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The ability to sense and respond appropriately to genetic lesions is vitally important to
maintain the integrity of the genome. Emerging evidence indicates that various
modulations to chromatin structure are centrally important to many aspects of the DNA
damage response (DDR). Here, we discuss recently described roles for specific post-
translational covalent modifications to histone proteins, as well as ATP-dependent
chromatin remodelling, in DNA damage signalling and repair of DNA double strand breaks.
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Introduction

To avoid propagation of mutations that could lead to
genomic instability and cancer, it is imperative that genomic
DNA damage is detected and repaired before each cell
.ie (N.F. Lowndes).
work and are listed alph

er Inc. All rights reserved
division [1]. DNA damage detection and signalling are carried
out by a signal transduction pathway termed the DNA
damage response (DDR) and this pathway is therefore crucial
for the maintenance of genomic integrity. Activation of the
DDR induces cell cycle arrest, DNA repair, induction of a
abetically.
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transcriptional programme and in cases of severe damage,
apoptosis [2].

Of the many types of DNA damage, DNA double strand
breaks (DSB) are one of the most severe because the
genome potentially loses its continuity if the damage is not
repaired. The cell can use one of two mechanisms for DSB
repair: homologous recombination (HR), which allows for
Fig. 1 – Histone covalentmodifications. (A) Location of histone co
linear histone sequence. Rectangles represent structured alpha-
follows: red for phosphorylation; blue for methylation; green for
residues H3K79 (red sphere), H4K20 (white sphere) and H3K56 (g
arrows. (C) Location of H3K79 (red sphere) and H4K20 (white sph
interpretation of the references to colour in this figure legend, th
error-free repair, and non-homologous end joining (NHEJ),
which is an error prone repair pathway [3,4].

In the cell, chromatin is the physiological template for all
DNA transactions including transcription, replication and
DNA repair. The fundamental subunit of chromatin is the
nucleosome [5,6] consisting of 147 bp of DNA wrapped around
a histone octamer comprised of two molecules each of the
valentmodifications involved in the DNADSB response in the
helical regions. Covalent modifications are color coded as
acetylation; and purple for ubiquitination. (B) Location of
reen sphere) in the nucleosome, also indicated by the white
ere) in an idealised higher order chromatin structure. (For
e reader is referred to the web version of this article.)
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histones H2A, H2B, H3 and H4 (see Figs. 1A and B). Nucleo-
somes facilitate further compaction of the genome into higher
order chromatin structures to allow packaging of the genomic
DNA into the cell nucleus [7] (see Fig. 1C). In response to DNA
damage, detection of lesions and repair of DNA must occur in
this chromatin environment. Folding into chromatin alters the
accessibility of the DNA to proteins involved in DNA transac-
tions, and specialised mechanisms have evolved to deal with
the chromatin-packaged state of DNA. These mechanisms
include three ways of directly manipulating chromatin struc-
ture: covalent histonemodifications, ATP-dependent chroma-
tin remodelling and histone variant incorporation [8–10].

Histones have a high content of lysines and arginines, and
a significant number of serines and threonines. All four
residues are, by their polar nature, typically located on the
exposed exterior surfaces of the histone octamer. The amine
and hydroxyl functional groups of these side chains are
reactive under biochemical conditions and therefore readily
undergo post-translational modifications. In particular, differ-
ences in electrostatic properties between the modified and
unmodified forms of these residues can significantly affect
interactions between the histones and DNA or other proteins.
Histone modifications implicated in the DNA damage
response include phosphorylation, methylation, acetylation
and ubiquitination (Table 1).

ATP-dependent chromatin remodelling complexes physi-
cally manipulate chromatin structure, for example by reposi-
tioning or disrupting nucleosomes. It is known that many of
these complexes are involved in gene regulation and transcrip-
tion [11]. More recently, roles for some chromatin remodelling
complexes in the DDR have been defined (see below).

