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DNA double-strand breaks (DSBs) are DNA lesions that must be accurately
repaired in order to preserve genomic integrity and cellular viability. The
response to DSBs reshapes the local chromatin environment and is largely
orchestrated by the deposition, removal and detection of a complex set of
chromatin-associated post-translational modifications. In particular, the
nucleosome acts as a central signalling hub and landing platform in this pro-
cess by organizing the recruitment of repair and signalling factors, while at the
same time coordinating repair with other DNA-based cellular processes.
While current research has provided a descriptive overview of which histone
marks affect DSB repair, we are only beginning to understand how these
marks are interpreted to foster an efficient DSB response. Here we review
how the modified chromatin surrounding DSBs is read, with a focus on the
insights gleaned from structural and biochemical studies.

This article is part of the themed issue ‘Chromatin modifiers and
remodellers in DNA repair and signalling’.

1. Introduction

DNA double helices form the basic heritable genetic material of the cell and are
under constant attack from both exogenous and endogenous sources of DNA
damage [1]. One of the most toxic DNA lesions occurs when the backbone of
the DNA is cut on both strands simultaneously, creating a DNA double-strand
break (DSB). DSBs can form as a consequence of DNA replication stress and stal-
ling, or chemical insults or from the absorption of ionizing radiation [1]. If DSBs
are left unrepaired genetic material can be lost: if improperly repaired, DSBs cause
chromosomal aberrations or copy number variations that are associated with
cancer. As a result, multiple elegant and highly controlled pathways have evolved
to detect, signal and repair DSBs. Repair of DSBs can be roughly divided into two
separate mechanisms, namely end-joining and homology-directed repair (HDR).
The canonical end-joining pathway, non-homologous end joining (NHE]), occurs
via direct re-ligation of breaks, after limited resection and end processing [2,3].
Most breaks are repaired faithfully by NHE], which is the major pathway used
for repair of DSB in human cells [4]. Where another identical copy of DNA is pre-
sent, such as the sister chromatid, HDR is preferentially used. As a result, the
choice of HDR over NHE] is temporally regulated across the cell cycle: HDR is
favoured after DNA replication in late S, G2 and M phases, while NHE] is used
in interphase cells [5]. The state of chromatin around DSB profoundly shapes
the response to DNA damage and the chromatin functions as more than just a
simple barrier to repair enzymes [6-9].

The size of eukaryotic genomes requires that they be packaged into stable,
easily replicated and separable structures that are also sufficiently plastic to
allow access to the genetic material. DNA and its associated histone proteins
form chromatin, the fundamental unit of which is the nucleosome core particle
(NCP). The NCP is an octamer of histone proteins composed of two copies each
of histone H3-H4 and H2A-H2B, which wraps roughly 147 bp of DNA around
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Figure 1. NCP modifications in the DNA damage response (DDR) pathway. (a) The structure of a NCP (PDB: 3LZ0) viewed along the DNA axis and the orthogonal
direction, coloured according to coulombic surface charge. (b) Representation of two NCPs and linker DNA with ritical solvent-exposed DDR modification sites
coloured, created in UCSF Chimera. Model based on Xenopus laevis NCP crystal structures (PDB: 1A0I and 3LZ0) and labelled according to human amino acid residues.
Disordered tails are indicated by lines and are not to scale. H2AX histone variant is coloured cyan. See text and references [11,12] for a description of the residues

modified in the DDR.

its core [10]. The coin-like NCP wraps 1.65 turns of DNA
around its equator, creating two symmetrical proteinaceous
solvent-exposed faces (figure 1a).

The NCP is far more than just a packing material, it controls
how the DNA in eukaryotic cells is replicated, read and used.
NCPs provide a platform that becomes heavily decorated
with post-translational modifications to control the myriad of
DNA-related processes in the cell. The extended histone tails
are the primary sites for modification [13,14]. Histone modifi-
cations can directly affect the chemistry of their modified
residues and thereby the accessibility of chromatin [15,16].
However, histone modifications commonly mediate their
function through chromatin-binding effector proteins, which
can recognize both the modified residue and the surround-
ing protein sequence and structure of the NCP. To foster
the appropriate response there is often cross talk between
different modifications, either within the same histone tail or
between different histones across a NCP [17-21]. Furthermore,
chromatin-binding proteins often also form interactions with the
unmodified histone surface to increase specificity and affinity
[14,19,22,23]. Combinatorial histone mark recognition confers

specificity, affinity and temporal control to finely tune responses
to the chromatin post-translational modification status [17].

2. Post-translational modifications after DSBs:
the DNA damage response pathway

In mammalian cells, DSBs elicit a cascade of signalling events
that label DNA lesions in a process that is often collectively
referred to as the DNA damage response (DDR) [7,24]. This
pathway aids in the assembly of repair complexes, limits
local transcription, and slows down or blocks cell cycle pro-
gression. Proteomic studies have revealed many targets of
the DDR [25-28] but the most commonly modified set of
proteins are histones (figure 1b).

