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A B S T R A C T

DNA double strand breaks need to be repaired in an organized fashion to preserve genomic integrity. In the
organization of faithful repair, histone ubiquitination plays a crucial role. Recent findings suggest an integrated
model for DNA repair regulation through site-specific histone ubiquitination and crosstalk to other post-
translational modifications. Here we discuss how site-specific histone ubiquitination is achieved on a molecular
level and how different multi-protein complexes work together to integrate different histone ubiquitination
states. We propose a model where site-specific H2A ubiquitination organizes the spatio-temporal recruitment of
DNA repair factors which will ultimately contribute to DNA repair pathway choice between homologous re-
combination and non-homologous end joining.

1. Introduction

To ensure genomic integrity and prevent diseases such as cancer,
DNA double strand breaks (DSB) need to be faithfully repaired [1]. The
two major pathways responsible for this repair are non-homologous end
joining (NHEJ) and homologous recombination (HR). The choice be-
tween these two depends on the cell cycle phase with pathway choice
carefully regulated by integrated signaling networks [2].

Histone modifications play an important part in these signaling
networks. In response to DNA damage, different posttranslational
modifications (e.g. methylation, ubiquitination, acetylation) form re-
cruitment platforms for downstream effectors, guide the activity of
chromatin remodelers and modulate enzymatic signaling cascades [3].
In this way the histone modifications act as conductors, orchestrating
the appropriate damage response (Fig. 1).

This histone signaling network is organized by multi-protein com-
plexes, containing different functional modules able to “read”, “write”
and “erase” chromatin marks. The modularity of these complexes al-
lows for integration of different histone modifications. For instance a
chromatin modifying complex might read methylated histones through
one module and erase ubiquitination with another. These modular as-
semblies allow a great complexity of possible signaling events.

Ubiquitination of histone H2A and H2B is one important post-
translational modification in the DNA damage response [4]. H2A and
H2B ubiquitination is unusually site-selective. Three enzymes or en-
zyme complexes, RNF168, RING1B(RNF2) in polycomb repressive

complex 1 (PRC1) and BRCA1/BARD1, modify H2A on three distinct
sites (K13/K15, K119 and K127/129 respectively). RNF20/RNF40
specifically modifies K120 on H2B [5–9]. All four ligases, with the
possible exception of RNF168, exert their function as parts of bigger
multiprotein complexes allowing for functional integration through the
above mentioned modularity of readers, writers and erasers. Several
different PRC1 complexes have in fact been identified and subunit
composition has been shown to have functional importance [10].

Ubiquitination of different sites on H2A has distinct physiological
consequences. In the DNA damage response ubiquitination of H2A by
BRCA1/BARD1 is believed to promote HR [11] and ubiquitination by
RNF168 seems to promote NHEJ [2,12]. Ubiquitination of H2A by
PRC1 complexes has a global function in transcriptional silencing [13]
and it may fulfil the same role locally around the damage site. H2B
ubiquitination in the context of DNA damage is crucial for damage
checkpoint activation and timely initiation of repair [4,12].

Specific histone ubiquitination forms an integral part of the reg-
ulatory network guiding the DNA damage response and recent advances
help to explain the molecular basis of specificity and its consequences
with respect to repair pathway choice. Those advances also support the
notion of a form of crosstalk, where specific ubiquitination states at
different sites affect each other and are affected themselves by different
PTMs. In such a model, integration over several signaling entities will
ultimately decide repair pathway choice.
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2. H2A13/15ub – RNF168 driven decision making

The E3 ligase RNF168 catalyzes the formation of two different sig-
naling entities in response to double strand breaks, H2A K15 mono-
ubiquitination and K63-linked ubiquitin chains (Fig. 2A). Both are
strictly dependent on another E3 ligase, RNF8, which is recruited first
to the damage site, in response to a phosphorylation cascade initiated
by ATM. Initially it was proposed that RNF8 acts first as a priming E3
ligase, initiating H2A ubiquitination, which would then recruit RNF168

to extend K63-linked chains to recruit other downstream effectors
[14–16]. Later it became clear that in fact RNF168 is responsible for the
priming event by monoubiquitinating H2A and RNF8 can extend a
monoubiquitination on H2A to form K63-linked ubiquitin chains [6].
Furthermore RNF168 was shown to be exclusively specific for K13/15
on H2A and not 119 [6,17], identifying the first non-canonical H2A
ubiquitination site. Recently the question how RNF8 manages to recruit
RNF168 was solved with the identification of the linker histone H1 as
its main target [18]. In our current understanding RNF8 will first

