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ABSTRACT
In the cell nucleus, DNA repair machineries operate on a chromatin substrate, whose integrity is key
for preserving cell functions and identity. Yet, it is still unclear how the epigenetic information
conveyed by chromatin is maintained during the DNA repair process. We recently characterized the
dynamics of parental histones coupled to UV-C damage repair in human cells, providing insights
into how the pre-damage chromatin state may be restored. Here, we summarize our main findings
and discuss them in the context of epigenome maintenance following DNA damage. We further
address the mechanistic aspects of repair-coupled histone dynamics and develop working
hypotheses regarding their functional relevance in the cellular response to genotoxic stress.
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Introduction

In eukaryotes, the genetic material is packaged into
the cell nucleus in the form chromatin, the basic unit
of which is the nucleosome where DNA wraps around
histone proteins.1 Beyond genome packaging, chro-
matin also conveys epigenetic information through
the existence of histone variants2 and their post-trans-
lational modifications,3 the association of non-histone
chromatin components and higher-order folding of
the chromatin fiber into nuclear domains.4 Collec-
tively, these chromatin features govern gene expres-
sion and therefore cell identity.5 Preserving chromatin
integrity is thus of fundamental importance. However,
the integrity of chromatin organization is challenged
during DNA metabolic processes, including DNA
damage, which can arise from multiple sources at any
time. The cellular protection against DNA insults
involves a broad range of repair factors and pathways,
altogether building an orchestrated response to safe-
guard genome integrity.6-8 Conjointly with these
genomic changes, chromatin rearrangements arise
during the repair response, as described in the Access-
Repair-Restore (ARR) model.9,10 According to this
model, chromatin is transiently disorganized to facili-
tate access of repair factors to DNA lesions, followed

by restoration of chromatin structure. Although criti-
cal for preserving chromatin functions, how this resto-
ration process operates is not entirely clear. Studies in
human cells showed that newly synthesized histone
variants H2A, H3.1 and H3.3 were deposited in dam-
aged chromatin.11-14 This raised the possibility that
new histones were replacing parental histones, which
carry the original epigenetic information. How the
pre-damage chromatin state could be preserved in this
context was elusive.15 We addressed this question in
our recent study, by combining real-time tracking of
parental histones with local induction of DNA damage
by a UV-C laser.16 This provided important novel
insights into parental histone mobilization following
DNA damage, an understanding of the underlying
mechanisms and of the contribution of parental histo-
nes to chromatin repair.

Revisiting the Access-Repair-Restore model:
Conservative redistribution of parental histones to
the periphery of UV-C damaged sites

Accessing DNA lesions within chromatin is thought to
involve histone eviction from nucleosomes. Lending
support to this hypothesis, several reports describe
nucleosome disruption in response to DNA Double-
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Strand-Breaks (DSBs) in human cells,17,18 and even
degradation of acetylated histones in response to alky-
lating damage or ionizing radiations in yeast and
mouse cells.19 Such nucleosome disassembly may
entail a loss of epigenetic information from chromatin
through the loss of histone variants and their associ-
ated marks. To address how the original information
can be preserved in this context, we recently developed
two complementary imaging approaches, SNAP-tag-
or photoactivation-based, for real-time tracking of
parental histones following UV-C damage in human
cells. Thus, we observed a local loss of density of
parental histones H3 and H4 at UV-C-damaged sites,
detectable within minutes after damage infliction.
Remarkably, quantification of the signal associated
with the H3.3 histone variant in damaged cell nuclei
showed that parental histones were neither massively
degraded nor evicted from chromatin following local
UV-C irradiation. Instead, they redistributed to the
periphery of the damaged chromatin region in a con-
servative manner, as revealed by analyzing their distri-
bution in concentric regions around the point of
UV-C laser impact over time. This parental histone
redistribution was progressive and accompanied by an
expansion of the damaged zone, which is indicative of
an outward motion of chromatin.

Based on measurements of histone and DNA densi-
ties, we surmised that parental histone redistribution
around UV-C damaged sites was driven by two mech-
anisms: chromatin decompaction, leading to an
expansion of the damaged area, and histone mobiliza-
tion on chromatin, potentially by nucleosome sliding.
This scenario corroborates previous studies showing
local chromatin decondensation upon UV-C damage
detection by the repair machinery in human cells,20

and nucleosome unwrapping on a UV-damaged tem-
plate in vitro.21 Contrary to chromatin decompaction,
which is the major contributor to the observed reduc-
tion in histone density at UV-damaged sites, nucleo-
some sliding is unlikely to occur over very large
distances. We rather favor the idea that all damaged
nucleosomes can slide over short distances within the
irradiated chromatin region, and only nucleosome
sliding at the edge of that region would reduce histone
density in the damaged area.