After initial detection, the DSB signal is propagated on the
chromatin around the break, up to megabases from the site of
damage [29-31]. DNA damage-induced histone phosphoryl-
ation and ubiquitylation are both subject to positive feedback
mechanisms, promoting their spreading along the chromatin,
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away from DSB sites. The resultant signals can be visualized
as subnuclear foci by immunofluorescence microscopy.

PI3 K-like kinases DNA-PKcs, ATM and ATR phosphory-
late Ser-139 of histone variant H2AX surrounding breaks,
creating y-H2AX [32-35]. This forms a binding platform for
MDC1 [36] and leads to subsequent recruitment of E3 ligase
RNEF8 [37-39]. RNF8 potentiates the ubiquitylation cascade
by extending constitutive mono-ubiquitylation on linker
histone H1, forming Lys-63-linked chains [28]. RNF168 binds
to the products of RNF8 ubiquitylation and amplifies the
ubiquitin signal at DSBs [40-42]. RNF168 ubiquitylates mul-
tiple targets at DSB foci, but specifically ubiquitylates H2A at
Lys-13 and Lys-15 (H2AK13/15ub) on NCPs [43,44].

The extensive ubiquitin signal at DSB sites leads to
recruitment and retention of repair and signalling factors
such as RAP80-BRCA1 and 53BP1 [41,42,45]. Despite both
being recruited by RNF168-mediated ubiquitylation, BRCA1
and 53BP1 form an antagonistic pair at the hub of DSB
repair choice [46]. 53BP1 and associated effector proteins pro-
mote NHE]-based DSB repair and simultaneously inhibit the
recruitment of BRCA1 to DSB sites in the G1 phase of the cell
cycle [5]. In S/G2 phases, BRCA1 and DNA resection factors
antagonize 53BP1, which in turns promotes HDR [47].

Outside of the canonical DDR signalling cascade, other
histone post-translational modifications have been reported
to be involved in the response to DSB [48] (figure 1b). Some
marks are altered locally after DSBs, such as H4K20mel/2
[49-53], H3K36me?2 [54,55], H3K9me3 [56-58], H2BK120ub
[59,60], H2AK119ub [61-63], H2BS14ph [11], H3K14ac [64],
H3K56ac [12,65] and H4K16ac [66—68]. Other already resi-
dent histone modifications are also used by DNA damage
binding proteins, including H4Kl6ac [69], H4K20me2
[70,71] and H3K36me3 [72,73]. These pre-existing marks
help to coordinate repair with other chromatin-related pro-
cesses such as transcription and replication [74-76].
Alternatively, they may affect DNA pathway choice or
increase the overall affinity of recruited proteins to DSB
foci. The dynamic removal of DSB histone modifications
is also crucial to repair. A number of phosphatases, de-
ubiquitylating enzymes (DUBs) and histone deacetylases
have been implicated in the repair of DSBs [65,77,78].

3. Recognition domains in the DNA damage
response

Through biochemical and structural characterization of DNA
damage-associated histone modifying and binding proteins,
we are beginning to understand how the complex histone-
signalling network is interpreted at DSBs. Many proteins in
the DDR pathway contain dedicated post-translational modifi-
cation recognition domains that are modular and transferable.
In one example, the BRCT domains of MDC1 can indepen-
dently localize to DSB sites [36] and they have been used to
artificially recruit the E3 ligase activity of RNF168 in the
absence of RNF8 [79]. However, context-specific chromatin
reading often requires multiple protein domains, integrat-
ing multiple histone marks and nucleosomal elements in a
multivalent fashion. Below we provide examples of the mech-
anisms by which proteins recognize modified chromatin to
facilitate DSB repair (table 1), focusing on phosphorylation-,
ubiquitin-, acetylation- and methylation-binding modules
(figure 2).

4. Recognition of ~y-H2AX

The primary reader of -H2AX is the tandem BRCT domains of
MDC1. BRCT domains are tandem repeats of approximately
100 amino acids that fold together in a head-to-tail confi-
guration. The crystal structure of the BRCT domains of
MDC1 in complex with the phosphorylated tail of H2AX was
instrumental in explaining the recruitment and role of MDC1
in the DSB signalling cascade [36,107] (figure 2a). The
tandem BRCT domain of MDC1 sandwiches the S5139-
phosphorylated H2AX peptide and specificity is conferred by
recognition of a tyrosine residue (Tyr-142) after the ATM con-
sensus SQ site. The elegant specificity of MDC1 to the short
peptidic fragment is aided by enforced rigidity in the phos-
pho-serine adjacent glutamine and the recognition of the free
C-terminus of H2AX [108]. Super-resolution microscopy has
revealed different y-H2AX and MDC1 profiles at DSB foci in
cells [109], suggesting MDC1 is not always associated with
v-H2AX. MDC1 can also engage in other non-y-H2AX
mediated interactions at DSBs, possibly stabilizing its
chromatin interaction [110,111].