Fig. 1. Structure of the nucleosome core particle, indicating discussed modifications and interaction sites highlighted. Four different E3 ligases play a role in DNA damage response, each
modifying a specific site on the nucleosome. In vivo RNF168 ubiquitinates both K13 and K15, but only K15 has so far been shown to have functional relevance. The PRC1 E3 ligases
modify only K119 in vivo, unless this residue is deleted, then K118 can substitute. Proteomics analysis showed that BRCA1/BARD1 can modify K127 and K129, but in vitro K125 is also
modified. Residue numbers of human histones are mapped to the location on a Xenopus laevis crystal structure that contains the tails(PDB code:1KX5 [123]).
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ubiquitinate H1, leading to the recruitment of RNF168 which in turn
monoubiquitinates H2A at lysine 13/15. RNF168 can bind its own
product which will lead to increasing concentrations of RNF168 at the
break site and amplification of H2A monoubiquitination [19,20]. The
priming ubiquitination may then get extended by RNF8 to form K63-
linked ubiquitin chains which are important to recruit downstream
effectors, although this step is uncertain as it is only seen with RNF168
overexpression [6]. Under physiological conditions RNF168 con-
centrations are kept at low levels to prevent excessive amplification of
its signaling function. TRIP12 and UBR5 have been shown to be re-
sponsible for this regulation [21].

One downstream factor that is recruited by K63-linked chains is the
BRCA1-A complex [22]. The complex consists of RAP80 (UIMC1),
Abraxas (FAM175A), MERIT40 (BABAM1), BRCC36 (BRCC3), BRCC45
(BRE) and BRCA1/BARD1. RAP80 is responsible for recruitment of the
complex to break sites by interaction with K63-linked ubiquitin chains

through its ubiquitin interacting motif (UIM) motifs. Once recruited the
complex is understood to limit DNA end resection and protect from
hyper-active HR [23,24]. BRCC36 is a DUB believed to cleave K63-
linked chains and its catalytic activity has been shown to be crucial for
limiting end resection [25]. The role of BRCA1 and its catalytic activity
in this complex is poorly understood. However, the mechanism where
RNF168 works together with RNF8 to initiate the recruitment of BRCA1
highlights the possibility of a crosstalk between both pathways.

RNF168-catalyzed H2A monoubiquitination is understood to affect
repair pathway choice through recruitment of 53BP1 (TP53BP1) to sites
of damage. 53BP1 binds directly and selectively to H2AK15ub, but not
H2AK13ub, making 53BP1 one of the first site-specific readers of his-
tone monoubiquitination [26] (Fig. 1). H2AK13ub occurs in cells as
well, but has not been assigned a specific role yet [26,27]. The re-
cruitment of 53BP1 is suggested to tip the balance in favor of NHEJ by
inhibiting DNA end resection, the critical first step in HR [2,28]. This

Fig. 2. Model of site-specific ubiquitination in the DNA damage response. (A) RNF168 induced H2AK15ub regulates end resection through regulation of relative abundance of 53BP1.
Low levels of 53BP1 promote end resection and high levels of 53BP1 inhibit end resection. K63-linked chains recruit the BRCA1-A complex distant from the break site (B) BRCA1 induced
H2AK127ub (and/or H2AK129ub) drives end resection close to the break site, the BRCA1-A complex distant from the break inhibits resection. (C) PRC1 and PRC2 establish a H2AK119ub
dependent transcription barrier distant from the break site.
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binary model is challenged by recent findings that suggest a more dy-
namic regulation where 53BP1 is not merely blocking but rather fine-
tuning resection length through relative abundance at the break site
and competition with end resecting enzymes [29]. 53BP1, once re-
cruited to the break site, acts as a scaffold to assemble other proteins
that restrict and guide DNA end resection [30]. Recruitment relies on
integration of two histone modifications, H2AK15ub and lysine 20 di-
methylation on histone H4 (H4K20me2). 53BP1 engages with
H4K20me2 through a tandem TUDOR domain [31] and with
H2AK15ub via a ubiquitin dependent recruitment (UDR) domain C-
terminal of the TUDOR domain [26]. The presence of both domains is
necessary for formation of ionizing radiation induced foci (IRIF) [26].

A recent cryo-EM structure of a 53BP1 dimer bound to a nucleosome
modified with a dimethyl-lysine mimic at H4K20 and a ubiquitin at K15
of H2A shed light on the molecular details of this interaction [27]. It
shows how 53BP1 establishes its binding specificity through interaction
with both PTMs, the H2B-H4 cleft on the nucleosome and the nucleo-
somal acidic patch, a known binding hotspot for chromatin interacting
proteins [32–41], making it a prime example for multivalent recogni-
tion of epigenetically modified chromatin. The structure explains the
strict binding specificity of 53BP1 for H2AK15ub over H2AK13ub,
which is governed by interaction of nucleosomal DNA with the N-
terminal tail of H2A, and illustrates the importance of ubiquitin making
specific interaction with the H2B alpha-C Helix for 53BP1 binding [27].

