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body text abstract
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1Monoubiquitination of H2A is a major histone modification in mammalian cells. 
Understanding how monoubiquitinated H2A (uH2A) regulates DNA-based processes in 
the context of chromatin is a challenging question. Work in the past years linked uH2A to 
transcriptional repression by the Polycomb group proteins of developmental regulators. 
Recently, a number of mammalian deubiquitinating enzymes (DUBs) that catalyze the 
removal of ubiquitin from H2A have been discovered. These studies provide convincing 
evidence that H2A deubiquitination is connected with gene activation. In addition, uH2A 
regulatory enzymes have crucial roles in the cellular response to DNA damage and in cell 
cycle progression. In this review we will discuss new insights into uH2A biology, with 
emphasis on the H2A DUBs.
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The many faces of ubiquitinated histone H2A: 
insights from the DUBs

mitosis have in common the ability to perform 
DNA transactions in the chromatin environment. 
Histones are essential proteins that compact 
the DNA in the basic unit of chromatin, the 
nucleosome. In the nucleosome core particle, a 
tetramer of (H3-H4)2 is flanked by two dimers of 
H2A-H2B to form the histone octamer, around 
which 146 bp of DNA is wrapped [4]. Core 
histones interact with the DNA and with each 
other through a histone fold domain. In addition, 
their unstructured N-terminal or C-terminal (in 
the case of H2A and H2B) “tails” protrude from 
the nucleosome and provide sites for covalent 
modification by a variety of enzymes. Histone 
modifications act both directly (affecting contacts 
between nucleosomes) and indirectly (through 
the recruitment of non-histone proteins) in 
order to orchestrate chromatin environment [5]. 
It has become clear that covalent modifications 
(“marks”) can influence one another and their 
combination has been proposed to constitute a 
“histone code” that regulates chromatin-based 
processes [6]. 
 
Monoubiquitination of histone H2A is one 
of the most abundant histone modifications 

Background
Conjugation of ubiquitin (Ub) occurs through 
the concerted action of an ATP-dependent Ub-
activating enzyme (E1), a Ub conjugating enzyme 
(E2), and a Ub ligase (E3) [1]. The 76-amino 
acid protein Ub can be conjugated to target 
proteins in multiple ways, conferring a high 
potential of diversity to Ub-mediated signaling 
[2]. As a monomer, Ub can be linked to one 
(monoubiquitination) or several lysines (multiple 
monoubiquitination) on target proteins. In 
addition, Ub has seven lysine residues which 
can be modified to form polyubiquitin chains. 
Lysine 48-linked Ub chains generally target 
proteins for proteolytic destruction. In contrast, 
monoubiquitination as well as chain formation 
through lysine 63 have a regulatory role in 
various processes, including endocytosis, DNA 
repair, transcription and chromatin regulation 
[2]. Ubiquitin signaling is transduced by the 
so called “ubiquitin receptors’, proteins which 
utilize ubiquitin binding domains to interact with 
ubiquitinated targets [3].

Processes that impact on DNA, such as 
transcription, DNA replication, DNA repair and 
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in mammalian cells. The ubiquitination 
site has been mapped to lysine 119 (K119) 
on the carboxyterminal tail of H2A and 
monoubiquitinated H2A (uH2A) has been 
estimated to comprise between 5-15% of H2A.  
Histone H2B is monoubiquitinated at K120 in 
about 1% of total H2B [7-10]. Despite H2A being 
the first protein shown to be ubiquitinated, the 
function of uH2A has remained obscure for a 
long time. Only recently, the discovery that the 
Polycomb protein complex Ring1A/B-Bmi1 is a 
major E3 ligase targeting H2A, strongly linked 
uH2A to gene silencing and tumor development 
([11-14], reviewed in [15]). Accumulating 
evidence supports an additional role of uH2A 
in the maintenance of genome integrity, 
further highlighting the potential impact of this 
modification on neoplastic cell growth [16-21].

