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Chromatin is organized into higher-order structures that
form subcompartments in interphase nuclei. Different
categories of specialized enzymes act on chromatin and
regulate its compaction and biophysical characteristics
in response to physiological conditions. We present an
overview of the function of chromatin structure and its
dynamic changes in response to genotoxic stress, focusing
on both subnuclear organization and the physical mobili-
ty of DNA. We review the requirements and mechanisms
that cause chromatin relocation, enhanced mobility, and
chromatin unfolding as a consequence of genotoxic le-
sions. An intriguing link has been established recently be-
tween enhanced chromatin dynamics and histone loss.

Improved live-imaging technologies and experiments that
capture long-range contacts between chromosomal do-
mains (chromosome conformation capture) have shown
that the chromatin of yeast, fly, mouse, and human cell
nuclei undergoes constant subdiffusive movement and
plastic reorganization within interphase nuclei (for re-
views, see Dekker et al. 2013; Dion and Gasser 2013). In
yeast, the movement of genomic loci in vivo is influenced
by both ATP levels (Marshall et al. 1997; Heun et al. 2001)
and the strength of reversible contacts with fixed ele-
ments of the nucleus, such as nuclear pores and sites of
chromatin anchorage along the nuclear envelope (Hediger
et al. 2002; Agmon et al. 2013; Verdaasdonk et al. 2013;
Strecker et al. 2016). In addition, local chromatin context
and intrinsic forces between individual nucleosomes con-
strain chromatin fiber flexibility (Dekker 2008; Neumann
et al. 2012; Hajjoul et al. 2013; Amitai et al. 2017; Hauer
etal. 2017). Given that the density of nucleosome packing
is regulated by ATP-dependent nucleosome remodeling
complexes, it can be expected that these remodelers
influence chromatin mobility as they alter nucleosome
position.
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In yeast, nucleosome remodelers indeed promote long-
range chromatin movement and the relocation of genomic
loci to specific sites of anchorage or repair (Dion et al.
2012; Neumann et al. 2012; Seeber et al. 2013a; Horigome
et al. 2014; Strecker et al. 2016). Intriguingly, the subnu-
clear mobility of chromatin in yeast, as monitored by
time-lapse microscopy, increases both at sites of induced
double-strand breaks (DSBs) and genome-wide; that is, at
undamaged sites in response to widespread damage. In
both cases, the increase depends on both the INOS80
remodeler and checkpoint kinase activation (Dion et al.
2012; Mine-Hattab and Rothstein 2012; Seeber et al.
2013a; Strecker et al. 2016). Moreover, enhanced DSB mo-
bility was correlated with more efficient repair by homol-
ogous recombination (HR) (Dion et al. 2012; Mine-Hattab
and Rothstein 2012; Neumann et al. 2012; Hauer et al.
2017). This increase in efficiency could stem from en-
hanced accessibility to the sites of damage and/or from a
facilitated search for the homologous donor sequence, a
necessary step in homology-driven repair (HDR). Ectopic
homology is particularly important when the replicated
sister chromatid is not available as a donor. Consistently,
DSBs in mammalian genomes that exhibit increased
movement correlate frequently with genomic transloca-
tions (Roukos et al. 2013). Moreover, the spatial proximity
of sequences within the nuclear volume was found to in-
fluence the probability that two sequences would engage
in ectopic recombination (Zhang et al. 2012; Agmon
et al. 2013; Batte et al. 2017). While this suggested a func-
tion for both DNA movement and position, it remained
unclear which molecular events drive changes in chroma-
tin mobility, nor was it established how the composition
of chromatin and/or its compaction respond to the DNA
damage response (DDR) genome-wide.

Recently published work suggests that both reduced
structural constraints and altered nucleosome occupancy
change the mobility of chromatin in response to DNA
damage. In other studies, the unfolding and spatial expan-
sion of chromatin regions following DNA damage from
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ultraviolet (UV) light was observed (Adam et al. 2016;
Strickfaden et al. 2016). Here we review the structural
composition and organization of interphase chromatin
and examine the changes that are known to occur during
DNA damage and repair, focusing on studies that link nu-
cleosome eviction and turnover to the repair of DNA
lesions.

Nucleosomes: the building blocks of chromatin

Genomic DNA is organized into nucleosomes that are
formed by wrapping 146 base pairs (bp) of DNA around
an octamer of four core histones: H2A, H2B, H3, and H4
(Fig. 1). The hydrophobic histone fold domain (HFD),
found in all core histones, mediates dimerization and
prompts the formation of H2A-H2B and H3-H4 dimers,
while exposed positive charges stabilize histone-DNA in-
teractions (for reviews, see Malik and Henikoff 2003; Tal-
bert et al. 2012). Whereas the nucleosomal core is
compact, eight flexible lysine-rich histone tails extend
from it, modulating internucleosomal contacts and pro-
viding binding sites for nonhistone proteins.

The high-mobility group (HMG) proteins are the second
most abundant class of proteins found on chromatin after
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the core histones (for review, see Bianchi and Agresti
2005). These small highly charged proteins have a variety
of functions ranging from the establishment of proper
chromatin architecture to the control of transcriptionally
active and inactive chromatin regions. The three major
families of HMG proteins include the HMGA proteins,
which bind AT-rich DNA with an AT hook; the HMGN
proteins, which bind within nucleosomes; and the
HMGB proteins, which bind in the minor groove of
DNA (Bianchi and Agresti 2005; Malarkey and Churchill
2012). Among these, HMGBI has been well studied with
respect to enhancing transcription (Celona et al. 2011).
However, our understanding of HMG proteins in DNA re-
pair is nascent at best.

Histone variants

Although the core histones form a highly conserved struc-
ture, nucleosome stability varies thanks to the incorpora-
tion of noncanonical histone variants and a vast array of
post-translational modifications (PTMs) (Fig. 1; for re-
view, see Campos and Reinberg 2009). Lower eukaryotes,
such as the budding yeast Saccharomyces cerevisiae, have
but one version of each core histone and only two histone
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Chromatin structure and function. Nucleosomes consist of octameric histone complexes and come in many different “flavors”

owing to a multitude of histone variants and histone tail modifications. Both cytosolic and nuclear chaperones protect newly synthesized
histones and assemble them into nucleosomes. The abundant high-mobility group proteins bind DNA and chromatin, altering nucleosome
stability. In the middle panel, we show how chromatin remodeling complexes organize nucleosomes along DNA through ATP-dependent
reactions. Actin-related proteins dimerize with actin within remodelers and chaperones and may mediate histone contacts. Chromatin folds
into higher-order structures. Whole chromosomes assume three-dimensional organization in the nucleus, yet chromatin remains locally mo-
bile. Chromatin interaction with the nuclear envelope and pores as well as with itself leads to subcompartmentation of the yeast nucleus.
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variants: Htzl and Hhol. The mammalian counterparts
to these, called H2A.Z and H1, diverge significantly across
species. Generally, there are but a few variants of H2B and
H4 and many of H2A and H3, and the H1 histone is unique
in being the only variant that lacks the central HFD.
It functions as a linker histone, binding between nucleo-
somes and altering chromatin compaction and folding
(Panday and Grove 2017).

H2A.Z is particularly interesting in the context of DNA
damage. Apart from its role in regulating transcription
(Guillemette et al. 2005; Li et al. 2005; Raisner et al.
2005; Albert et al. 2007), studies from multiple species im-
plicate H2A.Z or Htz1 in DNA repair pathways (Kalocsay
et al. 2009; Morillo-Huesca et al. 2010; Horigome et al.
2014). In addition to H2A.Z, mammals express H2A X,
an H2A variant with an additional C-terminal motif that
is modified by DNA damage checkpoint (DDC) kinases
on Serl39, to generate yH2A.X (Rogakou et al. 1998). In
yeast, the canonical H2A contains the analogous phos-
pho-target at Ser129. In flies, H2Aav serves as both H2A.
Z and H2A.X. There are two additional H2A variants in
mammals: macroH2A and H2A.Bbd (Barr body-deficient).
Interestingly, macroH2A binds chromatin in a poly(ADP-
ribose) (PAR)-dependent manner (Timinszky et al. 2009;
Khurana et al. 2014) and accumulates at DNA DSBs as
well as at sites of UV damage (Xu et al. 2012). This
coincides with a dramatic reorganization of chromatin
that promotes the binding of tumor suppressor and repair
mediator BRCA1, which in turn promotes HDR (Khurana
et al. 2014). Finally, centromere-specific H3 variants
(CenpA in humans and Cse4 in budding yeast) define
centromeric regions that allow proper chromosome segre-
gation. Clearly, histone variants not only add diversity to
nucleosome structure but help modulate nucleosome or-
ganization in response to stress and cell cycle stage.

