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Abstract | The maintenance of genome integrity is essential for organism survival and for the
inheritance of traits to offspring. Genomic instability is caused by DNA damage, aberrant
DNA replication or uncoordinated cell division, which can lead to chromosomal aberrations
and gene mutations. Recently, chromatin regulators that shape the epigenetic landscape
have emerged as potential gatekeepers and signalling coordinators for the maintenance of

genome integrity. Here, we review chromatin functions during the two major pathways that
control genome integrity: namely, repair of DNA damage and DNA replication. We also
discuss recent evidence that suggests a novel role for chromatin-remodelling factors in
chromosome segregation and in the prevention of aneuploidy.

Throughout the lifespan of an organism, endogenous
cellular events and exogenous environmental agents
can inflict damage to the cell’s genome and can severely
compromise its integrity. To counteract the deleterious
effect of these actions and to maintain genomic integ-
rity, three major and evolutionarily conserved cellular
pathways have evolved. DNA damage response (DDR)
ensures efficient repair of all types of damage, includ-
ing individual DNA base lesions and breaks'. The chro-
mosome replication pathway governs accurate and
unhindered replication of DNA? and a chromosome
segregation pathway preserves the correct number of
chromosomes during cell division®. These pathways
exhibit crosstalk, forming a network in which disrup-
tion of one pathway leads to engagement of the oth-
ers to protect genome integrity while maintaining cell
homeostasis (FIC. 1).

As discussed in this Review, the past few years have
witnessed a flood of reports that establish a role for
chromatin in each of these pathways for genome main-
tenance. Chromatin structure is subject to at least three
regulatory mechanisms. First, covalent histone modifi-
cations can alter the physical properties of a chromatin
fibre or can regulate the binding of nonhistone pro-
teins. Second, core histones can be replaced by histone
variants that provide different biophysical properties
to chromatin fibres, that present different opportuni-
ties for post-translational modifications or that regulate
chromatin-binding partners. Third, chromatin can be
remodelled by ATP-dependent chromatin-remodelling
enzymes, leading to changes in nucleosome positions,
histone eviction or incorporation of histone variants

(TABLE 1; Supplementary information S1 (table)). All
of these chromatin-regulatory mechanisms have been
implicated in the maintenance of genome stability.

Here, we discuss the latest advances in the field
of genomic integrity, focusing on inter-connections
between chromatin regulators and factors that govern
genome stability pathways. As DNA double-strand
breaks (DSBs) are the most deleterious form of DNA
damage, our discussion will highlight the chromatin
response to this type of lesion. We will try to refrain
from simply cataloguing all of the chromatin factors
that are recruited to DSBs but instead try to focus on
factors for which important mechanistic insights have
been derived, aiming to address the big question of
‘what do all of these chromatin regulators do?’ In our
discussion of DDR, we will first discuss roles for chro-
matin regulators in the repair process and will follow
this with a discussion of their role in cell cycle check-
points. Roles for chromatin regulators in DNA repli-
cation will be followed by a brief discussion of recent
evidence that suggests roles for chromatin remodelling
in chromosome segregation and in the prevention of
aneuploidy.

Chromatin and DNA damage response

Formation of even a single DSB in a cell’s genome can
initiate a complex series of events, including cell cycle
arrest, recruitment of repair factors to the lesion and
orchestration of the actual DSB repair event. In the case
of DSB repair, the particular cell cycle phase (that is,
G1 versus G2) can determine whether a cell repairs the
DSB by either non-homologous end joining (NHE])
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Figure 1| The role of the genome stability network in cell homeostasis. DNA damage (shown by the lightning bolt)
can create double-strand breaks (DSBs) that are repaired by the appropriate pathway, depending on the cell cycle phase.
DNA DSBs in G1 phase are preferably repaired by non-homologous end joining (NHEJ), whereas DSBs in S phase or in G2
phase are mainly repaired by homologous recombination. During S phase, replication forks that encounter DNA damage
or that undergo other types of replication stress may induce DNA DSBs and/or lead to the formation of aberrant
chromatin structures between chromosomes. If they are not resolved, these aberrant structures, which are derived from
replication defects or incomplete homologous recombination, can lead to chromosome segregation failure in mitosis or
to chromosomal breakage during cytokinesis. To ensure that the most appropriate response is activated, crosstalk
between the genome stability pathways is essential. In addition, the genome stability network successfully connects the
repair process with other pathways that regulate cellhomeostasis. Chromatin has a major role in the different genome
stability pathways (as depicted by the nucleosomes in boxes).

or homologous recombination, both of which are dis-
tinct repair pathways that are associated with different
chromatin changes* (FIG. 2). DSB repair by the process
of homologous recombination primarily occurs in the
S and G2 phases of the cell cycle (FIC. 2). A key fea-
ture of homologous recombination is that it requires a

homologous DNA duplex that is used as a donor tem-
plate for DNA-synthesis-dependent repair, providing
an explanation for its prevalence after the replication
phase of the cell cycle. Typically, a sister chromatid is
used as the homologous donor, but DNA sequences
located anywhere in the genome represent potential
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Table 1 | Chromatin regulatory factors associated with genome stability pathways
Name Proposed molecular function or target Organism

ATP-dependent chromatin-remodelling enzymes

RAD54 Nucleosome sliding (?) Saccharomyces cerevisiae, Homo sapiens
INO80 Sliding, H2A.Z dimer eviction S. cerevisiae, Schizosaccharomyces pombe,
Mus musculus, H. sapiens, Arabidopsis thaliana
Swrl H2A.Z dimer incorporation S. cerevisiae
p400 H. sapiens
RSC complex Nucleosome sliding S. cerevisiae, H. sapiens
SWI/SNF complex Nucleosome sliding, ejection S. cerevisiae, H. sapiens
ISWI complex Nucleosome sliding, spacing S. cerevisiae, H. sapiens
ALC1 Nucleosome sliding (?) H. sapiens
SMARCAD1 Histone dimer exchange H. sapiens
Fft3 S. pombe
Fun30 S. cerevisiae
NuRD complex Nucleosome sliding, ejection H. sapiens
SMARCAL1 DNA strand annealing (?) H. sapiens
PICH (?) H. sapiens
Histone-modifying enzymes: kinases
Tel1, Mecl H2A.XS139 S. cerevisiae
ATM, ATR H. sapiens
WSTF H2A XY142 H. sapiens
Cdc7 H3T45 S. cerevisiae
AURKB H3510/528 H. sapiens
Ipl1 S. cerevisiae
Ark1l S. pombe
Bub1 H2AS121 S. pombe
Histone-modifying enzymes: K-acetyltransferases
Haspin H3T3 S. pombe, Xenopus laevis, H. sapiens
Hat1 H4K5/K12 S. cerevisiae
NuA4 complex H4K5/K8/K12/K16, H3K14, H2A.ZK3/K8/ S. cerevisiae
K10/K14
TIP60 H4K5/K8/K12/K16, H3K14, H2A.ZK3/K8/ Drosophila melanogaster, H. sapiens
K10/K14
GCN5 H3K9/K14/K18 S. cerevisiae, H. sapiens
CBP,p300 H3K18, H4K5/K8/K12/K16 H. sapiens
Rtt109 H3K56 S. cerevisiae
Histone-modifying enzymes: K-deacetylases
Rpd3 Amino-tail H3, amino-tail H4 S. cerevisiae
HDAC3 H. sapiens
Hda1 H2A.Z,H2B, H3 S. cerevisiae
Sir2 H4K16 S. cerevisiae
SIRT1, SIRT6 M. musculus, H. sapiens
HDAC1,HDAC2,HDAC4 H2A,H2B, H3,H4 H. sapiens
Histone-modifying enzymes: K-methyltransferases
Setl H3K4 S. cerevisiae
SETD8 H3K20me H. sapiens
MMSET H4K20me1, H3K20me2 H. sapiens
EZH2 H3K27 H. sapiens
Dot1 H3K79 S. cerevisiae
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Table 1 (cont.) | Chromatin regulatory factors associated with genome stability pathways

