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By some estimates, a eukaryotic cell must repair up to 10,000 DNA lesions per cell cycle to
counteract endogenous sources of DNA damage. Exposure to environmental toxins, UV
sources, or other radiations only increases this enormous number. Failure to repair such
lesions can lead to a deleterious mutation rate, genomic instability, or cell death. The
timely and efficient repair of eukaryotic DNA damage is further complicated by the realiza-
tion that DNA lesions must be detected and repaired in the context of chromatin with its
complex organization within the nucleus. Numerous studies have shown that chromatin
packaging can inhibit nearly all repair pathways, and recent work has defined specific
mechanisms that facilitate DNA repair within the chromatin context. In this review, we
provide a broad overview of chromatin regulatory mechanisms, mainly at the nucleosomal
level, and then focus on recent work that elucidates the role of chromatin structure in
regulating the timely and efficient repair of DNA double-strand breaks (DSBs).

Although we tend to worry the most about
environmental sources of DNA damage

(e.g., chemical agents, UV radiation, ionizing
radiation), it seems likely that much of the
DNA repair machinery has evolved to contend
with DNA lesions generated by the by-products
of cellular metabolism—reactive oxygen species,
endogenous alkylating agents, and DNA single-
and double-strand breaks resulting from col-
lapsed DNA replication forks or from oxidative
destruction of deoxyribose residues (Lindahl
and Wood 1999; Lindahl 2000). To combat the
diversity of DNA lesions, cells have evolved a
complex DNA damage response (DDR) that

can engage manydifferent DNA repair pathways,
including nucleotide excision repair (NER),
base excision repair (BER), DNA mismatch re-
pair (MMR), single-strand annealing (SSA),
nonhomologous end joining (NHEJ), and ho-
mologous recombination (HR). In eukaryotic
cells, each of these repair pathways function in
the context of a nucleoprotein structure, chro-
matin, which can potentially occlude DNA le-
sions from the repair machinery, and thus can
influence the efficiency of repair. Early studies
that focused on the response to UV damage,
led to the access/repair/restore (ARR) model
for repair of DNA lesions in chromatin (Green
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and Almouzni 2002). A central theme of this
model is that chromatin inhibits the repair
process, and thus it must be disrupted before
or during the repair process, and then chro-
matin structures must be faithfully restored at
the conclusion. What has become clear in the
past few years, however, is that chromatin orga-
nization also serves a positive role in the DDR,
to “prime” DNA repair events, functioning as
a regulatory/integration platform that ensures
that DNA repair is coordinated with other cel-
lular events (Fig. 1). Here we focus on the repair
of DNA double-strand breaks (DSBs), centering
on the various mechanisms that facilitate this
essential repair event within a chromatin con-
text with a particular emphasis on the nucleo-
somal level. We envision that the concepts and
themes discussed here will also be pertinent to
other repair pathways, as discussed in several
recent reviews (Adam and Polo 2012; Czaja
et al. 2012; Lans et al. 2012; Odell et al. 2013).

CHROMATIN STRUCTURE: A PRIMER

The basic unit of chromatin is the nucleosome
core particle, which consists of 147 bp of DNA
wrapped in left-handed superhelical turns �1.7
times around an octamer of histone proteins

(Luger et al. 1997). The histone octamer is com-
posed of a tetramer of histones H3 and H4
that is flanked by two heterodimers of H2A
and H2B. Each histone harbors a globular,
three-helix bundle called a histone fold motif,
which mediates histone–histone and histone–
DNA interactions. These structured histone
fold domains are flanked by short flexible ami-
no-terminal and carboxy-terminal domains or
“tails,” which protrude from the nucleosome
core particle. Although the histone tails are
not necessarily required to form either the his-
tone octamer or a nucleosome, they are essen-
tial for regulation of many biological processes.
Numerous posttranslational modifications oc-
cur at different amino acid residues of the tails
(see below), regulating key biological processes.
The modifications can potentially directly af-
fect chromatin organization. Indeed, the tails
are important for both intramolecular and in-
termolecular folding of nucleosomal arrays to
mediate different levels of compaction (Dorigo
et al. 2003; Gordon et al. 2005). They can also
serve as a platform to recruit factors that in turn
can mediate changes (Gardner et al. 2011).