Ubiquitination of H2A is dynamic, as suggested 
by the observations that global levels of uH2A 
vary during the cell cycle [22-25]. Accordingly, 
the existence of several mammalian H2A de-
ubiquitinating enzymes (DUBs) has recently been 
reported. These include members of two distinct 
protease families [26]. In particular, 2A-DUB 
belongs to the JAMM/MPN+ family, while USP3, 
Ubp-M (USP16), USP21 and USP22 are part of 
the USP (Ubiquitin Specific Protease) family [17, 
24-25, 27-29] (Table 1). In this review we discuss 
new findings on how uH2A might regulate 
transcription, as well as the emerging roles of 
uH2A in DNA damage signaling and cell cycle 
progression. The focus will be on the lessons 
learned from the H2A DUBs.

uH2A in gene repression
The role of uH2A in transcription has been 
controversial (reviewed in [9]; [10]). Only 
recently, the characterization of the Polycomb 
repressive complex PRC1 as ubiquitin ligase 
for H2A strongly linked this modification to 
silencing of developmental control genes and to 
X-inactivation. Ring1A and Ring1B (RING1 and 
RNF2 in man), which harbor a RING domain, are 
the active E3 ligase components of the complex 
and are responsible for the deposition of bulk 
monoubiquitinated H2A ([11-14]; reviewed in 
[15]) (Table 2). In agreement with a repressive 
role, uH2A levels at Polycomb-repressed 
promoters decrease in Ring1A/B deficient cells 

and this is accompanied by an induction of 
expression of target genes [11, 13]. In addition 
to PRC1, Ring1B has been found in separate 
repressive complexes containing E2F-6 [30] and 
the Fbxl10 (JHD1B) and BcoR corepressors [31-
32], respectively. 

Using different approaches, recent work shows 
that DUBs for uH2A play functional roles in gene 
activation, providing independent evidence that 
uH2A antagonizes transcription. In this section 
we will briefly summarize the findings with 
respect to gene expression regulation obtained 
with the H2A DUBs Ubp-M (USP16), USP21, 
2A-DUB, and USP22 [24-25, 27-29] (Table1). This 
will be followed by a more detailed discussion of 
the potential effects of uH2A on different phases 
of transcription. Finally, clues to the mechanistic 
aspects of uH2A-mediated repression that arise 
from these and other studies will be presented.

H2A DUBs: novel insights into uH2A-mediated 
transcription inhibition
Ubp-M (USP16). Extensive biochemical 
purification of a H2A de-ubiquitinating activity 
from HeLa cells, identified Ubp-M as the 
responsible enzyme [24]. In agreement, the in 
vitro activity of Ubp-M towards uH2A had been 
reported before [33]. By double chromatin 
immunoprecipitation experiments, in Ubp-M 
knockdown (KD) HeLa cells, Joo et al. showed 
increased uH2A levels at the promotor of a 
homeotic (Hox) gene, HoxD10, accompanied 
by gene repression. Wildtype but not catalytic 
mutant Ubp-M could rescue HoxD10 expression 
[24]. The in vivo relevance of Ubp-M mediated 
Hox gene activation was suggested by the 
observation that injection of Ubp-M antibodies in 
Xenopus embryos led to deregulation of HoxD10 
expression and defects in posterior development. 
This anterior-posterior transformation phenotype 
is consistent with a Polycomb-antagonistic 
function (reviewed in [15]). Altogether, these 
data suggest that Ubp-M counteracts the role 
of Polycomb proteins in Hox gene repression 
through H2A deubiquitination.

USP21. Nakagawa and colleagues used liver 
regeneration as a model system [25]. Examining 
gene expression changes after hepatectomy, the 
authors found that USP21 is upregulated. As liver 
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Table 1. Mammalian H2A deubiquitinating enzymes (DUBs)

 DUB  Domain structure  Substrate  Interactors  Process  Ref.

