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DNA double-strand breaks (DSBs) are among the most cytotoxic types of DNA damage, which if left
unrepaired can lead to mutations or gross chromosomal aberrations, and promote the onset of dis-
eases associated with genomic instability such as cancer. One of the most discernible hallmarks of the
cellular response to DSBs is the accumulation and local concentration of a plethora of DNA damage
signaling and repair proteins in the vicinity of the lesion, initiated by ATM-mediated phosphorylation
of H2AX (�-H2AX) and culminating in the generation of distinct nuclear compartments, so-called Ion-
izing Radiation-Induced Foci (IRIF). The assembly of proteins at the DSB-flanking chromatin occurs in
a highly ordered and strictly hierarchical fashion. To a large extent, this is achieved by regulation of
hosphorylation
NA repair

protein–protein interactions triggered by a variety of post-translational modifications including phos-
phorylation, ubiquitylation, SUMOylation, and acetylation. Over the last decade, insight into the identity
of proteins residing in IRIF and the molecular underpinnings of their retention at these structures has
been vastly expanded. Despite such advances, however, our understanding of the biological relevance of
such DNA repair foci still remains limited. In this review, we focus on recent discoveries on the mech-
anisms that govern the formation of IRIF, and discuss the implications of such findings in light of our

understanding of the physiological importance of these structures.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

DNA damage arises continuously as the result of intracellu-
ar metabolism and upon the exposure of cells to a multitude of
enotoxic agents [1,2]. If left unrepaired, such insults can be life-
hreatening for cells and organisms as they alter the content and
rganization of the genetic material. To overcome this challenge
o genomic stability, cells have evolved a global signaling network
nown as the DNA damage response (DDR) that senses different
ypes of genotoxic stress to mount a coordinated and multi-faceted
esponse, which includes modulation of cell cycle transitions and
ranscriptional processes, and stimulation of DNA repair [3–5].
ccordingly, the DNA damage response functions as a major cellular
efence mechanism against the accumulation of genetic changes
ssociated with diseases such as cancer and neurodegenerative
isorders [4,6]. Besides being activated by DNA damaging agents,
he DDR constitutes a key surveillance mechanism that monitors
he quality of DNA replication. At the molecular level, the DDR
s organized into an elaborate network of interacting pathways,
he constituents of which can be grouped into three major classes
f proteins that act in concert to translate the signal of damaged
NA into the appropriate downstream response. These comprise

1) sensors, proteins that recognize abnormally structured DNA
nd initiate the signaling response, and (2) transducers, factors
hat relay and amplify the damage signal to (3) effector proteins
n numerous downstream pathways [3,7].

DNA can be damaged in many ways, ranging from relatively
nnocuous single base or nucleotide modifications and single-
trand breaks to highly cytotoxic lesions such as interstrand
rosslinks and double-strand breaks (DSBs) [2,8]. The former types
f lesions occur spontaneously in vast numbers during the cell
ycle, and normally these are swiftly repaired without eliciting full-
lown activation of the DDR. Rather, this phenomenon appears
o be restricted to conditions of massive replication problems
r the presence of DSBs, a particularly destructive type of DNA
esion [2]. DSBs arise from a number of endogenous and exogenous
ources, such as ionizing radiation, oxidative stress, and replication
f damaged DNA. In addition, intentional DSBs are formed during
enetically programmed processes such as meiotic recombination
nd V(D)J recombination in developing lymphocytes [2]. Persistent
r inappropriately repaired DSBs can lead to mutations or more
ross chromosomal aberrations such as deletions and chromosome
oss or translocations. DSB repair occurs via two principal mech-
nisms: non-homologous end-joining (NHEJ) [9] and homologous
ecombination (HR) [10]. Most non-replication-associated DSBs are
epaired by NHEJ, the predominant mode of DSB repair in G0/G1
ells, in which the broken DNA ends are simply pieced together in
n efficient but error-prone fashion. In contrast, HR repairs DSBs
n an error-free fashion, but because this requires an intact sister
hromatid as a template, this mode of DSB repair only takes place
n S/G2 phase cells.

While most of the DDR components are present at all times in the
ell, activation of the DDR is accompanied by a dramatic increase in
he availability of these factors. In bacteria such as Escherichia coli,
his is ensured by the SOS network, a transcriptional program acti-
ated by DNA damage that mediates the rapid production of various
NA repair factors [11]. In eukaryotes, the total amount of DNA

epair factors is not regulated by DNA damage on a global scale;
ather, the local concentration and availability of these proteins is
ncreased. The purpose, however, is the same: to markedly boost
he ability of the DDR to faithfully reestablish genomic integrity.

he local up-concentration of DDR proteins into so-called IRIF (Ion-
zing Radiation-Induced Foci) is a highly regulated yet dynamic
rocess, where numerous proteins are recruited to sites of DSBs
y a range of intricate mechanisms [12–14] (Fig. 1A). In yeast, mul-
iple DSBs can be mobilized into the same repair focus (referred to
Repair 9 (2010) 1219–1228

as a DNA repair factory). In mammalian cells, on the other hand,
DSBs are generally immobile and hence IRIF largely reflects pro-
tein accumulation at single DSBs [13]. The molecular mechanisms
underpinning the structure and generation of IRIF have been the
subject of intense investigation over the last decade, and while it is
clear that the formation of these structures is of great importance
for a successful DDR, our understanding of their biological func-
tion is still surprisingly limited. In this review, we discuss recent
advances in our understanding of the mechanisms that govern IRIF
formation, and the physiological importance of these structures.

2. DNA damage induces compartmentalization of the
nucleus

The complex protein aggregates at sites of DNA damage that
we refer to as IRIF contain all the common hallmarks of nuclear
domains and bodies, such as PML and Cajal bodies, Polycomb
regions, and replication factories [15,16]. Thus, IRIF can be viewed
as an affinity platform for a substantial number of proteins, allowing
for the local concentration of these factors. The involved proteins
generally do not bind stably and constantly to the affinity plat-
form; rather, they are highly dynamic and transiently shuttle in
and out of the IRIF compartment, similar to the behaviour of protein
components of other nuclear domains [12,17].

High-resolution analysis of the architecture of IRIF has revealed
that the nuclear regions containing damaged DNA consist of two
distinct compartments that are spatially separated, have a differ-
ent structural basis, and contain different subsets of proteins [18]
(Fig. 1B). In the first and larger compartment, the chromatin sur-
rounding the DNA lesion serves as an immobile structural platform
for the assembly of the repair machinery. The DSB-flanking chro-
matin areas are sequentially modified by DNA damage-inducible
phosphorylation, ubiquitylation, and other post-translational mod-
ifications as described below, and these tags serve as binding sites
that strongly increase the propensity of DDR factors to interact with
chromatin and thus prolong their residence time in repair foci. Such
DDR-mediated chromatin modifications have been estimated to
extend for as much as up to 1–2 megabases around DSBs, and occur
at all stages of the cell cycle [18,19]. Interestingly, these modifica-
tions are not uniformly distributed along the affected chromatin
fibers and their spreading appears to be highly dynamic [20].

A key step of HR-mediated repair of DSBs in the S and G2 phases
of the cell cycle is resection of the broken DNA ends to create long
stretches of single stranded DNA (ssDNA) that are rapidly coated
by the protective ssDNA-binding RPA protein complex [21]. In this
second and comparably much smaller compartment, RPA-coated
ssDNA serves as a unique scaffold, onto which protein complexes
can form and aggregate. Most prominently, these include factors
that are critically involved in the actual DNA repair process such
as Rad51, BRCA1, and BRCA2. In addition, signaling factors such
as the ATR kinase, its associated proteins ATRIP and TopBP1, and
the Rad9-Hus1-Rad1 (9-1-1) complex, all of which play key roles
as sensors of DNA lesions and in coordinating DNA repair with
cell cycle progression, are recruited to the ssDNA compartment
[18]. Some DDR factors, including BRCA1 and the MRE11-NBS1-
RAD50 (MRN) complex, perform important functions in both of
these DNA damage-induced compartments, and while the nuclear
regions they occupy are both non-overlapping and structurally dis-
tinct, a significant degree of crosstalk between them is evident. For
instance, H2AX, the most proximal component of the chromatin

compartment is excluded from the smaller DNA repair compart-
ment, yet it is of key importance for faithful DNA repair [22,23].
Likewise, the duration of the chromatin response impinges directly
on the duration of the DNA repair process [24]. Here, we focus on the
construction and functions of the chromatin-associated IRIFs that
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Fig. 1. Spatio-temporal properties of the DNA damage response. (A) A large number of DDR regulators accumulate at nuclear sites of DSBs, forming so-called Ionizing Radiation-
Induced Foci (IRIF). A striking example is that of 53BP1, which is homogenously distributed in the nucleus of unperturbed cells but undergoes a dramatic relocalization to
the damaged regions upon exposure to DSB-inducing agents such as IR. (B) Two structurally distinct nuclear compartments are formed around DSBs. One such compartment
is formed in the chromatin regions distal to the break, irrespective of cell cycle stage (left). In the S- and G2 phases of the cell cycle, a subset of DSBs are processed for
repair by homologous recombination. This involves resection of the breaks and generation of long stretches of single-stranded DNA, to which a number of repair and DDR
signaling factors bind. The resulting DSB-associated compartment is distinct from the chromatin compartment, both in terms of its structure and protein composition (right).
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C) Recruitment of DDR proteins to the chromatin compartment of IRIF occurs in
urrounding chromatin, which provides an affinity platform for MDC1 and its bindin
SB-induced histone ubiquitylation, restructuring chromatin to a state permissive f
: Phosphate, Ub: Ubiquitin, ssDNA: single-stranded DNA.

re formed distal to DSBs, while the orchestration of DNA repair
athways in the ssDNA compartment is described in other reviews

n this issue.