Name Proposed molecular function or target Organism
Histone-modifying enzymes: ubiquitylases

RNF8 H2A H. sapiens
RNF168 H2A H. sapiens
Rad6 H2BK120ub S. cerevisiae
RNF20-RNF40 H. sapiens
Histone chaperones

FACT complex H2A-H2B, H3-H4 H. sapiens
CAF1 H3.1-H4 S. cerevisiae, H. sapiens
Asfl H3-H4 S. cerevisiae
ASF1A, ASF1B H. sapiens

In the ‘Proposed molecular function’ column, the question mark (?) indicates ‘another unknown in vivo function’. A solidus (/) indicates
multiple amino acid targets. So, for example, H4K5/K12 means histone H4 at lysine 5 (H4K5) and/or H4K12. References for this table
are provided in Supplementary information S1 (table). ATM, ataxia telangiectasia mutated; ATR, ataxia telangiectasia and
Rad3-related; AURKB, aurora kinase B; CAF1, also known as CNOT7 in humans and as POP2 in yeast; CBP, CREB-binding protein (also
known as CREBBP); Cdc7, cell division control protein 7; Dot1, disrupter of telomere silencing protein 1; FACT complex, facilitates

chromatin transcription complex; GCN5, also known as KAT2A in humans; Hat1, histone acetyltransferase 1; HDAC1, histone
deacetylase 1; me, methylation; NuRD complex, nucleosome-remodelling and histone deacetylase complex; RNF8, RING finger
protein 8; S, serine; SIRT1, sirtuin 1; SMARCAD1, SMARCA containing DEAD/H box 1; SMARCAL1, SMARCA-like 1; T, threonine;

TIP60, also known KAT5 in humans; ub, ubiquitylation; Y, tyrosine.

donor templates. By contrast, NHE] is the most com-
monly used pathway in G1 cells and appears to be the
generally favoured pathway within most mammalian
cells, which typically spend most of their lives in G1
phase. During NHE], the ends of the broken DNA
are essentially re-ligated by molecular machineries
recruited to the lesion (FIG. 2). NHE] requires little
processing of the DNA ends, and it can lead to both
error-free and error-prone repair'. In both NHE] and
homologous recombination, chromatin is implicated in
regulating DSB accessibility and in an additional role
as a regulatory platform that helps to coordinate and to
integrate the overall complex DDR pathway.

Initiating DSB repair in chromatin. Early studies of the
role of chromatin in DNA repair led to the ‘access, repair
and restore’ model’. This model was based in part on
precedents from the transcription field and suggested
that chromatin primarily regulates the initial accessibil-
ity of the lesion to the repair machinery. Indeed, a large
number of the ATP-dependent chromatin-remodelling
enzymes that are involved in transcription, as well as
histone-modifying enzymes, are recruited to a single
DSB soon after their formation (TABLE 1). However, the
chromatin rearrangements taking place in response to
DNA damage are still not clear, as few studies have dem-
onstrated roles for chromatin regulators in actual chro-
matin-remodelling events at DSBs. Even the extent of
nucleosome loss that occurs within chromatin flanking
a DSB is currently under debate (BOX 1). Nonetheless,
the RSC chromatin-remodelling complex has been
shown to be rapidly recruited to a DSB in Saccharomyces
cerevisiae, and this enzyme catalyses the timely eviction
or sliding of a few nucleosomes adjacent to the lesion®”.
Similarly, localized disruption of nucleosomes has also
been observed in G1-arrested human cells®, supporting
an evolutionarily conserved process. In addition, the

S. cerevisiae INO80 chromatin-remodelling enzyme has
been implicated in nucleosome loss events that occur
during the later DNA-processing events of homologous
recombination’.

The functional importance of these chromatin-
remodelling events is less clear. In one case in S. cerevisiae,
RSC was reported to have a key role in the recruit-
ment of early damage responders, such as the yeast
MRX complex (a heterotrimeric complex comprising
Mrell, Rad50 and Xrs2) and the Ku heterodimer (that
is, Ku70-Ku80) (FIC. 3). Additionally, RSC was reported
to be important for NHE] and for timely completion of
early steps of the homologous recombination process'’.
By contrast, another study reported that loss of RSC
actually leads to higher levels of NHE], to no defect in
early steps of homologous recombination and to a sur-
prising defect in the final, ligation step of homologous
recombination'’. The reasons behind these differing
results are unclear. Likewise, chromatin remodelling by
the budding yeast INO80 complex does not appear to
have an impact on the efficiency or timing of homolo-
gous recombination’?, even though INO80 promotes
the kinetics of DSB processing, and artificial tethering
of the yeast INO80 can promote homologous recom-
bination''. Likewise, the yeast Fun30 chromatin-
remodelling enzyme is required for efficient DSB pro-
cessing, but this activity appears to be dispensable for
the normal kinetics of homologous recombination'>'¢.
By contrast, the Arabidopsis thaliana homologue of
INO80 is required for efficient homologous recombina-
tion, at least with a chromosomally integrated, inverted
repeat luciferase recombination reporter?”.