 USP3  ZnF-UBP, UCH  H2A, H2B  n.d.  DNA damage response;      
 S-phase progression

 [17]

 USP16/UbpM  ZnF-UBP, UCH  H2A  n.d.  Transcription of HoxD10;   
 G2/M transition

 [24,33]

 USP21  UCH  H2A  n.d.  Transcription  [25]

 USP22  ZnF-UBP, UCH  H2A, H2B  SAGA  complex  Transcriptional coactivator
 with Myc, AR, ER, GR;
 G1/S transition

 [28,29]

 2A-DUB/ KIAA1915/ MYSM1  SANT, SWIRM, JAMM/MPN+  H2A  p/CAF, Trip5/ KIF11, Rbm10  Transcriptional coactivator 
 with AR

 [27]

Abbreviations: ZnF-UBP, Zinc Finger-Ubiquitin Binding Domain; UCH, Ubiquitin C Terminal Hydrolase domain; AR, Androgen 
Receptor; ER, Estrogen Receptor; GR, Growth hormone Receptor; 2A-DUB, H2A DeUBiquitinase; JAMM, JAB1/MPN/Mov34 
metalloenzyme domain; MPN+, Mpr1, Pad1 N-terminal + domain; p/CAF, p300/CBP Associated Factor; n.d., not determined.

regeneration is associated with a decrease in 
global uH2A, USP21 was hypothesized to target 
H2A for deubiquitination during this process. 
USP21 DUB activity towards H2A was confirmed 
in vitro. Evidence for a repressive role of uH2A 
came from in vitro transcription assays, in 
which chromatin templates reconstituted with 
uH2A inhibited transcript formation. In vivo, 
overexpression of USP21 in liver correlated with 
low levels of uH2A and increased expression of 
a gene, Serpina6, which is downregulated during 
normal hepatocyte regeneration. 

2A-DUB. 2A-DUB was identified as a positive 
regulator of androgen receptor (AR) 
transactivation activity on a reporter gene 
and it was characterized as a histone H2A DUB 
in vitro and in vivo [27]. 2A-DUB is unique 
among the uH2A proteases identified so far, 
harboring a JAMM/MPN+ domain, and SANT 
and SWIRM domains, frequently found in DNA 
and chromatin-associated proteins [26-27]. 
Knockdown of 2A-DUB resulted in the attenuation 

of dihydrotestosterone-induced gene expression 
in a prostate cancer cell line, confirming an AR-
coregulatory role for the endogenous protein. 
2A-DUB is associated with the p/CAF histone 
acetyl transferase. This led to the investigation of 
a possible link between histone acetylation and 
H2A deubiquitination. It was found that histone 
acetylation (in vitro) and p/CAF (in vivo) facilitated 
H2A de-ubiquitination (Figure 1A). However, p/
CAF did not apparently affect 2A-DUB binding 
with the promoter, suggesting that 2A-DUB is 
not directly recruited by p/CAF. Instead, p/CAF 
dependent acetylation may, directly or indirectly, 
influence 2A-DUB activity. 

USP22. H2B is the only histone known 
to be ubiquitinated in S. cerevisiae [34]. 
Monoubiquitinated H2B (uH2B) is highly 
dynamic and sequential ubiquitination and 
deubiquitination are required for efficient 
transcription (reviewed in [10]). A DUB capable 
of de-ubiquitinating H2B, Ubp8, is present in 
the yeast SAGA coactivator complex. Two recent 

Table 2. Mammalian H2A E3 ubiquitin ligases

 E3 ligase  Domain structure  Substrate  Interactors  Process  Ref.