Although MDC1 is the primary reader of y-H2AX, mouse
cells lacking MDC1 still exhibit a partial recruitment of DDR
factors [112]. Other proteins have been described to interact
directly with y-H2AX [80-82,113]. MCPHL1, a protein involved
in limiting cell cycle progression after DNA damage, can
also bind y-H2AX [80]. Interestingly, MCPH1 is recruited
to DSBs prior to MDC1, but unlike MDC1, MCPH1 can accom-
modate the basal phosphorylation of H2AX Tyr-142 [114-116].
Phosphorylation at Tyr-142 is rapidly removed after DSB
formation, allowing MDC1 binding. The structures of
phosphorylated H2AX C-terminal peptides with BRCT2/3
of MCPHI reveal a similar binding mode compared with the
MDC1 BRCTs (figure 2b) [116,117]. However, phosphopeptide
binding by MCPHI1 is unusual; it is mediated through non-
charged hydrogen bonding network rather than a charged
basic residue. The two-phosphorylation sites on the H2AX
peptide are bound by the two separate BRCT repeats and
the overall electropositive surface of MCPH1 allows the accom-
modation of a second phosphate at Tyr-142. The tandem BRCT
domains of 53BP1 have also been reported to bind to y-H2AX
(see below, section 6). In budding yeast the adaptor protein
Rtt107 recognizes the phosphorylated tail of H2A via BRCT
interaction [118,119]. However, despite a co-crystal structure of
a y-H2AX peptide and the BRCT repeats from PTIP [120]—the
human homologue of Rtt107—this binding mode is not likely
to be conserved between yeast and humans, as PTIP recruitment
is reliant on binding to ATM-phosphorylated 53BP1 [121,122].

5. Recognition of histone acetylation in the DNA
damage response

The role for histone acetylation in the DDR has been extensi-
vely reviewed recently [68,123,124]. Bromodomains (BRDs)
are a diverse set of acetyl-binding modules composed of a
left-handed bundle of four a-helices. Variable loops connect-
ing the helices shape the acetyl-lysine binding pocket [21].
A recent study revealed that one-third of all BRD-containing
proteins alter their subcellular localization after laser
microirradiation-induced DNA damage [91].

The C-terminally truncated BRD4 isoform B limits the
extent of DDR signalling by insulating chromatin from
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Table 1. Chromatin-binding protein domains in the DNA damage response (DDR) pathway. Summary of the reported chromatin interaction domains in the DDR. [}
Abbreviations: PTM, post-translational modification; PHD, plant homeodomain; MBT, malignant brain tumour domain; PWWP, Pro-Trp-Trp-Pro domain; ANKD, ankyrin

repeat domain; BRD, bromodomain; UDR, ubiquitination-dependent recruitment region; UIM, ubiquitin interaction motif; UDM, ubiquitin-dependent DSB recruitment g
module; MIU, motif interacting with ubiquitin; UBZ, ubiquitin-binding zinc-finger domain; RING, really interesting new gene; SIM, SUMO-interacting mofif. <<3
%—’
DDR protein histone epitopes in the DDR ED.
S
BRCT MDC1 ph H2AXS139ph [36] ;5
MCPH1 ph H2AXS139ph/Y142ph [80] E
538P1 ph H2AXS139ph [81,82] 3
NBS1 me H3K36me2? [55] -
PWWP ZYMND8 me H3K36me0? [20] i
LEDGF/PSIP1 me H3K36me3 [83] S
PHD ZMYNDS me ? [20] =
PHRF1 me H3K36me2/3 [84] §
tandem 53BP1 me H4K20me1/2 [85] E
Tudor JMID2A/KDM4A me H4K20me2/3, H3K4Me3 [86] :
Chromo TIPGO/KATS me H3K9me3 [57] =
]
HP1 me H3K9me3 [87] =
MBT L3MBTL1 me H4K20me1/2 [88]
MBTD1 me H4K20me1/2 [89]
BRD BRD4 ac H3K9/14ac, H4K5/K8/K12/K16Ac [90]
IMYND8 ac H3K14ac, H4K5/K8/K12/K16Ac [20,91]
SMARCA2/BRM ac H3K18ac, H4K5/K8/K12/K16Ac? [92]
SMARCA4/BRG1 ac H3K9/14Ac, HAK8/K12/K16AC? [93]
BAF180/PBMR1 ac H3K4/9/14/18/23A¢? [94]
UDR 53BP1 ub NCP-H2AK15ub, acidic patch [45]
uim RNF168 (UDMT1) ub H1-ubKe3, [28]
RAP80 ub NCPub? [95]
MIU RNF168 ub (UDMT)-H1-ubk63 [28]
ub (UDM2) NCP-H2AK13/15ub [96—98]
RNF169 ub NCP-H2AK13/15ub [96-98]
CUE SMARCAD1 ub H2A K127ub? [99]
UBZ RAD18 ub Ubiquitin chains, NCP-H2AK13/15ub [96,97,100]
SIM RAP80 SUMO Hybrid SUMO-ubK63 chains [101]
RNF4 SUMO SUMO chains [102]
RING RNF4 — DNA [103]
RNF168 — ? [104]
RING1b-BMI1 — H2A-H2B-acidic patch [105]
BRCA1-BARD1 — H2A-H2B-acidic patch? [105]
ANKD TONSL — H4K20me0 [106]
BARD1 — ? [106]