The specifics of these interactions emphasize the possibility of
crosstalk with other signaling pathways. The nucleosomal acidic patch
is a known interaction surface for a number of chromatin interacting
proteins in addition to 53BP1 [32–41]. Use of the same binding plat-
form by many chromatin interactors creates a strong competition for
access to the acidic patch. Relative protein levels, local concentrations
and relative affinities will likely play an important regulatory function
in chromatin biology to decide which protein engages in productive
interaction with the nucleosome. The importance of ubiquitin interac-
tion with the alpha-C helix of H2B suggests the possibility of crosstalk
to other histone PTMs. In close proximity to the alpha-C helix tyrosine
119 can get phosphorylated [42], and lysine 120 on H2B can get ubi-
quitinated [8,9]. In principle either of these modifications could in-
terfere with 53BP1 recruitment but only phosphorylation of T119 has
been shown to reduce 53BP1 binding, making a regulatory histone PTM
crosstalk plausible [27]. Ubiquitination at K120 does not seem to have
an effect on 53BP1 recruitment [27].

Intriguingly, H4K20me2 has recently been identified as a binding
platform for the NuA4/TIP60 acetyltransferase complex [43]. TIP60
(histone acetyltransferase KAT5) acetylates the histone H4 tail [44] and
has been proposed to disrupt 53BP1 interaction with the nucleosome,
thus inhibiting NHEJ and promoting HR [45]. Now it has been shown
that the Nu4A/TIP60 complex directly competes for H4K20me2
binding with 53BP1 [43]. Interestingly, TIP60 is able to acetylate K15
on H2A [43]. Acetylation of K15 is mutually exclusive with K15 ubi-
quitination responsible for 53BP1 recruitment, further establishing
regulation of 53BP1 biology through the Nu4A/TIP60 complex and il-
lustrating a complex regulatory network revolving around three dif-
ferent H2A PTMs (acetylation, ubiquitination and methylation), and the
proteins that read and write these PTMs.

As every on-switch is usually opposed by an off-switch it is to be
expected that RNF168 dependent histone ubiquitination will be coun-
teracted by equally specific deubiquitinating enzymes (DUBs). Among
the DUBs reported to potentially deubiquitinate H2A USP51, USP44,
USP11 and USP3 stand out as likely regulators of the H2AK15ub-cen-
tered pathway [46–50].

USP3 deubiquitinates H2AK13/15ub as well as H2A119ub in re-
sponse to DNA damage and affects recruitment of 53BP1 in cells
[19,46]. USP3 knockout mice show elevated levels of histone ubiqui-
tination, reduced hematopoetic stem cell reserves over time, defective
double strand break response and spontaneous tumor development, all
phenotypes with possible links to RNF168 induced damage response

[48]. However, direct evidence for USP3 counteracting the RNF168
catalyzed DSB response is lacking.

USP44 was identified in an USP overexpression screen to counteract
RNF8/RNF168 dependent 53BP1 recruitment [50]. Recruitment of
USP44 to DNA damage sites was shown to be dependent on RNF168
and it was suggested that USP44 binds to and deubiquitinates RNF8/
RNF168 dependent ubiquitination at DSB, though it is not clear if H2A
is a direct target of USP44 [50].

USP51 deubiquitinates H2A specifically at K13/15 in vitro. In cells
depletion of USP51 leads to a higher sensitivity to ionizing radiation,
increased 53BP1 foci formation and slower clearance of these foci [47].
USP11 was shown to specifically deubiquitinate H2AX phosphorylated
at serine 139 (γH2AX) [51]. Even though site-specificity of the deubi-
quitination activity was not established it was shown that USP11
knockdown affects residence time of 53BP1 at IRIF, suggesting a link to
the DSB response. The unique specificity for γH2AX is another example
of PTM crosstalk and it will be interesting to clarify the molecular de-
tails underlying this specificity.

Two DUBs, USP26 and USP37, have recently been reported to affect
BRCA1 signaling, likely by affecting RNF168/RNF8 dependent ubiqui-
tination [52]. Both are recruited to DSBs and their knockdown induces
HR defects. The authors propose a mechanism where USP26 and USP37
counterbalance RNF168/RNF8 ubiquitination-dependent sequestering
of BRCA1 in the unproductive RAP80 complex [52]. The substrate
specificity of USP26 and USP37 still needs to be addressed to sub-
stantiate such a model. It nevertheless highlights the interconnection of
the BRCA1 and RNF168 pathways.