In addition to the replicative histones H2A,
H2B, H3, and H4, whose expression peaks dur-
ing S phase—often referred to as canonical—
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Figure 1. Access/prime/repair/restore model for the role of chromatin in the DDR. Chromatin remodeling and
histone modification enzymes regulate both the accessibility of the lesion to repair factors as well as providing a
platform for signaling repair events to other cellular processes. See text for details.
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and are incorporated into chromatin mainly at
the replication fork, eukaryotes also use a vari-
ety of histone variants that provide specialized
structures and functions to chromatin (see Tal-
bert et al. 2012) for nomenclature and evolu-
tion). In contrast to the canonical histones, the
histone variants do not show a peak of expres-
sion in S phase and can be expressed at other
times throughout the cell cycle. All histones are
escorted by specific chaperones. In the case of
the variants, particular chaperones that func-
tion in concert with ATP-dependent chroma-
tin remodeling enzymes, such as SWR-C (see
below) can mobilize the histone variants in
and out of chromatin independent of DNA
replication. Histone H2A has the largest num-
ber of variants, including H2A.X, H2A.Z, mac-
roH2A, and H2ABbd. Among these variants,
H2A.X and H2A.Z have been well character-
ized and linked to repair of DNA DSBs and
regulation of transcription. H2A.X is the major
form of H2A in budding and fission yeast, and
it appears to be a constitutive component of
mammalian chromatin, harbored by �10% of
nucleosomes. Nucleosomal arrays that contain
H2A.Z have an increased propensity to form
condensed fibers compared to arrays that con-
tain canonical H2A, suggesting that it may con-
trol fiber dynamics (Fan et al. 2002). Interest-
ingly, nucleosomes that harbor H2A.Z flank
most RNA polymerase II promoters, and these
nucleosomes tend to be inherently dynamic and
easily evicted during transcriptional induction
(Guillemette et al. 2005; Raisner et al. 2005;
Dion et al. 2007). Thus, H2A.Z may contribute
to both active and inactive chromatin states.
Other well-studied histone variants are related
to histone H3. For instance, the centromeric
variant CenH3, called Cse4 in budding yeast
and CENP-A in mammals, is essential for cen-
tromere function. In both cases, this variant
marks yeast and mammalian centromeres, re-
spectively. Another H3 variant, called H3.3 is
present only in metazoans, and ensures the
maintenance of chromatin organization out-
side S phase. It is particularly critical for the
replacement of protamines on sperm nuclei
after fertilization and highly enriched at tran-
scribed loci.

The primary structure of chromatin is a lin-
ear array of nucleosomes that resembles an ex-
tended “beads on a string” structure in its most
decompacted state. Interactions between nucle-
osomes drive the folding of nucleosomal arrays
into a three-dimensional secondary structure,
called a 30-nm fiber, which is stabilized by the
association of linker histones, such as histone
H1 or H5. One key histone–histone interaction
that plays a key role in chromatin condensation
is an interaction between an H4 amino-termi-
nal tail on one nucleosome with an acidic patch
of residues on the H2A/H2B dimer of a neigh-
boring nucleosome (Luger et al. 1997; Dorigo
et al. 2004). Notably, this interaction can be
controlled by the acetylation of histone H4 ly-
sine 16 (H4 K16ac), a histone mark that disrupts
chromatin folding and is often associated with
both genomic repair and transcription (Sho-
gren-Knaak et al. 2006). Chromatin fibers are al-
so organized into further tertiary structures ow-
ing to self-association of the 30-nm fibers into
100- to 400-nm-thick filaments, called chromo-
nema filaments, which are visualized by electron
microscopy in interphase cells and detected by
biophysical methods (Belmont and Bruce 1994;
Gordon et al. 2005).