 Ring1A/RING1,
 Ring1B/RNF2

 RING  H2A  PRC1; E2F-6; Fbxl10/  
 BcoR complexes

Repression of transcription  [11-14,30-32,86,87]

 RNF8  FHA, RING  H2A/H2AX  n.d.  DNA damage response; 
 G2/M transition

 [18,19,54,55,63,84,85]

 2A-HUB/KIAA0675/
 hRUL138/DZIP3

 RING  H2A  N-CoR, HDAC1,   
 HDAC3

 Repression of specific
 chemokine genes

 [40]

Abbreviations: PRC1, Polycomb Repressive Complex 1; Fbxl10, F-box and leucine-rich repeat protein 10 (JHD1B); BcoR, BCL6 co-
repressor; RNF8, Ring Finger protein 8; FHA, forkhead-associated phosphopeptide-binding domain; N-CoR, Nuclear receptor Co-
Repressor; HDAC, Histone De-Acetylase; n.d., not determined.
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papers show that the mammalian counterpart of 
the SAGA complex contains an Ubp8 homolog, 
the DUB USP22 [28-29], which is also conserved 
in Drosophila [35]. In addition to H2B, USP22 
de-ubiquitinates H2A in vitro [29]. As for Ubp8, 

an activating role of USP22 has been reported. 
Recruitment of the SAGA complex to target genes 
is known to be dependent on sequence specific 
transcription factors [36-37]. Accordingly, Zhang 
and colleagues showed that USP22 was recruited 

Figure 1. Crosstalk between monoubiquitinated H2A (uH2A) and other histone modifications. 
Functional implications in transcription regulation (A-C), DNA damage response (D) and cell cycle progression (E) are illustrated. A. 
H3/H4 acetylation stimulates de-ubiquitination of uH2A by 2A-DUB in vitro, linking these modifications in the regulation of tran-
scription. B. uH2A prevents H3K4 methylation by MLL3 in vitro. This is possibly one of the mechanisms by which uH2A negatively af-
fects transcription initiation. C. Elevated global levels of uH2A correlate with low phosphorylation of linker histone H1, as observed 
upon knockdown of one of the H2A DUBs, 2A-DUB. Phosphorylation of H1 is thought to favor enhanced chromatin dissociation 
of this histone. uH2A might, by promoting/stabilizing H1 association with the nucleosome, diminish chromatin dynamics, thereby 
negatively affecting transcription. D. Histone phosphorylation and ubiquitination synergize in DNA damage signaling upon ion-
izing radiation (IR). Upon IR, phosphorylation of H2AX leads to recruitment and phosphorylation of MDC1. Phosphorylated MDC1 
recruits RNF8 through its FHA domain. RNF8 subsequently polyubiquitinates H2A and H2AX. Also, TIP60-dependent acetylation of 
H2AX on K5 favors H2AX polyubiquitination upon IR. E. uH2A inhibits H3 S10 phosphorylation by AuroraB kinase in vitro, providing 
a potential mechanism for regulation of G2/M transition in vivo. 
The labels “Ub”, “Ac”, “Me” and “P” refer to monoubiquitination, acetylation, di- and trimethylation, and phosphorylation respec-
tively. 

Transcription
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to myc target genes in a myc-dependent fashion 
[28]. 

Does uH2A affect specific steps of transcription?
RNA polymerase II- mediated transcription 
can be subdivided in three phases: initiation, 
elongation and termination. These phases are 
associated with distinct histone modifications 
as well as specific phosphorylation patterns of 
the heptad repeats of the C-terminal domain 
(CTD) of the largest subunit of RNA polymerase 
II. Initiation is associated with H3K4 di- and 
trimethylation and CTD serine 5 phosphorylation 
(s5pCTD), while H3K36 trimethylation and CTD 
serine 2 phosphorylation (s2pCTD) correlate with 
elongation [38]. In vitro and in vivo approaches 
were undertaken to address if uH2A affects 
transcription initiation or elongation. 