Histone PTMs

In addition to the phosphorylation of H2A X, layers of
flexibility are conferred on nucleosomes by PTMs that tar-
get the N-terminal tails of histones H3 and H4 and the C-
terminal tails of H2A and H2B (Campos and Reinberg
2009; Zentner and Henikoff 2013). PTMs affect chromatin
structure in three ways: either through intrinsic effects on
histone-histone interactions, through extrinsic effects on
internucleosome contacts, or by providing binding sites
for effector molecules. Intrinsic effects alter nucleosome
stability by changing histone-histone or histone-DNA
interactions, while extrinsic effects tend to influence
longer-range contacts between nucleosomes, altering
higher-order chromatin organization. Finally, chromatin-
modifying proteins that recognize histone PTMs often
trigger changes enzymatically. Using all three modes
of action, histone variants and PTMs generate domains
of transcriptionally active and inactive chromatin in
response to both the environment and cell-intrinsic
signals.

Among the best-studied environmentally induced mod-
ifications are those that occur in response to genotoxic
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stress (Smeenk and van Attikum 2013), and prominent
among damage-linked histone modifications is the phos-
phorylation of histone variant H2A.X by the checkpoint
kinases ATR and ATM (yH2A by Mecl and Tell in bud-
ding yeast). This modification recruits repair factors and
amplifies signaling by the DDC (Rogakou et al. 1998;
Downs et al. 2000). In addition, H4 acetylation
(H4K16ac) as well as histone H1 and H2B ubiquitylation
coincide with the DDR. Acetylation of H4K16 is carried
out by the histone acetyltransferases TIP60 and MOF
(Murr et al. 2006; Sharma et al. 2010), with MOF regulat-
ing global levels of H4K16ac and TIP60 localizing to DSBs
to modify H4K16 in a site-specific manner (Akhtar and
Becker 2000). Importantly, cells depleted for either MOF
or TIP60 were defective in DSB repair (Murr et al. 2006;
Li et al. 2010; Sharma et al. 2010).

The E3 ligases that carry out ubiquitinylation also con-
tribute to repair functions. The RNF20-40 complex
monoubiquitinylates H2BK120 near DSBs, coincident
with RNF8-mediated ubiquitination of histone HI1
(Huen et al. 2007; Mailand et al. 2007; Thorslund et al.
2015). RNF168, another ubiquitin ligase, subsequently
binds to ubi-H1 to target H2AK13 and K15 (Wang and
Elledge 2007; Doil et al. 2009; Mattiroli et al. 2012).
This cascade of ubiquitination events carried out by the
combined action of RNF8 and RNF168 favor the recruit-
ment of 53BP1, a protein that channels DSB repair to non-
homologous end-joining (NHE]). In contrast, H4K16ac
together with monoubiquitylated H2BK120 promotes
chromatin relaxation and the recruitment of factors that
mediate resection, favoring HDR (for an in-depth review,
see Schwertman et al. 2016).

In addition to the PTMs that arise in response to geno-
toxic insults, the prelesion chromatin status can directly
influence DNA repair and its outcome. For instance,
H3K36 methylation, a mark for transcriptionally active
chromatin, was shown to recruit the HR machinery to
DSBs (Aymard et al. 2014; Pfister et al. 2014; Bleuyard
et al. 2017). In contrast, methylated H4K20 (H4K20me2)
provides a 53BP1-binding site that promotes NHE] (Sand-
ers et al. 2004; Botuyan et al. 2006; Pellegrino et al. 2017).
Recent results extend this by proposing that unmethy-
lated H4K20, which marks replicated DNA, favors HR
over NHE] (Saredi et al. 2016).

In summary, histone PTMs work alongside histone var-
iants to define nucleosome structure and orchestrate re-
pair. Both help partition the genome into domains that
seem to have different degrees of accessibility, which in
turn can affect the repair pathway used. This of course im-
plies that there is an extensive regulation of the enzymatic
machinery that controls the assembly, disassembly, and
distribution of histones and nucleosomes.

Histone chaperones and nucleosome remodelers:
architects of chromatin

Two large families of proteins, histone chaperones and nu-
cleosome remodeling complexes, carry out the majority of
these “architectural” tasks (Fig. 1). As soon as histones are
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synthesized in the cytoplasm, they are bound by dedicated
histone chaperones that prevent improper nucleosome as-
sembly, unspecific binding to DNA, and unscheduled his-
tone degradation. Chaperones have overlapping as well as
unique roles in histone delivery, buffering, and transfer
(for reviews, see De Koning et al. 2007; Gurard-Levin
et al. 2014). Following the chaperone-mediated assembly
of nucleosomes, their variant histone composition, com-
paction level, and position with respect to sequence mo-
tifs can all be altered by chromatin remodelers (Fig. 1).
Whereas remodelers generally do not assemble new nucle-
osomes from histone dimers, they nonetheless bind his-
tones through their actin-related protein subunits (e.g.,
Arp4, Arp5, Arp6, Arp7, Arp8, and Arp9 in S. cerevisiae)
(Fig. 1) and often work in concert with chaperones. Nucle-
osome remodeling complexes generally contain a large
Swi2/Snf2 (switch/sucrose nonfermenting) ATPase as
their catalytic subunit and use energy from ATP hydroly-
sis to exchange histone variants or evict, slide, and space
nucleosomes along DNA. Even though their modes of ac-
tion overlap to a certain extent, each remodeler carries out
a dedicated function with respect to gene transcription,
DNA replication, repair, and chromatin structure (for re-
views, see Clapier and Cairns 2009; Papamichos-Chrona-
kis and Peterson 2013). For the majority of Snf2 ATPases,
this specificity depends on their assembly into large mac-
romolecular complexes; each complex contains its own
set of auxiliary subunits, which can include DNA heli-
cases, histone-modifying enzymes, histone mark readers,
Arps, and actin itself. Two exceptions to this, however, are
the human Alcl (amplified in liver cancer 1) and SMAR-
CAD1 (yeast Fun30 [function unknown protein 30])
ATPases, which contribute to repair pathways on their
own (for reviews, see Seeber et al. 2013b; Jeggo and Downs
2014).

Subnuclear organization and the higher-order folding
of chromatin

One consequence of regular nucleosome packing, particu-
larly in the presence of histone HI, is the folding of the
10-nm nucleosomal fiber into a solenoid helix called the
30-nm fiber (Fig. 1). Whereas the exact structure of these
folded 10-nm fibers is debated, it is nonetheless important
to note that chromatin domains assume different levels
of higher-order packaging, which helps prevent intermin-
gling of chromosomes in nuclear space. Particularly in
higher eukaryotes, entire chromosomes were shown
to occupy distinct “territories” with an ordered radial
distribution that correlated with the density of genes
(Gilbert et al. 2005). Budding yeast nuclei have a slightly
different mode of organization, with chromosomes as-
suming a loose Rabl configuration in which all centro-
meres are clustered near the membrane-embedded
spindle pole body (SPB), and telomeres are found opposite
this at sites around the nuclear rim (Fig. 1; Gotta et al.
1996; Bystricky et al. 2005; Duan et al. 2010). Finally, a
third element of nuclear organization concerns the distri-
bution of repetitive sequences and silent tissue-specific

Chromatin dynamics in repair

genes into heterochromatin, a compact chromatin state
that has H3K9 methylation and low levels of transcription
and forms subnuclear clusters. Given the risk that
resected repeats might misanneal to homologous but in-
appropriate sequences, it is not surprising that hetero-
chromatic domains have evolved mechanisms to
suppress HDR (Amaral et al. 2017). Similarly, in yeast,
the nucleolar subcompartment, which contains tandem
rDNA repeats, suppresses HR-mediated repair (Torres-
Rosell et al. 2007). Thus, across multiple eukaryotic spe-
cies, both subnuclear context and chromatin states influ-
ence repair pathways (Torres-Rosell et al. 2007; Oza et al.
2009; Chiolo et al. 2011; Agmon et al. 2013; Horigome
et al. 2014; Tsouroula et al. 2016; Batte et al. 2017) just
as they regulate transcription.