In addition to nucleosome loss or mobilization,
the dynamic incorporation of histone variants may
contribute to the ‘access’ paradigm. The conserved
mammalian SWR complex (SWR-C) is recruited to a
DSB in yeast'®, where it promotes incorporation of the
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Figure 2 | Two primary pathways for double-strand break repair. Followingits
formation, a double-strand break (DSB) is initially bound by the yeast Mre11-Rad50-
Xrs2 (MRX) or human MRE11-RAD50-NBS1 (MRN) complex. If a DSB is formed in the
G1 phase of the cell cycle, the DSB is preferentially repaired by the non-homologous
end-joining (NHE)) pathway (left panel). In this case, binding of the Ku heterodimer
(Ku70-Ku80) prevents extensive nucleolytic processing of the DSB and promotes
subsequent ligation of the DSB by the Dnl4-Lif1-Nej1 complex in budding yeast

and the LIG4-XRCC4 factors in mammals. If a DSB is formed in the S or G2 cell cycle
phase, the homologous recombination repair pathway predominates (right panel).
Key steps for successful repair by homologous recombination include: nucleolytic
processing of the 5" ends of the dsDNA ends into 3’ single-stranded tails by the initial
action of the yeast MRX complex and Sae2 enzyme (known as RBBP8 or CTIP in
mammals); extensive processing by either the exodeoxyribonuclease 1 (Exo1) or the
Dna2-Sgs1 DNA-end-processing enzymes (the human Bloom’s syndrome protein
(BLM) helicase is the homologue of yeast Sgs1); assembly of a recombination protein A
(RPA)-ssDNA filament that is subsequently converted into a Rad51-ssDNA filament;
completion of a successful homology search and formation of heteroduplex DNA; DNA
synthesis that uses the 3’ end of the broken DNA, resolution of the heteroduplex or a
double-sided Holliday junction; and, finally, ligation of the ssDNA nicks and termination
of the process. Note that formation of the RPA—ssDNA filament is also essential for
activation of the DNA damage cell cycle checkpoint. For a recent Review, see REF. 2.
Protein or complex names given in brackets in the figure are the human homologues.

Holliday junction

An intermediate in homologous
recombination comprised of
four DNA strands.

histone variant H2A.Z" (FIC. 3). (Note that although this
complex has many names in yeast, including SWR1, in
this Review we use the term SWR-C for the complex
in yeast as well as mammals to distinguish it from its
catalytic subunit Swrl.) Incorporation of yeast H2A.Z
within DSB chromatin promotes processing of DNA
ends®, and likewise p400 (also known as EP400), which
is the mammalian homologue of yeast Swrl, has been
reported to promote nucleosome destabilization in
chromatin that is adjacent to an endonuclease-induced
DSB?. Thus, incorporation of histone variants appears
to support the ‘access’ model.

Several studies indicate that initiation of DSB repair
is also associated with unfolding of higher-order, con-
densed chromatin structures?**. The mammalian
RING finger E3 ubiquitin ligase heterodimer RNF20-
RNF40 is rapidly recruited to DSBs, and this enzyme
catalyses ubiquitylation of histone H2B at lysine 120
(H2BK120) at DSB chromatin® (FIG. 4). The H2BK120ub
mark disrupts higher-order folding of nucleosomal
arrays in vitro®. Interestingly, H2BK120ub appears
to regulate recruitment of the chromatin-remodel-
ling enzyme SNF2H (also known as SMARCAS5) to
DSBs, and SNF2H is required for optimal NHE] and
homologous recombination®***?. This suggests that
H2BK120ub may promote a more complicated version
of the ‘access’ paradigm, controlling local chromatin
decompaction. Indeed, chemical-induced relaxation
of bulk chromatin appears to alleviate the requirement
for RNF20 in DNA repair, supporting the deconden-
sation model®. This model is particularly compelling,
as chromatin condensation appears to have an impact
on both NHE] and homologous recombination, as
H2BK120ub is required for efficient DSB repair by both
pathways?»%

Chromatin in the later stages of the homologous recom-
bination process. After a DSB has been processed for
homologous recombination, the binding of the DNA
repair protein Rad51 to ssDNA forms a nucleoprotein
filament that carries out a search for a homologous DNA
duplex that can be used as a template for repair (FIC. 2).
Early studies in both budding yeast and mammalian
systems suggested that a homologous duplex could be
captured even on an ectopic chromosome, implying that
the search might extend to the entire genome if a sister
chromatid was not available?”*. Remarkably, in vitro
studies with recombinant chromatin fibres and purified
budding yeast or human RAD51 demonstrated that a
homology search can be completed when the homolo-
gous sequence is positioned on the surface of a nucleo-
some, even in the absence of histone modifications or
ATP-dependent remodelling®. Subsequently, however, it
was found that the budding yeast SWI/SNF chromatin-
remodelling complex can enhance the homology search
step but only when the homologous duplex is embedded
in a condensed heterochromatin structure'**.

In the cell nucleus, chromosomes harbour addi-
tional layers of higher-order structure, leading to chro-
mosomal domains or more general spatial constraints.
Live-cell imaging studies in S. cerevisiae have shown
that before DSB formation, a chromosomal locus sam-
ples only ~10% of the nuclear volume. However, fol-
lowing formation of an endonuclease-induced DSB
in S or G2 cells, the same chromosomal locus moves
throughout nearly 40% of the nuclear volume, promot-
ing capture of homology on another chromosome®*.
Surprisingly, formation of a DSB on one chromosome
appears to induce an increased mobility of other chro-
mosomes, even when those chromosomes lack homol-
ogy’'. The mechanism by which the entire genome is
mobilized by the formation of a single DSB and how
much of this phenomenon is evolutionarily conserved
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Box 1| How much nucleosome eviction occurs in chromatin surrounding a double-strand break?

Itis widely believed that nucleosomes are rapidly
removed from chromatin that surrounds a double-strand
break (DSB), especially following extensive nucleolytic

© RPA
©® Rad51

processing of DSBs for homologous recombination. Many

chromatin immunoprecipitation (ChIP) studies in yeast or

In this case, ChlP studies are carried out in asynchronous

cultures at 1-4 hours following DSB formation, time

DSB, of <500 bp in size, which is consistent with the loss of one or two nucleosomes. Likewise, another study examined
histone loss at I-Ppol-induced DSBs in G1-arrested mammalian cells and observed reduced histone levels at 280 bp distal

have monitored histone loss following the induction of a
points at which 4-16 kb of ssDNA are formed adjacent to
from a DSB®. However, most studies have reported only modest reductions (typically twofold or less) when histone levels

DSB by the homothallic switching endonuclease (HO).
the DSB**°. Many studies have shown large decreases in histone levels directly adjacent to an HO-endonuclease-induced
are probed at more distal locations, of >500bp in size, and at time points when kilobases of ssDNA have been formed’ 3!

V(D)J recombination

A somatic recombination event
in lymphoid cells in which
different variable, diverse and
joining gene segments are
combined as a part of the
process to form diverse
immunoglobulins and

T cell receptors.

is not clear. Studies in mammalian cells have suggested
that DNA breaks are actively restricted from moving in
the nuclear space?"”, although this may reflect a pref-
erence for repair by NHE] in somatic cells. However,
recent observations in yeast may explain earlier studies
in mammalian cells that demonstrated a disruption of
bulk chromatin structure during DDR® as well as that
showed nuclear repositioning and pairing of the homol-
ogous immunoglobulin loci during V(D)J recombination
mediated by the DDR machinery?*!. The dynamic move-
ments of DSBs in yeast nuclei also share interesting
similarities to the behaviour of DSBs induced within
Drosophila melanogaster heterochromatin® and the
repetitive ribosomal DNA locus of budding yeast™.

