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Extra View

ATP-Dependent Chromatin Remodeling and DNA Double-Strand
Break Repair

ABSTRACT
The repair of DNA double-strand breaks (DSBs) is critical for the maintenance of

genomic stability. Two pathways for the repair of DBSs, nonhomologous end-joining
(NHEJ) and homologous recombination (HR), have evolved in eukaryotes. These pathways,
like processes such as transcription and replication, act on DNA that is embedded in
nucleosomes. Recent studies have shown that DNA repair, like transcription, is facilitated
both by histone tail modification and by ATP-dependent chromatin remodeling. This review
emphasizes recent reports that demonstrate a function for the ATP-dependent chromatin
remodeling complexes INO80 and RSC in NHEJ and HR. We also discuss the possible
role of SWR1- and TIP60-mediated nucleosomal histone exchange in DNA repair.

DNA DOUBLE-STRAND BREAK REPAIR IN CHROMATIN
The repair of DNA double-strand breaks (DSBs), induced by for example ionizing

radiation or stalled replication forks, is essential for the maintenance of genomic integrity.
Inefficient or inaccurate repair may result in DNA translocations or loss of genetic infor-
mation, which in higher eukaryotes can lead to diseases such as cancer. Two conserved
mechanisms for DSB repair have evolved in eukaryotic cells. Homologous recombination
(HR) retrieves and uses genetic information from an undamaged sister chromatid or
homologous chromosome to seal the gap, while nonhomologous end-joining (NHEJ)
involves the direct religation of DSB ends.1

Both mechanisms are confronted with DNA packaged into nucleosomes, which fold
the genome into highly condensed chromatin. Consequently, DNA repair mechanisms,
like other DNA-based processes, have to overcome this natural barrier that restricts access
to their substrate. Studies on transcription have shown that this can be achieved in two
ways; either by posttranslational modification of histone tail residues (phosphorylation,
acetylation, methylation or ubiquitinylation) or by chromatin remodeling through the action
of large ATP-dependent complexes.2 While it was shown previously that DSB repair is
facilitated by histone modifications, it has become evident only recently that chromatin
remodeling is also actively involved in DNA repair.

Chromatin remodeling complexes are large multi-protein complexes that use the energy
from ATP hydrolysis to induce a variety of changes in chromatin, including disruption of
DNA-histone contacts and repositioning of nucleosomes.3 Chromatin remodeling
complexes are classified in the Swi2/Snf2 superfamily according to their Snf2-like ATPase
subunit. This superfamily can be divided into four classes, namely SWI/SNF, ISWI, CHD
and INO80.3 Whereas all complexes of the Swi2/Snf2 superfamily influence transcription,
the founding member of the INO80 class, the yeast INO80 complex (INO80), and 
a member of the SWI/SNF class, the yeast RSC complex, are unique in that they also
function in DSB repair.

EVIDENCE FOR CHROMATIN REMODELERS AT DSBs
The yeast INO80 complex contains 12 subunits of which Ino80 itself is the functional ATPase.

Other subunits include actin, the three actin related-proteins Arp4, Arp5 and Arp8, and the Rvb1
and Rvb2 proteins. Since the Rvb proteins share homology with RuvB, a protein involved in recom-
bination in bacteria,4 their presence in the complex suggests a role for INO80 in DNA repair.
Accordingly, mutants of ino80, arp5 and arp8 displayed hypersensitivity to DNA damaging
agents.5-7 Studies by Van Attikum et al.7 and Morrison et al.8 demonstrated that this sensitivity is
not the result of altered transcription, nor of changes in the DNA damage checkpoint. This left the
possibility that INO80 would function directly in the repair of DNA damage. Indeed, chromatin
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immunoprecipitation (ChIP) showed the
recruitment of three subunits of the INO80
complex (Ino80, Arp5 and Arp8) to a
unique DSB induced by the HO endonu-
clease at the MAT (mating-type) locus in
yeast.7-9 Recruitment of INO80 to sites
within a 1.6 kb region near the break was
seen by 30-60 minutes after the initiation of
break induction and, under the conditions
tested, reached maximum levels after 4
hours of break induction.