Chromatin movement and position during DSB repair

DDC activation and HDR

All cells, whether post-mitotic or proliferating, are chal-
lenged by thousands of DNA-damaging events every
day, and damage generally occurs irrespective of the un-
derlying sequence. Damage is induced by exogenous
agents (e.g., radiation, radiomimetic cancer drugs, or tox-
ins) as well as endogenous activities (e.g., free radicals aris-
ing from cell metabolism or replication errors) (Lindahl
and Barnes 2000; Jackson and Bartek 2009), with one of
the most common sources of damage being solar UV light,
which forms thymidine base dimers. Other modifying
agents, such as methylmethane sulfonate (MMS), add
bulky adducts to DNA. If left unrepaired, such adducts
pose a barrier to both DNA and RNA polymerases, caus-
ing the formation of single-stranded stretches of DNA
and, occasionally, DSBs. Similar problems arise when nu-
cleotide pools are depleted during DNA synthesis, a con-
dition that triggers replication fork collapse and break
formation. In contrast to this, ionizing radiation (IR) or ra-
diomimetic antibiotics such as zeocin (or the related bleo-
mycin) directly induce DNA nicks and, at low frequency,
DSBs (Povirk et al. 1977). Different repair pathways have
evolved to deal with these diverse lesions, yet common
among many pathways is the DDC response (Fig. 2A).
The DDC is initiated by the conserved damage-sensing ki-
nases ATR and ATM. These activate downstream kinases
and other enzymes, which initiate and fine-tune repair
pathway choice and the delay and resumption of cell cycle
progression.

Two opposing pathways dominate DSB repair: NHE]
and HR (Fig. 2B). During NHE], free DNA ends are rapidly
ligated, which in principle can be error-free. However, if
there has been removal or modification of the terminal
bases, as often occurs, then repair by NHE] will be muta-
genic. In contrast, DSB repair by HR copies information
from an identical intact DNA template (the sister chroma-
tid or an ectopic donor) to restore the original sequence
without mutation (Heyer et al. 2010; Symington and Gau-
tier 2011). While this is most often error-free repair, im-
proper annealing or repeat-driven recombination can
also generate large deletions, insertions, and genomic
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translocations. Mammalian cells prevalently use NHE]
yet have substantial levels of HR during DNA replication.
Yeasts generally carry out repair during S or G2 phase and
preferentially template HR-mediated repair from the sis-
ter chromatid. Like mammals, however, yeast also has a
fully functional NHE]J pathway that functions throughout
the cell cycle.

The first step in HR-mediated DSB repair is the recruit-
ment of the Mrel 1-Rad50-Nbs1 complex (Mrel-Rad50-
Xrs2 in budding yeast), which directly activates the check-
point kinase ATM (Tell) or triggers resection that in
turn recruits and activates the alternative DDC kinase
ATR/Mecl (Fig. 2C). Transducer proteins (53BP1/Rad9
and MDC1) help transmit the damage signal to down-
stream effector kinases (CHK2/Rad53 and CHK1) and trig-
ger a full checkpoint response. Whereas ATR/Mecl stays
bound to the ssDNA-RFA complex that recruits it, the re-
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Figure 2. Checkpoint activation and DSB repair in the
context of chromatin. (A) Proteins involved in DDC ac-
tivation in response to a DSB. The checkpoint stalls the
cell cycle and coordinates repair proteins acting at the
site of damage. Mammalian proteins are capitalized.
(B) Three of the main DSB repair pathways are shown:
NHEJ, single-strand annealing (SSA), and HR (see the
text for details). HR intermediates are resolved by subse-
quent pathways, resulting in different repair outcomes
(light-blue box). (BIR) Break-induced replication;
(SDSA) synthesis-dependent strand annealing; (dHJ)
double-Holliday junction. (C) Effects of both the DDC
and the DSB repair functions integrate on the chromatin
template. The key steps and the main players during ho-
mology-directed DSB repair are listed. The first panel
highlights early steps after DSB formation. The second
panel illustrates DSB processing and spreading of the
DDC signal. The last panel shows the Rad51 nucleofila-
ment before homology search and after strand invasion
and repair.
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sponse spreads throughout the entire nucleus thanks to
dispersion of these weakly bound effector kinases. These
stimulate the recruitment of repair proteins and down-
stream events, such as cell cycle arrest and transcriptional
induction of functions necessary for repair. For an in-
depth review of DDC activation, see Ciccia and Elledge
(2010).

Early repair factors such as the RecQ helicase BLM
(yeast Sgsl) can reverse fold-back structures to facilitate
resection by the exonucleases CtIP/Sae2, Exol, and
Dna2, which also has a helicase domain. The requirement
for helicases highlights the fact that DNA structure
changes during repair. This becomes especially important
during HR-mediated repair, which requires access to both
the lesion and a homologous template for strand invasion
(Heyer et al. 2010). Nucleosomes can obstruct end pro-
cessing and repair factor access (Fig. 2C), and, to overcome


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 5, 2022 - Published by Cold Spring Harbor Laboratory Press

this barrier, several chromatin remodeling complexes are
recruited to DSBs, including INO80-C, SWR1-C/SRCAP-
C, and RSC in yeast and BAF, CHD3/CHD4, and INO80
in mammals (for reviews, see Seeber et al. 2013b; Jeggo
and Downs 2014). Their action is thought to increase
chromatin accessibility. For instance, INO80-C binds to
H2A.Z-containing nucleosomes, where it exchanges
H2A.Z-H2B dimers for canonical H2A-H2B (Papami-
chos-Chronakis et al. 2011; Lademann et al. 2017). This
has been shown recently to be important for both DNA
end resection and presynaptic filament formation (Lade-
mann et al. 2017). The reverse action is catalyzed by
SWRI1-C, which incorporates H2A.Z-H2B dimers into nu-
cleosomes in a stepwise and unidirectional fashion (Luk
et al. 2010). Besides INO80O and RSC (Chai et al. 2015), a
third remodeler that has been implicated in DSB repair
is Fun30 and its human homolog, SMARCADI. Both
the yeast and human proteins appear to promote Exol-
and Dna2-mediated long-range resection through chroma-
tin (Chen et al. 2012; Costelloe et al. 2012; Eapen et al.
2012). In yeast, Fun30 was shown to catalyze histone
dimer exchanges and nucleosome repositioning (Awad
et al. 2010), while, in mammals, it promotes telomere
maintenance by recombination in the absence of telome-
rase (Cox et al. 2016). The binding of Fun30 at DSBs de-
pends on an interaction network that includes the
damage scaffold protein TOPBP1/Dpbl1 and the 9-1-1
complex (Bantele et al. 2017). The resection that it pro-
motes creates long 3’ ssDNA overhangs flanking the
break, which are in turn bound by the ssDNA-binding
complex RPA, which recruits ATR/Mecl that extends
H2A.X phosphorylation (generating large stretches of
yH2A.X in mammals and yH2A in yeast). Finally, follow-
ing resection and repair, Fun30 was shown to have an im-
portant role in deactivating the DDC kinase cascade
(Chen et al. 2012; Eapen et al. 2012).