From these findings, it is tempting to speculate that
parental histone redistribution could involve a decom-
paction of damaged chromatin accompanied by the
displacement of non-damaged chromatin fibers

toward the periphery of the damaged site, therefore
creating a local environment suitable for DNA repair.
It is important to consider also that these local chro-
matin alterations could have profound effects on
nuclear organization, by iterative rearrangements or
by disrupting long-range interactions between chro-
matin domains. This could be addressed by chromo-
some conformation capture approaches.22 It remains
to be determined whether parental histones are mobi-
lized in a nucleosomal form, as there is still no evi-
dence for parental H2A-H2B redistribution jointly
with H3-H4. However, a reduction in H2A density
and an enhanced turnover of H2A-H2B have been
observed at sites of UV-C damage in human cells.20,11

Modeling parental histone dynamics in response to
DNA damage would be useful to get mechanistic
insights into these chromatin rearrangements and to
assess their long-range effects in the nucleus.

Altogether, our recent data support the view that
chromatin is pushed away from the damage site to
allow access to the repair machinery. In addition, we
bring another piece to the puzzle by demonstrating
that parental histones are kept in the vicinity of the
damaged region, and thus potentially available to take
part in the restoration of chromatin.

Recovery of parental histones in repairing chromatin

As parental H3.3 histones were retained proximal to
the damage region, we examined their long-term fate
and their contribution to repaired chromatin by live
cell imaging during repair progression. Thus, we
unveiled that chromatin restoration was a two-step
process with new histone deposition occurring first,
followed by parental H3.3 histone recovery. The
recovery of parental histone signal within chromatin
regions undergoing repair was almost complete,
underlining the major contribution of parental histo-
nes to repaired chromatin. Furthermore, the recovery
proceeded radially inwards, suggesting that the paren-
tal histones that recovered were the ones that origi-
nally redistributed away, although this still needs to be
formally demonstrated.

Given the differences in the early chromatin
response to DNA damage among the various types of
DNA lesions, the mechanisms that we have uncovered
following UV damage cannot be directly transposed
to other damage responses. Nevertheless, two recent
studies showed that nucleosome occupancy is restored
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after DSB repair both in yeast and human cells,18,23

most likely by nucleosome re-assembly. It will be
important to determine whether and to which extent
parental histones are recycled during the nucleosome
re-assembly process at repaired DSBs.

Strikingly, in chromatin undergoing UV dam-
age repair, newly deposited histones persist after
the recovery of parental histones. This is a puz-
zling observation considering that parental histo-
nes almost completely recover. Assessing the
relative proportions of new and parental histones
in repaired chromatin will be critical to deter-
mine if new histones replace the small fraction of
parental histones that do not recover. Neverthe-
less, the persistence of new histones suggests that
they are not merely a by-product of the DNA
damage response and raises questions about their
function during or after repair. Considering the
timing of new histone deposition, they could be
part of a damage signaling process, and/or pro-
tect damaged chromatin from a second genotoxic
insult. If new histones are maintained in chroma-
tin after repair completion, they could even serve
as a memory of damage infliction, thereby poten-
tiating a second response to genotoxic stress.
Noteworthy, newly synthesized histones H3
undergo a delay in mitotic phosphorylations asso-
ciated with chromosome condensation, as shown
in Drosophila and human cells.24,25 We could
then envision that the incorporation of new his-
tones during DNA damage repair could interfere
with chromosome condensation in early mitosis
and thus serve as a “chromatin checkpoint”
mechanism ensuring that incompletely repaired
material cannot be transmitted to the next cell
generation.

Whatever the function of new histones in repaired
chromatin, their maintenance along with the recovery
of parental histones may end up in a higher histone
density with a different nucleosomal/chromatin struc-
ture at repair sites. In agreement with this hypothesis,
a reduction in chromatin accessibility was reported
following UV irradiation in mouse cells,26 and chro-
matin compaction was observed in response to DSBs
in human cells.27 Further investigations using super-
resolution microscopy for instance could help deci-
pher the relative distribution of parental and new his-
tones and the overall chromatin structure at repair
sites.

Coordination of parental histone dynamics with
repair progression

To gain a better understanding of the mechanisms
driving chromatin rearrangements during UV-C
damage repair, we investigated the molecular inter-
play between histone dynamics and the DNA repair
machinery. Using siRNA-mediated downregulation
of repair factors, we determined that the UV dam-
age sensor DNA Damage Binding protein 2
(DDB2)28 was the main regulator of parental his-
tone dynamics in response to UV-C damage.
DDB2 knockdown greatly impaired parental his-
tone redistribution early after damage induction,
and this effect was mostly independent of the ubiq-
uitylation activity of the DDB2 complex, which is
fully consistent with previous data.20 Furthermore,
the recovery of parental histones was dependent on
repair progression and correlated with DDB2
release from chromatin. The role of DDB2 in these
two processes was further assessed by taking
advantage of the LacO-LacR system, in which one
can artificially tether/release a factor to/from chro-
matin in the absence of damage. This assay was
already used in an elegant study,20 in which the
authors established that DDB2 tethering to chroma-
tin triggered chromatin unfolding at the LacO array.
We further demonstrated that DDB2 was actually
sufficient to govern parental histone dynamics, both
in terms of displacement and recovery.