Manipulation of chromatin structure is required for many
aspects of the DNA damage response and, accordingly, genetic
studies have revealed that mutants of histone modifying
proteins and chromatin remodellers often show sensitivity to
genotoxins. However, genetic analysis of the individual roles
played by these enzymes in the DDR is complicated by a
functional redundancy between individual enzymes and their
multiples roles in manipulating the chromatin environment.
Table 1 – Summary of functions of covalent histone modificati
the enzymes responsible for these modifications

Modification Modification site Enzyme

Phosphorylation H2A S129 Mec1,
Tel1

Stable retention o

Phosphorylation H4 S1 CK2 DNA damage regu
histone deacetyla

Methylation H3 K79 Dot1 Required for 53Bp
S. cerevisiae, mark

Methylation H3 K4 Set1 Involved in check
mark 5′ region of

Methylation H4 K20 Set9Sp Involved in DDR i
silenced chromat
monomethylation

Acetylation H3 K9, H3 K14, H3 K18,
H3 K23, H3 K27, H3 K56
H4 K5, H4 K8, H4 K12,
H4 K16, H4 K91

Esa1,
Gcn5,
Hat1

Mark active chrom
DDR, H4K91 acety

Ubiquitination H2B K123 Rad6–Bre1 Involved in check
trimethylation of
This review will focus on interactions between chromatin
and the DDR pathway and how these interactions facilitate
DNA damage signalling and repair.
γH2A(X) in DNA DSB signalling and repair

Several histone post-translational modifications are involved
in the DNA damage response (Table 1). The most studied of
these modifications, also termed marks, is the phosphoryla-
tion of serine 139 on the C-terminal tail of histone H2AX, or the
equivalent residue of yeast H2A, serine 129, by phosphatidyl
inositol kinase-like kinases (PIKKs). In this review, the term
γH2A(X)will beusedwhenreferring to thismodification inboth
yeast and higher cells. Note that the numbering of residues for
human H2AX does not include the initiating methionine
residue, whereas in yeast H2A this residue is included. Also
these histonemodifications are termed H2AXS139ph in higher
cells or H2AS129ph in budding yeast using a recently described
nomenclature [12]. H2A(X) phosphorylation is induced after
DNAdamage andhas becomea standardmarker of DSBs. γH2A
(X) function in the DNA damage response has been reviewed
extensively in [13–18] and here we will only highlight some of
its more recently described roles in the DDR.

Extensive phosphorylation of H2A(X) is an early and
ubiquitous event after a DSB, extending over 60 kb in yeast
and up to 1 Mb in higher eukaryotes on each side of the break
[13]. γH2A(X) is necessary for the damage-induced focal
accumulation of proteins involved in checkpoint signalling,
DNA repair and even chromatin remodelling. Importantly, this
modification isnotneeded for the initial recruitment toDSBsof
key DDR proteins believed to be involved in DNA damage
sensing, such as Nbs1 or 53Bp1 [19]. Some proteins, for
example Mdc1, bind directly to γH2A(X) via an interaction
between the Ser139 phosphate and the BRCT domains of Mdc1
[20]. However, direct interaction with γH2A(X) has not been
demonstrated for all proteins recruited to the site of DNA
damage. The recruitment of many of these proteins may be
facilitated by exposure of other histonemodifications or other
ons involved in the DNA double strand break response, and

Function References

f DDR checkpoint proteins at DSB, DSB repair [19,33]

lated kinase that phosphorylates H4S1, linked to
tion

[46,75–77]

1, Rad9 recruitment to DSB, checkpoint activation in
s active chromatin

[26–28,30]

point activation in S. cerevisiae, H3K4me2, H3K4me3
active genes, H3K4me1 localised to silenced chromatin

[26,28,78,79]

n S. pombe, not in other chromatin processes, marks
in in higher eukaryotes (varying reports on whether
is localised to active genes)

[32,80–82]

atin in S. cerevisiae, H3K56 acetylation functions in the
lation is involved in chromatin assembly

[50,83]

point activation in S. cerevisiae, required for di and
H3K4 and H3K79

[29,84]
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docking sites by γH2A(X)-dependent chromatin remodelling
([14] and see below).

Proteins recruited in a γH2A(X)-dependent manner are
involved in a number of different functions. γH2A(X) is ne-
cessary for signal amplification at low doses of damage [14,16],
for tethering DSB ends [14], as well as DSB-induced cohesin
recruitment [13] and chromatin remodelling [21], roles that
relate to checkpoint and/or DNA repair mechanisms. It is
likely that additional roles, both related and unrelated to
checkpoint and/or DNA repair mechanisms, will be revealed
by further study.