First, uH2A engagement in the initiation 
step of transcription is supported by in vitro 
studies by Nakagawa and colleagues [25]. 
GAL4-VP16 driven transcription was assayed 
on reconstituted chromatin templates using 
Drosophila nuclear extracts as a source of 
RNA polymerase II. As previously mentioned, 
uH2A inhibited transcription if the chromatin 
template was assembled before addition of the 
RNA polymerase. On similarly reconstituted 
chromatin templates, the authors showed that 
uH2A prevents H3K4 di- and trimethylation by 
the methyltransferase MLL3, and that USP21-
mediated deubiquitination could relieve this 
inhibition (Figure 1B). Importantly, chromatin 
assembled with a specific mutant of histone H3 
(H3K4R), allowed initiation despite the presence 
of uH2A. Under these conditions, elongation 
occurred normally, suggesting that uH2A does 
not inhibit transcription per se, but that it might 
rather act by preventing H3K4 methylation, and 
thereby transcription initiation (Figure 2A). 
 
In vivo support for this conclusion came from the 
study of Zhu et al. on 2A-DUB [27]. Expression of 
the PSA gene is induced upon stimulation of the 
AR. The authors examined chromatin changes at 
the PSA promoter, upon AR activation, through 
detailed ChIP experiments. AR activation resulted 
in a decrease of uH2A accompanied by increased 
levels of S5pCTD at the promoter and, therefore, 
increased transcription initiation. All these events 

were 2A-DUB dependent. Although the levels of 
H3K4Me were not examined, this study suggests 
that uH2A limits initiation in vivo as well. 

Second, the link between uH2A and transcription 
elongation was examined in two recent papers on 
H2A E3 ligases, Ring1A/B and 2A-HUB [39-40].
Stock and colleagues examined chromatin 
changes at genes that are derepressed upon 
conditional deletion of Ring1A and B and global 
loss of H2A monoubiquitination in mouse ES 
cells [39]. The promoters of these genes have 
been shown to associate with histone marks 
characteristic of both active (H3K4Me) and 
inactive (H3K27Me, uH2A) chromatin and are 
therefore referred to as bivalent ([39, 41-42; 
reviewed in [43]). Stock et al.  showed that in 
wildtype cells, low-level transcription of the 5’ 
region of the coding region of these genes was 
detectable. This result indicates that transcription 
was initiated, despite the presence of Ring1A/B 
and uH2A (Figure 2B). Indeed, at these promoters, 
S5pCTD RNA polymerase was present at levels 
comparable to actively transcribed genes. Given 
that RNA polymerase II was shown to associate 
with regions downstream of the promoter upon 
Ring1A/B deletion, the data support a model 
in which Ring1B-dependent uH2A hinders 
transcription at the stage of elongation (Figure 
2C).

The involvement of uH2A in transcriptional 
events downstream of initiation is further 
supported by the characterization of a novel 
RING-type E3 ligase for H2A, 2A-HUB [40] (Table 
2). Knockdown of 2A-HUB stimulates elongation 
but not initiation of transcription of one of its 
target genes, RANTES. uH2A is mainly present 
at the promoter of RANTES, as opposed to its 
distribution over both promoter and exonic 
regions at bivalent genes. As a consequence, in 
the case of RANTES, uH2A might regulate the 
transition of initiation to elongation, a process 
referred to as promoter escape. 

In conclusion, it is still unclear at which stage 
uH2A affects the transcription cycle. It is of note 
that current data have been obtained in different 
in vivo and in vitro systems. For example, uH2A 
inhibits H3K4 methylation in vitro, whereas 
these marks, by definition, coexist at bivalent 
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promoters in ES cells in vivo. This suggest that 
the strict inhibition of H3K4 methylation by uH2A 
observed in vitro is somehow circumvented at 
bivalent promoters in vivo, allowing initiation. If 
this interpretation holds true, it would predict 
that there might be different categories of target 
genes, regulated by dedicated mechanisms. In 
addition, we can envisage that, in vivo, uH2A 
may act as a “landing platform” for recruitment 
of, yet to be isolated, regulatory proteins 
containing ubiquitin binding domains (Figure 
2C). The identification of such proteins will be 
pivotal to the understanding of uH2A-mediated 
regulation. Finally, it cannot be excluded that 

effects of the DUBs and E3 ligases targeting H2A 
on transcription phases are partially independent 
of their enzymatic function. 