. Order and dynamics of protein recruitment to DNA
epair foci
.1. �-H2AX: the most proximal marker of IRIF formation

The assembly of proteins at the DSB-flanking chromatin
ccurs in a highly ordered, strictly hierarchical, and rapid fash-
on (Figs. 1C and 2). Key to the formation of IRIF is the DNA
istinct kinetic waves. The early wave is governed by phosphorylation of the DSB-
tners, such as NBS1 and RNF8. A subsequent wave of protein accumulation requires
retention of downstream factors such as 53BP1 and BRCA1. IR: Ionizing Radiation,

damage-induced phosphorylation of H2AX, a histone H2A variant
that comprises 10–15% of total cellular H2A in higher eukaryotes,
on S139 (to form �-H2AX) [23,25]. While several of the PI3K-
like kinases, including ATM, ATR, and DNA-PK, seem capable of
performing this function [23,26], ATM has emerged as the mas-
ter kinase for both the direct phosphorylation of H2AX and many
ensuing phosphorylation events required for the proper forma-

tion of higher order protein complexes at sites of DNA damage.
The mechanism by which ATM becomes activated in response to
DNA damage has been the subject of a long-standing debate. One
dominating view is that ATM can somehow sense the stochastic
chromatin changes that are associated with DNA breakage, which
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Fig. 2. Hierarchical assembly of IRIF. Genomic DSBs (A) are sensed by the MRN
(MRE11-RAD50-NBS1) complex, which recruits the ATM kinase to the vicinity of the
lesions. The resulting ATM-mediated phosphorylation of the histone variant H2AX
(B) allows for accumulation of the MDC1 protein, along with its binding partners (C).
These include the MRN complex and RNF8, a ubiquitin ligase which initiates histone
poly-ubiquitylation at sites of DNA damage. This chromatin modification allows for
a second wave of protein accumulation, including factors such as 53BP1, the BRCA1
A complex, RAD18 and PTIP (D). By controlling various DNA and chromatin trans-
actions and stimulating DNA repair, the formation of IRIFs is critically important for
the maintenance of genomic stability. P: phosphate, M: MRE11, N: NBS1, R: RAD50,
Ub: Ubiquitin, A: Abraxas (ABRA1), 80: Rap80, EXP1: EXPAND1.
Repair 9 (2010) 1219–1228

in turn causes ATM auto-phosphorylation on S1981, resulting in
dissociation of latent ATM dimers into active monomers [27]. How-
ever, this model has been challenged by the finding that mice solely
expressing an ATM S1987A mutant (corresponding to S1981A in
human ATM) were proficient for ATM-dependent responses at the
cellular and organismal level [28]. Recently, auto-phosphorylation
of ATM was shown to mediate its binding to MDC1, allowing for a
sustained retention of the kinase in IRIF [29]. These findings may
help to reconcile the conflicting views of the importance of ATM
auto-phosphorylation. On the other hand, the MRN complex has
been shown to be critically important for ATM activation [30,31],
and accordingly this complex emerges as the most proximal sensor
of DSBs, possibly mediated through its intrinsic DNA binding capa-
bility [32]. Exactly how ATM activity feeds on DNA lesions remains
enigmatic, and it is likely to involve components that are yet to
be discovered or which we do not currently appreciate in full. One
such candidate factor is the Tip60 acetyl transferase, which mod-
ifies chromatin at sites of DNA damage [33,34], as well as ATM
itself [35], and hence may impact on DNA damage-induced ATM
activation.

Like other core histones, the C-terminal tail of H2AX contains
several amino acid residues that are subject to various post-
translational modifications. While DNA damage-induced S139
phosphorylation remains the best studied of these, other modifi-
cations may also play important roles in regulating the formation
and dynamics of IRIF, or the propensity of different nuclear regions
to support the generation of these structures. Thus, similar to epi-
genetic regulation, the DNA damage response could be subject to
regulation through a histone code that is considerably more com-
plex than mere phosphorylation of S139. Recently, this concept was
supported by the dissection of the relationship between phospho-
rylation of the very C-terminal Tyrosine residue of H2AX (Y142) and
IRIF dynamics. In essence, Y142 was shown to undergo dephospho-
rylation by the EYA phosphatase following induction of DSBs, and
ablation of this activity markedly diminished the levels of �-H2AX
induced by IR [36]. The atypical Tyrosine kinase WSTF, the catalytic
domain of which bears no obvious homology to known kinase folds,
was found to be responsible for Y142 phosphorylation [37], and it
has been suggested that the different phosphorylation marks in
the C-terminus of H2AX could thus determine the potential of DNA
damage sites to attract factors that are involved in DNA repair and
cell fate decisions (such as apoptosis), respectively. However, it is
still unclear how the opposing activities towards Y142 phosphory-
lation is regulated in response to DNA damage, and exactly how the
S139 and Y142 modifications impact on each other [38].

3.2. MDC1: the master organizer of protein assembly at IRIF

The key function of �-H2AX is to provide a high-affinity binding
site for the MDC1 protein, which in turn orchestrates the recruit-
ment of essentially all of the downstream IRIF-associated factors
damaged to chromatin. The C-terminal tandem BRCT repeats of
MDC1 represent the only well-characterized binding partner for
�-H2AX, and in addition to serving as a key recruitment plat-
form, this interaction protects �-H2AX from de-phosphorylation
and determines the dynamic extension of IRIF [39]. Interestingly,
lower eukaryotes such as yeast do not contain obvious MDC1 ortho-
logues. Instead, other conserved IRIF-forming factors (such as the
53BP1 orthologues Rad9 (Saccharomyces cerevisiae) and Cut5 (S.
pombe), and the PTIP homologue Brc1 in S. pombe) can directly bind
phosphorylated H2A [40–42], which is exclusively present at sites

of DNA damage [43,44].

One of the most prominent binding partners of MDC1 is the MRN
complex, which is robustly recruited to MDC1-decorated chro-
matin by virtue of this interaction [45]. The interaction between
MDC1 and the MRN component NBS1 is constitutive and not
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ffected by DNA damage. It primarily occurs via binding of the FHA
omain of NBS1 to a series of conserved clusters of CK2 phosphory-

ation sites in the N-terminal part of MDC1 [46–49]. These clusters
ontain doubly phosphorylated SDT motifs, in which phosphory-
ation of both the Serine and Threonine residues are required for
inding to NBS1. This points to a unique and unusual feature of
he NBS1 FHA domain in recognizing doubly phosphorylated pep-
ides. Recently, it was demonstrated that the two BRCT domains
ownstream of the FHA domain in NBS1 also participate in the
hosphorylation-dependent binding to MDC1 [50,51], and that
BS1 interacts with CtIP by an analogous mechanism to promote

esection of DSBs [51,52].
It has been demonstrated that DSB factors accumulate in the

hromatin compartment surrounding DNA lesions according to a
re-determined time schedule [45,53]. Thus, �-H2AX formation
nd recruitment of MDC1 and its associated binding partner, the
RN complex, are the most proximal events following DSB induc-

ion. The recruitment kinetics of these factors to foci following
xposure to DSB-inducing agents is exceedingly rapid, reaching
aximal accumulation within a few minutes. After a short but sig-

ificant lag of approx. 1–2 min, this is then followed by a second
ave of protein accumulation at sites of DNA damage [54] (Fig. 1C).

he group of proteins arriving with such delayed kinetics includes
he DNA repair factors 53BP1 and BRCA1, and until recently, the
ignals required to facilitate the retention of these factors at the
SB-associated chromatin remained elusive. A major breakthrough

n resolving this important issue came with the discovery by several
roups that the ubiquitin ligase RNF8 plays an instrumental role in
romoting the maturation of DSB-associated chromatin [54–57].
hrough its direct interaction with MDC1, RNF8 is recruited to DSB
ites along with the other factors in the initial wave of protein accu-
ulation at IRIF [54]. Here, RNF8 initiates a complex and tightly

egulated ubiquitylation cascade of histones H2A and H2AX at
he DSB-flanking chromatin, which causes chromatin restructuring
through incompletely understood mechanisms) associated with
he generation of binding sites for protein complexes that accumu-
ate downstream of these early factors (Fig. 3) [54,55]. Like NBS1,
NF8 interacts with MDC1 through its FHA domain, which recog-
izes distinct phosphorylation sites in the N-terminal half of MDC1.
s opposed to the MDC1-NBS1 interaction, however, the MDC1-
NF8 complex is only formed in response to genotoxic insults.
hus, the three highly conserved phosphorylation sites on MDC1
hat create binding sites for RNF8, all fall within a conserved T-Q-
-F motif, a consensus sequence for phosphorylation by ATM and
elated kinases closely matching the phosphorylation-dependent
inding site preference for the FHA domain of RNF8 [54,55].