Once resected, Rad52 mediates the replacement of RPA
by Rad51, triggering the formation of a Rad51 nucleofila-
ment, which engages in a physical search for its homolo-
gous template. This process of homology search has long
been considered the one step in repair that a priori re-
quires DNA movement by either three-dimensional dif-
fusion or “sliding” along the chromatin (Wilson et al.
1994). To find and invade a double-stranded donor
template is inherently difficult, and it is even harder if
the homologous donor is spatially distant or sequestered
in another chromatin domain. This may be facilitated
through controlled relocalization events and events that
increase the physical mobility of both damaged and un-
damaged DNA in response to stress (Dion and Gasser
2013).

DSB repair within the nuclear space—a matter
of chromatin context

The accumulation of repair factors in “foci” has been
studied for years in mammalian cells. However, the shift
of DSBs to subnuclear structures for repair was initially
characterized in yeast (Nagai et al. 2008) and was only
recently shown to occur during DSB repair in flies and

Chromatin dynamics in repair

mammals, particularly for breaks occurring in a hetero-
chromatin context. Early work in yeast focused on telo-
meres, which bind two integral inner nuclear membrane
proteins—Mps3 (a SUN [Sadl1-Unc-84-related] domain
protein) and Esc1 (an acidic protein)—that suppress subte-
lomeric recombination (Schober et al. 2009). Similarly,
the highly repetitive IDNA array is tethered at the nuclear
envelope through the LEM2 homolog Heh1/Srcl, which
also helps repress recombination among rDNA repeats
(Mekhail et al. 2008). The fact that spontaneous Rad52-
containing foci, which form during canonical HR, are spe-
cifically depleted from the nuclear envelope (Bystricky
et al. 2009) led to the hypothesis that binding the nuclear
envelope per se might suppress recombination and favor
alternative pathways of repair (Taddei and Gasser 2012;
Horigome et al. 2016).

A further player in damage positioning is the nuclear
pore complex (NPC). High-throughput synthetic pheno-
types coupled with targeted mutant analysis showed
that the NPC’s Nup84 subcomplex serves as a binding
site for persistent DSBs that cannot be repaired by either
classic NHE]J or HR (Nagai et al. 2008; Kalocsay et al.
2009; Oza et al. 2009) and for collapsed replication forks
(Nagai et al. 2008; Su et al. 2015). Subtelomeric breaks
(Therizols et al. 2006) and short telomeres in the absence
of telomerase (Churikov et al. 2016) also relocate to the
NPC in order to be processed for alternative pathways of
repair in cells lacking telomerase. Unlike fork-associated
damage, DSBs were shown to bind the Nup84 complex
in both G1 and S phase and to not require either the chro-
matin remodeler INO8O-C or the recombinase activity of
Rad51 (Horigome et al. 2014). On the other hand, the relo-
cation of DSBs to Mps3 occurred uniquely in S/G2 phase
and was shown to be dependent on resection and Rad51
in both budding and fission yeasts (Horigome et al. 2014;
Swartz et al. 2014). Intriguingly, DSB binding to Mps3
binding required the two remodelers INO80-C and
SWRI1-C, while break relocation to the NPC required
only SWR1-C and occurred without extensive resection
(Yoshida et al. 2010; Horigome et al. 2014). Consistent
with the notion that Mps3 and NPC mediate different
functions in repair, it was shown that sister chromatid ex-
change defects were additive upon sequential loss of Mps3
and Nup84 (Horigome et al. 2014).

The SIx5/S1x8 SUMO targeted ubiquitin ligase (STUDbL)
is also recruited to DSBs and forms a bridge to the Nup84
subcomplex of the NPC in both yeast (Nagai et al. 2008)
and flies (Ryu et al. 2015). Its loss enhances the rate of
gross chromosomal rearrangements, which arise from
spontaneous ectopic recombination events (Zhang et al.
2006; Nagai et al. 2008). The STUbL Slx5/S1x8 was pro-
posed to play an active role in relocation, given that it ac-
cumulates at breaks (Cremona et al. 2012; Psakhye and
Jentsch 2012; Sarangi and Zhao 2015).

Four recent studies (Ryu et al. 2015; Su et al. 2015;
Churikov et al. 2016; Horigome et al. 2016) shed light
on the function of SUMOylation and STUDbL binding not
only at induced DSBs but also at short telomeres and
collapsed replication forks (for reviews, see Seeber and
Gasser 2016; Amaral et al. 2017). In yeast, poly-
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SUMOylation mediated by the E3 ligases Siz2 and Mms21
recruited S1x5/S1x8 to persistent breaks in G1 phase, and
both SIx5 and SIx8 were necessary for damage relocation
to pores (Horigome et al. 2016). In contrast, during S
phase, mono-SUMOylation by Mms21 was sufficient to
shift a resected break to Mps3 even in the absence of
S1x5/S1x8. Functionally, the interaction of DSBs with
S1x5/S1x8 at the NPC favored repair by break-induced rep-
lication (BIR) and/or imprecise end-joining. In addition
to DSBs, Churikov et al. (2016) showed that the shift of
critically short telomeres to the yeast NPC made use
of a SUMO-dependent pathway that also involved the
binding of Slx5/S1x8 to poly-SUMOlyated proteins. This
facilitated recombination-mediated telomere maintenance
through either de-SUMOylation or proteasomal degrada-
tion (Nagai et al. 2008; Churikov et al. 2016). In a similar
manner, heterochromatic DSBs in Drosophila cells were
seen to move toward the edge of heterochromatin (Chiolo
et al. 2011) and then undergo a second relocation event to
the NPC (Ryu et al. 2015). Collectively, these results eluci-
dated a conserved SUMOylation-dependent pathway that
facilitates the association of damaged loci with either the
NPC or a SUN domain-binding site in the inner nuclear
membrane, each favoring distinct steps in repair.

Repair in heterochromatic domains: integrating DSB
relocation with chromatin structure

Like the DSB movement to pores, the extrusion of DSBs
from heterochromatin has been observed in multiple con-
texts. It is important to note that heterochromatic regions
consist of highly repetitive sequences that are prone to
nonallelic ectopic recombination. Illegitimate recombi-
nation events in heterochromatin can result in transloca-
tions, duplications, and deletions, reminiscent of the
alterations found in human pathologies (Pearson et al.
2005). Moreover, NHEJ in repetitive DNA, even if impre-
cise, is potentially less problematic given that small inser-
tions or deletions do less harm within tandem repeats
than in genes. Given these considerations, it is clear that
repair within these regions needs to be tightly regulated
in order to preserve genome integrity.

The major domain of repetitive sequence in yeast is the
rDNA, which is found in the nucleolus. Given the large
number of repeat units, a large fraction of the rDNA is
usually kept in a heterochromatic state. An early study
in yeast showed that an induced DSB in the rDNA shifts
into the nucleoplasm out of the nucleolus in order to be
processed for repair by HR (Torres-Rosell et al. 2007). Ex-
trusion from the nucleolus depended on the SUMOyla-
tion of Rad52 by the Smc5/6-Mms21 SUMO ligase
complex. Mutations that abrogated this shift caused
rDNA hyperrecombination and genome instability, al-
though one cannot exclude that the mutants also altered
other steps in repair (Torres-Rosell et al. 2007). Recently,
two reports showed that this pathway is conserved in hu-
man cells (Harding et al. 2015; van Sluis and McStay
2015). In both studies, persistent DSB in the rDNA shifted
away from the nucleolus and its repetitive DNA (Harding
et al. 2015; van Sluis and McStay 2015). This coincided
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with ATM-dependent inhibition of RNA polymerase I,
an important step that helps prevent collision between
the repair and transcription machineries.