It seems likely that the enhanced mobility of DSB
chromatin will be highly regulated so as to prevent pro-
miscuous movement of chromosomes that might lead
to aberrant recombination events. DSB-induced move-
ments in S. cerevisiae and D. melanogaster heterochro-
matin require both the exonucleolytic processing of
the DSB as well as the Rad51 recombinase, suggesting
that formation of a Rad51-ssDNA filament is required
for these large-scale movements**>*>%, One intrigu-
ing model suggests that this nucleoprotein filament
directs the recruitment of ATP-dependent chromatin-
remodelling enzymes that have a key role in promot-
ing chromosome mobility. Indeed, a recent study found
that tethering subunits of the S. cerevisiae INO80 chro-
matin-remodelling complex to a chromosomal locus is
sufficient to enhance nuclear mobility". Furthermore,
inactivation of the Arp8 subunit of INO80 limits
the mobility of an endonuclease-induced DSB. On the
basis of this evidence, a simple model was suggested
in which ATP-dependent nucleosome eviction might
catalyse chromosome mobilization. However, tethering

(M.P-C., C.L.P, unpublished observations; for a discussion, see REF. 29). ChIP results between different groups vary for
unknown reasons. For instance, one group reported no significant histone loss at an HO-induced DSB at the
Saccharomyces cerevisiae mating-type locus MAT when ChIP results were normalized to the input locus™. By contrast,
another group reported that histone H3 levels decreased approximately threefold at sites within ~1 kb of the HO-induced
DSB, although no decrease was seen at sites ~5 kb distal to this'®. Interestingly, this same study reported only a twofold
decrease when HO formed a DSB at the S. cerevisiae PDR10 locus*®. Recent studies in mammalian cells indicate that
nucleosomes are retained at chromatin surrounding a DSB induced by a zinc finger nuclease?, although the extent of DSB
processing was not assessed in this work. By comparison, nucleosome loss at gene promoters is commonly associated with
adramatic 5-10-fold decrease in histone levels when assayed by ChIP*32133, RPA, replication protein A.

other chromatin-remodelling enzymes, such as the
SWI/SNF complex, does not seem to share this activ-
ity with INO80. These authors also suggest an intrigu-
ing possibility that INO80 may disrupt a chromosomal
anchor, facilitating DSB mobilization'. Perhaps the
orchestration of chromosome movements provides an
explanation for why so many chromatin regulators are
recruited to a DSB.

A chromatin platform for signal integration

Histone modifications, DSB repair and checkpoint
signalling. In addition to the actual repair process,
survival after DNA damage requires activation of
the DNA damage checkpoint pathway, which halts the
cell cycle and coordinates repair of damage with cell
cycle transitions. Key initial components of the check-
point-signalling pathway in humans are two mem-
bers of the phosphoinositide-3-kinase-related protein
kinase (PIKK) family of enzymes, ataxia telangiectasia
mutated (ATM; known as Tell in S. cerevisiae) and
ataxia telangiectasia and Rad3-related (ATR; known
as Mecl in S. cerevisiae)®. ATM binds to unprocessed
or minimally processed ends of DSBs and is acti-
vated by the Mrel1-Rad50-Nbs1 (MRN) complex?®.
However, recruitment of the human ATR-ATRIP
complex (where ATRIP is ATR-interacting protein; in
S. cerevisiae, this complex is known as Mecl1-Ddc2)
at damaged DNA requires extensive ssDNA forma-
tion and binding of the single-stranded binding com-
plex replication protein A (RPA). RPA interacts with
ATRIP, leading to recruitment of the ATR-ATRIP
checkpoint kinase complex at the damaged site®**.
The activation of checkpoint kinases triggers a phos-
phorylation cascade that has an impact on, among
other factors, the human proteins tumour suppressor
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Figure 3 | Chromatin dynamics in double-strand break checkpoint response in S. cerevisiae. a|Formation of
a double-strand break (DSB; shown by lightning bolt), initial chromatin alterations and checkpoint activation.
Recognition of the broken ends by the Mre11-Rad50-Xrs2 (MRX) complex initiates DNA end processing. The MRX
complex recruits the RSC chromatin-remodelling complex, which restructures chromatin at the DSB ends;
checkpoint kinases Mec1 and Tell (‘Mec1/Tecl’ in the figure) phosphorylate the histone variant H2A X, leading

to the NuA4 complex and SWR complex (SWR-C) recruitment. SWR-C incorporates H2A.Z, which can lead to
relocalization of the DSB to the nuclear periphery; NuA4 is self-activated by acetylating its subunit Yng2 (depicted
as Yng2°©in the figure) and targets histones H2A.Z and H4 for acetylation (abbreviated to ‘ac’ in the figure). Rad9
recruitment is stabilized by its interactions with H2A.X phosphorylated at serine 139 (H2A.XS139ph; known as
YH2A.X and abbreviated to ‘y’in the figure) and H3 trimethylated at 79 (H3K79me3; abbreviated to ‘me’in the
figure), leading to checkpoint activation. b | The DSB is processed by the Sgs1-Dna2 and exodeoxyribonuclease 1
(Exo1) pathways and is assisted by the chromatin-remodelling complex Fun30, which appears to counteract the
inhibitory effect of Rad9 on DNA resection. Initial steps for removing epigenetic marks are also shown: histone
deacetylase 1 (Hdal) deacetylates H2A.Z, and Rpd3-Sin3 deacetylates H4 and Yng2. Inactivation of NuA4 occurs
by targeted degradation of Yng2 by the 26S proteasome (the degraded Yng2 is represented by the jagged oval).
INO80 recruitment leads to eviction of H2A.Z, facilitating checkpoint termination and adaptation. Restoration of
chromatin structure is mediated in part by Asf1, which deposits new histones and serine/threonine protein
phosphatase 4 catalytic subunit (Pph3) dephosphorylates H2AX.

p53-binding protein 1 (53BP1; in S. cerevisiae, this is
known as Rad9) and mediator of DNA damage check-
point 1 (MDC1). These factors ultimately activate
the key transducers checkpoint kinase 2 (CHK2; in
S. cerevisiae, this is known as Rad53) and CHK1. The
CHK proteins are essential for dispersing the signal to
a multitude of downstream targets, arresting the cell
cycle and integrating the DNA damage signal with
cell metabolism™.