decompaction [90]. This requires the first BRD of BRD4, which
binds to multiple acetyl residues on the H4 tail [21] (figure 2c).
BRD4 may use its two BRDs to bind bivalently to NCPs via
both acetylated H3 and H4 tails and nucleosomal DNA
[125,126]. PBAF and BAF complexes are related SWI/SNF
chromatin remodellers found to be recruited to sites of DSBs
[91,127]. This recruitment is in part mediated via direct acetyl-
ated-histone tail recognition by BRDs in BAF180/PBMRI1 [94],
SMARCA2/BRM [92] and SMARCA4/BRG1 [93]. y-H2AX
promotes subsequent H3 N-terminal acetylation, which is

read by a BRD within the ATPase subunit of the SWI/SNF
complex, SMARCA4/BRG1 [93].

The multivalent reader ZMYNDS represses transcription
in close proximity to DNA lesions and binds to acetylated
histone peptides in vitro [20,91]. TIP60/NuA4-catalysed acety-
lation after DSBs promotes ZMYNDS8 recruitment in vivo
leading to shutdown of local transcription and HDR, by pro-
moting the recruitment of the NuRD complex deacetylase to
chromatin flanking DNA lesions [91,128]. ZMYNDS contains
a triple reader module, composed of a PHD-BRD-PWWP
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Figure 2. Modified histone peptide reader domains in the DDR. Structures of chromatin reader domains referred to in the text, bound to their proposed DDR histone
peptide targets. Structures were generated in PymoL or UCSF Cimera. Selected residues and hydrogen-hond/salt bridges are annotated. (@) MDC1 tandem BRCT bound to
a Ser-139-phosphorylated H2AX peptide (PDB: 2AZM). (b) MCPH1 tandem BRCT domain with Ser-139-, Tyr-142-phosphorylated H2AX (PDB: 3U3Z). (c) BRD4 bro-
modomain bound to H4 acetylated Lys-12/16 (PDB: 3UVX). (d) Tandem Tudor domain of 53BP1 bound to a di-methylated H4K20 peptide (PDB: 2LVM). (e)
PWWP domain of LEDGF bound to H3 tri-methylated Lys-36 (PDB: 3ZH1). (f) TONSL ankyrin repeat domain bound to an unmodified H4 peptide (PDB: 5JA4).

domain, which folds into one contiguous structure [20].
Intriguingly, the back face of this triple reader can also simul-
taneously bind DNA, and ZMYNDS relies on its three reader
modules to be optimally recruited to DSB sites.

6. Recognition of multiple modified elements:
the complex case of 53BP1

53BP1 was originally identified as a p53-interacting protein
[129]. While 53BP1 is a bona fide modulator of p53 [130,131],
it has a separate and better-characterized role in the repair of
DSBs, as a key regulator of the NHE] pathway [132,133].
53BP1 is involved in both potentiating DSB signalling, and

promoting NHE]. In order to perform these functions 53BP1
must be recruited to sites of DSB and become phosphorylated
by ATM/ATR, providing a landing platform for effector
proteins [132,133].

53BP1 is recruited to chromatin by a combination of
induced and pre-existing marks, as well as direct recognition
of the NCP face. 53BP1 contains a tandem Tudor domain,
which primarily engages H4 tails mono- and di-methylated
at Lys-20 (H4K20mel/2) [85] (figure 2d). H4K20mel/2 is
rapidly deposited after DNA replication [106] and 80% of all
NCPs are methylated at H4 Lys-20 in asynchronously dividing
cells. H4K20mel/2 is also induced locally at DSBs following
DNA damage [49-53]. The crystal structure of the tandem
Tudor domain of 53BP1 revealed that the first Tudor repeat
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(-terminal tandem BRCT repeat domain bound to a ~y-H2AX peptide (dashed grey line). Inhibitory modules referred to in the text are annotated.

of this domain forms an aromatic cage that specifies di-methyl
lysine recognition [85]. The pocket is optimized to snugly
accommodate a di-methylated lysine residue; smaller modifi-
cations would form weaker van der Waals and m-cation
interactions within the aromatic cage. Conversely, tri-methyl-
ated lysines would break salt bridges and hydrogen bonding
with 53BP1 residue Asp-1521. The H4 peptide spans a cleft
between the tandem Tudor domain, with the four basic resi-
dues preceding H4 Lys-20 important for specificity [66]
(figure 2d).