.3. Mechanisms of BRCA1 and 53BP1 accumulation in IRIF

Similar to how �-H2AX attracts MDC1 and other proteins
elonging to the first wave of protein accumulation at IRIF, ubiq-
itylated histones at sites of DNA damage mark the spot for the

mportant downstream factors 53BP1 and BRCA1. How recruitment
f the latter protein feeds on ubiquitylation of the DSB-flanking
hromatin has become clear from the isolation of the so-called
RCA1 A complex that bridges the interaction between BRCA1 and
biquitylated histones [58]. A central component of this complex is
he RAP80 protein [59–62], which contains two Ubiquitin Interac-
ion Motifs (UIMs) that were shown to directly bind ubiquitylated
istones at sites of DNA damage [63]. RAP80 forms part of a rela-
ively tight complex with the proteins Abraxas, BRCC36, BRE, and

BA1 (also called MERIT40) [58]. Within this complex, the coiled-
oil domain protein Abraxas seems to form the structural core,
nto which the other factors can assemble [64]. Abraxas also pro-
ides the point of contact for BRCA1 itself, and the binding between
RCA1 and Abraxas involves the tandem BRCT domains of BRCA1
Repair 9 (2010) 1219–1228 1223

and a phosphorylation site in the extreme C-terminus of Abraxas
[60,65]. The BRCA1-Abraxas association appears to be rather tran-
sient compared to the interactions between the other components.
Thus, the availability of several of the core components of the BRCA1
A complex strongly impact on the stability of the other compo-
nents, and in contrast to BRCA1, which exhibits low levels during
G1, the core Abraxas complex remains stably expressed through-
out the cell cycle [64,66]. Hence, besides bridging the interaction
between BRCA1 and ubiquitylated histones, this complex is likely
to play additional roles at sites of DNA damage.

As opposed to the clear mechanistic insight into the require-
ments for BRCA1 accrual, it remains an enigma how histone
ubiquitylation promotes 53BP1 accumulation to sites of DNA dam-
age. Like BRCA1, 53BP1 also possesses a set of tandem BRCT
domains in its C-terminus, but these are not required to target the
protein to IRIF [67]. So far, efforts aimed at isolating binding part-
ners of 53BP1 have not led to the identification of factors that could
perform a similar function for 53BP1 as the BRCA1 A complex does
for BRCA1. It is possible that such factors could exist for 53BP1
as well, but have simply escaped detection so far. Alternatively,
53BP1 could possess ubiquitin-binding activity itself, which would
obviate a requirement for such associated proteins. A well-studied
feature of 53BP1 is the presence of an extended Tudor domain
upstream of its BRCT domains. This domain has been shown to be
capable of binding methylated Lysine residues on core histones,
an activity that is absolutely required for targeting the protein to
IRIF [68]. Though initially isolated as a domain that binds methy-
lated K79 on histone H3 [68], subsequent studies in human, mouse,
and fission yeast have pinpointed methylated K20 on histone H4
as a more likely physiological binding partner of the 53BP1 Tudor
domain [69–71]. The domain pocket preferentially accommodates
the di-methylated form of H4K20 while showing low affinity for
the mono-methylated form, as well as for methylated H3K79 [71].
Despite its clear importance for 53BP1 biology, the precise func-
tion of the Tudor domain in targeting 53BP1 to repair foci remains
elusive. None of the candidate histone marks for 53BP1 binding are
induced by DNA damage [68,72], or appears differentially exposed
at sites of DNA damage, so the binding to such marks cannot by itself
explain the increased affinity of 53BP1 for DSB-modified chromatin.
It is possible, however, that local histone ubiquitylation is accompa-
nied by a restructuring of chromatin, which somehow renders the
binding sites for the Tudor domain of 53BP1 more accessible [72],
resulting either in an increased density of binding sites, or allowing
for a prolonged interaction. Further studies of the biology of 53BP1
will be crucially required to answer these outstanding questions.

4. Ubiquitin-dependent assembly of DNA repair factors at
IRIF

4.1. Sequential H2A poly-ubiquitylation by RNF8 and RNF168

The discovery that histone ubiquitylation plays a key role in
promoting the retention of DDR factors at sites of DNA damage
was spurred by the identification of RNF8 as a novel and critically
important DDR protein. Since then, an overwhelming amount of
new discoveries have highlighted the regulatory complexity and
biological importance of this seemingly simple ubiquitylation reac-
tion. Following the identification of RNF8 as a central regulator of
the DSB response, two independent genome-wide siRNA screens
identified another E3 ubiquitin ligase, RNF168, as being critically

important for 53BP1 and BRCA1 foci formation [73,74]. RNF168,
like RNF8, is also a component of IRIF, and harbors in addition
to its RING domain two Motifs Interacting with Ubiquitin (MIUs)
[75]. These domains target RNF168 to sites of DNA damage through
recognition of ubiquitylated forms of H2A and H2AX produced by
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Fig. 3. Ubiquitin-dependent assembly of genome caretakers at damaged chromatin.
(A) In response to DSBs, ATM-mediated phosphorylation of �-H2AX-bound MDC1
on conserved T-Q-X-F motifs generates binding sites for the FHA domain of RNF8
to promote its recruitment to IRIF. Simultaneously, ATM phosphorylates HERC2 on
T4827, which also stimulates an interaction with the FHA domain of RNF8. Together
with an intrinsic ability of RNF8 to form dimers or oligomers, these ATM-mediated
phosphorylations enable the formation of a ternary MDC1-RNF8-HERC2 complex at
sites of DNA damage. (B) HERC2 stabilizes the interaction between RNF8 and Ubc13
Repair 9 (2010) 1219–1228

RNF8 (Fig. 3B) [73,74]. By means of its E3 ligase activity, RNF168
subsequently amplifies ubiquitylation of H2A-type histones to lev-
els sufficient to promote the ubiquitylation-dependent recruitment
of downstream factors such as 53BP1 and BRCA1 (Fig. 3C and D)
[73,74]. Through its ability to both promote and associate with H2A
ubiquitylation, RNF168 may effectively self-reinforce and expand
histone ubiquitylation at the DSB-flanking chromatin. Such two-
step model involving the sequential actions of RNF8 and RNF168 is
consistent with the finding that RNF168 arrives slightly, but signif-
icantly, later than RNF8 at sites of DNA damage in a manner fully
dependent on functional RNF8 [73].

Histone H2A is potentially the most abundantly ubiquitylated
protein in the cell, raising the question of how ubiquitylated H2A
in IRIF differs qualitatively from the bulk of ubiquitylated H2A
present thoughout the nucleus. Available evidence suggests that in
response to DNA damage, RNF8 and RNF168 generate K63-linked,
non-proteolytic ubiquitin chains on histones [55,73,74], which are
distinct from the dominant mono-ubiquitylated form of H2A. Con-
sistent with this idea, Ubc13, the only E2 ubiquitin-conjugating
enzyme known to exclusively catalyze the formation of K63-linked
ubiquitin chains, is required for RNF8 and RNF168 function in
the DDR [55,74,76]. Both of these E3 ligases interact with Ubc13
and display in vitro ubiquitin ligase with Ubc13-Mms2 [54,74].
In further support of this notion, structural analysis of RAP80 has
recently demonstrated that the length of the linker region separat-
ing the tandem UIM motifs that promote its relocalization to sites
of DNA damage enables its UIMs to recognize K63- but not K48-
linked ubiquitin chains [77,78]. These and related findings strongly
argue for a role of Ubc13-catalyzed, K63-linked ubiquitin chains on
core histones (and perhaps other chromatin-associated proteins)
in marking the site for downstream factors to accumulate in IRIF.

4.2. HERC2: a novel ubiquitin ligase required for DSB-associated
histone ubiquitylation

Recently, yet another E3 ubiquitin ligase was found to be
required for the cellular ability to promote non-proteolytic histone
polyubiquitylation at sites of DNA damage. In response to DSBs,
RNF8 forms a complex with HERC2, a giant protein of almost 5000
amino acids and an E3 ligase by virtue of a C-terminal HECT domain,
and this interaction promotes HERC2 relocalization to IRIF [79].
The mechanistic basis for the RNF8-HERC2 interaction involves
DNA damage-dependent phosphorylation of HERC2 on T4827 in
its extreme C-terminus by ATM and related kinases, which pro-
vides a strong binding site for the FHA domain of RNF8 (Fig. 3A)
[79]. An intrinsic ability of RNF8 to di- or oligomerize enables it to
simultaneously interact with MDC1 and HERC2, allowing the for-
mation of a ternary MDC1-RNF8-HERC2 complex at sites of DNA
damage (Fig. 3B) [79]. The sheer size of the HERC2 protein has so
far precluded attempts at addressing whether the E3 ligase activity
of HERC2 is required for H2A poly-ubiquitylation and DDR signal-

ing. It is clear, however, that HERC2 is needed for RNF8 to promote
Ubc13-dependent poly-ubiquitylation of H2A-type histones. Like
many other ubiquitin ligases, RNF8 is capable of interacting with
several E2 enzymes [80,81], and HERC2 was shown to mediate a

to promote initial, RNF8/Ubc13-mediated K63-linked poly-ubiquitylation of H2A-
type histones. This in turn serves as a binding site for the MIU domains of RNF168,
allowing it to accumulate at the damaged chromatin. (C and D) RNF168 augments
H2A poly-ubiquitylation at sites of DNA damage in a Ubc13-dependent manner to an
extent permissive of recruitment of DNA repair factors such as the BRCA1 A complex
and 53BP1. Accumulation of the BRCA1 A complex at IRIF is directly mediated by the
ability of the UIM domains of RAP80, an integral component of the complex, to bind
K63-linked poly-ubiquitin chains on H2A/X. The ubiquitin-dependent mechanism
underlying 53BP1 retention at the DSB-flanking chromatin is currently unknown.
Ub: Ubiquitin.
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referential interaction of RNF8 with Ubc13 [79]. Hence, HERC2
eems to define a novel type of auxiliary factor capable of pro-
iding specificity to E2-E3 interactions, ensuring the formation of
63-linked ubiquitin chains at sites of DNA damage. Future, more

argeted approaches to manipulate HERC2, such as knock-in mouse
odels, will be required to address the functions of the various

omains in HERC2 and its exact role in the DDR.