The checkpoint and repair functions attributed to γH2A(X)
have been difficult to identify until recently because of the
relatively mild damage sensitivity phenotype of unphospho-
rylatable H2A(X) mutants. Recent genetic studies have
revealed strong synthetic phenotypes in both checkpoint
signalling and repair, illustrating the crucial role this mod-
ification plays in these two processes. For example, Schizosac-
charomyces pombe H2A S129A mutants have a completely
abolished checkpoint when coupled to a Crb2 T215A mutant.
This phenotype, significantly stronger than the partial defect
seen in either single mutant, indicates that γH2A signalling
through Crb2 is a key part of the checkpoint response in fission
yeast [22]. In Saccharomyces cerevisiae, efficient repair of DSBs
requires both γH2A and H3K79me ([32] and see below). In the
chicken DT40 cell line, cells incapable of phosphorylating
H2AX are mildly sensitive to DNA damage and display only a
mild defect in HR (Eiichiro Sonoda and Yasunari Takami,
personal communication). However, when the inability to
form γH2AX was combined with loss of Xrcc3 function, one of
the five Rad51 paralogues involved in HR, synthetic lethality
was observed (note that chicken genes follow mouse nomen-
clature). This suggests that γH2AX can partially substitute for
Rad51 paralogues in the repair of endogenously generated
lesions.

Finally, the dephosphorylation and removal of this epitope
has been recently shown to be a significant step in turning off
the DNA damage response. Dephosphorylation of γH2A(X) is
catalysed by PP2A in humans and the Pph3 subunit of the H2A
phosphatase Complex (HTP-C) in S. cerevisiae [22–24]. Both
enzymes have a high specific activity for their γH2A(X) sub-
strates in vitro, localise to DSB sites and their suppression
leads to persistent γH2A(X) foci. In yeast, lack of Pph3 does not
affect normal DNA repair, although cells are defective in
checkpoint recovery. Furthermore, γH2A(X) has been observed
to persist on disorganised chromatin throughmitosis, thought
to represent an aberrant chromatin structure caused by ille-
gitimate rejoining [25]. This suggests that active dephosphory-
lation of γH2A(X) near the break is an important step in
signalling successful DNA repair. It is clear that the complexity
of the roles played by γH2A(X) in the DNA damage response
remain to be fully resolved.
H3K7me in DNA DSB signalling and repair

Another covalent histone modification implicated in the DNA
damage response is the methylation of histone H3 at lysine 79
(H3K79me) [26–28]. Unlike γH2A(X), this modification is not
induced by DNA damage and is constitutively present on
chromatin. The enzyme responsible for this modification is
the evolutionarily conserved histonemethyltransferase, Dot1.
The modification is localised to regions of euchromatin in
human cells [29] and in S. cerevisiae up to 90% of chromatin is
methylated at this residue [30]. Methylation of H3K79 peaks
in G1 and S phase, and in budding yeast this cell cycle
regulation is, at least in part, due to regulation of DOT1
transcription.

Huyen et al. [27] have proposed that H3K79me is respon-
sible for recruiting human 53BP1 and its budding yeast
functional homologue, Rad9, to sites of DNA DSBs via
conserved hydrophobic residues in the Tudor domain of
these proteins. The Tudor domain is a member of the ‘Royal
Family’ of chromodomains that bind methyllysines [31] and
mutation of this domain abrogates the binding of 53BP1 to
methylated H3 [27]. Similarly, it has been reported in fission
yeast that methylation of H4K20 is required for recruitment of
Crb2 [32]. Crb2, along with 53BP1, is a member of the ‘Rad9-
like’ family of proteins, and Sanders et al. [32] postulate that
the Crb2 Tudor domain could be responsible for its interaction
with H4K20. As illustrated in Fig. 1B, H3K79 and H4K20 are
located on the outside of the nucleosome and so these
residues are buried in higher order chromatin structure (Fig.
1C). The model proposed, also valid for Crb2 and H4K20me
[32], is that induction of a DSB leads to the passive relaxation
of higher order chromatin structure surrounding the break
site, allowing 53BP1 to access H3K79me and to act at the early
sensing step of the DNA damage response [27]. Once recruited
to the site of damage, 53BP1 could in turn recruit other
proteins to activate the checkpoint response [27]. It has also
been proposed that recruitment of Rad9 to H3K79me in
budding yeast initiates a similar cascade [26,28]. This model
is attractive because the constitutively methylated H3K79
residue can act as a ‘ready-made mark’ of DNA damage,
allowing the rapid sensing of DSBs and subsequent checkpoint
activation. Indeed, results in budding yeast support this
model, at least in G1 arrested cells, as mutants of the Rad9
Tudor domain, H3K79, or Dot1 completely abrogate check-
point activation and result in a defective cell cycle delay
following ionising radiation (IR) ([26,28] and our unpublished
results). Surprisingly, however, when these mutant cells are
arrested in G2 and subjected to IR, there is only a slight, but
reproducible, defect in checkpoint activation, as measured by
phosphorylation of Rad53 and cell cycle progression through
mitosis ([28] and our unpublished results). Therefore, contrary
to themodel proposed above,methylation of H3K79 plays only
aminor role in checkpoint activation in G2. However, it is clear
that Rad9 recruitment to DSBs in the G2 phase is dependent on
both γH2AX and methylation of H3K79 by Dot1 [28,33], and
that this recruitment is only detectable at late stages of the
DNA damage response, where it promotes efficient repair of
DSBs by homologous recombination [33].