During the past few years, it has been clear that an effi-
cient checkpoint response in the nucleus induces a host
of histone post-translational modifications (TABLE 1),
implicating the presence of a regulatory chromatin
platform. One of the most intensively studied DSB-
induced histone modifications is the histone variant
H2A X phosphorylated at serine 139 (H2A.XS139ph;

termed yH2A.X), which is the major form of H2A in
budding and fission yeast and appears to be a constitu-
tive component of mammalian chromatin that is har-
boured by ~10% of nucleosomes*'. Phosphorylation
of H2A.XS139 by the DDR kinases ATM, ATR and
DNA-dependent protein kinase (DNAPK) 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 (FIC. 4) and up to 50kb on each
side of a DSB in yeast (FIC. 3). Recently, the chromatin-
remodelling activity of the human SWI/SNF complex
has been implicated in facilitating the formation and
maintenance of high levels of yH2A.X*, presumably
by enhancing nucleosomal accessibility. This large
domain of yH2A X provides a host of binding sites
for the key checkpoint factor MDC1, stabilizing its
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RNF20-RNF40
—— —

Figure 4 | Chromatin dynamics in checkpoint signalling in mammalian cells. a| DSB formation and initial histone
modifications. Ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and RAD3-related (ATR) checkpoint
kinases (‘ATM/ATR’ in the figure) phosphorylate the histone variant H2A.X at serine 139 (H2A.XS139ph; termed
yYH2A.X and depicted as ‘y’ in the figure) and promote nucleosome eviction. ATM recruits GCN5, which catalyses H3
acetylation (the red ‘ac’ in the figure). Recruitment of MOF catalyses acetylation of histone H4 at lysine 16 (H4K16;
the black ‘ac’ in the figure), leading to chromatin decompaction; poly(ADP-ribose) polymerase 1 (PARP1) action
leads to PARylation of proteins and histones (‘PAR’). The RING finger heterodimer RNF20-RNF40 ubiquitylates
histone H2BK120, which also promotes decompaction (‘ub,’). b| Chromatin decondensation induced by the histone
modifications catalysed in panel a leads to subsequent recruitment of WSTF, which dephosphorylates H2A.X at
tyrosine 142 (H2A.XY142; phY->ph), leading to mediator of DNA damage checkpoint 1 (MDC1) recruitment by
YH2AX. The SWI/SNF complex is recruited by histone H3 acetylation, and its chromatin-remodelling activity
facilitates further spreading of yH2A.X and stabilization of MDC1 on chromatin. MDC1 in turn recruits the KAT5-
p400 enzyme, which is activated by trimethylation of H3 at lysine 9 (H3K9; not shown), leading to further histone
acetylation, and also recruits RNF8 and RNF168 (‘RNF8/RNF168’ in the figure), which ubiquitylate H2A and/or other
proteins (‘ub,’). Ubiquitylation by RNF8 and RNF168 recruits chromodomain helicase DNA-binding protein 4 (CHD4).
Histone PARylation (and/or modification by other proteins) leads to recruitment of the nucleosome-remodelling and
histone deacetylase (NuRD) complex. Histone H4 is further modified by MMSET-mediated methylation (H4K20me2

or H4K20me3; depicted as ‘me’ in the figure). The combination of ubiquitylation by RNF8 and RNF168 with either
H4K20me or PAR-ylation recruits tumour suppressor p53-binding protein 1 (53BP1) or ALC1, respectively.

association with DSB chromatin and thus helping to
promote a robust checkpoint response. As discussed
above (BOX 1), this chromatin platform may also contain
histone-ssDNA complexes and may be intermingled
with RPA and RAD51 filaments.

Formation of a yH2A.X domain might not
always be sufficient for stable association of MDCI.
Disruption of higher-order folding by H4 acetylated
at K16 (H4K16ac), a histone mark that unfolds con-
densed nucleosomal arrays in vivo and in vitro®, has
also been suggested to regulate binding of MDC1 to
yYH2A.X domains (FIC. 4). Conditional knockout of the
human histone acetyltransferase MOF (also known as
KATS), which catalyses acetylation of histone H4K16,
was found to abrogate MDCI recruitment*, although a
different study using RNA interference to deplete MOF

from human cells did not reach the same conclusion®.
A recent report shows that H4K16 acetylation under-
goes a biphasic response at DNA damage sites, being
reduced at early time points by the concerted func-
tion of histone deacetylase 1 (HDAC1) and HDAC2
but being increased at later times*. As HDAC1 and
HDAC2 promote NHE]J*, these results suggest that
early chromatin silencing and compaction might be
important in blocking extensive DNA end processing,
whereas later relaxation of higher-order chromatin
structure may contribute to recruitment of MDCI1 to
DNA damage foci and to checkpoint regulation.

In addition to its role in checkpoint signalling***
and in promoting efficient homologous recombina-
tion between sister chromatids*, yH2A.X has recently
been shown to have a role in protecting the integrity
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of DNA ends during V(D)] recombination in B lym-
phocytes™. Recombination-activating gene 1 (RAG1)-
and RAG2-mediated DSBs exclusively occur in the
G1 phase of lymphocytes, and these DSBs must be
repaired by NHE] to promote correct V(D)J recom-
bination. In G1-arrested lymphocytes, yH2A.X and
MDCI shield the DNA ends from the DSB-processing
enzyme RBBPS8 (also known as CTIP), preventing
aberrant homologous recombination that can lead to
subsequent chromosomal translocations®. This report
supports earlier findings showing that H2ax™'~ mice
are defective in immunoglobulin class-switch recom-
bination®'. As mice that lack H2A.X do not exhibit a
defect in irradiation-induced cell cycle checkpoints®!,
these findings suggest that the immune cell function of
yH2A.X and MDCl is likely to be independent of their
roles in G1 checkpoint signalling**. Likewise, a recent
study suggests that yH2A X and Rad9 also limit DSB
processing in S. cerevisiae'®. Cumulatively, evidence
supports a context-specific role for yH2A .X.

Other histone modifications and histone-modifying
enzymes have elaborate roles in the promotion of the
MDCI1-mediated checkpoint pathway beyond ini-
tial recruitment of MDC1 (FIG. 4. MDC1 binds and
recruits the E3 ubiquitin ligase RNF8 to DSB chro-
matin®**%, and RNFS8 functions in concert with a sec-
ond ubiquitin ligase, RNF168, to promote assembly
of checkpoint regulators 53BP1 and breast cancer 1,
early onset (BRCA1) at damaged chromatin®~¢, A
recent study suggests that RNF8 may work in part by
directing the recruitment of the nucleosome remod-
elling and histone deacetylase (NuRD) complex
(which contains CHD4)%, the recruitment of which
also depends on poly(ADP-ribose) polymerase 1
(PARP1)®, Furthermore, recruitment of 53BP1 to DSB
chromatin appears to require H4 dimethylated at K20
(H4K20me2)*-¢!, H4K20me?2 is a constitutive histone
mark that is increased at laser-irradiation-induced foci
and induced at single DSBs®, in contrast to previous
reports that did not detect an increase of H4K20me2
signal following DNA damage®'. The enzyme respon-
sible for catalysing the deposition of the H4K20me2
and H4K20me3 marks at the site of damage is not
known, although downregulation of histone-lysine
N-methyltransferase MMSET (also known as NSD2)
leads to loss of the H4K20me2 and H4K20me3 DNA-
damage-induced marks®. Given that H4K20mel,
H4K20me2 and H4K20me3 are histone marks that are
associated with transcriptional regulation, an intrigu-
ing possibility is that the dual function of MMSET
and RNF8 at DSB sites is a part of a genome stabil-
ity pattern that is essential for the cell to differentiate
between transcriptional and DNA damage responses,
thereby preventing aberrant chromosomal recruitment
of 53BP1 to transcription sites.