Eukaryotic chromosomes are organized in-
to specialized domains that can regulate nuclear
functions. Early cytological studies defined re-
gions of the genome that underwent deconden-
sation as the cells progressed from metaphase to
interphase, as euchromatin. On the other hand,
the regions that remained visibly condensed and
deeply stained throughout the cell cycle were
defined as heterochromatin. Structural features
that characterize heterochromatin include the
presence of repetitive DNA sequences, low or
absent gene density, late S-phase replication
timing, regular nucleosome spacing, decreased
accessibility to nucleases, loss of nuclease hyper-
sensitive sites, and hypoacetylation of histones.
In addition, except for budding yeast, methy-
lation of histone H3 at position K9 and its
associated chromodomain-containing protein
HP1 are also hallmarks of heterochromatin.
Moreover, in vertebrates and plants, heterochro-
matin is supplemented with cytosine hyperme-
thylation and associated proteins. For a recent,
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in-depth review on the role of heterochromatin
proteins in the DDR, see Soria et al. (2012).

CHROMATIN DYNAMICS AND THE DDR

The recognition and orchestrated repair of
DSBs requires that chromatin structure be dy-
namic in nature—capable of rapid unfolding,
disassembly, assembly, and refolding. Currently,
we know of four major mechanisms that control
the dynamics of chromatin structure: (1) ATP-
dependent chromatin remodeling enzymes, (2)
histone variants, (3) histone modifications, and
(4) histone chaperones. In the following sec-
tions, we detail how each of these mechanisms
regulate chromatin structure and how they
function in the context of DSB repair. Although
we present them in separate parts, for the sake
of simplicity, they likely work in combination.

ATP-Dependent Chromatin Remodeling
Enzymes

ATP-dependent chromatin remodeling en-
zymes are often multisubunit complexes that
can use the energy from ATP hydrolysis to ac-
tively disrupt histone–DNA interactions (for an
in-depth review, see Clapier and Cairns 2009).
Indeed, of the four mechanisms that regulate
chromatin dynamics, these remodeling enzymes
perform the “heavy lifting” of chromatin regula-
tion, as they can disrupt heterochromatin, un-
fold chromatin fibers, mobilize nucleosomes,
evict histones, or catalyze the incorporation or
removal of histone variants. These enzymes each
harbor a catalytic ATPase subunit that is related
to the ancient SF2 superfamily of DNA helicases,
and although these enzymes lack the ability to
separate DNA strands, many enzymes proved
capable to catalyze ATP-dependent DNA trans-
location. This translocase activity can be used
to “pump” DNA over the histone octamer sur-
face, leading to changes in nucleosome posi-
tions. This activity is also likely to be key for
other activities of remodeling enzymes, such
as the ATP-dependent deposition of histone
variants (see below).

Biochemical studies have defined four well-
characterized families of ATP-dependent re-

modeling enzymes—SWI/SNF, ISWI, Chd1/
Mi2, and SWR-C—named after their founding
members. Members of each family are able to
catalyze the ATP-dependent sliding of nucleo-
somes in cis, whereas SWI/SNF family mem-
bers (e.g., yeast or human SWI/SNF and yeast
RSC) are also able to use ATP hydrolysis to evict
H2A-H2B dimers or even entire histone oc-
tamers. Several members of the SWR-C family
are specialized for deposition and removal of
histone H2A variants. For instance, yeast SWR-
C and mammalian Tip60/p400/SRCAP com-
plexes catalyze the incorporation of the H2A.Z
histone variant by removing H2A/H2B dimers
from a nucleosomal substrate and exchanging
with an H2A.Z/H2B dimer (Mizuguchi et al.
2004; Ruhl et al. 2006). In contrast, the yeast
INO80 complex catalyzes the reverse reaction,
evicting H2A.Z from nucleosomes and replac-
ing with H2A (Papamichos-Chronakis et al.
2011).