The recent advances in our understanding of the RNF168 dependent
DNA damage response paint an intricate picture of regulatory switches
centered around H2A monoubiquitination at lysine 15 and formation of
K63-linked chains. It suggests a dual role of RNF168 in repair pathway
choice: 1. Fine tuning of HR through K63-linked ubiquitin chains and 2.
Promotion of NHEJ by H2A monoubiquitination. Both modifications
should be viewed as part of a bigger signaling network relying on
crosstalk between different histone modifications and their readers,
writers and erasers. Integration over several signals will eventually
guide the appropriate repair pathway choice and there seems to be
substantial crosstalk with the BRCA1 pathway.

3. H2AK127/129ub – BRCA1 initiated end resection

The tumor suppressor network centered around BRCA1 and its
cognate protein complexes has long been acknowledged for its im-
portance in cancer development and cancer predisposition and this has
been reviewed extensively elsewhere (e.g.: [53,54]). Here we focus on
recent findings that advance our understanding of BRCA1 enzymatic
function as ubiquitin E3 ligase and its role in HR (Fig. 2B).

BRCA1 forms a heterodimer with BARD1 through its N-terminal
RING domain [55] and the BRCA1/BARD1 dimer possesses E3 ligase
activity [56]. The target of BRCA1/BARD1 E3 ligase activity has re-
cently been identified as lysine 127 and 129 on H2A [5] (Fig. 1).
Specificity for this site is already present within the minimal RING/
RING dimer [5]. Ubiquitination at K127/129 was shown to promote
end resection and HR in a SMARCAD1 dependent manner [11]. This
established a third distinct ubiquitination site on H2A that is in-
dependent of K13/15 (modified by RNF168) and K119 (modified by
RING1B/BMI1 or its PRC1 paralogs) and is suggested to be involved in
DNA damage response. The exclusive specificity of BRCA1/BARD1 for a
site just eight residues away from the polycomb site is remarkable and
so far mechanistic and structural explanations are missing. It has been
proposed that the BRCA1/BARD1 dimer engages with the nucleosome
in a similar manner to RING1B/BMI1 [37], where the orientation to-
wards the target lysine is guided by interaction with the nucleosomal
acidic patch and flanking residues. The molecular differences that de-
termine the unique specificity of the two ligases will need to be worked
out.
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In the DNA damage response BRCA1/BARD1 can participate in the
formation of several multi-protein complexes that differ in subunit
composition and localization with respect to the break site [24]. These
BRCA1 complexes can integrate signals from different histone mod-
ifications to orchestrate HR and tip the balance of pathway choice to-
wards HR by fine-tuning resection-length and RAD51 recruitment [57].
It is still unclear to which extent the E3 ligase activity of BRCA1/BARD1
itself is involved in this, but the molecular details defining this signal
integration are starting to become known.

BRCA1 protein levels peak in close vicinity to the break site and
spread up to 10 kilobases around it. The already mentioned BRCA1-A
complex is formed several kilobases away from the break site and
complex formation is governed by RAP80 interaction with RNF168/
RNF8 catalyzed K63-linked ubiquitin chains [58,59]. RAP80 has been
shown to also bind to ubiquitinated H2B but the importance of this
interaction in the DNA damage response is uncertain [60]. The RAP80
sequestered BRCA1-A complex was shown to restrict rather than pro-
mote DNA end resection [23,58]. In direct vicinity to the DSB BRCA1 is
recruited through BARD1 interaction with K9-dimethylated histone H3
(H3K9me2) mediated by heterochromatin protein 1 (HP1) and seems to
promote HR through CtIP (RBBP8) interaction in an MRN (RAD50/
NBS1/MRE11)-dependent manner [24,61]. Recruitment of the BRCA1/
CtIP/MRN complex (sometimes referred to as BRCA1-C) is dependent
on ATM and poly ADP-ribosylation (PARylation) but not on RNF168/
RNF8 [61]. The interaction with K9me2 opens up the possibility of
integrating methylation signaling and H2A ubiquitination through
BRCA1 catalytic activity, though a role for BRCA1-dependent ubiqui-
tination activity in this signaling cascade has not yet been established.

BRCA1 forms another complex with PALB2, RAD51 and BRCA2
which is understood to facilitate RPA displacement by RAD51. This
function depends on direct interaction of BRCA1 with PALB2 [62–64].
BRCA1-PALB2 interaction is modulated by site-specific ubiquitination
of the N-terminus of PALB2 by the KEAP1-CUL3-RBX1 E3 ligase com-
plex [65]. Ubiquitination of PALB2 is cell cycle dependent and will
prevent HR in G1 phase by disrupting BRCA1 interaction with ubiqui-
tinated PALB2. This provides an explanation for HR inhibition in G1
[65]. Also for this process the role of BRCA1/BARD1 E3 ligase activity
is unclear.

The presence of three functionally distinct BRCA1 complexes in-
volved in DSB response with different effects on end resection stresses
the need for mechanistic explanations. Most microscopy studies do not
distinguish between the different BRCA1 complexes and it will be in-
teresting to address where, with respect to the break site, BRCA1 en-
gages in which complexes. Of particular interest is what role the E3
ligase activity of BRCA1 might play in the context of different com-
plexes.