.3. Complexity of DNA damage-induced histone ubiquitylation

With three ubiquitin ligases required to perform one reaction,
he process of DNA damage-induced histone poly-ubiquitylation
isplays a striking degree of complexity (Fig. 3). The interplay
etween RNF8, RNF168, and HERC2 is still not completely resolved,
nd a number of important questions remain to be addressed.
irst, although it seems clear that H2A undergoes oligo- or poly-
biquitylation in response to IR [54,73], it is not known whether
here could be one E3 for mono-ubiquitylation and another for
hain elongation, similar to how PCNA ubiquitylation is orches-
rated [82]. Such a distribution of labour between RNF8 and RNF168
eems unlikely, however, since RNF8 is critically required to target
NF168 to sites of DNA damage [73,74]. If RNF8 simply catalyzed
ono-ubiquitylation of H2A and H2AX, there would be no bind-

ng site for RNF168 that could uniquely discriminate emerging IRIF
rom other nuclear sites rich in mono-ubiquitylated H2A, such as
olycomb bodies. Moreover, RNF168 has been shown to specifically
ind poly-ubiquitylated H2A in an RNF8-dependent manner [73].
lternatively, HERC2 could catalyze DSB-associated H2A mono-
biquitylation, which could then be extended to a K63-linked chain
y RNF8. This scenario also does not seem likely in view of what
e currently know about the function of HERC2, but cannot be

ormally excluded until the potential role of the HECT domain of
ERC2 has been elucidated. Ubc13 is known to have a strong pref-
rence for extending existing mono-ubiquitylations rather than
atalyzing the formation of these. Thus, DDR-associated H2A ubiq-
itylation is likely to build on pre-existing mono-ubiquitylated
2A, or alternatively RNF8 could carry out this function with one
f its other cognate E2s. The identity of the Lysine residues in H2A-
ype histones modified by RNF8 and RNF168 is not known, and
uch information will be required to fully answer these remaining
uestions about the precise mechanistics of the ubiquitylation reac-
ion. Whether the function of RNF168 in the DDR is merely to boost
NF8-mediated ubiquitylations or whether RNF8 and RNF168 ubiq-
itylate additional, and perhaps distinct, DDR factors is another

mportant question awaiting to be addressed.

.4. Regulation of IRIF dynamics by de-ubiquitylating enzymes

Because of the functional importance and regulatory complex-
ty of the pathway governing DSB-induced histone ubiquitylation,
t is likely to be subject to regulation by protein de-ubiquitylation,

hich could be an important means for the cell to control the
uration and magnitude of the response, allowing for a fine-tuned
egulation of this important facet of the DDR. Indeed, a hand-
ul of de-ubiquitylating enzymes (DUBs) have been shown to be
apable of reversing H2A ubiquitylation [83–89]. Among these,
owever, only USP3 has so far been shown to be able to counteract
biquitin-dependent IRIF formation, at least when over-expressed
73]. Whether this activity has a physiological regulatory relevance
n the DDR has not been determined. BRCC36, another DUB and an
ntegral component of the BRCA1 A complex, also appears to play a

ole in reversing RNF8-dependent ubiquitylation events in the DSB
esponse, although the exact nature of such involvement is not yet
nown [90]. Given the widespread use of ubiquitylation-dependent
egulatory mechanisms in the DDR and the existence of 80–100 cat-
lytically active DUBs in mammalian genomes [91], it seems likely
Repair 9 (2010) 1219–1228 1225

that many aspects of protein recruitment to sites of DNA damage
will turn out to be controlled on the level of de-ubiquitylation.

5. SUMOylation-mediated regulation of IRIF formation

Recent evidence has implicated post-translational modification
of DDR proteins by the ubiquitin-like modifier protein SUMO as a
signaling mechanism which, analogous to and in parallel with pro-
tein ubiquitylation, plays an important role in the execution of the
chromatin response that governs IRIF formation. Thus, the SUMO
E3 ligases PIAS1 and PIAS4 were shown to be required for recruit-
ment of BRCA1 and 53BP1 to IRIF, respectively, and both SUMO1
and SUMO2/3 accumulate in IRIF [92,93]. However, the exact points
of intervention of SUMOylation in the DSB-induced chromatin
response are still somewhat elusive. Both BRCA1 and 53BP1 were
shown to be direct targets of SUMOylation, modifications that were
suggested to be required for their recruitment to sites of DNA dam-
age, and, in the case of BRCA1, to boost its E3 ligase activity [92,93].
However, experimental evidence also suggests an important func-
tion of protein SUMOylation upstream of the recruitment of 53BP1
and BRCA1 to IRIF. To this end, a robust decrease in DDR-associated
ubiquitylation was observed in PIAS4-depleted cells, which fail to
recruit RNF168 but not RNF8 to IRIF [92]. This suggests that histone
ubiquitylation may itself be regulated through SUMOylation of as
yet unknown upstream DDR factors. One attractive scenario is that
RNF8, RNF168, and/or HERC2 are targeted by SUMOylation, which
could regulate their E3 ligase activities and/or their association with
other DDR components. If this is indeed the case, it would imply the
existence of yet another regulatory layer imposed on the pathway,
further adding to its complexity. Pinpointing the exact relationship
between DSB-associated SUMOylation and histone ubiquitylation,
and how this impacts on the formation of IRIF will be an impor-
tant task for future research. As we develop an understanding of
how these modifications orchestrate the activation of the DDR, it
will be equally important to address the potential involvement of
de-SUMOylation activities counteracting these modifications [94],
and which, like DUBs, may play a role in regulating the dynamics,
magnitude, and duration of the DDR.

6. IRIF and the maintenance of genomic integrity

6.1. What are the biological functions of IRIF?

Despite our growing insight into the constituents of IRIF
and the molecular mechanisms that govern their formation, our
understanding of the physiological relevance of these structures
still remains limited. The accumulation of DDR factors in DSB-
containing chromatin regions may help to shelter the broken DNA
ends from decay, and prevent illegitimate repair processes, such
as those that lead to chromosomal translocations [95,96]. Another
simplified explanation is that higher local concentrations of DDR
proteins stimulate their activities towards the damaged regions of
the genome [13], but this would hardly suffice to describe the col-
lective functions of IRIF. The strong local concentration of DDR sig-
naling factors in IRIF has also been suggested to provide an efficient
means of amplifying the DNA damage signal. In support of this idea,
local chromatin immobilization of DDR signaling components in
both yeast and mammalian cells was shown to be sufficient to trig-
ger robust DDR activation in a lesion-independent fashion [97,98].

An alternative, and by no means mutually exclusive, scenario
that has been proposed is that accumulation of a large number

of DDR factors to sites of DNA damage provides the cells with a
“toolbox” containing all available enzymatic activities relevant for
DNA repair and metabolism. This could be especially important in
nuclear regions where DNA repair is difficult to achieve, such as
heterochromatic regions (reviewed elsewhere in this issue). Thus,
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any of the factors associated with IRIF might not per se play an
mportant role in repairing the lesions, yet cells retain the possibil-
ty of utilizing all the relevant activities if necessary. In addition, IRIF

ay be a platform for several opposing activities, and the balance
nd competition of these could ultimately determine the choice of
epair pathway and thus the outcome of the DDR. As an elegant
xample supporting such a concept, two key constituents of IRIF,
3BP1 and BRCA1, were recently shown to promote different repair
athways, and the proper balance between these activities are cru-
ial for maintaining genomic stability. Thus, whereas knockout of
RCA1 in mice confers embryonic lethality, a phenotype that can be
ttributed to a severe defect in DSB repair by HR [99], simultaneous
blation of 53BP1 rescues both the lethality and to a large extent
he repair defect of BRCA1 knockout [100]. In BRCA1-deficient cells,
3BP1 strongly promotes DSB repair via the NHEJ pathway. When
his pathway is used illegitimately on broken ends that cannot be
ejoined with a partner, such as those that arise from the collapse
f stalled replication forks or from the processing of interstrand
rosslinks, detrimental lesions such as chromosome fusions and
ormation of radial chromosomes ensue [100]. This competitive
elationship between 53BP1, BRCA1, and the two major pathways
or repairing DSBs highlights the IRIF as a platform for integration
f DDR activities.