Although ATP-dependent remodeling en-
zymes were discovered through studies of tran-
scriptional regulation, it is now clear that these
enzymes are rapidly recruited to DSBs and that
members of each enzyme family play a unique
role within the DDR. Immediately following
formation of a DSB, a small number of nucleo-
somes (one or two) are destabilized or removed
from adjacent chromatin, and this chromatin
remodeling event facilitates the recruitment
and function of early DNA damage responders,
such as the yeast Mre11/Rad50/Xrs2 complex
(Xrs2 is replaced with Nbs1 in mammals) (Shim
et al. 2005, 2007; Berkovich et al. 2007; Kent
et al. 2007). In budding yeast, this nucleosome
loss event requires the RSC remodeling enzyme,
whereas in mammals, the p400 member of the
SWR-C family appears to play a key role (Xu
et al. 2010). Because p400 catalyzes the incor-
poration of the H2A.Z variant, it seems likely
that these proximal nucleosomes are desta-
bilized by H2A.Z incorporation. In addition,
work in both mammals and yeast indicates
that efficient NHEJ also requires incorporation
of H2A.Z at DSB chromatin (Shim et al. 2005;
Xu et al. 2012). Following these early events,
recent work has shown that the yeast Fun30
(mammalian Etl1) chromatin remodeling en-

C.L. Peterson and G. Almouzni

4 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a012658



zyme facilitates the processing of DSB ends for
HR (Chen et al. 2012; Costelloe et al. 2012;
Eapen et al. 2012). Fun30 is proficient in the
ATP-dependent displacement of H2A-H2B di-
mers from nucleosome substrates (Awad et al.
2010), and it seems likely that this activity con-
tributes to the stimulation of DSB processing.

Once the DSB ends have been processed
into long single-strand DNA (ssDNA) tails, for-
mation of a Rad51-ssDNA filament initiates a
search for an homologous DNA duplex that can
be used for DSB repair by HR (for review, see
Symington and Gautier 2011). This homology
search step appears to require several ATP-de-
pendent remodeling enzymes, including yeast
INO80 and SWI/SNF (Sinha et al. 2009; Neu-
mann et al. 2012). Interestingly, the SWI/SNF
enzyme only plays a key role in this step if re-
pair must use a condensed, heterochromatic
duplex. In this case, SWI/SNF catalyzes the
eviction of the yeast Sir3 heterochromatin pro-
tein, facilitating strand invasion and subsequent
repair (Chai et al. 2005; Sinha et al. 2009). Fi-
nally, the human INO80, hSNF2H, and CHD4
remodeling enzymes have also been shown to be
recruited to DSBs and to play key roles in their
ultimate repair, although the steps and roles that
they play remain unclear (for a recent review,
see Papamichos-Chronakis and Peterson 2012).
Thus, a plethora of ATP-dependent remodeling
enzymes are targeted to DSBs where they can
mobilize, evict, or disrupt both nucleosomes
and nonhistone proteins, facilitating nearly ev-
ery step of DSB repair.

Histone Variants

As discussed above, the dynamic incorpora-
tion of the H2A.Z histone variant within DSB
chromatin impacts early steps of NHEJ and HR.
Recent work also implicates this histone variant
with later checkpoint events. Key initial com-
ponents of the checkpoint-signaling pathway
in humans are the two members of the PIKK
family of kinases, ATM and ATR (ScTel1 and
ScMec1, respectively, in yeast) (Abraham 2001).
ATM binds to unprocessed or minimally pro-
cessed ends of broken DNA, whereas recruit-
ment of ATR at damaged DNA requires exten-

sive ssDNA formation by DNA end-processing
factors and binding of the single-stranded
binding protein, RPA. The activation of the
checkpoint kinases triggers a phosphorylation
cascade that impacts, among other factors, the
mediator proteins scRad9/Crb2/53BP1 and
MDC1, which ultimately activate the key trans-
ducer kinases Rad53/Chk2 and Chk1, essential
to disperse the signal to a multitude of down-
stream targets and arrest the cell cycle.