Two reports demonstrated the
recruitment of two other INO80 sub-
units, Arp4 and Rvb1, to the
HO-induced DSB.9,10 Interestingly,
these subunits are not unique to the
INO80 complex, but are shared with
another complex called SWR1, which is
also a member of the INO80 class of
chromatin remodeling complexes.11-13

Although it was not shown whether the
Swr1 ATPase or other subunits specific
to the SWR1 complex are recruited, the
results argue that SWR1 may also act
directly in DSB repair. In agreement
with this, two reports have shown that
swr1 mutants display hypersensitivity to
DNA damaging agents.11,13

More remodelers may be implicated
in the repair of DNA damage. Indeed,
mutations in the Rsc1, Rsc2 and Sth1
subunits of the yeast RSC complex, a
member of the SWI/SNF class of
remodelers, render cells hypersensitive
to DNA break-inducing agents.14-16 As
for INO80, mutations in RSC subunits
did not lead to misregulation of DNA
repair genes or defects in checkpoint
activation,14,17 implicating RSC direct-
ly in DNA repair. Moreover, like Ino80,
the RSC subunit Rsc8 and the catalytic
subunit Sth1, were shown to be recruit-
ed to an HO-induced DSB.14 Sth1 was
recruited rapidly, binding first at 15
minutes, and reaching maximum levels
after 3 hours of HO endonuclease
induction. Interestingly, Sth1 accumu-
lates at sites immediately adjacent to the
DSB (0.2 kb away) and has a lower
affinity for sites that are either 1.1 kb or
4.6 kb away from the DSB. The local-
ization of INO80 is slightly different in
that it binds equally well to sites 0.2 kb
and 1.6 kb away from the DSB.7-9

Moreover, RSC recruitment seems to
preceed that of INO80. Further experiments are needed to address
why these remodelers show differences in the kinetics of recruitment
and distribution at such sites of damage, although it seems likely that
these temporal differences reflect distinct functions in DNA repair
events.

WHAT RECRUITS CHROMATIN REMODELERS TO DSBs?
In yeast, the ATM/ATR-related checkpoint kinases Tel1 and

Mec1 are rapidly recruited to an HO-induced DSB: Mec1 through
its binding partner Ddc2 and Tel1 via interaction with the Mre11/
Rad50/Xrs2 complex.18-21 At the break, these kinases phosphorylate
nucleosomal H2A at serine 129.22,23 Recently, Shroff et al.23

demonstrated that Tel1 and Mec1 induce the formation of a ~50 kb
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Figure 1. Model for the events leading to binding and action of ATP-dependent chromatin remodeling
complexes at a DNA double-strand break in yeast. Upon induction of a DNA double-strand break (DSB) the
DNA ends are rapidly bound by the Ku heterodimer (Ku70 and Ku80), and by the Mre11/Rad50/Xrs2
(M/R/X) complex. This recruits the checkpoint kinases Mec1 and Tel1 to the DSB: Mec1 binds via its partner
Ddc2 (not shown) and Tel1 through interaction with the M/R/X complex. Both Mec1 and Tel1 phosphorylate
histone H2A within a 50 kb region around the break site. The M/R/X complex also recruits the RSC
ATP-dependent chromatin remodeling complex, most likely via an interaction between Mre11 and the RSC
subunits Rsc1 and Rsc2. RSC may facilitate the phospho-H2A- and Mre11-dependent formation of a cohesin
domain that overlaps with the phospho-H2A domain. The NuA4 histone acetyltransferase is also rapidly
recruited to the DSB and acetylates lysine residues in the N-terminal histone H4 tail. Phospo-H2A, and possibly
acetylated histone H4, recruit the ATP-dependent chromatin remodeling complexes INO80 and probably
SWR1. INO80 may alter nucleosome position to facilitate the conversion of double-stranded DNA ends into
single-stranded DNA overhangs (dashed lines) by the M/R/X complex, Exo1 or another nuclease. In addition,
INO80 may act in concert with NuA4 to exchange phospho-H2A with unmodified H2A. Alternatively,
SWR1 may catalyze histone exchange and incorporate Htz1 into break-associated chromatin, replacing it
with either phospo-H2A or unmodified H2A.
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domain of phosphorylated H2A around an HO-induced DSB.
Reports from Van Attikum et al.7 and Morrison et al.8 showed that
phosphorylation of histone H2A near the DSB is required for
recruitment of the INO80 complex (Fig. 1), as recruitment was
impaired in strains lacking both Tel1 and Mec1, or the H2A serine
129 phospho-acceptor residues (the H2A serine 129 codon was
replaced with a stop codon in the two H2A copies).