Overall the role of H2A ubiquitination by BRCA1/BARD1 in the
DNA damage response is poorly understood and literature is at times
contradicting. Studies on a catalytically inactive BRCA1 mutant (I26A)
found no effect on tumor formation in mice [66] and in ES cells the
same mutant had no effect on DNA repair through homologous re-
combination [67]. Knockdown of BRCA1 has been shown to reduce
ubiquitination at alpha satellite repeats and induce transcriptional de-
repression. The phenotype can be rescued by ectopic expression of a
H2A-ubiquitin fusion protein, indicating that catalytic activity is im-
portant in this context [68].

In mice loss of BRCA1 is embryonically lethal and lethality can be
rescued by loss of 53BP1 [69,70]. Mice expressing an E3 ligase deficient
BRCA1 mutant (C61G) [71] or a RING-less variant [72,73] also show
embryonic lethality, stressing the importance of the RING domain.
Conditional tumor models of these variants show that they develop
sporadic mammary tumors with a similar frequency compared to tumor
models for BRCA1 loss and tumors show high genomic instability
[71,73,74]. In cell lines C61G mutant and RING-less BRCA1 variants
show partial HR defects but still form RAD51 foci [71–73,75].

A recent study suggests a subtle role of BRCA1 catalytic activity in

fine tuning DNA end resection [11]. The authors identified a point
mutation in BARD1 (R99E) that abrogates BRCA1 catalytic activity
without destabilizing the BRCA1/BARD1 dimer. Using this mutant it
was possible to show that BRCA1/BARD1 catalytic activity promotes
long range DNA end resection by facilitating SMARCAD1 dependent
displacement of 53BP1 from the center of IRIF to the flanking regions.
This is in agreement with high resolution microscopy studies that
placed BRCA1 in the center of IRIF and 53BP1 at the periphery [76,77].
Initial limited resection was shown to be independent of BRCA1 cata-
lytic activity and relying on CtIP and MRE11 activity [11]. These
findings underline the importance of BRCA1 activity in regulating DNA
end resection and thereby pathway choice, in line with previous sug-
gestions [70,78].

Many mechanistic details of the BRCA1 dependent DNA damage
response are still unclear but regulation of DNA end resection seems to
be one important regulatory function of BRCA1. Its catalytic activity,
monoubiquitination of H2A, could be one of the factors guiding re-
section length.

4. K119ub – polycomb repression, transcriptional regulation and
repair

H2A ubiquitination at K119 was the first histone mark to be iden-
tified [79]. It is deposited by the catalytic subunit of some polycomb
repressive complexes 1 (PRC1). [7]. The polycomb repressive com-
plexes 1 and 2 (PRC1/PRC2) are well known regulators of development
and transcriptional silencing. Both are multi-protein complexes that can
be composed of several different subunits [10] and they exhibit distinct
enzymatic activity. PRC1 ubiquitinates H2A at lysine 119 [7] and PRC2
catalyzes the methylation of lysine 27 on H3 (H3K27me3) [80]. Poly-
comb complexes and their biology have been reviewed extensively
elsewhere (e.g. [13]) and it has been shown that subunit composition
will affect their function [10]. Here we will focus on the recent ad-
vances in our understanding of the functional interdependence of PRC1
and PRC2 as an example for histone PTM crosstalk, the mechanistic
details underlying the PRC1 ubiquitin ligase activity and emerging roles
of PRC1 in the DNA damage response (Fig. 2C).

Recruitment of PRC1 and PRC2 has long been thought of as a
hierarchical process. Based on the observation that some PRC1 com-
plexes recognizes H3K27me3 through their CBX proteins, it was pro-
posed that PRC2 first methylates target chromatin which allows PRC1
to engage and catalyze H2AK119ub, thus establishing genetic silencing
[81–83]. However, this seemingly solid model was basically turned
upside down by recent findings that PRC2 recruitment can depend on
PRC1 activity [84,85]. The authors provide evidence that ubiquitina-
tion of H2A at lysine 119 can be important for recruitment of PRC2 and
show that PRC1 will bind to unmethylated CpG islands via its KDM2B
subunit, switching the hierarchy of recruitment.

Mechanistic insight into the nature of PRC2 recruitment has been
gained by the finding that its JARID2 subunit is required for recruit-
ment to H2AK119ub via direct interaction with ubiquitinated H2A
through its ubiquitin interacting motif (UIM) [86]. This establishes
PRC1 and PRC2 as multiprotein chromatin modifying complexes with
bivalent function as readers and writers of chromatin marks. PRC1
reads H3K27me3 and writes H2AK119ub, PRC2 reads H2AK119ub and
writes H3k27me3, supporting the notion that multi protein complexes
can act as one entity providing reader and writer functions to integrate
diverse epigenetic signals. The mechanistic and biological details of this
integrative signaling network have yet to be worked out. Some progress
has been made in our understanding of the basic biochemistry under-
lying PRC1 catalytic activity and of its biological significance in tran-
scriptional regulation and DNA damage response which we will discuss
in the following.