Early during the DDR in budding yeast, the
H2A.Z variant histone is incorporated by the
SWR-C chromatin remodeling complex, replac-
ing either gH2AX or H2A (Papamichos-Chro-
nakis et al. 2006; Kalocsay et al. 2009). Although
the SWR-C enzyme remains associated with
DSB chromatin, the presence of H2A.Z at the
DSB is only transient—the subsequent recruit-
ment of the yeast INO80 complex is believed
to reverse SWR-C action by exchanging nucle-
osomal H2A.Z/H2B dimers with free H2A/
H2B (Papamichos-Chronakis et al. 2006). These
H2A.Z dynamics appear to be an important
control switch during the DDR—if a DSB is
not repaired in a timely fashion, a SUMOylated
form of H2A.Z has been proposed to mediate
the anchoring of the DSB to the nuclear periph-
ery (Kalocsay et al. 2009), whereas the removal
of H2A.Z by INO80 promotes proper check-
point signaling by an unknown mechanism
(Papamichos-Chronakis et al. 2006).

Histone Posttranslational Modifications

Each of the core histones is subject to a vast array
of posttranslational modifications, including
lysine acetylation, methylation, SUMOylation
and ubiquitylation, serine/threonine phos-
phorylation, proline isomerization, and argi-
nine methylation (for a review, see Gardner
et al. 2011). Most of the well-characterized his-
tone modifications occur within the extended
amino-terminal or carboxy-terminal histone
tail regions, but there are also a growing number
of posttranslational modifications within the
nucleosome core. Histone modifications con-
trol chromatin dynamics by two broad mecha-
nisms. First, histone modifications can either
create or eliminate binding sites for nonhistone
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proteins that influence the structure and func-
tion of the chromatin fiber. For instance, meth-
ylation of histone H3 at lysine 9 promotes the
anchoring of the HP1 protein that facilitates
formation of condensed heterochromatin struc-
tures. Second, histone modifications may di-
rectly impact either the stability of individual
nucleosomes or influence the ability of chroma-
tin fibers to fold into higher order structures.
For instance, one histone modification, acety-
lation of histone H4 at lysine 16, has been
shown to directly impact chromatin structure.
In this case, acetylation of this one lysine residue
is sufficient to block formation of 30-nm fibers
(Shogren-Knaak et al. 2006).

During recent years, it has been clear that
formation of a DSB induces a host of histone
posttranslational modifications (Table 1), and
functional studies are consistent with the es-
tablishment of a complex regulatory chromatin
platform. One of the most intensively studied
DSB-induced histone modifications is the phos-

phorylation of the histone variant H2A.X. The
phosphorylation of H2AX at S139 in mamma-
lian histones (termed gH2AX; S129 in budding
yeast) by the DDR kinases, ATM (yeast Tel1),
ATR (yeast Mec1), and DNA-dependent protein
kinase (DNA-PK), is one of the earliest events
at a DSB, and this mark spreads over at least a
megabase of chromatin adjacent to each DSB in
mammalian cells and up to 50 kb on each side
of a DSB in yeast (Rogakou et al. 1999; Shroff
et al. 2004). This large domain of gH2AX pro-
motes a robust DNA damage checkpoint path-
way that halts the cell cycle and coordinates re-
pair of damage with cell-cycle transitions. In
mammalian cells, gH2AX provides a host of
binding sites for MDC1, which enhances reten-
tion of this key checkpoint mediator within
DSB chromatin, facilitating efficient cell-cycle
arrest (Fig. 2) (Stucki et al. 2005).