This recruitment function was reinforced by showing that the
INO80 complex binds H2A phosphorylated at serine 129 directly.
The INO80 subunit Nhp10 appeared to be necessary for this inter-
action in vitro, and for the recruitment of Ino80 to sites near a DSB
in vivo.8 In contrast, Downs and colleagues demonstrated that
another subunit of the INO80 complex, Arp4, associates with phos-
pho-H2A.9 One explanation for these seemingly contradictary
observations may be that both Nhp10 and Arp4 are required for the
interaction with phospho-H2A, and Nhp10 may facilitate the Arp4-
phospho-H2A interaction. Moreover, the INO80 complex isolated
from nhp10 mutants lacks both Nhp10 and Ies3 (Ino80 Eighty
Subunit 3).8 Thus, it is possible that Ies3, Nhp10 and/or Arp4 coop-
erate to mediate the INO80-phospho-H2A interaction.

Arp4 is not only member of the INO80 and SWR1 complexes,
but has also been found in the yeast NuA4 histone acetyltransferase
complex.24 This complex is responsible for the acetylation of the first
four lysine residues in the N-terminal histone H4 tail during tran-
scription initiation.25 Interestingly, mutations in the N-terminal H4
tail or in the NuA4 subunits Esa1 or Yng2 also render cells hyper-
sensitive to DNA damaging agents, implicating H4 acetylation by
NuA4 in DNA repair.9,10,26 Once again, ChIP demonstrated a rapid
binding of Arp4, Eaf1 (15 minutes after break induction) and Esa1,
the catalytic subunit of NuA4, and acetylation of histone H4 (H4
Ac-Lys8) at sites within 1.5 kb of an HO-induced DSB.9 Moreover,
mutations in Esa1 reduced recruitment of the INO80 and SRW1
subunit Rvb1.9 This suggests that not only histone H2A phospho-
rylation, but also histone H4 acetylation is important for the recruit-
ment of chromatin remodelers to sites of damage (Fig. 1).

We do not yet know whether H2A phosphorylation and/or H4
acetylation contribute to recruitment of the RSC remodeler to a
DSB. However, the DNA repair proteins Mre11 and Ku70, are
recruited with the same kinetics as the two RSC subunits Rsc8 and
Sth1, and Sth1 recruitment appeared to be dependent on the pres-
ence of Mre11, Ku70 and the RSC subunit Rsc30 (Fig. 1). 14,23,27

Consistently, a physical interaction was seen between the RSC sub-
unit Rsc1 and the Mre11 and Ku80 proteins. While Sth1 gradually
accumulates in the absence of Ku70, the absence of Mre11 abolish-
es RSC recruitment to the break. Further, the absence of the RSC
subunit Rsc30 affects Sth1 loading at sites immediately adjacent to
the DSB (0.2 kb away), but not at sites more distal to the break (1.1
kb and 4.6 kb away). Genetic studies will be required to distin-
guish the epistases of these complexes in DSB repair.

WHY RECRUIT CHROMATIN REMODELERS TO A DSB?
Both the INO80 and RSC complexes have been implicated in

the NHEJ pathway of DSB repair because mutations in subunits of
these complexes render cells sensitive to HO-induced DSBs that
cannot be repaired by HR.7,14 Given that both remodelers induce
changes in nucleosome positioning, it is tempting to speculate that
they alter the local chromatin structure near DSBs to facilitate
NHEJ repair: their remodeling activity may serve to hold DSB ends
together or to facilitate access for other proteins implicated in end-

joining reactions.
However, INO80 and RSC are probably not exclusively involved

in NHEJ and may function in HR as well. A genetic screen in
Arabidopsis thaliana clearly showed a role for the plant INO80
homologue in HR.28 Yeast mutants lacking INO80 or the H2A
phospho-acceptor site, less efficiently convert double-strand DNA
to single-strand DNA at DNA breaks.7 Because end-processing
normally precedes strand invasion during HR, the absence of
INO80 remodeling activity may impair HR in yeast.