Mechanistically, we showed that DDB2 was pro-
moting parental histone redistribution mostly by
affecting chromatin compaction, in line with previous
results.20 How DDB2 fulfills this activity is not yet
clear and additional players that could account for his-
tone mobilization on chromatin are still to be charac-
terized. We may envision that the direct binding of
DDB2 to DNA lesions could push away surrounding
chromatin fibers by steric hindrance, and this would
be sufficient to grant access to later repair factors.
DDB2 could also promote chromatin decompaction
by acting directly or indirectly on cohesins that were
recently proposed to control chromatin compaction in
interphase by promoting loop extrusion.29 DDB2 is
able to bind DNA lesions within a nucleosomal struc-
ture30 and is unlikely to possess any nucleosome
remodeling activity on its own. It is thus tempting to
speculate that another factor, either a chromatin-
remodeling factor or a histone chaperone, could assist
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DDB2 to provide such an activity. Interesting candi-
dates are chromatin remodelers that are known to be
involved in the DNA damage response.31 Identifying
DDB2-associated factors after UV-C damage by prote-
omic approaches would also be helpful to uncover
potential candidates for mediating DDB2 effect on
parental histone dynamics.

Based on our findings, it appears that DDB2, by
mediating both UV-C-damage sensing and parental
histone dynamics, may be key for ensuring the
coordination between genome and epigenome
maintenance during UV-C-damage repair. It will
be interesting to investigate whether similar repair-
coupled mechanisms ensure the maintenance of
higher-order chromatin domains. One could also
wonder if other DNA damage sensors fulfill a func-
tion comparable to that of DDB2 in distinct repair
contexts.

Contribution of parental histone dynamics to
epigenome maintenance?

The functional relevance of parental histone dynamics
in response to DNA damage is still a matter of debate.
Indeed, it is not yet possible to uncouple histone
dynamics from genome maintenance, as the only fac-
tors identified so far that drive parental histone
dynamics are also involved in DNA repair. Thus, we
can only speculate that parental histone redistribution
may facilitate DNA repair and that their recovery may

help preserve epigenome integrity. However, much
remains to be investigated in this respect.

For example, we still ignore if parental histones
retrieve their original positions on the DNA sequence
when they recover. Solving this issue would require
higher resolution approaches, combining the induc-
tion of sequence-specific damage and nucleosome
profiling. Moreover, it is still unclear if parental histo-
nes come back with their original post-translational
modifications (PTMs), and if these marks are eventu-
ally transferred onto newly incorporated histones,
which could be part of a chromatin maturation pro-
cess after DNA damage repair. Combining differential
labeling of old and new histones with histone PTM
detection, as it has been done at the replication
fork,32,33 would be a powerful technique to investigate
this issue. Nevertheless, one could wonder which level
of precision is required in terms of PTM restoration.
Indeed, a recent perspective on epigenetic inheritance
suggests that, at least for repressive marks, a certain
flexibility in histone PTM inheritance is tolerated
without significant effects on the transcriptional out-
come.34 It is also conceivable that new histone deposi-
tion coupled to repair of DNA damage may provide a
window of opportunity for epigenome plasticity.

Conclusion

It becomes more and more evident that chromatin
dynamics are an integral part of the DNA damage

Figure 1. Model for histone dynamics in response to UV-C damage. Following local UV-C irradiation, parental histones (red) redistribute
to the periphery of the damaged region by two mechanisms: chromatin expansion (light blue) and histone mobilization on chromatin
(light orange). Newly synthesized histones (green) are incorporated into chromatin undergoing UV-C damage repair, followed by the
recovery of parental histones. The redistribution and recovery of parental histones are coordinated with repair progression through
binding and release of the UV damage sensor DDB2 (purple). This model raises questions regarding the molecular determinants of these
chromatin rearrangements, their function and their impact on epigenome maintenance following DNA damage (orange boxes).
Adapted from ref. 16.
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response.15 In this context, our recent study gives new
insights into the coordinated maintenance of genome
and epigenome integrity and leads to a revised version
of the ARR model (Fig. 1), but also opens up several
unresolved issues regarding the contribution of his-
tone dynamics to epigenome maintenance. It will be
of major interest to investigate the relevance of repair-
coupled histone dynamics in preserving cellular
homeostasis and in protecting cells against pathologi-
cal conditions.
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