified by APLF binding to DNA breaks that is also mediated by
poly(ADP-ribosyl)ation [88], and as demonstrated for HIRA targeting to UV damaged
chromatin, which requires the ubiquitylation activity of the DDB2-DDB1-CUL4 complex
involved in UV damage detection [40]. In addition to contributing to HIRA recruitment, the
UV damage response protein DDB2 also promotes chromatin decompaction and ATP-
dependent histone displacement from sites of local UVC irradiation [34]. How DDB2
stimulates such chromatin rearrangements is currently unclear. This function appears to be
independent of the E3-ubiquitin ligase activity of the DDB2 complex, and is most likely
indirect, via the recruitment of ATP-dependent chromatin remodelers still to be identified. A
role of PARP has been found in promoting chromatin expansion at sites of UVC irradiation
and at laser-induced breaks [24,34]. It is thus tempting to speculate that PAR-dependent
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chromatin remodelers could be involved in this response [89-92]. Finally, the transient loss
of H2B histones observed around I-Ppol-induced DSBs requires the DSB sensor complex
MRE11-RAD50-NBS1 (MRN) [31]. Recent work has shed light into how MRN can
promote histone dynamics around DNA breaks as this repair factor recruits both the histone
chaperone nucleolin and Tip60 remodeling complex to DSBs [32,93]. Altogether, these
studies reveal intimate relationships between repair pathways and factors involved in
chromatin dynamics, providing a molecular basis for the close coordination of chromatin
reorganization with DNA damage repair.

Conclusions and Future directions

How epigenome integrity is preserved together with the DNA sequence during DNA damage
repair is a fascinating question that has raised increasing interest over the past decades. As
discussed throughout this review, chromatin displays remarkable plasticity after DNA
damage, with profound changes at the level of histone proteins. Whether histone dynamics
at damage sites effectively contribute to restoring chromatin integrity or rather compromise
epigenome stability, leaving a scar on chromatin, is still a matter of debate. Investigating the
fate of parental histones that are displaced from damaged chromatin will be essential to
determine whether and how the original information is preserved. Is there recycling of
parental histones during the repair process or are they targeted to proteasome degradation
due to protein damage? Although much effort has been invested in deciphering histone
dynamics in response to DNA damage, we are only beginning to understand the underlying
mechanisms and how they operate in a concerted manner. How are H2A-H2B and H3-H4
dynamics coordinated at damage sites? Is there evidence for combinatorial histone variant
deposition within repaired nucleosomes? Is there a mechanistic coupling between
nucleosome disorganization and reorganization? These important questions remain open for
future studies.

Beyond histone dynamics, we still know very little about larger scale chromatin plasticity in
human cells exposed to genotoxic stress. New technologies, such as super-resolution
microscopy and chromosome conformation capture techniques to map preferential
chromatin interactions genome-wide, should greatly advance our understanding of large-
scale chromatin reorganization in response to DNA damage. In this respect, future
challenges include deciphering the mobilization of non-histone chromatin proteins at
damage sites [17,94], the influence of chromatin organization into specialized nuclear
domains [95], and the importance of DNA damage-induced chromosome mobility [96,97].
Finally, it will be critical to determine if reshaping of damaged chromatin operates similarly
throughout development, in stem cells and aging cells in particular, characterized by an
exacerbated DNA damage response and specific chromatin organization.
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Fig. 1.

Role of histone modifying enzymes and remodeling factors in histone dynamics in response
to DNA damage (DSBs or UV lesions). DNA damage-induced histone modifications (red)
by acetylation (Ac) and ubiquitylation (Ub) promote nucleosome destabilization, and
acetylation may drive histones to proteosomal degradation. The indicated nucleosome
remodelers (orange) are involved in histone exchange, nucleosome sliding and/or disruption
with histone eviction from damaged chromatin. Displaced histones may be re-positioned/re-
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deposited after repair of DNA damage. The contribution of remodelers to chromatin
restoration is still to be determined.
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Role of histone chaperones in histone dynamics in response to DNA damage (DSBs or UV
lesions). Nucleosome disorganization after DNA damage is followed by nucleosome re-
assembly with de novo histone deposition and potential recycling of displaced histones. The
indicated histone chaperones promote histone exchange, histone eviction and de novo
deposition in damaged chromatin. ASF1, known to act both as a histone donor and acceptor,
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may facilitate the recycling of displaced histones by coupling nucleosome disassembly and
re-assembly.
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Human histone chaperones promoting histone dynamicsin response to DNA damage

Histone chaperone | Histone chaperone function Rolein histone dynamics at Mode of recruitment References
damage sites to damaged
chromatin
APLF H3-H4 & macroH2A dynamics Accumulation of macroH2A.1 Recruited to DNA [46,87,88]
macrodomain at laser-induced breaks by repair factors
breaks (Ku, XRCC4, XRCC1,
PARP)
ASF1 H3-H4 donor/acceptor H3-H4 removal from DSBs n.d. [32]
CAF-1 H3.1/2-H4 deposition (sites of DNA New H3.1 deposition coupled Direct binding to [38,60,62,63,86]
synthesis) to NER synthesis PCNA (sites of repair
synthesis)
DAXX -H3.3-H4 deposition (silent Deposition of overexpressed n.d. [74]
chromatin) CENPA (chromosome arms)
- Deposition of overexpressed increases damage tolerance
CENPA (chromosome arms)
FACT H2A-H2B eviction/deposition - H2A.X/H2A replacement n.d. [39,76]
(facilitated by H2A.X
phosphorylation)
- H2A-H2B turnover at UV
sites
HIRA H3.3-H4 deposition (active - New H3.3 deposition at NER Recruited to UV- [40,41]
chromatin) sites (coupled to UV damage damaged DNA by the
detection) ubiquitylation activity
- H3.3 enrichment at DSBs of DDB-CUL4
complex
Nucleolin H2A-H2B eviction during Core histone removal from Recruited to DSBs by [30,32]
transcription DSBs MRN
p400 - Putative H2A.Z-H2B chaperone - H2A.Z deposition at DSBs Targeted to DSBs as [28,33,93]

- Nucleosome remodeler

(silent chromatin?)
- H3 displacement from DSBs

part of Tip60 complex
by MRN
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