Our recent structure of 53BP1 bound to a larger substrate—
a modified NCP—suggested that the Tudor domain of 53BP1
binds flexibly to its target [18] (figure 3). Poorly ordered den-
sity attributable to the tandem Tudor domain of 53BP1 was
found over the NCP surface, tethered by the tail of H4. While
recognizing the methylated H4 peptide tail, the tandem
Tudor domain is free to move above the NCP surface, forming
few other stable interactions with the rest of the NCP.

The localization of 53BP1 to DSB sites cannot be solely
explained by methyl-lysine binding. RNF168-mediated
ubiquitylation is critical for the recruitment of 53BP1 [41,42].
While other models exist [86,88,134,135], the overwhelming
evidence suggests that 53BP1 directly recognizes the RNF168-
catalysed ubiquitylation of H2A at Lys-15 [43,45]. The minimal
fragment required for 53BP1 recruitment to ionizing radiation-
induced foci consists of a dimerized fragment of 53BP1
including the tandem Tudor domain and an extended
28-residue fragment termed the ubiquitination-dependent
recruitment region (UDR) [45]. The UDR does not appear to
be a prototypical ubiquitin-binding domain (UBD; described

below); in isolation, the UDR has no measurable affinity
for ubiquitin [45]. The cryo-electron microscopy (cryo-EM)
structure of the tandem Tudor-UDR fragment bound to a
site-specific ubiquitylated and methylated NCP revealed that
53BP1 contacts multiple elements on the modified nucleosome
[18] (figure 3). The H2AK15ub nucleosomal specificity of
53BP1 is garnered by the UDR region. This short peptide
motif is ordered in the cryo-EM structure and forms direct con-
tacts with the NCP surface and bound ubiquitin. The ubiquitin
tethered to Lys-15 is in a constrained state, folded over the
nucleosomal face and forming direct contacts with the NCP
surface itself. Indeed, mutation of NCP residues distal to the
site of 53BP1-UDR-ubiquitin interaction inhibited 53BP1 bind-
ing in vitro, suggesting that the UDR promotes the constrained
ubiquitin-bound conformation. RNF168 ubiquitylates H2A on
both Lys-15 and Lys-13 [43], but 53BP1 preferentially binds to
only H2AK15ub NCPs [45]. Surprisingly, the UDR does not
contact the site of ubiquitin attachment to confer this prefer-
ence; the constrained ubiquitin conformation is stabilized by
nucleosomal and UDR contacts, allowed by ubiquitin tethered
via a Lys-15 isopeptide bond. Increasing the distance from the
NCP core by enforcing ubiquitylation at only Lys-13 prevents
the correct positioning of the covalently attached ubiquitin
that is required to form these interactions with 53BP1.

53BP1 also recognizes the NCP surface to help ensure speci-
ficity and affinity. The UDR snakes over the NCP face,
interacting with a cleft formed between H2B and H4 as well
as with a negatively charged region formed by residues in his-
tone H2A and H2B, termed the acidic patch (figure 1a). The
UDR contains multiple basic residues, which probably form
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electrostatic interactions with the negatively charged NCP
acidic patch. Intriguingly, in the absence of any one of the
three binding surfaces, the overall affinity of 53BP1 for
the NCP is greatly reduced, suggesting that the 53BP1-
NCP-ubiquitin-methylation interaction is truly multivalent.

The lack of any direct NCP—-tandem Tudor interfaces out-
side of the H4 tail recognition may be important in 53BP1
Tudor domain function. The Tudor domain of 53BP1 can recog-
nize a number of different methylated substrates [130,136,137],
including methylated lysine marks on other histones in the
NCP. The flexible association with only the peptidic methylated
tail could allow 53BP1 to bind other modified histone tails,
while still constrained by the rigid UDR.

In addition to the minimal dimerized tandem Tudor-UDR
region required for 53BP1 binding, other reported chromatin-
binding interfaces of 53BP1 may aid 53BP1 recruitment and
subsequent DSB repair. 53BP1 has also been described to
bind directly to DNA via a glycine-alanine-rich (GAR) region
[138,139]. While charge-maintaining mutation of this motif
does not seem to affect 53BP1 recruitment or function
[140,141], the GAR motif may form stabilizing protein—DNA
interactions on chromatin. Recent work has reported that the
C-terminal BRCT repeats of 53BP1 bind to y-H2AX [81,82]
(figure 3). The BRCT domains bind in a similar manner to
MDC1, albeit with lower affinity. While not absolutely essential
for the recruitment or repair function of 53BP1 [140-142],
mutations in the BRCT domain lead to persistent y-H2AX
signalling after damage, characteristic of impaired heterochro-
matin repair [82]. The exact nature of the oligomerization state
of 53BP1 is unclear, although the oligomerization domain is
absolutely required for recruitment to sites of DSBs [140].
While a dimeric 53BP1 is sufficient for recruitment in vitro
and in vivo, higher order oligomerization may be required to
efficiently promote 53BP1 repair functions [142].