Pericentric and centromeric repeats in mammals and
flies also form heterochromatic compartments, and the
processing of DSBs within pericentric regions in Droso-
phila is strikingly similar to that observed in the yeast
rDNA. Irradiation-induced DSBs were shown to be relo-
cated out of heterochromatin prior to Rad51 recruitment
and HDR (Chiolo et al. 2011). Moreover, pericentric
DSBs were subject to SUMOYylation-dependent anchoring
to the NPC after being shifted to the edge of the hetero-
chromatic domain (Ryu et al. 2015). In mouse cells, G1-
phase pericentric breaks that were repaired by NHE] re-
mained positionally stable, whereas breaks in S/G2 were
resected and relocated to the edge of the pericentric
domain (Tsouroula et al. 2016). Intriguingly, breaks in
the centromeric domain (which, unlike pericentric chro-
matin, does not bear H3K9 methylation) behaved differ-
ently; however, in both cases, repair by HR showed
heterochromatic exclusion. In mice, DSB relocation was
dependent on DNA resection followed by Rad51/BRCA2
binding, which stabilized DSBs to prevent repair by a
more deleterious recombination pathway called single-
strand annealing (SSA) (Tsouroula et al. 2016).

Given that the repair of heterochromatic DSB by HR oc-
curs only after breaks relocate away from the repressive
compartment, it was proposed that the kinetics of repair
within heterochromatin might be slower than in euchro-
matin (Torres-Rosell et al. 2007; Ayoub et al. 2008; Chiolo
etal. 2011; Jakob et al. 2011; Ryu et al. 2015; van Sluis and
McStay 2015). Whereas some data suggested that HR and
NHEJ in heterochromatin are temporally distinct (Har-
ding et al. 2015), a recent study in Drosophila argued
that a single induced DSB is repaired with roughly the
same kinetics in euchromatic and heterochromatic do-
mains and that both environments were able to support
both pathways of repair (Janssen et al. 2016). Nonetheless,
induced DSBs shift away from heterochromatin like irra-
diation-induced breaks (Chiolo et al. 2011; Ryu et al.
2015). Thus, in both flies and mice, there is a conserved
segregation of HR-mediated repair events away from do-
mains that are rich in sequence repeats (Tsouroula et al.
2016).

It makes sense to sequester the breaks that occur in re-
peats away from ectopic copies that could generate aber-
rant recombination events, and some of the key triggers
for DSB relocation were identified. Nevertheless, it was
unclear how highly compacted heterochromatin itself
might change following DNA damage. One attractive hy-
pothesis for the long-range shifts of broken DNA was that
changes in flanking nucleosome organization were at the
root of the rearrangement.

Heterochromatin unfolds in response to DNA damage

Heterochromatin is generally compacted and relatively
inaccessible to RNA polymerases. This restrictive
chromatin nature relies primarily on a dense packing of
nucleosomes, repressive histone marks (H3K9me3 and
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H3K27me3), and the presence of other heterochromatin-
binding proteins, such as HP1 and KAP-1 (Goodarzi
et al. 2008). Since heterochromatin is as likely to incur
breaks as euchromatin and since repair kinetics may be
similar (Janssen et al. 2016), it was proposed that the ac-
cessibility of DNA within heterochromatin might change
during the DDR. Several studies have indeed shown that
DNA damage causes heterochromatin to unfold. In hu-
man fibroblasts or mouse NIH3T3 cells, chromatin relax-
ation in response to IR results from ATM-dependent KAP-
1 phosphorylation and its subsequent loss from hetero-
chromatin (Ziv et al. 2006; Goodarzi et al. 2008, 2011;
Beucher et al. 2009; Woodbine et al. 2011; Lee et al.
2012). Interestingly, CHD3 (Goodarzi et al. 2011), a
remodeler involved in chromatin compaction and gene re-
pression (Denslow and Wade 2007), also was dissociated
upon KAP-1 phosphorylation. Comparable events were
seen after treatment with tert-butyl hydroperoxide
(TBH), an agent that confers oxidative damage (Woodbine
et al. 2011). Analogously, the yeast remodeler enzyme
SWI/SNF was needed to facilitate Rad51- and Rad54-de-
pendent strand invasion by alleviating heterochromatic
constraints during recombinational repair of the MAT lo-
cus with HML (Sinha et al. 2009).

In Drosophila, both checkpoint kinases ATM and ATR
are required for global heterochromatin expansion, which
coincides with DSB relocation and the binding of HR fac-
tors such as Rad51 (Chiolo et al. 2011; Ryu et al. 2015).
Whereas heterochromatin relaxation also occurs at site-
specific CRISPR-Cas9-induced DSBs in mammalian
cells, it was found that the compacted state in pericentric
or centromeric regions was not refractory to mammalian
RADA51 or KU8O binding (Tsouroula et al. 2016). Further-
more, RAD51 recruitment patterns were not altered after
heterochromatin relaxation was forced by either treat-
ment with the deacetylase inhibitor trichostatin A
(TSA) or tethering of the transcriptional activator VP64
(Tsouroula et al. 2016). Thus, even though chromatin
decompacts, changes in repair factor accessibility did
not change significantly, and therefore it does not seem
to be the critical parameter for repair.

It remained possible, however, that heterochromatin
expansion and compaction would be functionally linked
to damage relocation. Intriguingly, heterochromatin ex-
pansion did not reduce the heterochromatin-associated
mark H3K9me3 and rather led to its increase in regions
flanking the DSB (Tsouroula et al. 2016), consistent with
data showing that laser damage-induced chromatin ex-
pansion was followed by a localized compaction (Burgess
et al. 2014). This recompaction was found to be important
for checkpoint signaling but not for repair, which suggests
that specific chromatin configurations may regulate dif-
ferent steps of the DDR in a temporal manner. After spe-
cific and sequential steps that open chromatin for factor
accessibility, a closed conformation is restored (Soria et
al. 2012).

The role of chromatin compaction levels was also inves-
tigated at mammalian telomeres. Telomeres are struc-
tures with long TTAGG repeats that extend over many
kilobases, ending in a 3’ ssDNA overhang. If left unpro-
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tected, the overhang looks like a resected DSB ready for
recombination. Normally, the Shelterin complex (con-
taining repeat-binding factors TRF1 and TRF2 and other
proteins) binds to telomeric ends and bends them back,
forming a protective “t loop.” T-loop formation blocks
ATM binding and prevents DDR activation and illegiti-
mate recombination events (Denchi and de Lange 2007;
Guo et al. 2007). It was further proposed that the telo-
mere-protective complex Shelterin might mediate chro-
matin compaction at telomere ends to prevent aberrant
DNA damage signaling (Bandaria et al. 2016). Since
DDR signaling is not strictly inhibited by chromatin com-
paction (Ziv et al. 2006; Goodarzi et al. 2008) and since, in
some cases, chromatin recompaction can even amplify
DDC signaling (Burgess et al. 2014), it was difficult to pre-
dict a priori whether chromatin compaction at telomeres
stems the DDR. To probe this, Bandaria et al. (2016) used
superresolution microscopy and showed that the Shel-
terin complex organizes human telomeric DNA into a
compact globular structure in HeLa cells. Interestingly,
knockdown of individual Shelterin subunits or mutations
that interfered with its assembly caused a 10-fold increase
in telomere volume, presumably a reflection of chromatin
unfolding. This correlated directly with the accumulation
of DDR signals at telomeres, leading the investigators to
suggest that DNA compaction reduces DDR activation
at telomeres, introducing a “telomere compaction model”
for checkpoint regulation (Bandaria et al. 2016).

Two further studies challenged this idea. Superre-
solution stochastic optical reconstruction microscopy
(STORM) in mouse cells (Timashev et al. 2017) or HeLa
cells (Vancevska et al. 2017) depleted for TRF1, TRF2, or
both showed that DDR markers such as yH2A.X or
53BP1 accumulate at telomeres without widespread chro-
matin decompaction (Timashev et al. 2017; Vancevska
et al. 2017). In both studies, the knockdown of telomeric
Shelterin factors affected the size of a subset of DDR-pos-
itive telomere foci, yet this was thought to reflect 53BP1-
dependent clustering of dysfunctional telomeres rather
than decompaction. While compacted chromatin states
may still protect telomeres from end-to-end joining and
unwanted recombination, these studies challenge the no-
tion that chromatin compaction itself regulates check-
point activation at telomeres.