Histone crosstalks and chromatin dynamics
Work on the DUBs USP21 and 2A-DUB, suggest 
that uH2A may affect post-translational 
modifications on other histones, including 
H3K4 methylation (as discussed before) and H1 
phosphorylation [25, 27] (Figure 1B and C). Such 
“trans-histone” cross-talk between uH2B and H3 
methylation has been well characterized [10]. We 
have previously discussed how uH2A negatively 
affects H3K4 methylation. Here we will report 

Figure  2. Models for regulation of transcription by monoubiquitinated H2A. 
A. uH2A inhibits RNA polymerase II initiation in vitro through a crosstalk with H3K4 methylation. uH2A prevents H3K4 methylation 
by the MLL3 histone methyltransferase. The enzymatic removal of ubiquitin from H2A by USP21 can positively influence H3K4 
methylation by the methyltransferase. This would allow H3K4 methylation, which is a prerequisite for initiation of gene transcrip-
tion. B. At bivalent promoters uH2A and H3K4 Me coexist. At these promoters, transcription initiation occurs despite the presence 
of uH2A. C. uH2A might inhibit transcription elongation or the transition from initiation to elongation by preventing association 
of the FACT elongation factor. In addition, uH2A might regulate elongation by recruiting inhibitory factors and/or affecting higher 
order chromatin association. 
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on the uH2A-H1 interplay. Also, we will present 
findings pointing to a distinct mechanism, 
involving the histone chaperone FACT.

The C-terminal tail of H2A, containing the K119 
ubiquitination site, can reach the linker histone 
H1 in nucleosomes [4]. Immunoprecipitation of 
nucleosomes containing wt or its ubiquitination 
mutant, K119R, revealed that H1 preferentially 
associated with wt H2A, suggesting that 
ubiquitination of H2A facilitates interaction with 
H1 [40]. In agreement, this has been shown in vitro 
[44]. H1 can be phosphorylated: a modification 
linked to enhanced H1 dynamics and chromatin 
dissociation [45]. Zhou and colleagues reported 
that a global increase in uH2A, in 2A-DUB knock 
down cells, was associated with a decrease in 
phosphorylated H1 [40]. Knockdown of Ring1B 
had the opposite effect. Altogether, these 
findings suggest that uH2A hinders H1 eviction 
from chromatin, which is generally associated 
with an open chromatin conformation favorable 
to transcription (Figure 1C). 

Finally, a functional link between uH2A and the 
histone chaperone FACT (FAcilitates Chromatin 
Transcription) has been proposed [40]. The FACT 
complex has been shown to facilitate elongation, 
presumably by removal of H2A/H2B dimers, 
thereby enabling RNA polymerase II movement 
through chromatin [46]. Chromatin association 
of FACT at the RANTES gene is stimulated by 
2A-HUB knockdown, with concomitant decrease 
in uH2A. Biochemically, it was shown that FACT 
associates mostly with non-ubiquitinated H2A. A 
possible conclusion is that uH2A prevents FACT 
association. H2A deubiquitination would allow 
FACT to bind and to promote elongation. More 
detailed biochemical analysis is required to shed 
light on the mechanistic implications of uH2A-
FACT interplay. An important implication of the 
2A-DUB and 2A-HUB studies from the Rosenfeld 
lab is that ubiquitination of H2A may impact on 
nucleosome dynamics (as also discussed in the 
section on the DNA damage response), as well as 
on higher order chromatin structure. 