In higher cells, H3K79me is also likely to be involved in DSB
repair, as 53Bp1 has been implicated in NHEJ. Using the
genetically tractable chicken cell line DT40, Nakamura et al.
[34] showed an epistatic relationship between chicken 53Bp1
and components of this repair pathway. Furthermore, in this
study, 53Bp1−/− cells were shown to be fully proficient for their
intra-S and G2/M checkpoints, suggesting that the primary
role of 53Bp1 in these vertebrate cells is in DSB repair, and that
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if it is involved in checkpoint regulation, it must act
redundantly with other checkpoint proteins. In human and
mouse cells, 53BP1 has been reported to have a minor role in
checkpoint regulation which is only detectable at low doses of
ionising radiation [35–37] after DNA damage. Thus, 53BP1, like
its yeast orthologues Rad9 and Crb2, is likely to play multiple
roles in the DNA damage response, ranging from checkpoint
signalling early in the response, to DNA repair per se at later
steps in the response. By recruiting 53BP1, H3K79me is likely to
also be involved in both signalling and repair.
Histone acetylation in the manipulation of
chromatin structure and recruitment at a DSB

Histone acetylation, as well as functioning in protein recruit-
ment, also functions in the relaxation of chromatin structure.
Acetylation of lysines in the N-terminal tails of histones H3
and H4 removes the positive charge on the side chain and
destabilises higher order chromatin structure [11]. In gene
expression, this acetylation-dependent relaxation of chroma-
tin occurs in transcriptionally active regions [38–40] and this
process has also been shown to occur in response to a DSB.
The acetylation status of histones is regulated by histone
acetyltransferases (HATs) and histone deacetylases (HDACs)
and some of these HATs and HDACs are recruited to the
region flanking a DSB induced by the HO endonuclease in
budding yeast [41,42]. The HATs Esa1 [43], Gcn5 [44] and Hat1
[45] are recruited to a 5-kb region flanking a DSB. Furthermore,
changes in acetylation levels that occur during repair can be
correlated with the recruitment of HATs or HDACs. The arrival
of HATs at a DSB mirrors the increase in acetylation levels of
histone H3 at residues K9, K14, K18, K23 and K27 and of
histone H4 at residues K5, K8, K12 and K16 [41]. The sub-
sequent recruitment of the HDACs Sir2 [41], Rpd3 [46] and Hst1
[41] 2 h after the induction of the break coincides with the
observed decrease in acetylation levels at the site of damage.

The earliest known acetylation event following a DSB is the
acetylation of the histone H4 N-terminal tail by the NuA4
complex, which occurs within 1 h of HO induction [42,43,46].
Esa1, the HAT subunit of the NuA4 complex, is conserved in
mammalian cells. Its human orthologue, Tip60, is responsible
for the acetylation of the N-terminal tail of histone H4, which
appears to facilitate the subsequent loading of a subset of
repair proteins, including 53Bp1, Brca1 and Rad51 [47].
Furthermore, hypotonic salt treatments that induce relaxation
of chromatin structure reverse DDR protein recruitment
defects caused by lack of H4 acetylation [41,47]. However,
localisation of other DDR proteins, such as Mdc1 and Nbs1, is
unaffected by lack of acetylation.