The generalized response of chromatin to damage

DNA damage obviously can occur anywhere in the ge-
nome, and the results on chromatin compaction cited
above seem to argue that repair factor accessibility is
not the crucial factor differentiating repair in heterochro-
matin from euchromatin. Indeed, nucleosomal structure
is a barrier to repair genome-wide. Consistently, chroma-
tin decondensation was found to promote the repair of
many different DNA lesions, including base damage,
nicks, and breaks, regardless of the chromatin context.
The question then is, how does damage-induced decom-
paction occur?

UV light causes base damage that is repaired by a pro-
cess called nucleotide excision repair (NER). In this
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pathway, the detection of DNA lesions is stimulated by
the damaged DNA-binding protein 2 (DDB2), a member
of the cullin—-RING ubiquitin ligase (CRL4) complex (Mar-
teijn et al. 2014). ZRF1, another NER protein, stabilizes
the CRL4 complex at damaged sites (Gracheva et al.
2016), and DICER-processed noncoding RNAs were pro-
posed to assist repair (Francia et al. 2012; Wei et al.
2012). Fluorescence microscopy experiments in hamster
cells then showed that DDB2 elicits the unfolding of large
chromatin structures at UV-induced damage sites in an
ATP-dependent manner (Luijsterburg et al. 2012). Inter-
estingly, this coincided with a DDB2- and PARP1-depen-
dent reduction in core histone density around the lesion
(Luijsterburg et al. 2012). Finally, the direct targeting of
DDB2, ZRF1, or DICER to chromatin by a Lacl fusion pro-
tein allowed the unfolding of chromatin even without
DNA damage (Adam et al. 2016; Chitale and Richly
2017). Under these conditions, the DICER and ZRF1 ef-
fects were shown to depend on PARPI1, with the catalytic
DICER activity being dispensable (Chitale and Richly
2017).

Chromatin decompaction at DSBs occurs independent-
ly of the repair pathway. In human U20S cells, PARP1
was shown to recruit the CHD2 remodeler to multipho-
ton microirradiation-induced DSBs through a PAR-bind-
ing domain. CHD2 triggered rapid chromatin expansion
and the deposition of histone variant H3.3 (Luijsterburg
et al. 2016). This was further required to assemble the
NHE] complex at broken chromosomes and promote effi-
cient DSB repair (Luijsterburg et al. 2016). Another mi-
croscopy-based study used a molecular flow assay to
measure chromatin compaction around irradiation-in-
duced breaks (Hinde et al. 2014). By analyzing the flow
of EGFP molecules into chromatin before and after DSB
induction, Hinde et al. (2014) argued that DN A damage in-
duces a transient decrease in chromatin compaction,
which in turn facilitates the recruitment of the NHE] re-
pair factor Ku70 to the lesion.

The transient decompaction of chromatin near a DSB
was confirmed in yeast using improved time-lapse imag-
ing regimes and superresolution microscopy (Amitai
et al. 2017; Hauer et al. 2017). The chromatin expansion
that occurred at an induced DSB was INO80-dependent.
Polymer models based on mobility parameters predicted
that chromatin unfolding would favor DSB extrusion
from compacted domains, a prediction borne out in live-
imaging experiments in yeast (Amitai et al. 2017).

In summary, both mammalian chromatin and yeast
chromatin unfold and, in some cases, recompact in re-
sponse to DNA damage in both heterochromatic and eu-
chromatic domains. The processing of the DSB or the
abundance of repair factors may guide different repair
pathways even though the difference in accessibility be-
tween euchromatin and heterochromatin is not large.
Chromatin may help protect telomeres as well, along
with t loops. Interestingly, all of these findings indicate
large-scale changes in chromatin structure in response
to damage, yet selective break relocation from one nuclear
compartment to another cannot be explained simply by
chromatin expansion, and other pathways are implicated
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in the targeted shifts made by DSBs, such as the genera-
tion of damage-specific binding sites on nuclear structures
and the alteration of microtubules and/or actin filaments
(Dion and Gasser 2013; Horigome et al. 2014; Lotters-
berger et al. 2015; Amitai et al. 2017).

Chromatin constraints and mobility in the absence
and presence of DNA breaks

Studies from several species show that the baseline move-
ment of chromatin within an interphase nucleus occurs
with a subdiffusive character (Marshall et al. 1997; Born-
fleth et al. 1999; Heun et al. 2001; Vazquez et al. 2001; Al-
bert et al. 2013; Dion and Gasser 2013; Amitai et al. 2015).
This means that chromatin roams within a restricted vol-
ume that is significantly smaller than the volume of the
nucleus. The subdiffusive movement indicates that inter-
nal forces, such as nucleosome-nucleosome contacts or
sister cohesion (Dion et al. 2013), constrain free diffusion
(Marshall et al. 1997; Heun et al. 2001; Vazquez et al.
2001; Chubb et al. 2002; Gasser et al. 2004; Bystricky
et al. 2005). Moreover, the mobility of tagged loci was in-
fluenced by ATP levels (Marshall et al. 1997; Heun et al.
2001; Levi et al. 2005) or DNA interaction with fixed ele-
ments at the nuclear envelope, such as pores, the SPB
(Verdaasdonk et al. 2013; Horigome et al. 2014; Strecker
et al. 2016; Lawrimore et al. 2017), or the inner nuclear
membrane protein Escl (Gasser et al. 2004). Indeed, the
continuity of the chromatin fiber itself was shown to re-
strict movement, given that an excised circular chromatin
locus of 16 kb diffused much more freely than the identi-
cal chromosomal locus (Neumann et al. 2012). Experi-
ments that compared chromatin flexibility and the
degree of movement at different loci along the genome en-
forced this notion (Verdaasdonk et al. 2013; Dickerson
et al. 2016). Finally, altering local chromatin organization
was shown to impact movement, as illustrated by the tar-
geting of a chromatin remodeler to a fluorescently tagged
locus (Neumann et al. 2012). This could also be provoked
by a forced loss of nucleosomes from DNA through muta-
tion or histone shutoff (Bouck and Bloom 2007; Verdaas-
donk et al. 2013; Hauer et al. 2017). Collectively, these
results argued that in response to DNA damage, chroma-
tin remodeling and histone eviction may indeed increase
chromatin mobility, which might have multiple implica-
tions for both compartment shifting and homology
search.

The phenomenon of increased chromatin mobility in
response to DNA breaks—both locally at the induced
DSBs (Fig. 3) and genome-wide—is now robustly docu-
mented (Dion et al. 2012, 2013; Mine-Hattab and Roth-
stein 2012; Hauer et al. 2017; Herbert et al. 2017).
Increased mobility requires damage that activates the
DDC kinase Mecl in yeast, while, at dysfunctional telo-
meres in mammals, increased telomere movement oc-
curred in a 53BPl-dependent and ATM kinase-
dependent manner (Lottersberger et al. 2015). The in-
crease in telomere movement correlated with elevated
rates of telomere-telomere fusions (Dimitrova et al.
2008) and was also dependent on SUN domain-containing
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Figure 3. Concepts of local and global chromatin mobility in response to DNA damage. (A) A summary of local DSB mobility events.
Formation of a DSB activates the DDC kinase Mecl/ATR, which phosphorylates downstream effector proteins (in yeast, Rad9 and
Rad53) as well as chromatin remodeling complexes (INO80-C). If the DSB is repaired by HR, local repair proteins process the lesion, lead-
ing to the formation of the Rad51 nucleofilament, which will engage in homology search and recombinational repair. Chromatin locally
unfolds at the break site, and histones and other proteins are modified by PARylation, SUMOylation, and ubiquitination. These promote
the extrusion of damage from heterochromatic domains and increase access for repair factors. DSBs become more mobile, which is
thought to facilitate homology search throughout the nuclear volume and promote relocation events to the nuclear periphery. Both
the DDC and chromatin remodelers are needed to enhance DSB mobility. (B) Model for global chromatin mobility. Multiple random
DSBs and single-strand breaks cause a global increase in chromatin mobility, which in yeast requires Mecl, Rad53, and INO8O-C.
Both the checkpoint and INO80-C trigger proteasome-dependent degradation of core histones in response to damage, which decompacts
chromatin, enhances global mobility, and facilitates repair. The impact of forced histone reduction is highlighted in blue. (C) Multiple
mechanisms contribute to chromatin mobility following DNA damage in yeast. Chromatin expands in response to damage-driven histone
degradation. Cytoplasmic actin filaments can enhance nuclear rotation. Potentially, a loss of attachment through events such as centro-

mere release might further increase chromatin mobility.