Other histone modifications and histone-
modifying enzymes play an elaborate role in
promotion of the MDC1-mediated checkpoint

Table 1. Histone posttranslational modifications associated with the DDR

Histone-modifying

enzymes Name (organism)

Proposed molecular

function—targets

K-kinases ATM/ATR (Sc-h) H2A.X S139 (h), S129 (Sc)
WSTF (h) H2A.X Y142
Cdc7 (Sc) H3 T45
Aurora B H3 S10, S28
Bub1 H2A S121
Haspin H3 T3

K-acetyltransferases Hat1 (Sc) H4 K5, K12
NuA4/Tip60 (Sc, Dm, h) H4 K5, K8, K12, K16,

H2A.Z K3, K8, K10, K14
Gcn5 (Sc, h) H3 K9, K14, K18
CBP/p300 H3 K18, H4 K5, K8, K12, K16
RTT109 (Sc) H3 K56ac

K-deacetylases Rpd3 (Sc, h) H3, H4
Hda1 (Sc) H2A.Z, H2B, H3
Sir2/SIRT1, 6 (Sc, h, m) H4 K16,
HDAC1, 2, 4 (h) H2A, H2B, H3, H4

K-methyltransferases SET1 (Sc) H3 K4
PR-Set7/Set8 (h) H3 K20me
MMSET1 (h) H4 K20me2, 3
EZH2 (h) H3 K27
Dot1 (Sc) H3 K79

Ubiquitilases RNF8 (h) H2A
RNF168 (h) H2A
Rad6/RNF20-40 (Sc, h) H2B K120ub (h), K123 (Sc)
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pathway. For instance, acetylation of H4K16 by
the human MOF acetyltransferase has been sug-
gested to regulate binding of MDC1 to gH2AX
domains, presumably owing to the chromatin
unfolding function of this histone mark (Fig. 2)
(Li et al. 2010; Sharma et al. 2010). Further-
more, following its recruitment to DSB chro-
matin, MDC1 binds and recruits the E3 ubiq-
uitin ligase RING finger protein 8 (RNF8) to
DSB chromatin and RNF8 functions in concert
with a second ubiquitin ligase, RNF168, to pro-
mote assembly of checkpoint regulators 53BP1
and BRCA1 at damaged chromatin (Huen et al.
2007; Kolas et al. 2007; Mailand et al. 2007).
These enzymes are likely to target histones
for ubiquitinylation, although nonhistone sub-
strates should also be considered. A combina-
tion of RNF8 action and polyADP ribosylation
is also believed to facilitate the recruitment
of the CHD4 and ALC1 chromatin remodeling
enzymes (Fig. 2). And finally, dimethylation
of histone H4 (H4K20me2), a constitutive his-
tone mark that is increased at laser irradiation-
induced foci and induced at single DSBs, also
facilitates recruitment of the 53BP1 checkpoint
mediator to DSB chromatin (Pei et al. 2011).
Thus, multiple histone marks play key roles
within DSB chromatin to recruit various me-
diators of the cell-cycle checkpoint response,

orchestrating their functions with the repair
process (Fig. 2).

Histone Chaperones

Histone chaperones, by definition, are proteins
that transfer histones without necessarily being
part of the final product (Loyola and Almouzni
2004; De Koning et al. 2007). They can be gen-
eral without specificity for variants or specific
of particular variants. Considering the differ-
ent aspects of chromatin dynamics within the
general framework of the access/repair/restore
model, one can immediately envisage that they
will play critical roles throughout the process to
assist all aspects from the destabilization, evic-
tion, to help present histone for their modi-
fication, and for the restoration to deposit new
histones or recycle older ones. In the above dis-
cussion related to H2AZ and H2AX, we actually
already referred to histone chaperones as part
of larger complexes as shown with the INO80
complex that contains several histone chaper-
ones. This example illustrates the tight inter-
action in the function of remodeling complexes
and histone chaperones. In addition, in the
context of DDR, the histone chaperone FACT
(facilitates chromatin transcription) should also
be considered. Indeed, initially identified for
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Figure 2. Histone modifications orchestrate binding of key DDR factors to DSB chromatin. (A) Histone
modifications and their associated enzymes at DSB chromatin. (B) Histone modifications and their binding
partners or regulators. See text for details. Note that the figure illustrates the ubiquitination-dependent recruit-
ment of 53BP1 to DSBs, but it is not thought to directly bind to ubiquitinylated proteins.
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its ability to mobilize H2A-H2B during tran-
scription (Belotserkovskaya et al. 2003), it can
also mediate H2A.X exchange. Following ge-
notoxic stress, FACT is polyADP-ribosylated,
which disrupts its ability to interact with nucle-
osomes (Heo et al. 2008); as a consequence,
H2A.X/H2A exchange is inhibited.