Regarding DNA repair, the modulation of chromatin
structure caused by acetylation is thought to facilitate access
of DSB repair proteins to the lesion [48]. Indeed, it is possible
that the degree of acetylation could direct the lesion into
alternative repair pathways. This hypothesis is supported by
the observation in yeast cells that acetylation of one lysine
residue in the histone H4 N-terminal tail is sufficient to direct
the cell into a replication coupled repair pathway, whereas
acetylation of more than one lysine is necessary for repair via
NHEJ [43].
The choice of repair pathway might also depend on the
direct regulation of the enzymatic activity of HATs and
HDACs. There is evidence that DNA-PK, a PIKK with functions
in NHEJ, can inactivate the Gcn5 HAT by phosphorylation [49].
As maximal acetylation levels have been shown to occur
during HR [41], this suggests that the inhibition of this HAT
may direct cells towards NHEJ rather than HR.

It is interesting to note that the population of histone H3
that is deposited behind the replication fork is acetylated at
K56 [50]. The key structural position of this lysine, in contact
with the phosphodiester backbone at the entry and exit point
of the nucleosome core (Figs. 1A and B), results in a relaxed
nucleosomal structure upon acetylation [51]. Mutation of this
residue causes sensitivity to DSB-inducing agents during
replication, suggesting a specific role in DSB repair pathway
during S phase [50]. Deposition of acetylated H3K56 might
prime DNA for repair in S phase, alleviating the need to recruit
specific HAT activities during DNA replication [50]. Deacetyla-
tion of this residue usually occurs upon entering the G2 phase
but, in response to damage, levels of acetylation are main-
tained in G2, in a Rad9, and therefore checkpoint-dependent
manner [50]. This indicates that one function of the DNA
damage checkpoint is to promote appropriate DNA repair by
negatively regulating the level of deacetylation of H3K56ac,
likely by regulating HDAC activities.

The function of histone acetylation during DSB repair is
further complicated by the role of this modification in direct
protein recruitment, as acetylated lysines in specific protein
contexts can be recognised by proteins containing bromo-
domains [52]. Many repair proteins, as well as chromatin
remodelling complexes, which are also recruited at DSB,
contain bromo-domains. In addition, the recruitment of
these complexes is also dependent on H4 acetylation. For
example, Bdf1, a subunit of the SWR-C complex (see below)
contains a double bromo-domain and specifically binds the
acetylated lysines of theN-terminal tail of histoneH4 [53]. Esa1
and its mammalian homologue Tip60 also contain bromo-
domains andbothproteinshave been implicated inDSB repair.
Finally, Tip60 has recently been shown to acetylate both ATM
and DNA-PK, an event that appears to be required early in the
activation of both proteins [54,55]. Intriguingly, this PIKK
activation function could bedependent on the bromo-domains
of Tip60, suggesting that Tip60 would first bind acetylated
chromatin before activating these two PIKKs.
ATP-dependent chromatin remodelling in DNA
repair

In addition to the covalent histone modifications mentioned
above, the structure of chromatin can also be directly
manipulated by ATP-dependent chromatin remodelling com-
plexes. These complexes use the energy of ATP hydrolysis to
facilitate chromatin remodelling, through nucleosome sliding,
nucleosome disruption and exchange of histone components
[8,56–59]. Although roles for many ATP-dependent remodel-
ling complexes were first identified in transcriptional regula-
tion, it has recently been shown that some of these complexes,
for example the INO80, RSC, SWI/SNF and SWR-C complexes,
are also recruited to the HO break in S. cerevisiae [22,42,60–63].
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The INO80, SWR-C and SWI/SNF complexes are recruited
between 30 and 60min after HO induction. The RSC complex is
recruited earlier, at 10 min after induction. The distinct ki-
netics with which these complexes are recruited may be
relevant to the different roles they perform in theDNAdamage
response [63].

Recent studies have demonstrated the requirement of
specific DNA damage response proteins for this recruitment
of chromatin remodelling complexes to the HO break. γH2A is
required for the recruitment of the INO80 complex [61,62], via
its Arp4 and Nhp10 subunits [42,61]. Arp4 is also present in the
SWR-C complex, and because SWR-C and γH2A interact, it is
thought that the SWR-C complex is also recruited to DSBs
through γH2A interaction [42]. However, it remains to be
determined whether a component specific to SWR-C is indeed
recruited to the HO break in a γH2A-dependent manner.

Recruitment of the RSC chromatin remodelling complex
absolutely requiresMre11 and partially depends on yKu70 [63].
Protein interaction studies suggest that this recruitment is
mediated through interactions between the Rsc1 and Rsc2
subunits and Mre11. Furthermore, mutations in the Rsc1
bromo-domains, which abrogate its interaction with Mre11,
suggest this interaction could be mediated by an acetylated
residue of Mre11 [63].