7. Antagonism of 53BP1 recruitment to DSBs

53BP1 recruitment can be directly modulated by its own
regulatory post-translational modifications [135,143-146]
and other binding proteins [147,148] (figure 3). Other histone
modifications can alter 53BP1 binding and concurrently alter
DNA repair pathway choice. A number of reports have
linked H4K16ac as a crucial modification for the HDR path-
way [66,67]. Global H4K16ac is catalysed by the MOF/MSL
complex and pre-existing H4Kl6ac is important for DSB
repair [70,149]. Furthermore, at DSB sites, the N-terminal
lysines of H4 and H2A are acetylated by the NuA4/TIP60
complex [67,68,89]. H4Kl6ac directly blocks the tandem
Tudor domain of 53BP1 from engaging with H4K20me2
[66,69], possibly through breaking a salt bridge between H4
Lys-16 and one of a series of highly conserved acidic residues
in the second Tudor domain [66]. The TIP60/NuA4 acetyl-
transferase also blocks 53BP1 directly. A recently identified
MBT domain in the acetyltransferase complex can bind to
H4K20mel/2 marks, competing with 53BP1 [89]. Adding
insult to injury, the acetyltransferase can then acetylate the
primary ubiquitin acceptor site H2A Lys-15, blocking the
ubiquitylation by RNF168 and preventing ubiquitin-based
recognition by 53BP1.

RNF20-mediated H2BK120ub inhibits 53BP1-mediated
DNA damage signalling and is required for timely DSB
repair [150,151]. H2BK120ub is in close proximity to the

H2AK15ub site but does not directly block 53BP1 association
with modified nucleosomes 53BP1 in vitro [18], suggesting
that putative H2BK120ub-binding proteins may be involved
in this antagonism. The extent of 53BP1 spreading and
removal after DNA damage is also limited by the action
of DUBs [77]. Multiple DUBs have been implicated in
antagonizing RNF8/RNF168 signalling (reviewed in [77]).
Interestingly, the same DUBs, USP44 and USP51, have been
reported to antagonize both RNF168- and RNF20/
40-mediated histone ubiquitylation [152-155].

Other proteins have also been reported to bind H4K20me2
marks in the absence of DNA damage (figure 3). A number of
reports have shown that these proteins can outcompete 53BP1
and are removed from the vicinity of the break after the
formation of a DSB. L3MBTL1 contains three MBT domains,
which can simultaneously bridge multiple nucleosomes
marked with H4K20mel/2, repressing transcription [156,157].
The MBT fold contains an aromatic cage and the second MBT
repeat of L3MBTL1 specifically recognizes mono- and di-
methyl marks [157]. At sites of DSBs, L3MBTL1 is rapidly
ubiquitylated by RNF8/RNF168, leading to the recruitment of
the AAA+ ATPase p97 and removal of L3BMBTL1 from chroma-
tin [88]. The DUB OTUB2 antagonizes LBMBTL1 ubiquitylation
and therefore promotes the removal of LAMBTL1 from chroma-
tin [158]. The lysine demethylases JMJD2A/KDM4A and
JMJD2B/KDMA4A can also bind to H4K20me2/3. The tandem
Tudor domain of JMJD2A displays a very different fold and
binding mode compared with the same domain in 53BP1
[159]; the two Tudor domains of JMJD2A share secondary struc-
ture to form a bilobed structure. JMJD2A is also ubiquitylated by
RNF8/RNF168 and globally targeted for degradation to allow
53BP1 binding [86]. In addition to inhibiting 53BP1 focus for-
mation, overexpression of JMJD2A catalyses the reduction in
H3K36me3 levels leading to impaired HDR [72].

8. Ubiquitin recognition at chromatin
surrounding DSBs

Ubiquitin recognition poses a unique problem to cells:
ubiquitin-like proteins are much larger than other post-
translational modifications, making it impractical for a
single domain to bind to both the ubiquitin and the ubiquity-
lated protein. Ubiquitin-binding domains (UBDs) interact
directly with only a ubiquitin moiety and possess a diverse
number of different folds structured as either helical motifs
or small globular domains [160]. However, site-specific
readout of ubiquitylation state has been described for
chromatin-binding proteins. UBDs tend to bind with low affi-
nity in isolation and so coordinate their activity with other
protein-binding motifs [96]. Panier and colleagues [96] identi-
fied small (less than 20 residue) fragments, termed LR motifs,
which worked bivalently with UBDs to direct ligand binding
for RAP80, RAD18, RNF168 and RNF169. The LR motifs
are divergent in sequence so are likely to facilitate targeting
of the readers to diverse ubiquitylated proteins at DSB sites,
including ubiquitylated histones [96].