We now consider chaperones associated
with H3-H4 and their possible roles during
the DDR. Concerning the dynamics of H3 var-
iants in the DDR, the most documented role for
a histone chaperone relates to CAF-1 (chroma-
tin assembly factor-1). Indeed, CAF-1, initially
identified as a factor stimulating histone dep-
osition during replication (Stillman 1986), was
also shown to restore chromatin organization
on repaired DNA in vitro (Gaillard et al.
1996), and later defined as a dedicated chaper-
one for the replicative H3.1 deposition (Tagami
et al. 2004; Ray-Gallet et al. 2011). The transient
expression of epitope-tagged H3.1 variants
in human cells further revealed a CAF-1–depen-
dent new histone deposition at both UVC- and
laser-induced damage sites (Polo et al. 2006).
Thus, H3.1 deposition is not restricted to rep-
lication but also takes place at sites of DNA
repair synthesis in vivo. Most importantly,
new histone deposition at DNA damage sites
implies that there is not a simple recycling of
preexisting histones, and this potentially helps
to replace old histones. Importantly, new solu-
ble histones differ from preexisting nucleoso-
mal histones in terms of their posttranslational
modifications (Loyola et al. 2006), and as a con-
sequence their incorporation into chromatin
will dilute parental marking. This alteration of
local chromatin marks may subsequently affect
the expression of genes in the damaged chroma-
tin region. This possibility is supported by re-
cent findings in the context of DNA replication
in chicken cells deficient for the specialized po-
lymerase REV1 (reversionless 1) involved in the
bypass of roadblocks such as G4-DNA sequenc-
es. In these cells, the uncoupling of DNA repli-
cation and histone recycling at the time of rep-
lication leads to a local increase of new histone
incorporation and thereby a loss of parental
marks, which alters the transcriptional status
of the loci (Sarkies et al. 2010, 2012). In light

of these findings, a tight control of histone re-
cycling along with new histone deposition is
likely critical. In this context, the histone chap-
erone ASF1 (antisilencing function 1) involved
in both recycling parental histones and provid-
ing new histones at the replication fork (Groth
et al. 2007; Jasencakova et al. 2010) represents
an attractive histone chaperone for such a role at
repair sites.

Interestingly, there is also an interesting
connection between chromatin restoration and
termination of DNA damage signaling, as shown
in budding yeast where CAF-1 and ASF1 ortho-
logs function redundantly to promote the re-
covery from checkpoint arrest (Kim and Haber
2009). Therefore, new H3.1 histone incorpora-
tion coupled to DNA repair participates in the
restoration of nucleosomal organization after
DNA damage and possibly modulates check-
point termination.

The recently identified CenH3 histone chap-
erone HJURP (Holliday junction recognition
protein (Dunleavy et al. 2009; Foltz et al. 2009;
Shuaib et al. 2010) has also been connected to
the DDR. This protein was initially character-
ized on the basis of its ability to bind Holliday
junctions (recombination intermediates) in vi-
tro and showed an increase of expression after
DNA damage in human cells in a manner that
depends on the DSB sensor kinase ATM (Kato
et al. 2007). Furthermore, HJURP and CenH3
expression levels correlate with cell sensitivity
to radiation in vitro and in vivo, high levels of
HJURP being predictive for increased sensi-
tivity to radiotherapy in breast cancer patients
(Hu et al. 2010). Further characterization of
HJURP and CenH3 properties will be necessary
to determine whether distinct or similar fea-
tures as those required for their centromeric
function could be at work in the DDR.