Histone modifications integrating DSB repair and apo-
ptosis. In response to genotoxic stress, cells must decide
between apoptotic death or repairing the damage and
surviving®. Two recent reports in mammalian cells link
phosphorylation dynamics of H2A X at tyrosine 142

(H2A.XY142) in the decision-making process between
DNA repair and programmed cell death. H2A. XY 142
phosphorylation by WSTF (also known as BAZB1) is a
constitutive histone mark that is required for efficient
and persistent yH2A.X phosphorylation under DNA
damage conditions®*®. Intriguingly, dephosphoryla-
tion of H2A.XY142 during the DNA damage response
is a requirement for both the activation of the check-
point response and silencing of the apoptotic death
pathway®**. How the dynamics of H2A.XY142 phos-
phorylation is controlled is not yet clear, although a
recent study implicates the early damage-response pro-
tein microcephalinl (MCPH1)%. These reports bring
strong evidence to the notion that post-translational
modifications can turn H2A X into a molecular switch
that regulates important cellular decisions.

Histone modifications, repair and transcription. DNA
damage can have a direct impact on transcription in cis,
and induction of a single DSB in the vicinity of an active
promoter in mammalian cells leads to RNA polymer-
ase stalling and ATM-dependent transcriptional silenc-
ing®. Silencing requires RNF8- and RNF168-mediated
ubiquitylation of H2AK119 (REF. 67), which is a histone
mark that has been associated with transcriptional
repression®. Whether DSB-induced transcrip-
tional silencing is a molecular mechanism with a
defined purpose or whether it is only a consequence of
the DSB repair process is still not clear. Interestingly,
on completion of DNA repair, transcriptional activity
resumes rapidly®’. Whether a promoter remains in a
poised state for activation with all of the positive histone
marks present and transcription cofactors recruited or
whether histone marks that mark DSB sites assist in
the re-initiation of transcription is an open question.
Interestingly, yH2A.X spreading is reciprocally influ-
enced by gene transcription®, suggesting a crosstalk
between repair and transcription in mammalian cells.

Histone variants linking DSB repair and checkpoints.
Although much of the DNA repair field has focused
on histone modifications in the checkpoint response,
it is clear not only that the dynamic incorporation of
histone variants within DSB chromatin has an impact
on the early steps of NHE] and homologous recombina-
tion (see above) but also that specific histone variants
are associated with later checkpoint events (FIC. 3). Early
during the DDR in budding yeast, the H2A.Z variant
is incorporated by SWR-C, replacing either yH2A.X
or H2A™". Although SWR-C remains associated with
DSB chromatin, the presence of H2A.Z at the DSB is
only transient'®": the subsequent recruitment of the
INO80 complex is believed to reverse SWR-C action by
exchanging nucleosomal H2A.Z-H2B dimers with free
H2A.X-H2B"” (FIC. 3). H2A.Z dynamics appears to be
an important control switch during the DDR pathway —
ifa DSB is not repaired in a timely fashion, a sumoylated
form of H2A.Z has been proposed to mediate anchor-
ing of the DSB to the nuclear periphery, whereas
the removal of H2A.Z by INO80 promotes proper
checkpoint signalling by an unknown mechanism'".
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DNA base adducts

DNA bases that contain a
covalently bound chemical,
often induced by cellular
exposure to carcinogens.

Translesion synthesis

(TLS). A DNA tolerance
pathway that allows replication
to proceed through DNA
lesions. This pathway involves
fork-associated switching

of a normal polymerase for

a specialized translesion
polymerase.

The final steps of repair

Repair of the DSB, either by NHE] or homologous
recombination, signals the return of the cell to homeo-
stasis. DNA repair factors and chromatin regulators
are removed from the site of repair, the checkpoint
response is inactivated and the epigenetic landscape
is returned to its original state. Several studies have
shown that yH2A X is targeted for dephosphorylation
following repair in both yeast and mammalian cells,
and its removal is key for downregulating the DNA
damage checkpoint response” 7. The final steps of
repair also lead to assembly of new nucleosomes that
contain the histone mark H3K56ac, which is required
for inactivation of the DNA damage checkpoint™.
H3K56ac is known to stimulate histone turnover at
gene promoter regions, perhaps providing a molecular
explanation for why newly repaired chromatin is more
labile®.

Chromatin and the fidelity of DNA replication
Throughout this Review, we have focused our discus-
sion on the DDR pathway during G1 or G2 cells, but
what happens when DNA damage occurs in S phase?
Replication of an ssDNA nick will directly generate a
DSB. Moreover, replication fork progression can be
stalled by encounters with small or bulky DNA base
adducts, DNA-crosslinking agents or by depletion of
nucleotide pools, and this can lead to DSBs. There are
natural replication fork barriers, such as repetitive DNA
sequences, and stable protein-DNA chromosomal struc-
tures, such as heterochromatinized domains or actively
transcribed sequences, that can lead to topological
alterations and formation of secondary DNA structures
in the context of chromatin. These have to be resolved
before the cell can enter mitosis?.

Histone modifications and the intra-S-phase check-
point. The intra-S-phase checkpoint induced by
fork stalling serves to block further replication ini-
tiation events, to slow S phase progression, to regu-
late transcription of genes and to keep the stalled
replication forks in a competent state, thereby pro-
moting a rapid restart following repair”>’¢. An early
step in the intra-S-phase checkpoint in humans and
S. cerevisiae is the activation of the ATR checkpoint
kinase, which generates a chromatin domain of yH2A . X"".
The yH2A X does not appear to spread to the great
extents seen for DSBs in G1 or G2 cells. In addition, in
S. cerevisiae, histone H3 at threonine 45 (H3T45)
appears to be exclusively phosphorylated inside S phase
by the histone kinase complex Cdc7-Dbf4 (where Cdc7
is cell division control protein 7, and Dbf4 is dumb-bell-
forming protein 4), promoting DNA replication under
replication stress conditions”. Currently, it is unclear
how phosphorylation of H3T45 integrates with the
intra-S-phase checkpoint. In an interesting parallel
with the checkpoint response, chromatin dynamics
in S. cerevisiae also appears to be involved in pathway
choice of replication-coupled DNA damage repair.
Trimethylation of H3K79 by disrupter of telomere
silencing protein 1 (Dotl) inhibits the error-prone
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translesion synthesis (TLS) pathway”** most probably
by recruiting Rad9 (REF. 81), which is a negative regula-
tor of TLS®. Thus, the reported data point to the direc-
tion that histone modifications, as in the DDR pathway,
may have a similar role in integrating signals into
replication-coupled, genome stability networks.