RING1B with a PCGF subunit, such as BMI1 or MEL18 forms the
catalytic core of the PRC1 complex [7,87,88], which specifically ubi-
quitinates K119 on H2A (not K13/15 or K127/129 [5,6]). The basis for
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this specificity has been explained by a crystal structure of the nu-
cleosome core particle bound by RING1B/BMI1 fused to its cognate E2,
UBCH5C (UBE2D3) [37]. The binding is primarily governed by RING1B
interaction with the nucleosomal acidic patch. Most prominently, R98
of RING1B serves as an anchor and inserts into an acidic pocket pro-
vided by the H2A-H2B dimer, analogous to other published structures
of chromatin binding modules [34–36,40]. Further interaction of
RING1B and BMI1 with all four histone proteins, and importantly of
UBCH5C with the nucleosomal DNA, arrange the complex in the ap-
propriate orientation, placing the active site in a catalytically compe-
tent position towards the target lysine and restricting its movement to
avoid unspecific reaction with other lysines [37]. Mutational studies
suggest a similar mode of interaction for BRCA1/BARD1 even though
mechanistic details explaining the different specificity are missing [37].

A link between PRC1 catalyzed H2A ubiquitination and the DNA
damage response has long been suggested [89–92] but the underlying
mechanisms are not clear. Furthermore, another report suggest no re-
cruitment of PRC1 complexes to double strand break sites induced by
the restriction enzyme ASiSI [93] and there is no clear consensus in the
field.

The established function of polycomb group proteins in gene re-
pression and the observation of H2A ubiquitination at sites of double
strand breaks has prompted the idea that PRC1 and PRC2 could be
involved in transcriptional silencing in response to DNA damage [94].
Transcription was found to be silenced up to several kilobases away
from the DSB site in an ATM and H2AK119ub dependent manner
[94,95]. H2A ubiquitination at double strand breaks depends on the
PBAF chromatin remodeling complex and is important for rapid repair
of DNA damage occurring in close proximity to the transcription ma-
chinery, likely through promoting NHEJ [95]. Intriguingly, it was
found that both, BMI1 and EZH2 (the catalytic subunit of PRC2), are
required for DSB-induced transcriptional silencing [95], hinting at
crosstalk of both enzyme complexes in response to DNA damage. Fur-
ther functional insight came through a recent study [96] which showed
that in response to double strand breaks transcriptional elongation
factor ENL is phosphorylated by ATM. This enables direct interaction
with BMI1, leading to enhanced ubiquitination of H2A on K119 and
resulting in transcriptional silencing, providing a functional rationale
for ATM dependence of H2A K119 ubiquitination [96]. The physiolo-
gical role of H2AK119ub in the DNA damage response is not very well
understood but one possibility is that it shields the break site from in-
trusion of the transcription machinery by establishing a H2AK119ub-
dependent barrier of silenced transcription at a defined distance from
the break site. The involvement of chromatin remodelers like PBAF
adds another layer of complexity to the regulation of the damage re-
sponse and it will be interesting to study if histone ubiquitination might
affect histone eviction and chromatin remodeling.

The best characterized deubiquitinating enzyme specific for
H2AK119ub is the UCH-class DUB BAP1 with its activator ASXL1.
BAP1/ASXL1 form the PR-DUB complex which has been shown deu-
biquitinate H2A [97]. In vitro studies showed that the enzyme complex
exclusively deubiquitinates H2A119ub, not H2AK13/15ub [98]. BAP1/
ASXL1 has two closely related paralogues, UCHL5/RPN13 and UCHL5/
INO80G, for which the molecular mechanisms of activation have been
worked out by detailed structure-function studies [99,100]. BAP1 is
activated by ASXL1 in a similar manner where the DEUBAD domain of
ASXL1 increases affinity of BAP1 for the ubiquitinated substrate [98].
Additionally, the C-terminal tail of BAP1 is crucial for nucleosome
binding. This suggests a two-way model to explain activation and
specificity where BAP1 is tethered to the nucleosome via its C-terminal
tail but only engages in productive deubiquitination of H2AK119ub
after activation by ASXL1 [98]. While in vitro specificity of BAP1/
ASXL1 is well established, the physiological role it plays in DSB re-
sponse is not as clear and deserves further attention. First studies into
this subject have shown that BAP1 is recruited to DSB sites in an ATM
dependent manner and counteracts H2AK119ub in the vicinity of DNA

break sites. Depletion of BAP1 results in a small reduction in HR effi-
ciency [101,102]. This suggests that deubiquitination of H2A by BAP1
promotes HR which is complementary to the finding that ubiquitination
of K119 in response to DNA damage favors NHEJ [95].