Interestingly, a potential role for other H3
chaperones deserved to be explored. Indeed,
in fission yeast, the ortholog of the HIRA (his-
tone regulator A) complex, a critical H3.3 chap-
erone in mammals, is required for protection
against genotoxic agents, as shown by mutat-
ing Hip1, Slm9, and Hip3 subunits (Anderson
et al. 2009). The possible link between H3.3
and genome stability is further supported by
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the recent identification in high-grade pediat-
ric brain tumors and in pancreatic tumors of
mutations in H3.3 itself as well as in DAXX-
ATRX (death domain-associated protein-a-
thalassemia/mental retardation syndrome X-
linked), another H3.3-specific chaperone (Jiao
et al. 2011; Schwartzentruber et al. 2012). Given
that nucleosome rearrangements in damaged
chromatin can expose stretches of naked DNA
independently of DNA repair synthesis, H3.1
deposition mechanism may not suffice. It will
be particularly interesting to investigate wheth-
er the nucleosome gap-filling function recently
proposed for human H3.3 as a salvage pathway
for chromatin integrity (Ray-Gallet et al. 2011)
applies to sites of DNA damage.

CONCLUDING REMARKS

Following successful repair of the DSB, repair
factors and chromatin regulators are removed
from the site of repair, the checkpoint response
is inactivated, and the epigenetic landscape
largely returns to its original state. Several stud-
ies have shown that gH2AX is targeted for de-
phosphorylation following repair in both yeast
and mammalian cells, and its removal is key for
down-regulating the DNA damage checkpoint
response (Chowdhury et al. 2005; Keogh et al.
2006; Nakada et al. 2008). It is not clear whether
the entire host of histone modifications survive
the repair event and thus must be actively re-
moved, or whether the final, replication-depen-
dent steps of HR lead to displacement of the
modified parental nucleosomes. This replicative
step leads to the assembly of new nucleosomes
that harbor the histone mark H3-K56Ac in
yeast. Histone H3-K56Ac is known to be asso-
ciated with histone turnover at gene promoter
regions, perhaps providing a molecular expla-
nation for why newly repaired chromatin is
more labile (Xu et al. 2010). Interestingly, the
deposition of nucleosomes that harbor H3-
K56Ac is required for inactivation of the DNA
damage checkpoint. It has been proposed that
the H3-K56ac-containing chromatin is sensed
by the DNA damage checkpoint machinery
(Chen et al. 2008), but an alternative possibility
is that incorporation of newly synthesized his-

tones, driven by H3-K56 acetylation, may lead
to the eviction of nucleosomal histones that
contain marks required for checkpoint activa-
tion or maintenance, thus switching off the
checkpoint. How these dynamics apply to
metazoans will have to be examined.

Although initial thoughts on the role of
chromatin in DNA repair were driven by simple
paradigms derived from transcriptional studies
(e.g., “access, repair, restore”), it is clear that
chromatin dynamics orchestrate a much more
complex and intriguing set of roles in the DDR.
It is now clear that histone modifications do not
simply promote access of repair factors to the
lesion, but in fact they play essential roles in
mediating the cell-cycle checkpoint response.
This role underlines the importance of histone
modifications and histones themselves as sig-
naling modules. Likewise, recent work also im-
plicates key roles for ATP-dependent chroma-
tin remodeling enzymes in directing large-scale
movements of chromosomes that facilitate the
homology search step of recombinational re-
pair (Dion et al. 2012; Miné-Hattab and Roth-
stein 2012; Neumann et al. 2012). Many of the
current studies that focus on chromatin and the
DDR have focused on identifying enzymes that
are recruited to DNA lesions, rather than under-
standing how these events interface with the bi-
ochemistry of DNA repair in the context of the
global control of cellular responses. Like the
case in transcription, it is likely that much func-
tional redundancy exists among chromatin reg-
ulators, and thus such mechanistic studies may
need to use sophisticated genetics, biochemical
and cellular approaches in an integrated fashion
to uncover specific roles for each enzyme or
chromatin alteration within the DDR. An excit-
ing challenge will be to figure out during devel-
opment and in various cell types how these
properties can be modulated, in particular in
stem cells that show distinct chromatin and re-
pair properties.
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