Chromatin in fork progression and genome stability.
The process of nucleosome assembly plays a key part in
genome stability during DNA replication by regulating
fork stability and progression. Histone chaperones
such as the CAF1 complex and anti-silencing function
protein 1 (Asfl) have been shown to be crucial in the
establishment of nascent chromatin and therefore in
the maintenance of genome stability during DNA rep-
lication. They may function either by depositing newly
synthesized histones® onto the daughter DNA strands
or by transferring parental histones from parental
to nascent strands*. Nucleosome assembly also appears to
be coupled to Okazaki fragment maturation, suggesting
a novel level of regulation by chromatin®. Chaperone
function is regulated by several histone modifications,
including acetylation of H3K56 by the Rtt109 acetyl-
transferase and acetylation of H3 amino-terminal
lysines by Gen5, both of which occur in S. cerevisiae®™ ™.
Although the function of chaperones inside S phase
has been extensively discussed elsewhere®’, one major
theme that has arisen from these studies is the idea
that nucleosome assembly on the daughter strands can
have a major impact on both fork progression and the
stability of stalled forks.

In S. cerevisiae, the INO80 chromatin-remodelling
enzyme is associated with the replication fork, and
stalling of a fork leads to additional recruitment of
INOB8O (REF. 88). In the absence of INO8O, fork progres-
sion is slowed but, more importantly, forks that stall
because of replication stress are destabilized and col-
lapse, leading to an inability to restart forks and a loss
of cell viability®*". In an in080 mutant, the H2A.Z his-
tone variant accumulates to aberrant levels, and genetic
studies indicate that this misincoporated H2A.Z desta-
bilizes stalled forks, leading to fork collapse”. Although
it is unknown whether INO80 remodels parental or
newly deposited H2A.Z-containing nucleosomes,
we favour a model in which INO80 moves with the
fork, evicting improperly deposited H2A.Z (FIG. 5).
Interestingly, the misincorporated H2A.Z is hypoacety-
lated, and expression of a version of H2A.Z that mimics
a hyperacetylated state alleviates many of the pheno-
types of an in080 mutant™. Depletion of human INO80
also impairs DNA synthesis in mammalian cells, sug-
gesting a highly conserved role for INO80 during DNA
replication®. Exactly how INO80 stabilizes stalled
forks and why hypoacetylated H2A.Z is detrimental
to fork progression is unclear. The DNA damage toler-
ance pathway has also been suggested to be compro-
mised in the absence of yeast INO80 (REF. 92), although
this may simply be due to extensive fork collapse, which
occurs in the absence of INO80, and to the inability
of the fork to retain replisome subunits under stress
conditions®.
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Figure 5 | Chromatin-remodelling activities at the replication fork.

a|INO80 may remove H2A.Z-H2B dimers (H2A.Z" in the figure) from nucleosomes
(H2A.Z nucleosomes depicted in orange) ahead of the fork or from newly formed
nucleosomes on replicated DNA (orange nucleosomes). SMARCA-like protein 1
(SMARCALT1) catalyses fork regression and Holliday junction migration and may
remove nucleosomes from regressed dsDNA or from ssDNA. b | The ISWI complex
may protect newly replicated DNA from unwarranted heterochromatinization
(green nucleosomes) and aberrantly recruited heterochromatin protein 1 (HP1) by
repositioning nucleosomes behind the fork. ¢ | SMARCA-containing DEAD/H box 1
(SMARCAD1) may protect heterochromatin (depicted as HP1-associated
nucleosomes) during replication by deacetylating newly synthesized histones
(purple nucleosomes), promoting histone H3 trimethylated at lysine 9 (H3K9me3;
‘me’in the figure) and exchanging H2A-H2B histone dimers. Human ACF1-ISWI
complex promotes replication of late-replicating heterochromatin regions, which
act either in front or behind the fork. RPA, replication protein A.

In mammalian cells, a putative chromatin-
remodelling enzyme called SMARCA-like protein 1
(SMARCALI; also known as HARP), which is respon-
sible for Schimke’s immuno-osseous dysplasia®, also
appears to stabilize stalled forks”-”. SMARCALI has
annealing helicase activity, interacts with RPA***"* and
could act in various stages of DNA synthesis by limit-
ing the amount of ssDNA at the fork®'®. Whether
SMARCALLI has ATP-dependent chromatin-remodelling
activity is not yet known; however, this is highly pos-
sible given its close relation to other ATP-dependent
chromatin-remodelling enzymes. One hypothesis is
that SMARCAL1 might promote DNA replication by
removing unproductive histone-ssDNA intermediates
from the fork, combining its annealing and putative
chromatin-remodelling activities (FIC. 5a).

Chromatin regulators, genome integrity and heterochro-
matin. A major source of genome instability arises from
illicit recombination between the vast amounts of repeti-
tive DNA found within most eukaryotic genomes. Such
events are inhibited by the packaging of repetitive DNA
into condensed heterochromatic structures. During S
phase, these heterochromatic structures must be faith-
fully replicated to ensure genome stability. Notably,
several chromatin-remodelling enzymes have been
implicated in the efficient replication of heterochroma-
tin domains. For instance, both S. cerevisiae Isw2 and its
mammalian homologue SNF2H have been implicated
in facilitating DNA replication through late replicating
regions and within heterochromatin, respectively'*1®.
In addition, SNF2H also appears to protect newly rep-
licated DNA from heterochromatinization during S
phase as a part of a complex with the WSTF protein'®.
However, given the preferred function of the ISWI fam-
ily members to deposit and to reposition nucleosomes
across the genome'**'%, it remains unclear whether
members of the ISWI family disrupt nucleosomes in
front of the fork or whether they control nucleosome
assembly on the daughter chromatids.

In human cells, the SMARCA-containing DEAD/H
box 1 (SMARCAD1) chromatin-remodelling enzyme
is recruited to replication foci by the proliferating cell
nuclear antigen (PCNA) sliding clamp, and it facilitates
the maintenance of heterochromatin inside S phase'®.
SMARCADI appears to function by promoting removal
of acetyl marks on newly synthesized and deposited
H3 and H4 histones'” and promoting the resultant
H3K9me3 mark, which is essential for binding of hetero-
chromatin protein (HP1) and transcription intermediary
factor 1B (TIF1p; also known as KAP1). Interestingly,
the Schizosaccharomyces pombe SMARCAD1 homo-
logue, Fft3, also protects silent chromatin domains
from euchromatic assembly, suggesting an evolutionarily

conserved function!'?.