Outside of its N-terminal E3 ligase RING domain, RNF168
has two separable ubiquitylated-chromatin-binding modules,
UDMI1 and UDM2, which recognize different substrates on
chromatin [28,96]. The UDM1 region comprises two helical
UBDs and an LR motif [96] that interact with Lys-63 ubiquity-
lated histone H1 [28]. H1 is a linker histone that dynamically
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associates with chromatin to induce higher order chromatin
compaction [161] and is polyubiquitylated by RNF8 near
DSBs [28]. The UDML1 likely engages with H1 through electro-
static interactions, as this module is highly negatively charged.
The extensive propagation of H2AK15ub on chromatin
requires the second UDM of RNF168, which comprises a
single helical MIU UBD flanked by another LR motif. Interest-
ingly, UDM2 binds to the products of RNF168 ubiquitylation,
leading to a positive feedback mechanism for RNF168
ubiquitin spreading [96—98].

Ubiquitin binding is used as a mechanism to inhibit 53BP1
binding. RNF169, a paralogue of RNF168, lacks a functional
RING domain or UDM1 module, but has a conserved UDM?2
module [162,163]. Overexpression of RNF169 reduces ionizing
radiation-induced foci of ubiquitin, 53BP1 [96,162] and BRCA1
[163], but requires RNF168-mediated ubiquitylation for its own
accumulation at DSBs. Recent structural studies have revealed
that the UDM2 of RNF169 directly binds to NCPs ubiquity-
lated at Lys-13 and Lys-15, with appreciably higher affinity
than either UDM2 of RNF168 or 53BP1 [97,98]. Interestingly,
despite binding to both the ubiquitin and the NCP acidic
patch RNF169 displays a different binding mode compared
with 53BP1, with separable ubiquitin- and NCP-binding mod-
ules. Multiple residues in the LR motif of RNF169 directly
contact the NCP surface, while the MIU stabilizes a DNA adja-
cent-conformation of ubiquitin [97,98]. While fragments of
RNF169 can outcompete 53BP1 in vitro, the exact role of
RNF169 in vivo is still unclear. RAD18 overexpression can
also inhibit 53BP1 focal recruitment [164]. A fragment of
RADI18 containing a UBZ UBD also engages specifically with
H2AK13/15ub NCPs and may form contacts with both the
NCP acidic patch and nucleosomal DNA [97].

Both RNF168-UDM2 and 53BP1 tandem Tudor-UDR
minimally bind mono-ubiquitylated chromatin. While the
UDM2 of RNF168 can tolerate binding to ubiquitin chains,
it shows little chain type specificity [28]. Similarly, the struc-
ture of the UDR of 53BP1 could accommodate ubiquitin
chains, but the UDR would be unlikely to interact directly
with these additional ubiquitin moieties [18]. Nevertheless,
RNF168 has been reported to build Lys-63- and Lys-27-
based chains at DSB sites [41,42,165].

Histone ubiquitylation at DSBs is not limited to H2A Lys-13
and Lys-15. The repressive H2AK119ub mark is deposited by
the RING1B-BMI1 E3 ligase components of the Polycomb
complex PRC1 [166], which are recruited to sites of DNA
damage [61-63,167,168] and aid in local transcriptional repres-
sion [61,74]. H2BK120ub and the enzymes responsible can also
be visualized at sites of DNA damage [59,60,150]. H2BK120ub
is normally associated with transcription elongation, but can
also promote DNA repair, by encouraging local chromatin
relaxation [60].

While understanding of how 53BP1 is recruited to chroma-
tin is becoming clearer, how the canonical NHE] antagonist
BRCA1 is brought to DNA breaks in a timely fashion is still
unclear. BRCA1 forms multiple complexes in the cell, each
with different chromatin-binding properties [169]. BRCA1 is
recruited to sites of DSB in an RNF168-dependent manner
[41,42]. The BRCA1-A complex includes the ubiquitin-binding
protein RAP80 [170-172]. The N-terminal 124 residues of
RAPS80 are sufficient for DSB focal recruitment [171,173] and
contain two UIM UBDs, spaced to confer Lys-63 chain speci-
ficity [95,174]. In addition, RAP80 also contains a SIM motif
[101,175,176] and an LR motif [96]. The identity of the protein

harbouring the Lys-63 chains bound by RAPS80 is still unclear. n

A recently identified zinc-finger protein, ZMYMS3, can bind to
both protein and DNA components of nucleosomes and helps
to recruit BRCA1-A complex to sites of DSBs [177].