The coordination of DNA repair activities with other processes
f DNA metabolism, such as transcription and replication is a key
roblem to be dealt with by the DDR. Thus, transcription through
amaged regions may significantly worsen the extent of DNA dam-
ge. Accumulation of DDR factors in IRIF serves to prevent such
llegitimate engagement of damaged genes with the transcriptional

achinery. Similar to other well-studied processes that mediate
ranscriptional repression, ubiquitylation of H2A in IRIF seems
o constitute an epigenetic mark that repels transcription factors
101]. The establishment of this mark is dependent on the concerted
ctivities of the ATM kinase and the RNF8 and RNF168 ubiqui-
in ligases, yet the precise nature of the histone modification(s)
hat negatively regulates transcription at sites of DNA damage may
e distinct from those attracting downstream DDR factors such as
3BP1 and BRCA1, and await further elucidation.

.2. New constituents of IRIF

One major function of IRIF formation appears to be to orches-
rate subtle changes in chromatin structure that are compatible
ith the execution of a proper DNA damage response. The recent

dentification of new molecular constituents of IRIF has provided
dditional evidence for this, and 53BP1 could potentially be a
latform for assembling such activities in the chromatin regions
urrounding DNA lesions. Thus, 53BP1 was recently shown to
ecruit a novel DDR factor, EXPAND1, to IRIF. This is accompanied
y local chromatin relaxation through an as yet unknown mecha-
ism, potentially facilitating the accessibility of DNA repair factors
o the lesions [102].

Another factor that interacts avidly with the DSB-surrounding
hromatin is the PTIP protein [103]. Despite it is a strong interac-
or of 53BP1, its recruitment to sites of DNA damage appears to
ccur independently of 53BP1, but depends on the same upstream
ignaling, such as �-H2AX formation and RNF8/RNF168-mediated
istone ubiquitylation [104]. Like 53BP1, PTIP and its established

nteraction partners do not contain obvious ubiquitin binding
otifs, and thus it is unclear how PTIP recruitment feeds on his-

one ubiquitylation. PTIP co-recruits to sites of DNA damage with

partner protein, PA1, and this complex interacts with the MLL

istone methylases [104,105]. Though it is not clear if such inter-
ction is relevant to the functions of PTIP in the DDR, it points to a
otential role for PTIP, in concert with 53BP1, as a local assembly
latform for chromatin modulating activities.
Repair 9 (2010) 1219–1228

The ubiquitin ligase Rad18 has also been shown to accumulate in
IRIF, by virtue of an interaction between its ubiquitin-binding Zinc
Finger domain and RNF8/RNF168-deposited ubiquitin [106]. The
precise function of Rad18 in the response to DSBs is not clear, but
the protein has been suggested to mediate assembly of recombina-
tion activities via Rad51C [106]. Regardless of the precise functions
of Rad18 recruitment to IRIF, this brings the current tally of ubiqui-
tin ligases present in IRIF to 5 (RNF8, RNF168, HERC2, BRCA1, and
Rad18), highlighting IRIF as a nuclear hotspot for ubiquitylation.
Though they may well have other critical targets, RNF8, RNF168
and HERC2 seem to be mainly involved in the ubiquitylation of
H2A and H2AX. The substrates of BRCA1 and Rad18 in the response
to DSBs, however, remain largely obscure, and the identification of
such targets will be important to further our understanding of the
regulatory importance of DDR-associated ubiquitylation processes.

7. IRIF and human disease

Highlighting its central importance for the cellular response
to DSBs, several links between IRIF formation and the biology of
human disease have been found. As an example, the activity of
the DDR and viral proteins that inhibit the response is known to
be an evolutionary battlefield in virus–host interactions [107]. For
example, several strains of adenoviruses can inactivate the MRN
complex either through its degradation or sequestration into inac-
tive inclusion bodies [108,109]. Such measures are required to
prevent detrimental processing of the viral genome in the cell, in
turn facilitating its integration into the host genome. Herpes virus
has evolved a different but no less remarkable strategy for circum-
venting genome surveillance mechanisms in the host cell. This virus
encodes a ubiquitin ligase, ICP0, which triggers the degradation of
RNF8 and RNF168 [110]. Thus, the suppression of DDR-associated
histone ubiquitylation plays a key role in the life cycle of her-
pes virus, and other vira are likely to employ similar sophisticated
strategies to harness the host DDR.

As a more prominent example of the importance of IRIFs for
human health, mutational inactivation of several of the proteins
that accumulate in IRIF are the underlying causes of genomic insta-
bility syndromes [6]. Intriguingly, mutations in components whose
sole function may be to assemble IRIF, confer equally severe pheno-
types. Thus, homozygous inactivation of the gene encoding RNF168
was shown to be the underlying genetic defect in a patient with the
RIDDLE syndrome, characterized by marked radiosensitivity as well
as immunological and neurological defects [74,111]. So far, this rep-
resents the only known case where abrogation of DDR-associated
histone ubiquitylation is responsible for a genomic instability dis-
order. Though the identification of the RIDDLE patient has been
instrumental in establishing this link, it will be important to deter-
mine whether RNF168 inactivation merely represents a single rare
case or is the basis of a real syndrome. Mutation of other factors
governing DNA damage induced histone ubiquitylation may also
underlie other cases of genomic instability disorders for which the
molecular basis is unknown, and it will be important to identify
and characterize such cases in the future.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgements
We thank Dr. Jiri Lukas (Danish Cancer Society, Copenhagen,
Denmark) for comments on the manuscript. Work in the laboratory
of the authors is funded by the Novo Nordisk Foundation, Dan-
ish Medical Research Council, the Danish Cancer Society, and the
Lundbeck Foundation.



/ DNA

R

S. Bekker-Jensen, N. Mailand

eferences

[1] T. Lindahl, D.E. Barnes, Repair of endogenous DNA damage, Cold Spring Harb.
Symp. Quant. Biol. 65 (2000) 127–133.

[2] C. Wyman, R. Kanaar, DNA double-strand break repair: all’s well that ends
well, Annu. Rev. Genet. 40 (2006) 363–383.

[3] J.W. Harper, S.J. Elledge, The DNA damage response: ten years after, Mol. Cell
28 (2007) 739–745.

[4] S.P. Jackson, J. Bartek, The DNA-damage response in human biology and dis-
ease, Nature 461 (2009) 1071–1078.

[5] J.C. Harrison, J.E. Haber, Surviving the breakup: the DNA damage checkpoint,
Annu. Rev. Genet. 40 (2006) 209–235.

[6] C. Kerzendorfer, M. O’Driscoll, Human DNA damage response and repair
deficiency syndromes: linking genomic instability and cell cycle checkpoint
proficiency, DNA Repair (Amst.) 8 (2009) 1139–1152.

[7] J. Bartek, J. Lukas, DNA damage checkpoints: from initiation to recovery or
adaptation, Curr. Opin. Cell Biol. 19 (2007) 238–245.

[8] J.H. Hoeijmakers, Genome maintenance mechanisms for preventing cancer,
Nature 411 (2001) 366–374.

[9] M.R. Lieber, The mechanism of human nonhomologous DNA end joining, J.
Biol. Chem. 283 (2008) 1–5.

[10] J. San Filippo, P. Sung, H. Klein, Mechanism of eukaryotic homologous recom-
bination, Annu. Rev. Biochem. 77 (2008) 229–257.

[11] R.C. Fry, T.J. Begley, L.D. Samson, Genome-wide responses to DNA-damaging
agents, Annu. Rev. Microbiol. 59 (2005) 357–377.

[12] T. Misteli, E. Soutoglou, The emerging role of nuclear architecture in
DNA repair and genome maintenance, Nat. Rev. Mol. Cell Biol. 10 (2009)
243–254.

[13] M. Lisby, R. Rothstein, Choreography of recombination proteins during the
DNA damage response, DNA Repair (Amst.) 8 (2009) 1068–1076.

[14] J. Lukas, C. Lukas, J. Bartek, Mammalian cell cycle checkpoints: signalling path-
ways and their organization in space and time, DNA Repair (Amst.) 3 (2004)
997–1007.

[15] A.G. Matera, M. Izaguire-Sierra, K. Praveen, T.K. Rajendra, Nuclear bodies: ran-
dom aggregates of sticky proteins or crucibles of macromolecular assembly?
Dev. Cell 17 (2009) 639–647.

[16] D.L. Spector, Nuclear domains, J. Cell Sci. 114 (2001) 2891–2893.
[17] C. Lukas, J. Bartek, J. Lukas, Imaging of protein movement induced by

chromosomal breakage: tiny ‘local’ lesions pose great ‘global’ challenges,
Chromosoma 114 (2005) 146–154.

[18] S. Bekker-Jensen, C. Lukas, R. Kitagawa, F. Melander, M.B. Kastan, J. Bartek, J.
Lukas, Spatial organization of the mammalian genome surveillance machin-
ery in response to DNA strand breaks, J. Cell Biol. 173 (2006) 195–206.

[19] E.P. Rogakou, C. Boon, C. Redon, W.M. Bonner, Megabase chromatin domains
involved in DNA double-strand breaks in vivo, J. Cell Biol. 146 (1999) 905–916.

[20] V. Savic, B. Yin, N.L. Maas, A.L. Bredemeyer, A.C. Carpenter, B.A. Helmink,
K.S. Yang-Iott, B.P. Sleckman, C.H. Bassing, Formation of dynamic gamma-
H2AX domains along broken DNA strands is distinctly regulated by ATM and
MDC1 and dependent upon H2AX densities in chromatin, Mol. Cell 34 (2009)
298–310.

[21] P. Huertas, DNA resection in eukaryotes: deciding how to fix the break, Nat.
Struct. Mol. Biol. 17 (2010) 11–16.