Another DUB suggested to deubiquitinate H2AK119ub is USP16.
Biological evidence suggests that USP16 restarts transcription upon
H2AK119ub induced silencing by reducing ubiquitination levels [94],
though biochemical confirmation of USP16 target specificity is missing.

5. H2B K120 ubiquitination and damage response

Ubiquitination of histone H2B has been implicated in transcrip-
tional elongation [103], replication [104] and DNA damage response
[105–109]. We will discuss recent advances in our understanding of the
molecular mechanisms that guide site-specificity and the involvement
of H2BK120ub in the damage response.

H2Bub-dependent signaling in the DNA damage response centers
around specific ubiquitination of lysine 120 (123 in yeast) on H2B by
RNF20/RNF40 (Bre1 in yeast) working in concert with the E2 UBE2B
(Rad6 in yeast) [8,9]. A recent mass spectrometry study highlights some
details governing specificity, showing that binding of the Bre1/Rad6
complex to the nucleosome depends on the nucleosomal acidic patch
[41]. The importance of the acidic patch for the ubiquitination reaction
was confirmed by mutagenesis and several residues crucial for Bre1/
Rad6 interaction have been identified.

Almost simultaneously the crystal structure of the nucleosome
complex of the yeast SAGA DUB module, the protein complex re-
sponsible for removal of H2BK123ub [110], was solved [38]. The yeast
SAGA DUB module is a multi-protein complex consisting of Ubp8/
Sgf11/Sus1/Sgf73, where the deubiquitination activity is provided by
Ubp8 (USP22 in human) [38]. The structure revealed that the SAGA
DUB module contacts the nucleosome almost exclusively through the
H2A/H2B dimer via interaction of the Sgf11 zinc finger with the nu-
cleosomal acidic patch. Further contacts are made between Ubp8, H2A
and ubiquitin. The fact that both writer and eraser complexes engage
the nucleosome through the acidic patch opens up interesting reg-
ulatory possibilities through competition for access amongst each other
[38,41] and with other chromatin binders.

The physiological role of H2B ubiquitination in the response to DNA
damage is not very well understood. It has been shown that H2B ubi-
quitination is important for DNA damage checkpoint activation and
timely initiation of repair [107,109]. RNF20/RNF40 dependent H2B
monoubiquitination is needed for recruitment of repair factors in an
ATM dependent manner and is necessary for faithful repair through
both pathways, HR and NHEJ [107]. Knockdown of RNF20/40 was
shown to not affect formation of γH2AX foci but rather their persistence
[107]. A recent study showed that H2B deubiquitination by the SAGA
complex is crucial for proper DNA repair function, reminiscent of PR-
DUB which is important for PRC1 function [97]. Deubiquitination was
shown to act downstream of ATM and to facilitate formation of γH2AX
foci [111]. More work in this direction will be needed to work out
mechanistic details and explain why ubiquitination and deubiquitina-
tion seem to have a similar role.

In yeast, knockout of Bre1 leaves cells unable to activate the DNA
damage checkpoint as measured by Rad53 phosphorylation [112]. This
checkpoint defect can be rescued by expression of a H2A construct with
a ubiquitin tethered to Serine 1 or 19, a position resembling
H2BK123ub, suggesting a global function of H2B ubiquitination in the
damage response [112]. Another study links H2B ubiquitination to
transcription coupled nucleotide excision repair, showing rapid deubi-
quitination of H2B by yeast Ubp8 and Ubp10 upon UV damage and
transcriptional stalling [113]. Furthermore, yeast Ubp8/Ubp10
knockout strains show much slower transcription coupled repair ki-
netics [113].

H2BK120ub exhibits interesting functional crosstalk with DOT1L
catalyzed methylation of histone H3 on lysine 79 [114,115] where
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histone ubiquitination is crucial for efficient methylation of H3. Bio-
chemical analysis has shown that ubiquitinated H2B directly stimulates
DOT1L catalytic activity [116–118] and a recent study has elucidated
molecular details of this activation [119]. Based on crosslinking ex-
periments and biochemical validation the authors show specific inter-
action of ubiquitin with the N-terminal tail of H2A but not with DOT1L.
The authors propose a “corralling” mechanism where DOT1L binds to
unmodified nucleosomes aspecifically and thus will mostly be in a
catalytically incompetent position. In presence of H2BK120ub DOT1L
binding is restricted to the catalytically competent mode, leading to
more efficient methylation of H3K79 [119]. This model is in agreement
with in vivo studies in yeast where the exact position of ubiquitin on the
nucleosome was not found to be crucial for Dot1 activation, estab-
lishing a certain plasticity in the H2BK120ub-Dot1 crosstalk [112].
Plasticity of Dot1 activation was also observed in vitro [116]. DOT1L
has been implicated in the 53BP1 dependent DNA damage response in
human [120] and chicken DT40 cells [121] an knockdown of DOT1L in
mouse embryonic fibroblasts leads to hypersensitivity to UV damage
and affects transcriptional restart [122].