Once recruited to the DSB, these complexes function in DSB
repair. A recent report demonstrates that nucleosomes are
displaced from the region flanking an HO break, and that this
displacement requires the INO80 complex [64]. Nucleosome
displacement may facilitate the generation of ssDNA [62] or
the consequent formation of the Rad51 filament [64]. Para-
doxically, nucleosome displacement does not require γH2A,
although γH2A is required for recruitment of INO80. This can
be explained because INO80 is present at theMatα locus before
HO induction, presumably in its transcriptional role, and this
γH2A-independent pool of INO80 is sufficient for nucleosome
displacement [64]. Further INO80 is recruited to the HO break
through γH2A after DSB induction, and this second, γH2A-
dependent population is thought to be involved in the strand
invasion step of HR. Strand invasion also requires the SWI/SNF
complex [60]. This complex is required for the recruitment of
Rad51 and Rad52, and it has been proposed that SWI/SNFmay
facilitate clearing of nucleosomes surrounding the break to
facilitate homology searching [60].

The RSC complex also plays a direct role in HR. Chai et al.
[60] have suggested that RSC is needed for dissociation of the
Fig. 2 – Possible roles for histone modifications in the DNA dam
modified H3K79 (and H4K20 in S. pombe and higher cells) remain
(B) Following a DSB, the MRX (or MRN in higher cells) complex and
symbolises a DSB. (C) H2A(X) becomes phosphorylated and at the
anMre11-dependentmanner (see text) allowing ‘Rad9-like’ prote
(D) Following H2A(X) phosphorylation, HATs and chromatin rem
Acetylation reduces the affinity of DNA for histone proteins, allo
(E) ATP-dependent chromatin remodelling complexes facilitate t
surrounding a DSB and direct the cell into appropriate repair pat
H3K79me or H4K20me) buried within the compacted nucleosom
mark damaged chromatin. The filled diamonds indicates γH2A(X
residues. Larger symbols represent protein complexes as indicat
legend, the reader is referred to the web version of this article.)
invading strand from the donor strand before ligation because
RSCmutants are defective in the ligation step of HR. However,
RSC mutants were also shown to be defective in NHEJ repair
[63]. Additionally, it is possible that RSC is involved in cohesin
loading at the break due to its analogous role loading cohesin
in the cell cycle [65]. It is known that cohesin is also recruited
to an HO break in a γH2A and Mre11-dependent manner [66],
suggesting that Mre11 recruits RSC in order to facilitate the
loading of cohesin at the break [60,63]. Clearly, chromatin
remodelling complexes play diverse and complex roles in the
DNA damage response.
Discussion

Interactions between chromatin and DNA damage response
proteins are central to the cellular response to double strand
breaks. These interactions may be required at all stages of the
DDR pathway, from DNA damage detection and signalling to
various stages of DNA repair. Emerging evidence indicates
that the chromatin surrounding a DSB is modified for two
principal purposes: direct recruitment of DDR proteins, with
recruitment often being mediated by specific covalent histone
modifications, and modification of compacted chromatin
structure to facilitate DNA repair.

The most studied modification to chromatin at DSBs is the
phosphorylation of H2A(X). This modification clearly plays
important, if redundant, roles in the DDR, but it is still unclear
howH2A(X) phosphorylation by the PIKKs is stimulated. In the
model proposed by Lisby et al. [67], the Mre11/Rad50/Xrs2 (or
MRX) complex is the first to be recruited to a DSB (see Fig. 2B).

However, the mechanism of MRX recruitment is unclear.
Recognition of the DSB could involve direct binding of MRX to
DNA ends formed by the DSB itself, or, alternatively, a
chromatin remodelling event. Any such remodelling event
would obviously be γH2A independent and could also be
involved in exposing H3K79me. Along with MRX, the yeast
homologues of human ATM and ATR, namely Tel1 and Mec1,
are also recruited early in the DDR [67–71]. Once loaded at the
site of damage in an Mre11-dependent manner, these PIKKs
are responsible for phosphorylation of H2A (Fig. 2C).