[22] A. Celeste, S. Difilippantonio, M.J. Difilippantonio, O. Fernandez-Capetillo, D.R.
Pilch, O.A. Sedelnikova, M. Eckhaus, T. Ried, W.M. Bonner, A. Nussenzweig,
H2AX haploinsufficiency modifies genomic stability and tumor susceptibility,
Cell 114 (2003) 371–383.

[23] O. Fernandez-Capetillo, A. Lee, M. Nussenzweig, A. Nussenzweig, H2AX: the
histone guardian of the genome, DNA Repair (Amst.) 3 (2004) 959–967.

[24] P. Ahnesorg, P. Smith, S.P. Jackson, XLF interacts with the XRCC4-DNA ligase
IV complex to promote DNA nonhomologous end-joining, Cell 124 (2006)
301–313.

[25] E.P. Rogakou, D.R. Pilch, A.H. Orr, V.S. Ivanova, W.M. Bonner, DNA double-
stranded breaks induce histone H2AX phosphorylation on serine 139, J. Biol.
Chem. 273 (1998) 5858–5868.

[26] T. Stiff, M. O’Driscoll, N. Rief, K. Iwabuchi, M. Lobrich, P.A. Jeggo, ATM and DNA-
PK function redundantly to phosphorylate H2AX after exposure to ionizing
radiation, Cancer Res. 64 (2004) 2390–2396.

[27] C.J. Bakkenist, M.B. Kastan, DNA damage activates ATM through intermolecu-
lar autophosphorylation and dimer dissociation, Nature 421 (2003) 499–506.

[28] M. Pellegrini, A. Celeste, S. Difilippantonio, R. Guo, W. Wang, L. Feigenbaum, A.
Nussenzweig, Autophosphorylation at serine 1987 is dispensable for murine
Atm activation in vivo, Nature 443 (2006) 222–225.

[29] S. So, A.J. Davis, D.J. Chen, Autophosphorylation at serine 1981 stabilizes ATM
at DNA damage sites, J. Cell Biol. 187 (2009) 977–990.

[30] S. Difilippantonio, A. Celeste, O. Fernandez-Capetillo, H.T. Chen, B. Reina San
Martin, F. Van Laethem, Y.P. Yang, G.V. Petukhova, M. Eckhaus, L. Feigenbaum,
K. Manova, M. Kruhlak, R.D. Camerini-Otero, S. Sharan, M. Nussenzweig, A.
Nussenzweig, Role of Nbs1 in the activation of the Atm kinase revealed in
humanized mouse models, Nat. Cell Biol. 7 (2005) 675–685.

[31] J.H. Lee, T.T. Paull, Direct activation of the ATM protein kinase by the

Mre11/Rad50/Nbs1 complex, Science 304 (2004) 93–96.

[32] J.H. Lee, T.T. Paull, ATM activation by DNA double-strand breaks through the
Mre11-Rad50-Nbs1 complex, Science 308 (2005) 551–554.

[33] Y. Sun, X. Jiang, Y. Xu, M.K. Ayrapetov, L.A. Moreau, J.R. Whetstine, B.D. Price,
Histone H3 methylation links DNA damage detection to activation of the
tumour suppressor Tip60, Nat. Cell Biol. 11 (2009) 1376–1382.
Repair 9 (2010) 1219–1228 1227

[34] R. Murr, J.I. Loizou, Y.G. Yang, C. Cuenin, H. Li, Z.Q. Wang, Z. Herceg, Histone
acetylation by Trrap-Tip60 modulates loading of repair proteins and repair of
DNA double-strand breaks, Nat. Cell Biol. 8 (2006) 91–99.

[35] Y. Sun, Y. Xu, K. Roy, B.D. Price, DNA damage-induced acetylation of lysine
3016 of ATM activates ATM kinase activity, Mol. Cell. Biol. 27 (2007)
8502–8509.

[36] P.J. Cook, B.G. Ju, F. Telese, X. Wang, C.K. Glass, M.G. Rosenfeld, Tyrosine
dephosphorylation of H2AX modulates apoptosis and survival decisions,
Nature 458 (2009) 591–596.

[37] A. Xiao, H. Li, D. Shechter, S.H. Ahn, L.A. Fabrizio, H. Erdjument-Bromage, S.
Ishibe-Murakami, B. Wang, P. Tempst, K. Hofmann, D.J. Patel, S.J. Elledge, C.D.
Allis, WSTF regulates the H2A.X DNA damage response via a novel tyrosine
kinase activity, Nature 457 (2009) 57–62.

[38] M. Stucki, Histone H2A.X Tyr142 phosphorylation: a novel sWItCH for apop-
tosis? DNA Repair (Amst.) 8 (2009) 873–876.

[39] M. Stucki, J.A. Clapperton, D. Mohammad, M.B. Yaffe, S.J. Smerdon, S.P. Jack-
son, MDC1 directly binds phosphorylated histone H2AX to regulate cellular
responses to DNA double-strand breaks, Cell 123 (2005) 1213–1226.

[40] A. Hammet, C. Magill, J. Heierhorst, S.P. Jackson, Rad9 BRCT domain interaction
with phosphorylated H2AX regulates the G1 checkpoint in budding yeast,
EMBO Rep. 8 (2007) 851–857.

[41] L.L. Du, T.M. Nakamura, P. Russell, Histone modification-dependent and
-independent pathways for recruitment of checkpoint protein Crb2 to double-
strand breaks, Genes Dev. 20 (2006) 1583–1596.

[42] J.S. Williams, R.S. Williams, C.L. Dovey, G. Guenther, J.A.P. Tainer, Russell,
gammaH2A binds Brc1 to maintain genome integrity during S-phase, EMBO
J. 29 (2010) 1136–1148.

[43] J.A Downs, N.F. Lowndes, S.P. Jackson, A role for Saccharomyces cerevisiae
histone H2A in DNA repair, Nature 408 (2000) 1001–1004.

[44] J.A. Downs, S. Allard, O. Jobin-Robitaille, A. Javaheri, A. Auger, N. Bouchard, S.J.
Kron, S.P. Jackson, J. Cote, Binding of chromatin-modifying activities to phos-
phorylated histone H2A at DNA damage sites, Mol. Cell 16 (2004) 979–990.

[45] C. Lukas, F. Melander, M. Stucki, J. Falck, S. Bekker-Jensen, M. Goldberg, Y.
Lerenthal, S.P. Jackson, J. Bartek, J. Lukas, Mdc1 couples DNA double-strand
break recognition by Nbs1 with its H2AX-dependent chromatin retention,
EMBO J. 23 (2004) 2674–2683.

[46] C. Spycher, E.S. Miller, K. Townsend, L. Pavic, N.A. Morrice, P. Janscak, G.S.
Stewart, M. Stucki, Constitutive phosphorylation of MDC1 physically links the
MRE11-RAD50-NBS1 complex to damaged chromatin, J. Cell Biol. 181 (2008)
227–240.

[47] F. Melander, S. Bekker-Jensen, J. Falck, J. Bartek, N. Mailand, J. Lukas, Phospho-
rylation of SDT repeats in the MDC1N terminus triggers retention of NBS1 at
the DNA damage-modified chromatin, J. Cell Biol. 181 (2008) 213–226.

[48] L. Wu, K. Luo, Z. Lou, J. Chen, MDC1 regulates intra-S-phase checkpoint by
targeting NBS1 to DNA double-strand breaks, Proc. Natl. Acad. Sci. U.S.A. 105
(2008) 11200–11205.

[49] J.R. Chapman, S.P. Jackson, Phospho-dependent interactions between NBS1
and MDC1 mediate chromatin retention of the MRN complex at sites of DNA
damage, EMBO Rep. 9 (2008) 795–801.

[50] F.J. Hari, C. Spycher, S. Jungmichel, L. Pavic, M. Stucki, A divalent FHA/BRCT-
binding mechanism couples the MRE11-RAD50-NBS1 complex to damaged
chromatin, EMBO Rep. 11 (2010) 387–392.

[51] J. Lloyd, J.R. Chapman, J.A. Clapperton, L.F. Haire, E. Hartsuiker, J. Li, A.M.
Carr, S.P. Jackson, S.J. Smerdon, A supramodular FHA/BRCT-repeat architec-
ture mediates Nbs1 adaptor function in response to DNA damage, Cell 139
(2009) 100–111.

[52] R.S. Williams, G.E. Dodson, O. Limbo, Y. Yamada, J.S. Williams, G. Guenther,
S. Classen, J.N. Glover, H. Iwasaki, P. Russell, J.A. Tainer, Nbs1 flexibly tethers
Ctp1 and Mre11-Rad50 to coordinate DNA double-strand break processing
and repair, Cell 139 (2009) 87–99.

[53] S. Bekker-Jensen, C. Lukas, F. Melander, J. Bartek, J. Lukas, Dynamic assembly
and sustained retention of 53BP1 at the sites of DNA damage are controlled
by Mdc1/NFBD1, J. Cell Biol. 170 (2005) 201–211.

[54] N. Mailand, S. Bekker-Jensen, H. Faustrup, F. Melander, J. Bartek, C. Lukas, J.
Lukas, RNF8 ubiquitylates histones at DNA double-strand breaks and pro-
motes assembly of repair proteins, Cell 131 (2007) 887–900.