Future research needs to establish a clear correlation of repair
phenotypes with H2B ubiquitination and elaborate on the mechanistic
details that define specificity to clarify the role of H2B ubiquitination in
the damage response.

6. Closing thoughts – an integrated model for DNA damage
signaling through H2A ubiquitination

Recent advances in our understanding of the mechanisms guiding
the DNA damage response put forward the notion of an integrated
signaling network where specific ubiquitination of histones at four
different sites will contribute to faithful repair by promoting appro-
priate repair pathway choice. This choice is heavily influenced by
crosstalk between the four sites and to other PTMs.

Here we reviewed how RNF168 catalyzes H2AK13/15ub, limits
resection and tips the balance in favor of NHEJ via 53BP1 recruitment

[2,6,14,15,17,29,78] and how BRCA1/BARD1 pulls into the opposite
direction, ubiquitinating H2AK127/129 [5] and thus promoting end
resection and HR [57]. However, not all BRCA1 complexes act in the
same way, as they come in different flavors with seemingly opposing
function, one promoting resection near the break site [24,61] and one
inhibiting it together with RAP80 distant from the break [23,58,59]. At
the fringes of the double strand break PRC1 and PRC2 play a game of
mutual recruitment [81–86] to inhibit transcription and guard faithful
repair from the distance [94–96].

Since all these enzyme complexes will likely be recruited to the
same break site, the outcome will be determined by how, when, where
and to what extent they influence each other in response to a defined
physiological challenge, during a defined moment in the cell cycle and
in a particular cell type. The outcome is expected to be different in
different situations but their enzymatic activity, ubiquitination of the
nucleosome, and crosstalk to other histone modifications will likely
play an important role.

Repair pathway choice seems to be one process that is guided by
specific histone ubiquitination and the first crucial step is the tight
regulation of resection length. Over-resection is detrimental and in-
hibition of resection prevents error-free HR [2]. We have discussed how
53BP1 limits DNA end resection in a H2AK15ub dependent manner
[26,29] and how BRCA1 counteracts this by promoting resection
through H2A K127 ubiquitination and displacement of 53BP1 [11]. In
the most simple straight forward model (Fig. 3) one could assume that
the extent of either one of these epigenetic marks defines the extent of
DNA end resection by defining molecular reaction chambers at a de-
fined position with respect to the break, through specific recruitment of
some factors and selective exclusion of others. BRCA1 catalyzed ubi-
quitination near the break would initially drive resection until it
reaches a threshold area where it is overwhelmed by RNF168-driven
K15 ubiquitination. This threshold area would be enforced by the
presence of K63-linked chains that sequester BRCA1 into the RAP80-
BRCA1 complex with possible effects on its catalytic activity. The PRC1
complex would establish a H2AK119ub dependent boundary at a

Fig. 3. Site-specific H2A ubiquitination defines regulatory zones in the DNA damage response dependent on relative abundance of E3 ligases and localization with respect to the DNA
break site.
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certain distance from the break site to guard against intrusion of the
transcription machinery. In this model RNF168 and BRCA1 would be in
constant catalytic competition and tight regulation is expected to fine-
tune resection length and pathway choice in response to distinct chal-
lenges. Regulation can be as simple as changes in protein abundance
throughout the cell cycle or more elaborate such as PTMs that affect
catalytic activity and protein stability and the crosstalk with other
histone modifications. As we have seen, active remodeling of chromatin
around the break site by chromatin remodelers such as PBAF is crucial
for efficient DNA repair and will add another layer of complexity [95].

The proposed model should be viewed as a working hypothesis ra-
ther than a scientifically sound model as experimental evidence for such
a regulatory mechanism is still scarce. Support for a more dynamic view
of the players involved in the damage response comes from a recent
study that emphasizes the importance of RNF168 dynamic range in
regulating DNA end resection and proposes that relative protein levels
rather than simply the presence or absence of major regulators such as
53BP1 are the deciding factor in pathway choice [29]. In the future it
will be crucial to look at the precise molecular architecture of a single
double strand break site. Which protein complexes and PTMs are pre-
sent at what levels and in what distance to the break site? Answering
these questions will be imperative in understanding the biology of the
DNA damage response. Super-resolution fluorescent microscopy and
single molecule biophysics will help to address these questions.
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