γH2A has been shown to be required for recruitment of
both HATs and chromatin remodellers (Figs. 2D and E). It is
possible that the relaxation of chromatin structure by the
action of HATs and remodelling complexes could expose the
age response. (A) In undamaged chromatin, constitutively
s buried in higher order chromatin structure (see also Fig. 1C).
PIKKs are initially recruited to activate the DDR. The asterisk
same time H3K79 (and H4K20) may also become exposed in

inswith Tudor domains to dock onto thesemodified residues.
odelling complexes are recruited in a stepwise manner.
wing DNA repair proteins access to the lesion.
he disruption, exchange or sliding of nucleosomes
hways. Open circles indicate methylated residues (either
es. Filled circles indicate exposed residues that specifically
). The filled blue triangle indicates acetylated histone

ed. (For interpretation of the references to colour in this figure
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constitutively methylated H3K79me. Following exposure of
this residue, Rad9 is recruited to the site of DNAdamagewhere
it initially functions in checkpoint activation, but also has an
additional role in DSB repair [33]. The role for Rad9 in DSB
repair is dependent on H3K79me, occurs late in the DDR and
concomitantly to the chromatin remodelling complexes men-
tioned above [33,42,62]. However, separately from this role in
repair, H3K79me is also necessary for rapid checkpoint
activation, as it is needed for Rad9 hyper-phosphorylation
and Rad53 phosphorylation in the G1 phase within minutes of
damage. At this early stage, HATs and chromatin remodelling
complexes such as the NuA4, INO80, SWR-C and SWI/SNF
complexes have not yet been recruited [42,62], suggesting that
another pathway must be responsible for exposure of
H3K79me. This pathway would likely be independent of
γH2A because Rad9 activation does not require γH2A. One
possibility, as put forward by Huyen et al. [27], is that DSBs lead
to passive relaxation of chromatin in the region of the break,
thus exposing the normally inaccessible H3K79 residue and
leading to checkpoint activation. However, the exposure of
that residue in response to a DSB is not necessary for the initial
damage detection step involving MRX and PIKK kinases, as
Mre11 and Ddc2 foci still form when H3K79 is not methylated
(our unpublished results).

The RSC complex is the earliest ATP-dependent chromatin
remodelling complex to be detected at the HO break, 10 min
after HO induction. It is therefore possible that RSC activity
could be responsible for exposure of H3K79me very early in the
DNA damage response. If this is the case, RSC mutations
should cause checkpoint defects. Interestingly, it has been
shown that an RSC mutant is defective in γH2A phosphoryla-
tion, as well as chromatin remodelling, at the site of DNA
damage (Jessica Downs and Nick Kent, personal communica-
tion). RSC has also been shown to interact with Mre11 and
requiresMRX for its recruitment to thebreak [63]. This suggests
that RSC is recruited very early in the DDR by MRX to alter
chromatin structure and that this is required to activate PIKKs.
This complex might therefore be an excellent candidate to act
at the initiation step of the DDR. No doubt, as modulations to
chromatin immediately following damage are not well char-
acterised, much remains to be elucidated.

It is possible that the covalent modifications discussed in
this review, phosphorylation,methylation and acetylation, act
together to form a DDR-specific histone code, similar to that
proposed for transcriptional regulation [72]. An example of
this is Rad9 foci formation, which requires the presence of
both H2A phosphorylation and H3K79 methylation. Another
example is that di- and trimethylation of H3K79 and H3K4
requires prior mono-ubiquitination of H2BK123. In agreement
with this, mutations of H2BK123 result in checkpoint defects
similar to those seen in the absence of Dot1 [26]. A complex
regulatory code also exists within the H4 N-terminal tail.
Phosphorylation of H4S1 by casein kinase II (CK2) inhibits H4
acetylation by Esa1. CK2 is found in a complex with the HDAC
Rpd3 and thus links inhibition of acetylation to deacetylation.
Methylation of H4R3 alleviates this inhibitory effect [46]. This
is similar to the phospho/methyl switch between H3S10ph
and H3K9me3 in the H3 N-terminal tail that modulates
heterochromatin protein 1 (HP1) binding during mitosis [73].
The added complexity of an underlying histone code makes
the precise elucidation of the role of individual modifications
challenging.

Other covalent modifications thought to be involved in the
DDR, for example H4K91 acetylation [74], are yet to be
characterised. Also, a function for other histonemodifications
not yet implicated in the DDR, for example SUMOylation,
should not be ruled out. However, even at this early stage in
the study of the role chromatin plays in the DDR, it is clear that
the modulation of chromatin structure is vital for effective
DSB signalling and repair.
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