[55] M.S. Huen, R. Grant, I. Manke, K. Minn, X. Yu, M.B. Yaffe, J. Chen, RNF8 trans-
duces the DNA-damage signal via histone ubiquitylation and checkpoint
protein assembly, Cell 131 (2007) 901–914.

[56] N.K. Kolas, J.R. Chapman, S. Nakada, J. Ylanko, R. Chahwan, F.D. Sweeney, S.
Panier, M. Mendez, J. Wildenhain, T.M. Thomson, L. Pelletier, S.P. Jackson, D.
Durocher, Orchestration of the DNA-damage response by the RNF8 ubiquitin
ligase, Science 318 (2007) 1637–1640.

[57] B. Wang, S.J. Elledge, Ubc13/Rnf8 ubiquitin ligases control foci formation of
the Rap80/Abraxas/Brca1/Brcc36 complex in response to DNA damage, Proc.
Natl. Acad. Sci. U.S.A. 104 (2007) 20759–20763.

[58] M.S. Huen, S.M. Sy, J. Chen, BRCA1 and its toolbox for the maintenance of
genome integrity, Nat. Rev. Mol. Cell Biol. 11 (2010) 138–148.

[59] B. Sobhian, G. Shao, D.R. Lilli, A.C. Culhane, L.A. Moreau, B. Xia, D.M. Livingston,
R.A. Greenberg, RAP80 targets BRCA1 to specific ubiquitin structures at DNA

damage sites, Science 316 (2007) 1198–1202.

[60] B. Wang, S. Matsuoka, B.A. Ballif, D. Zhang, A. Smogorzewska, S.P. Gygi, S.J.
Elledge, Abraxas and RAP80 form a BRCA1 protein complex required for the
DNA damage response, Science 316 (2007) 1194–1198.

[61] H. Kim, J. Chen, X. Yu, Ubiquitin-binding protein RAP80 mediates BRCA1-
dependent DNA damage response, Science 316 (2007) 1202–1205.



1 / DNA

RNF168 to control histone ubiquitination and DNA damage responses, EMBO
228 S. Bekker-Jensen, N. Mailand

[62] J. Yan, Y.S. Kim, X.P. Yang, L.P. Li, G. Liao, F. Xia, A.M. Jetten, The ubiquitin-
interacting motif containing protein RAP80 interacts with BRCA1 and
functions in DNA damage repair response, Cancer Res. 67 (2007) 6647–6656.

[63] J. Wu, M.S. Huen, L.Y. Lu, L. Ye, Y. Dou, M. Ljungman, J. Chen, X. Yu, Histone
ubiquitination associates with BRCA1-dependent DNA damage response, Mol.
Cell. Biol. 29 (2009) 849–860.

[64] B. Wang, K. Hurov, K. Hofmann, S.J. Elledge, NBA1, a new player in the Brca1
A complex, is required for DNA damage resistance and checkpoint control,
Genes Dev. 23 (2009) 729–739.

[65] H. Kim, J. Huang, J. Chen, CCDC98 is a BRCA1-BRCT domain-binding pro-
tein involved in the DNA damage response, Nat. Struct. Mol. Biol. 14 (2007)
710–715.

[66] A.D. Choudhury, H. Xu, R. Baer, Ubiquitination and proteasomal degradation
of the BRCA1 tumor suppressor is regulated during cell cycle progression, J.
Biol. Chem. 279 (2004) 33909–33918.

[67] L.B. Schultz, N.H. Chehab, A. Malikzay, T.D. Halazonetis, p53 binding protein 1
(53BP1) is an early participant in the cellular response to DNA double-strand
breaks, J. Cell Biol. 151 (2000) 1381–1390.

[68] Y. Huyen, O. Zgheib, R.A. Ditullio Jr., V.G. Gorgoulis, P. Zacharatos, T.J. Petty,
E.A. Sheston, H.S. Mellert, E.S. Stavridi, T.D. Halazonetis, Methylated lysine 79
of histone H3 targets 53BP1 to DNA double-strand breaks, Nature 432 (2004)
406–411.

[69] S.L. Sanders, M. Portoso, J. Mata, J. Bahler, R.C. Allshire, T. Kouzarides, Methy-
lation of histone H4 lysine 20 controls recruitment of Crb2 to sites of DNA
damage, Cell 119 (2004) 603–614.

[70] G. Schotta, R. Sengupta, S. Kubicek, S. Malin, M. Kauer, E. Callen, A. Celeste,
M. Pagani, S. Opravil, I.A. De La Rosa-Velazquez, A. Espejo, M.T. Bedford, A.
Nussenzweig, M. Busslinger, T. Jenuwein, A chromatin-wide transition to
H4K20 monomethylation impairs genome integrity and programmed DNA
rearrangements in the mouse, Genes Dev. 22 (2008) 2048–2061.

[71] M.V. Botuyan, J. Lee, I.M. Ward, J.E. Kim, J.R. Thompson, J. Chen, G. Mer, Struc-
tural basis for the methylation state-specific recognition of histone H4-K20
by 53BP1 and Crb2 in DNA repair, Cell 127 (2006) 1361–1373.

[72] H. Yang, C.A. Mizzen, The multiple facets of histone H4-lysine 20 methylation,
Biochem. Cell Biol. 87 (2009) 151–161.

[73] C. Doil, N. Mailand, S. Bekker-Jensen, P. Menard, D.H. Larsen, R. Pepperkok,
J. Ellenberg, S. Panier, D. Durocher, J. Bartek, J. Lukas, C. Lukas, RNF168 binds
and amplifies ubiquitin conjugates on damaged chromosomes to allow accu-
mulation of repair proteins, Cell 136 (2009) 435–446.

[74] G.S. Stewart, S. Panier, K. Townsend, A.K. Al-Hakim, N.K. Kolas, E.S. Miller,
S. Nakada, J. Ylanko, S. Olivarius, M. Mendez, C. Oldreive, J. Wildenhain, A.
Tagliaferro, L. Pelletier, N. Taubenheim, A. Durandy, P.J. Byrd, T. Stankovic,
A.M. Taylor, D. Durocher, The RIDDLE syndrome protein mediates a ubiquitin-
dependent signaling cascade at sites of DNA damage, Cell 136 (2009) 420–434.

[75] L. Penengo, M. Mapelli, A.G. Murachelli, S. Confalonieri, L. Magri, A. Musacchio,
P.P. Di Fiore, S. Polo, T.R. Schneider, Crystal structure of the ubiquitin binding
domains of rabex-5 reveals two modes of interaction with ubiquitin, Cell 124
(2006) 1183–1195.

[76] M.S. Huen, J. Huang, J. Yuan, M. Yamamoto, S. Akira, C. Ashley, W. Xiao, J.
Chen, Noncanonical E2 variant-independent function of UBC13 in promoting
checkpoint protein assembly, Mol. Cell. Biol. 28 (2008) 6104–6112.

[77] Y. Sato, A. Yoshikawa, H. Mimura, M. Yamashita, A. Yamagata, S. Fukai, Struc-
tural basis for specific recognition of Lys 63-linked polyubiquitin chains by
tandem UIMs of RAP80, EMBO J. 28 (2009) 2461–2468.

[78] J.J. Sims, R.E. Cohen, Linkage-specific avidity defines the lysine 63-linked
polyubiquitin-binding preference of rap80, Mol. Cell 33 (2009) 775–783.

[79] S. Bekker-Jensen, J. Rendtlew Danielsen, K. Fugger, I. Gromova, A. Nerstedt, C.
Lukas, J. Bartek, J. Lukas, N. Mailand, HERC2 coordinates ubiquitin-dependent
assembly of DNA repair factors on damaged chromosomes, Nat. Cell Biol. 12
(2010) 80–86, sup pp. 81-12.

[80] V. Plans, J. Scheper, M. Soler, N. Loukili, Y. Okano, T.M. Thomson, The RING fin-
ger protein RNF8 recruits UBC13 for lysine 63-based self polyubiquitylation,
J. Cell. Biochem. 97 (2006) 572–582.

[81] K. Ito, S. Adachi, R. Iwakami, H. Yasuda, Y. Muto, N. Seki, Y. Okano, N-
Terminally extended human ubiquitin-conjugating enzymes (E2s) mediate
the ubiquitination of RING-finger proteins, ARA54 and RNF8, Eur. J. Biochem.
268 (2001) 2725–2732.

[82] H.D. Ulrich, Regulating post-translational modifications of the eukaryotic
replication clamp PCNA, DNA Repair (Amst.) 8 (2009) 461–469.

[83] F. Nicassio, N. Corrado, J.H. Vissers, L.B. Areces, S. Bergink, J.A. Marteijn, B.
Geverts, A.B. Houtsmuller, W. Vermeulen, P.P. Di Fiore, E. Citterio, Human
USP3 is a chromatin modifier required for S phase progression and genome
stability, Curr. Biol. 17 (2007) 1972–1977.

[84] H.Y. Joo, L. Zhai, C. Yang, S. Nie, H. Erdjument-Bromage, P. Tempst, C. Chang,
H. Wang, Regulation of cell cycle progression and gene expression by H2A
deubiquitination, Nature 449 (2007) 1068–1072.