The Mre11 end-processing factor is involved in both NHEJ and
HR.1 The fact that RSC subunits physically interact with Mre11
and that recruitment of RSC to a DSB requires Mre11, could impli-
cate a role for RSC in HR as well.14 Mre11 is not only involved in
end-processing, but is also required for cohesin loading at sites near
HO- or laser-induced DSBs in both yeast and mammals.29,30

Defects in either the establishment of cohesion during S-phase or de
novo loading of cohesin at DSBs in G2 phase reduce the efficiency
of postreplicative repair.29,31,32 Because cohesin loading on chromo-
some arms is reduced in RSC mutants,33 it is reasonable to propose
that RSC’s possible role in HR involves the loading of cohesin at
sites of damage (Fig. 1).

It was demonstrated that histone H2A is rapidly phosphorylated
(within 15–30 minutes) within a 50 kb region around an HO-
induced DSB. Subsequently, cohesin is loaded within this region in
a phospho-H2A and Mre11 dependent manner.23 The correlation is
not complete, however, because phospho-H2A and cohesin levels are
very low at sites adjacent to the break, while RSC and Mre11 peak
at these regions at early timepoints (15-30 minutes after break
induction). It will be of interest to know how RSC’s presence at DSB
ends can affects cohesin loading at more distal sites (Fig. 1). Indeed,
if INO80 affects end-processing and RSC affects cohesin loading at
sites of damage, the coordination between these two different chromatin
remodeling-dependent processes will be an important regulatory
event that likely functions to facilitate HR.

REMODELING AT DSBs: A MATTER OF HISTONE EXCHANGE?
In mammals yet another chromatin-modifying complex, named

TIP60, has been implicated in the repair of DNA damage, primarily
due to its histone acetyltransferase activity.34 However, in addition
to acetylation activity, the complex possesses ATPase activity, and
both these activities are required for a third activity: nucleosomal
histone exchange. The Drosophila TIP60 complex first binds to and
acetylates phosphorylated histone H2Av, a histone variant that carries
the yeast H2A/mammalian H2AX serine phospho-acceptor residue,
and exchanges it with unmodified histone H2Av. Consequently, cells
lacking a functional TIP60 complex do not acetylate H2Av and
accumulate phospho-H2Av in response to DSB induction by ionizing
radiation.35

Interestingly, many TIP60 subunits are shared with the SWR1
and INO80 complexes and it has been speculated that these are
functionally related. All three complexes contain actin and the Arp4,
Rvb1 and Rvb2 proteins.24 Furthermore, SWR1, like TIP60 in
Drosophila, has been shown to catalyze nucleosomal histone exchange.
Htz1, a yeast specific homologue of the mammalian H2AZ histone
variant, is inserted into chromatin in a SWR1-dependent manner to
prevent spreading of heterochromatin into regions of euchro-
matin.11-13 We speculate that SWR1, if recruited to sites of damage,
may insert Htz1 near sites of DSBs, perhaps leading to “open” chro-
matin that facilitates access for DNA repair enzymes such as Mre11
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or Ku70 (Fig. 1). Biochemical analysis showed that the INO80 com-
plex associates with phospho-H2A.8 It is therefore also tempting to
speculate that INO80, like TIP60 in Drosophila, exchanges phos-
pho-H2A for unmodified H2A. Alternatively, SWR1 and INO80
may act together to exchange phospho-H2A with Htz1 (Fig. 1).
Since TIP60 also shares homology with subunits of the NuA4 com-
plex,24 it may be that NuA4, like TIP60, is required for histone
exchange.

Further experiments will be required to demonstrate whether
SWR1 and/or INO80, in concert with NuA4, catalyze histone
exchange at sites of damage. Such studies may reveal where and how
remodelers induce changes in chromatin near sites of damage, and
how this influences DSB repair by NHEJ or HR. We propose that the
initial chromatin response is identical for both kinds of repair, and
that both histone H4 acetylation and H2A phosphorylation occur
rapidly after DNA damage. These are followed by recruitment of
various nucleosome remodelers. Thereafter, nucleosome reposition-
ing and perhaps histone exchange activities may contribute to DNA
repair. After repair has occurred further chromatin transitions may
be necessary. The interdependence and coordination of these events
will be the topic of continued research.
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