Chromosomal stability in mitosis

Repair of DNA damage or accurate DNA replication
would be meaningless if chromosomes were not prop-
erly segregated and equally inherited during cell divi-
sion. Defects in chromosome segregation increase the
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Chromosomal instability
(CIN). A cellular phenotype
characterized by high rates of
chromosome mis-segregation,
leading to loss or gain of whole
chromosomes.

Cytokinesis

A late stage of mitosis
in which a cell divides to
form two daughter cells

Midbody

A transient structure found in
mammalian cells that connects
two daughter cells at the end
of cytokinesis. The midbody

is important for the final
abscission (cleavage) event.

rate of chromosomal instability (CIN) during mitosis,
leading to aneuploidy. Similarly, CIN can lead to failure
of cytokinesis owing to unresolved sister chromatids or
to the presence of chromatin bridges at the intercellular
canal that connects the two daughter cells, resulting in
polyploidy'®.

Specialized chromatin structures and histone modi-
fications — mainly phosphorylation events — have long
been known to be crucial for chromosome segregation
and CIN prevention. For example, CenH3 is the cen-
tromere-specific H3-type histone variant that is essential
for the assembly of kinetochores'*'"°. The histone vari-
ant H2A.Z is also found to be enriched at kinetochores
and promotes chromosome segregation, albeit with an
unknown mechanism''""'2, Finally, phosphorylation of
H3 at serine 10 (H3S10) and of H3S28 by aurora kinase B
(AURKB) is important for chromosome condensation
during mitosis in mammals'".

Recently, it was shown in S. pombe that phospho-
rylation of H2AS121 by Bub1 recruits the shugoshin
proteins Sgol and Sgo2 to centromeres''*. Sgol protects
sister chromatid cohesion, and Sgo2 directs recruitment
of the serine/theronine protein kinase Ark1 (S. pombe
homologue of AURKB), which is a subunit of the chro-
mosomal passenger complex (CPC) that regulates
the spindle assembly checkpoint and microtubule—
kinetochore attachment. Three independent groups have
shown that phosphorylation of histone H3 at tyrosine 3
(H3T3ph) by haspin is an additional mark that pro-
motes AURKB localization at human centromeres. The
H3T3ph mark is recognized by the CPC subunit sur-
vivin'®, and it cooperates with H2AS121ph to recruit
the CPC to the centromere''. Interestingly, phospho-
rylation of condensin by Arkl during mitosis leads to
interaction of condensin with histones H2A and H2A.Z
as well as to its recruitment to kinetochores and chromo-
some arms'”. Whether H2A and H2A.Z differentially
regulate the binding of condensin is still an open ques-
tion. Cumulatively, these studies establish chromatin as
an essential regulatory structure for the establishment of
the mitotic apparatus and hence for the maintenance
of genome stability throughout division.

The ATP-dependent chromatin-remodelling
enzymes RSC''®, INO80 (REF. 119) and SWI/SNF'?
have also been shown to be recruited to centromeres
and have been implicated in chromosome segregation
in S. cerevisiae, although the molecular mechanism of
their function at the centromere is unknown. Moreover,
S. cerevisiae SWI/SNF also appears to have a role in
removing the centromere-specific histone H3-like pro-
tein Cse4 from non-centromeric sites'?!. Interestingly,
human INO80 was also found to localize at the
midbody®', and depletion of INO80 or some subunits of
RSC leads to polyploidy in yeast®'?2'%. As cytokinesis
is tightly coordinated with completion of chromosome
segregation'?*'>, these observations suggest a function
for INO8O0 during cytokinesis, possibly coordinating
chromatin dynamics with cell division. Interestingly, a
similar role has been proposed for human PICH (also
known as ERCC6L), a SNF2-like ATPase that colocal-
izes with Bloom’s syndrome protein (BLM) at anaphase
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bridges'**'?”. As defects in DNA replication at the cen-
tromeres or fragile sites can lead to the prevalence of
sister chromatid bridges in mitosis'®, it has been sug-
gested that BLM and PICH promote the resolution of
the bridges during anaphase'”’.

Future directions

Although initial thoughts on the role of chromatin
in genome stability were driven by simple paradigms
derived from transcriptional studies (such as ‘access,
repair and restore’), it is clear that chromatin dynamics
orchestrates a more complex and intriguing set of roles in
many nuclear events. In this Review, we have highlighted
several recent studies that pinpoint a function for chroma-
tin in promoting integration of different nuclear events,
such as DNA repair, DNA replication and transcription.
As coordination of different genome stability pathways
is essential for normal cell proliferation (FIC. 1), an open
question in the field is how this crosstalk is accomplished
at a molecular level. We envisage that chromatin will have
a major role in this crucial, cell-homeostasis-regulating
function, and this role is exemplified by the number of
chromatin regulators implicated in various diseases.

For each of the genome stability pathways discussed
here, studies need to continue their focus on mecha-
nism and on how integration of chromatin regulation
is accomplished in each pathway. Why are so many
enzymes brought to a DSB? Why does the DDR pathway
require multiple ATP-dependent chromatin-remodelling
enzymes? How are chromosomes mobilized within the
nucleus? Why are chromatin-remodelling enzymes
localized to centrosomes'”, and what role do they
have here in the absence of detectable histones? Are
there mitotic roles for INO80 and other chromatin-
remodelling enzymes that take advantage of their abil-
ity to induce large-scale chromosome movements,
as proposed for DNA repair? Do histone-modifying
enzymes target only chromatin substrates, or are non-
histone proteins equally or more important? This final
question is important for studies in mammalian cells,
where it is more difficult directly to assess the functional
consequences of histone modifications.

Given that the mechanism of DNA repair changes
as a function of cell cycle position, in vivo studies must
continue to move away from studies in asynchronous
cells. Likewise, studies in yeast typically look at the DDR
pathway under conditions in which the DSB cannot be
repaired; such studies are useful for analysis of factor
recruitment, but more work needs to focus on the actual
repair events to provide mechanistic insight. New focus
on later steps of the homologous recombination process
may also yield new insights into chromatin regulation.
For instance, it is not clear whether the entire host of
histone modifications survives the repair event and thus
must be actively removed or whether the final, replica-
tion-dependent steps of homologous recombination lead
to displacement of the modified, parental nucleosomes.
We anticipate that biochemical studies will continue to
recapitulate genome stability pathways with chromatin
templates, providing insights into mechanism as well as
instructing new models to be tested in vivo.
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