[85] J.C. Scheuermann, A.G. de Ayala Alonso, K. Oktaba, N. Ly-Hartig, R.K. McGinty,
S. Fraterman, M. Wilm, T.W. Muir, J. Muller, Histone H2A deubiquitinase activ-
ity of the Polycomb repressive complex PR-DUB, Nature 465 (2010) 243–247.
[86] X.Y. Zhang, M. Varthi, S.M. Sykes, C. Phillips, C. Warzecha, W. Zhu, A. Wyce,
A.W. Thorne, S.L. Berger, S.B. McMahon, The putative cancer stem cell marker
USP22 is a subunit of the human SAGA complex required for activated tran-
scription and cell-cycle progression, Mol. Cell 29 (2008) 102–111.

[87] Y. Zhao, G. Lang, S. Ito, J. Bonnet, E. Metzger, S. Sawatsubashi, E. Suzuki, X.
Le Guezennec, H.G. Stunnenberg, A. Krasnov, S.G. Georgieva, R. Schule, K.
Repair 9 (2010) 1219–1228

Takeyama, S. Kato, L. Tora, D. Devys, A TFTC/STAGA module mediates histone
H2A and H2B deubiquitination, coactivates nuclear receptors, and counter-
acts heterochromatin silencing, Mol. Cell 29 (2008) 92–101.

[88] P. Zhu, W. Zhou, J. Wang, J. Puc, K.A. Ohgi, H. Erdjument-Bromage, P. Tempst,
C.K. Glass, M.G. Rosenfeld, A histone H2A deubiquitinase complex coordinat-
ing histone acetylation and H1 dissociation in transcriptional regulation, Mol.
Cell 27 (2007) 609–621.

[89] J.H. Vissers, F. Nicassio, M. van Lohuizen, P.P. Di Fiore, E. Citterio, The many
faces of ubiquitinated histone H2A: insights from the DUBs, Cell Div. 3 (2008)
8.

[90] G. Shao, D.R. Lilli, J. Patterson-Fortin, K.A. Coleman, D.E. Morrissey, R.A. Green-
berg, The Rap80-BRCC36 de-ubiquitinating enzyme complex antagonizes
RNF8-Ubc13-dependent ubiquitination events at DNA double strand breaks,
Proc. Natl. Acad. Sci. U.S.A. 106 (2009) 3166–3171.

[91] S.M. Nijman, M.P. Luna-Vargas, A. Velds, T.R. Brummelkamp, A.M. Dirac, T.K.
Sixma, R. Bernards, A genomic and functional inventory of deubiquitinating
enzymes, Cell 123 (2005) 773–786.

[92] Y. Galanty, R. Belotserkovskaya, J. Coates, S. Polo, K.M. Miller, S.P. Jackson,
Mammalian SUMO E3-ligases PIAS1 and PIAS4 promote responses to DNA
double-strand breaks, Nature 462 (2009) 935–939.

[93] J.R. Morris, C. Boutell, M. Keppler, R. Densham, D. Weekes, A. Alamshah, L.
Butler, Y. Galanty, L. Pangon, T. Kiuchi, T. Ng, E. Solomon, The SUMO modifi-
cation pathway is involved in the BRCA1 response to genotoxic stress, Nature
462 (2009) 886–890.

[94] D. Mukhopadhyay, M. Dasso, Modification in reverse: the SUMO proteases,
Trends Biochem. Sci. 32 (2007) 286–295.

[95] A. Nussenzweig, M.C. Nussenzweig, Origin of chromosomal translocations in
lymphoid cancer, Cell 141 (2010) 27–38.

[96] B. Yin, V. Savic, M.M. Juntilla, A.L. Bredemeyer, K.S. Yang-Iott, B.A. Helmink,
G.A. Koretzky, B.P. Sleckman, C.H. Bassing, Histone H2AX stabilizes broken
DNA strands to suppress chromosome breaks and translocations during V(D)J
recombination, J. Exp. Med. 206 (2009) 2625–2639.

[97] E. Soutoglou, T. Misteli, Activation of the cellular DNA damage response in
the absence of DNA lesions, Science 320 (2008) 1507–1510.

[98] C.Y. Bonilla, J.A. Melo, D.P. Toczyski, Colocalization of sensors is sufficient to
activate the DNA damage checkpoint in the absence of damage, Mol. Cell 30
(2008) 267–276.

[99] L. Cao, X. Xu, S.F. Bunting, J. Liu, R.H. Wang, L.L. Cao, J.J. Wu, T.N. Peng, J. Chen,
A. Nussenzweig, C.X. Deng, T. Finkel, A selective requirement for 53BP1 in the
biological response to genomic instability induced by Brca1 deficiency, Mol.
Cell 35 (2009) 534–541.

[100] S.F. Bunting, E. Callen, N. Wong, H.T. Chen, F. Polato, A. Gunn, A. Bothmer,
N. Feldhahn, O. Fernandez-Capetillo, L. Cao, X. Xu, C.X. Deng, T. Finkel, M.
Nussenzweig, J.M. Stark, A. Nussenzweig, 53BP1 inhibits homologous recom-
bination in Brca1-deficient cells by blocking resection of DNA breaks, Cell 141
(2010) 243–254.

[101] N.M. Shanbhag, I.U. Rafalska-Metcalf, C. Balane-Bolivar, S.M. Janicki, R.A.
Greenberg, ATM-dependent chromatin changes silence transcription in cis
to DNA double-strand breaks, Cell 141 (2010) 970–981.

[102] M.S. Huen, J. Huang, J.W. Leung, S.M. Sy, K.M. Leung, Y.P. Ching, S.W.
Tsao, J. Chen, Regulation of chromatin architecture by the PWWP domain-
containing DNA damage-responsive factor EXPAND1/MUM1, Mol. Cell 37
(2010) 854–864.

[103] P.A. Jowsey, A.J. Doherty, J. Rouse, Human PTIP facilitates ATM-mediated acti-
vation of p53 and promotes cellular resistance to ionizing radiation, J. Biol.
Chem. 279 (2004) 55562–55569.

[104] Z. Gong, Y.W. Cho, J.E. Kim, K. Ge, J. Chen, Accumulation of Pax2 transactivation
domain interaction protein (PTIP) at sites of DNA breaks via RNF8-dependent
pathway is required for cell survival after DNA damage, J. Biol. Chem. 284
(2009) 7284–7293.

[105] Y.W. Cho, T. Hong, S. Hong, H. Guo, H. Yu, D. Kim, T. Guszczynski, G.R. Dressler,
T.D. Copeland, M. Kalkum, K. Ge, PTIP associates with MLL3- and MLL4-
containing histone H3 lysine 4 methyltransferase complex, J. Biol. Chem. 282
(2007) 20395–20406.

[106] J. Huang, M.S. Huen, H. Kim, C.C. Leung, J.N. Glover, X. Yu, J. Chen, RAD18
transmits DNA damage signalling to elicit homologous recombination repair,
Nat. Cell Biol. 11 (2009) 592–603.

[107] C.E. Lilley, R.A. Schwartz, M.D. Weitzman, Using or abusing: viruses and the
cellular DNA damage response, Trends Microbiol. 15 (2007) 119–126.

[108] F.D. Araujo, T.H. Stracker, C.T. Carson, D.V. Lee, M.D. Weitzman, Adenovirus
type 5 E4orf3 protein targets the Mre11 complex to cytoplasmic aggresomes,
J. Virol. 79 (2005) 11382–11391.

[109] C.T. Carson, N.I. Orazio, D.V. Lee, J. Suh, S. Bekker-Jensen, F.D. Araujo, S.S. Lak-
dawala, C.E. Lilley, J. Bartek, J. Lukas, M.D. Weitzman, Mislocalization of the
MRN complex prevents ATR signaling during adenovirus infection, EMBO J.
28 (2009) 652–662.

[110] C.E. Lilley, M.S. Chaurushiya, C. Boutell, S. Landry, J. Suh, S. Panier, R.D. Everett,
G.S. Stewart, D. Durocher, M.D. Weitzman, A viral E3 ligase targets RNF8 and
J. 29 (2010) 943–955.
[111] G.S. Stewart, T. Stankovic, P.J. Byrd, T. Wechsler, E.S. Miller, A. Huissoon, M.T.

Drayson, S.C. West, S.J. Elledge, A.M. Taylor, RIDDLE immunodeficiency syn-
drome is linked to defects in 53BP1-mediated DNA damage signaling, Proc.
Natl. Acad. Sci. U.S.A. 104 (2007) 16910–16915.


	Assembly and function of DNA double-strand break repair foci in mammalian cells
	Introduction
	DNA damage induces compartmentalization of the nucleus
	Order and dynamics of protein recruitment to DNA repair foci
	γ-H2AX: the most proximal marker of IRIF formation
	MDC1: the master organizer of protein assembly at IRIF
	Mechanisms of BRCA1 and 53BP1 accumulation in IRIF

	Ubiquitin-dependent assembly of DNA repair factors at IRIF
	Sequential H2A poly-ubiquitylation by RNF8 and RNF168
	HERC2: a novel ubiquitin ligase required for DSB-associated histone ubiquitylation
	Complexity of DNA damage-induced histone ubiquitylation
	Regulation of IRIF dynamics by de-ubiquitylating enzymes

	SUMOylation-mediated regulation of IRIF formation
	IRIF and the maintenance of genomic integrity
	What are the biological functions of IRIF?
	New constituents of IRIF

	IRIF and human disease
	Conflict of interest
	Acknowledgements
	References