proteins that bridge from the nucleoplasm through the
double nuclear envelope to the cytoskeleton, forming
the so-called LINC (linker of nucleoskeleton and cytoskel-
eton) complex (Lottersberger et al. 2015). The ablation of
cytoskeleton-bound kinesins also compromised mobility
and reduced the rates of end-to-end telomere fusion.
Thus, one source of movement acts through chromatin-
binding components of the nuclear envelope, and kinesins
appears to enhance chromatin dynamics indirectly by
moving the entire nucleus and in turn impacting repair
(Lottersberger et al. 2015). Furthermore, 53BP1-indepen-
dent movement and the clustering of critically short telo-
meres for recombination-dependent end maintenance
through the ALT (alternative lengthening of telomeres)

pathway have been observed (Cho et al. 2014; O’Sullivan
et al. 2014; Cox et al. 2016).

At internal DSBs, mobility is thought to enhance the
search for donor sequences required by HDR (Rudin
and Haber 1988; Wilson et al. 1994; Weiner et al. 2009;
Neumann et al. 2012), which is particularly important
if the sister chromatid is also broken or is absent, neces-
sitating a search for an ectopic template for HDR. Mobil-
ity could also help disassociate illegitimate pairing
events during HR, reattach a loose end for NHE] (Lotters-
berger et al. 2015), or help DSBs shift away from the bulk
of heterochromatic repeats (Torres-Rosell et al. 2007;
Chiolo et al. 2011; Harding et al. 2015; Ryu et al.
2015; van Sluis and McStay 2015; Tsouroula et al.
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2016). However, it should not be forgotten that DSBs that
exhibit increased movement are not always positive, as
they can be a source of genomic translocations (Roukos
et al. 2013).

Histone loss and the cytoskeleton affect chromatin
mobility

Two mechanisms have been shown to drive the increased
chromatin mobility observed at site-specific DSBs, at un-
capped mammalian telomeres, and genome-wide. First, as
mentioned above, the movement of dysfunctional mam-
malian telomeres was shown to be driven at least partly
by microtubule-bound kinesins. The damage-induced in-
crease in mobility was reversibly inhibited by treating
mouse cells with the microtubule poison taxol or nocoda-
zole or by depleting two LINC complex components
(SUN1 and SUN2) or the membrane-spanning KASH
domain Nesprin proteins (Lottersberger et al. 2015). Also
needed was the DDC checkpoint activator 53BP1 (Dimi-
trova et al. 2008; Lottersberger et al. 2015). Similarly, a re-
cent study in mammalian cells used high-throughput
chromosome conformation capture (capture Hi-C) to in-
vestigate the clustering of induced breaks. Again, DSB
clustering occurred in 53BP1-independent actively tran-
scribed regions in a 53BP1-independent manner that re-
quired both DDR proteins and cytoskeleton organizers.
MRN, Formin 2 (FMN2, a nuclear actin organizer), and
the LINC complex were all involved (Aymard et al.
2017), suggesting that forces applied by microtubule mo-
tors linked to the nuclear envelope are transduced to in-
ternal chromatin domains.

In yeast, microtubule depolymerization by nocodazole
did not reduce chromatin movement but rather increased
it in both the presence and absence of damage (Marshall
etal. 1997; Amitai et al. 2017). On the other hand, depoly-
merization of the actin cytoskeleton reduced but did not
eliminate damage-induced chromatin mobility (Amitai
et al. 2017). This discrepancy probably reflects the differ-
ent roles of cytoskeletal filaments in yeast and humans:
In yeast, microtubule depolymerization releases centro-
mere anchoring even in interphase nuclei, augmenting
movement, while loss of actin interferes with subcellular
organelle position, including the nucleus. In another
study, the depletion of the KASH-like protein Csm4, a pu-
tative LINC complex component, increased telomere
movement, possibly by triggering telomere detachment,
while, again, depolymerization of the actin cytoskeleton
by Latrunculin A (LatA) reduced movement (Spichal
et al. 2016). Despite this global reduction of basal chroma-
tin movement upon perturbation of the actin cytoskele-
ton, there is nonetheless a persistent increase in
movement following the induction of DNA damage in
the presence of LatA (Amitai et al. 2017). Using high-res-
olution imaging of the dynamics, it was shown that
LatA suppresses actin-driven nuclear oscillations but
does not interfere with changes occurring on the level of
chromatin (Amitai et al. 2017). We do not exclude, howev-
er, that LatA also impacts actin-containing remodelers,
such as INO80-C or Tip60. Since INO8O-C activity was

2214 GENES & DEVELOPMENT

necessary for damage-associated mobility (Dion et al.
2012; Seeber et al. 2013a), LatA, upon extended incuba-
tion, could interfere with remodeler function.

A recent study confirmed that both local DSB mobility
and global damage-induced movement of chromatin not
only stem from external forces but also arise from a
DDC-triggered INO80-C-dependent alteration of chroma-
tin structure (Fig. 3B). Importantly, this latter correlated
with a significant reduction in nucleosomes on DNA, re-
flecting the proteolytic degradation of 30%-40% of core
histones in yeast (Fig. 3C; Hauer et al. 2017). A direct caus-
al link between nucleosome packing, chromatin unfold-
ing, and enhanced movement was shown by artificially
reducing histone levels by either transcriptionally repress-
ing the histone H3/H4 genes or ablating the HMGBI ho-
mologs of budding yeast, Nhp6a and Nhp6b (Hauer et al.
2017). Earlier work had shown that loss of the HMG pro-
tein Nhp6a/b (HMGBI in mammals) is sufficient to re-
duce histone levels even without exposing cells to
damage (Celona et al. 2011). Down-regulating histones
or deleting the HMGB1 homologs alone led to enhanced
chromatin mobility, domain unfolding, and increased fi-
ber flexibility (Hauer et al. 2017). This directly links chro-
matin composition to physical DNA movement and
places nucleosome stability at the heart of damage-related
mobility. In another recent study, chromatin unfolding
and expansion of domains in response to UV-induced
damage were documented in mammalian cells (Adam
et al. 2016). This was partially dependent on the DDB2
subunit of the CRL4 ubiquitin ligase complex but
stemmed mainly from histone eviction and redistribution
rather than degradation (Adam et al. 2016).

Intriguingly, a previous study had triggered the tran-
scriptional shutdown of histone H3 alone in yeast and
had monitored a loss—not a gain—of locus mobility (Ver-
daasdonk et al. 2013). This difference may be explained by
the very long times used for H3 repression in this study,
which allowed cells to accumulate in G2 phase. In G2
phase, sister-sister cohesion adds additional constraints
to chromatin mobility (Dion et al. 2013). Alternative ex-
planations, of course, are also possible.