BRCA1 forms an obligate heterodimer with BARDI,
creating an active E3 ligase [178,179]. This E3 targets H2A
within chromatin, primarily at Lys-127 [180], possibly inter-
acting with its NCP substrate via the acidic patch [105].
Recent work has shown that H2AK127ub helps to recruit
the SMARCAD1 chromatin remodeller complex, which
requires its two UBDs for this interaction [99,181]. SMAR-
CAD1 promotes HDR and helps to relocalize 53BP1 to the
periphery of the DSB-induced foci [99,182].

9. Recognition of underlying chromatin state

While some marks may not change following formation of a
DSB, their accessibility may be altered due to topological
rearrangement of chromatin or direct unmasking due to chro-
matin-binding protein removal (see above). For example, HP1
constitutively binds H3K9me3 at transcriptionally repressed
loci [183]. HP1B rapidly mobilizes away from DNA lesions
after DSBs [184], revealing H3K9me3-binding sites. This
allows direct binding of the TIP60 chromodomain to
H3K9me3 [57], activating TIP60 to locally acetylate both his-
tone tails and ATM kinase [66,69,185,186]. Interestingly, HP1
is also recruited to DSB sites in a mechanism to spread
H3K9me3 catalysed by SUV39H1 [56,57,87] and induce
local chromatin condensation. This activity is not dependent
upon the HP1 chromodomain.

While the H3K36me3 mark is not induced upon DNA
damage, resident H3K36me3 is used to help promote HDR at
sites of active transcription [72,73,187]. LEDGF/PSIP1 pro-
motes HDR through its recruitment of CtIP to DSB sites
[83,187] (figure 2¢). LEDGF binds to chromatin using a
PWWP domain [83], which binds bivalently to H3K36me3
and non-specifically to DNA on separate faces of the domain
[188,189], thus conferring NCP specificity.

Unmodified elements of chromatin are used by DDR
proteins to increase avidity in a multivalent manner. The
H2A-H2B acidic patch is a commonly used feature for
chromatin protein binding [23,190] (figure 1a). Available
structures have revealed that DSB-implicated proteins
53BP1, TIP60/NuA4 and PRC1 also bind to NCPs via the
acidic patch [18,19,105]. Other chromatin-binding modules
such as the BRCA1-BARD1 RING domains and the UDM2
domains of RNF168 and RNF169 also bind to this same
pocket on the NCP surface. Interestingly, mutations in the
acidic patch do not measurably affect binding of the RING
domain of RNF168 to the NCP [104], but an electronegative
H2A-H2B acidic patch is required for optimal H2A ubiquity-
lation [191]. The SUMO-targeted E3 ligase, RNF4, is critical
for regulating the removal and degradation of repair proteins
[101,102,192,193]. RNF4 contains a patch of basic residues
that may bind nucleosomal DNA, allowing H3 ubiquitylation
in vitro [103]. It remains to be seen whether RNF4 interacts
with NCPs and SUMO moieties at the same time and how
the E3 ligase recruitment to NCPs is required to promote
DSB repair.

Non-modified protein recognition has been co-opted
as a means to recognize freshly deposited chromatin after
DNA replication and help determine DNA repair pathway
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choice [106]. Newly synthesized histones are modified
after replication in order to preserve epigenetic information.
However, this process takes time and normally highly modi-
fied histone residues (such as H4 Lys-20) are a good marker
of newly synthesized chromatin. 53BP1 is unable to bind
non-modified H4K20 [85], excluding 53BP1 binding to
newly deposited chromatin. The unmodified H4K20 tail can
instead be recognized by an ankyrin repeat domain in the
protein TONSL [106]. The crystal structure of the four
ankyrin repeats revealed extensive contacts with residues of
the H4 tail, principally with Arg-17, His-18 and Lys-20
(figure 2f). Lys-20 forms a hydrogen-bonding network,
which would be disrupted by lysine modification. The
MMS22-TONSL  complex 1is involved in promoting
HDR after DNA replication stress [194—196], and pre-recruit-
ment by the TONSL ankyrin domain is critical for this
function [106].

10. Conclusion and future perspectives

DSBs can form stochastically anywhere in the genome and at
any stage of the cell cycle, but it is essential they are still
repaired irrespective of the underlying chromatin state. The
cell has evolved multiple mechanisms to deal with DSBs,
which must be highly tailored to the specific incident. Chro-
matin plays an active role in this process and the deposition
and reading of histone marks is essential for coordinating
the DSB repair pathway with the local environment. We are
only beginning to tease out the details of how chromatin sig-
natures are read after DSB formation. The role for such
extensive expansion of chromatin marks is unclear. Indeed,
subnuclear damage foci are not homogeneous entities, differ-
ent DDR proteins are not evenly distributed across foci
[109,197-199] and there is different spatial and temporal dis-
tribution of DDR factors at DSBs. Each focus contains up to a
few thousand copies of DNA repair and signalling proteins
[200], but the requirement for such protein enrichment is
still unclear.
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