A study by the Durocher group (Strecker et al. 2016) re-
cently has postulated a release of chromosomal tethers
around the centromere as the source of alterations in
both local and global chromatin mobility. The investiga-
tors identified Cep3, an inner kinetochore protein in
yeast, as a target of the DDC kinase Rad53 and showed
that damage-induced phosphorylation of Cep3 triggers a
release of centromeres from their SPB tether. This was
proposed to enhance chromatin movement in response
to damage, an effect that appeared to be abrogated in a
phospho-acceptor site mutant, cep3 (S575A) (Strecker
et al. 2016). Strikingly, the cep3-S575A mutation had no
effect on repair by HR, which was interpreted as showing
that chromatin mobility does not facilitate the homology
search (Strecker et al. 2016). However, again, cell cycle-
related changes were not analyzed, and several laborato-
ries reported that they do not score centromere release
in response to damage (Herbert et al. 2017; Lawrimore
et al. 2017).
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The fate of nucleosomes during DNA damage and repair
in yeast

Pioneering studies from the Verreault and Gunjan labora-
tories (Gunjan and Verreault 2003), again in budding
yeast, have shown that changing histone levels can im-
pact DNA damage sensitivity. Early work identified a
Rad53-dependent surveillance mechanism that regulates
histone protein levels in the context of DNA repair (Gun-
jan and Verreault 2003). In this study, histone H3 was
overexpressed from the galactose promoter, leading to
an accumulation of excess histones. In cells depleted for
the DDR mediator Rad53 (rad53A), this resulted in slow
growth, DNA damage sensitivity, and chromosome loss
phenotypes (Gunjan and Verreault 2003; Liang et al.
2012). Surprisingly, rad53A sensitivity to genotoxic
agents was significantly suppressed by reducing histone
H3/H4 gene dosage. A similar benefit to survival was ob-
served following induction of a site-specific DSB: The re-
duction of core histone levels through deletion of genes
encoding H3 and H4 improved survival, possibly by en-
hancing HR-mediated repair (Liang et al. 2012). Interest-
ingly, and in contrast to Hauer et al. (2017), hht2-hhf2A
in the absence of damage seemed to reduce primarily
the free pool of histones rather than chromatin-bound
histones (Gunjan and Verreault 2003; Liang et al. 2012).
Indeed, Rad53 preferentially phosphorylates nonincorpo-
rated histones, targeting them for degradation (Gunjan
and Verreault 2003; Singh et al. 2009). The investigators
suggested that an excess of histones might bind repair pro-
teins and sequester them away from the damage, reducing
cell survival in the face of genotoxic stress (Gunjan and
Verreault 2003). Conversely, it would follow that histone
depletion promotes survival after damage by increasing
the amount of free repair proteins. This may act additively
with the enhanced accessibility of damage to the repair
machinery that stems from a reduced nucleosome density
and an increased mobility of chromatin during the DDR.

Extending damage-induced histone loss and remodeler
action beyond yeast

The question arises of how widespread this phenomenon
of histone loss in response to stress or other genomic con-
ditions might be. It is useful to note that a drop in histone
levels has also been shown to occur during replicative ag-
ing of human fibroblasts (Oberdoerffer 2010; O’Sullivan
et al. 2010; Pal and Tyler 2016). Indeed, late passage cells
show decreased levels of both histone transcription and
histone proteins. Interestingly, this effect seemed to
stem from a chronic checkpoint response triggered by
telomere shortening in the course of aging (O’Sullivan
et al. 2010). Similar degrees of age-related histone level re-
ductions were seen in yeast (Feser et al. 2010), and longev-
ity could be increased by bringing histone amounts back
to their native level (Feser et al. 2010). These physiological
fluxes in histone levels have parallels to a process in which
histone genes are transiently repressed during the recov-
ery of mammalian cells from apoptosis (Tang et al.
2017). The process has been termed “anastasis” and raises
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the hypothesis that transient histone level reductions
could be beneficial for growth recovery, although the
mechanisms were not yet established (Tang et al. 2017).
Naturally, there may also be indirect effects of histone lev-
el reduction that influence cell growth (Gunjan et al. 2005;
Eriksson et al. 2012)

The notion that histones must be removed and replaced
during the repair of DNA damage has been elaborated in a
prime-repair-restore model (Soria et al. 2012). This model
proposes that a lesion must first be made accessible to the
repair machinery (“primed”). Second, the chromatin con-
text of the lesion must be dealt with during repair. Finally,
the chromatin/nucleosomal context must be restored
once repair is completed. The disruption and restoration
of chromatin during the DDR impact both cell survival
and epigenome maintenance (Soria et al. 2012; Adam
etal. 2015; Gerhold et al. 2015), and the process is natural-
ly not restricted to DSBs and repair by HR. It is important
to note that newly deposited histones may lack histone
PTMs or bear others that specifically mark the domain
as a site of repair and that this in itself may be of benefit
to the cell. Depending on the chromatin, it may be that
the original chromatin state is restored in a process that re-
quires both chaperones and remodelers in a later stage of
the cell cycle, allowing for a transient chromatin-based
memory of damage.

The role of remodelers in nucleosome dynamics at IR-
induced DSBs and at sites of UV damage has been demon-
strated in mammalian cells as well (Luijsterburg et al.
2012, 2016). CHD2-dependent remodeling of chromatin
around breaks in human U20S cells relied on PARylation,
which caused chromatin expansion and deposition of the
histone variant H3.3 (Luijsterburg et al. 2016). Finally,
fluorescence recovery after photobleaching (FRAP) mi-
croscopy revealed a DDB2- and PARP1-dependent loss of
core histones from UV-damaged chromatin in hamster
cells (Luijsterburg et al. 2012). Apart from the importance
of PARylation in DDR signaling, ATM and NBS1 recruit-
ment to I-Ppol-induced DSBs was shown to cause local-
ized disruption of nucleosomes in human MCF7 cells,
and chromatin immunoprecipitation experiments
showed a drop in H2B levels at breaks and a selective
loss of H2A and H2B, but not of H3 or H4, around I-Ppol
sites (Berkovich et al. 2007; Goldstein et al. 2013). Similar
results were obtained with FRAP experiments at localized
UV damage sites in human cell lines (Dinant et al. 2013).
In this case, selective H2A/H2B loss at the damaged sites
was scored and was shown to require Sptl6, a subunit of
the histone chaperone FACT that enables transcriptional
restart after repair (Dinant et al. 2013). The down-regula-
tion of nucleolin, a nucleolar protein with histone chaper-
one activity, also abrogated nucleosome disruption, repair
factor recruitment, and DSB repair (Goldstein et al. 2013).

Mammalian nucleosomes are not only lost locally in re-
sponse to UV, IR, or radiomimetic damage but also altered
genome-wide. Chromatin fractionation and salt extrac-
tion studies showed that histones were destabilized and re-
leased from chromatin upon irradiation in human 293T
cells (Xu et al. 2010). Quantitative measures argue that
the core histones H2B, H3, and H4 as well as the histone
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variant H2A X are more readily extractable from chroma-
tin after damage, thanks to an active process that required
the ATPase activity of the p400 ATPase in the SWI/SNF
complex and histone acetylation by the Tip60 acetyltrans-
ferase (Xu et al. 2010). Also implicated in such responses is
the human CUL4-DDB-ROCI ubiquitin ligase, which
modifies histones in vitro and ubiquitinates H3 and H4
in response to global UV damage in vivo (Wang et al.
2006). Ubiquitination also weakens histone-histone inter-
actions to enhance nucleosome eviction, although it is un-
clear whether subsequent proteasomal degradation
occurred (Wang et al. 2006), as was shown in yeast (Hauer
etal. 2017). While we can expect there to be species-specif-
ic aspects of histone mobilization and turnover, it is be-
coming clear that such events are central to genome
maintenance across eukaryotic species.

Conclusions

We draw two general conclusions. First, chromatin under-
goes dramatic changes in response to DNA damage not
only locally but genome-wide. Second, we note that de-
spite the prevalent view that histones and nucleosomes
are stable units of chromatin structure, their turnover
and degradation appear to be at the heart of conserved
pathways that help cells deal with genotoxic stress. Lim-
ited histone degradation can drive chromatin mobility, in-
crease access, and perhaps even enhance genomic
stability over the lifetime of cells and organisms. Indeed,
controlled histone proteolysis has been shown to have
roles in a variety of cellular processes, such as develop-
mental transitions, spermatogenesis, the immune re-
sponse, and neuronal plasticity (Maze et al. 2015). As
pointed out in a recent review (Dhaenens et al. 2015), it
is time to investigate more intensely how histone levels
and histone proteolysis regulate processes beyond the
DDR, such as aging. Future studies may show that nucle-
osome dynamics and rates of histone turnover not only
control repair and genome stability but also distinguish
differentiated chromatin states that regulate transcription
(Taneja and Grewal 2017).
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