In summary, the discussed studies highlight a 
positive role of H2A DUBs in gene expression. 
In addition, albeit with some redundancy [27-
29], it seems that Ubp-M, USP21, USP22 and 

2A-DUB participate in the regulation of specific 
transcriptional programs (Table 1). To understand 
how DUBs regulate transcription and how 
specific their activities are, important questions 
are i) where, along the chromosomes, do these 
enzymes bind and ii) which genes do they 
regulate. Gene expression profiles and genome-
wide identification of the in vivo DNA binding sites 
of the DUBs (by ChIP on ChIP, Chip-Seq or DamID 
techniques) will be needed and will require 
extensive effort in the next years. Because of the 
difficulty in developing highly specific antibodies 
to uH2A, an additional challenge will be to map the 
chromosomal regions containing uH2A. Finally, 
integration of these data with available genome-
wide chromatin association data on histone 
modifications and crucial chromatin modifiers, 
including histone E3 ligases, methyltransferases, 
demethylases and remodeling enzymes, will 
likely lead to further insight into the intricate 
cross talk between histone modifications.

uH2A: a marker for DNA damage? 
Genome integrity is maintained by the functional 
interplay between DNA repair processes and 
DNA damage checkpoint pathways, responsible 
for arresting the cell cycle to allow faithful repair 
[47]. Histone modifications play a crucial role 
both in DNA damage response (DDR) as well as 
DNA repair. They can act by i) facilitating DDR 
signaling or ii) influencing chromatin folding/
organization. This second mode is mainly 
achieved by controlling the binding of effector 
proteins, among which chromatin remodeling 
factors, capable of altering histone-DNA contacts 
[48]. 

Evidence is accumulating that histone 
ubiquitination is part of the response to DNA 
damage. Studies in S.cerevisiae suggest a role 
for ubiquitinated H2B in checkpoint activation 
upon UV challenge [49] and in the formation 
of DNA double-strand breaks (DSBs) at some 
chromosomal loci during meiosis [50]. In 
mammalian cells, increased monoubiquitination 
of H2A, H3, and H4 was shown upon UV 
irradiation ([16, 21, 51]; reviewed in [52]). The 
recent characterization of two novel histone 
modifiers, the DUB USP3 and the E3/E2 ligase 
complex RNF8-Ubc13, supports a broader role 
of uH2A in genome maintenance [17-19, 53-55]. 
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Here we will discuss the involvement of uH2A in 
the response to ionizing radiation (IR) emerging 
from these studies.

IR induces the re-localization of DNA damage 
signaling/repair factors into IRIF (IR-induced 
nuclear foci). Beside protein accumulation, 
IRIF reflect chromatin rearrangements and 
histone post-translational modification at 
double-stranded DNA breaks (DSBs) [56-57]. 
Phosphorylation of the histone H2A variant 
H2AX (γH2AX) by ATM (ataxia telangiectasia 
mutated), ATR  (ATM and Rad3-related), and 
DNA-PK (DNA-dependent protein kinase) 
checkpoint kinases is an early event in response 
to DNA damage and represents the most robust 
histone modification upon IR [47]. γH2AX is 
instrumental for efficient accumulation and 
retention of several mediators/repair factors, 
including MDC1, BRCA1, 53BP1 and ATM, at the 
chromatin surrounding the lesion [58-59]. 

Several ubiquitination events take place at 
DSBs repair sites, as illustrated by the local 
accumulation of ubiquitinated substrates 
at IRIF [53, 60-62]. However, only recently, 
immunofluorescence studies, with an anti-uH2A 
antibody, detected accumulation of uH2A at 
γH2AX-containing nuclear foci early upon global 
IR as well as local, laser-mediated microirradiation 
[17-19]. Which species of ubiquitinated H2A 
accumulate at DSBs? Immunopurification of 
endogenous or ectopically expressed H2A or 
H2AX revealed an increase in oligo and poly-
ubiquitinated species in cells exposed to high 
IR doses [18-20, 53]. Huen et al. showed that 
H2AX was predominantly di-ubiquitinated 
upon IR. Notably, H2AX di-ubiquitination was 
dependent on its S139 phosphorylation site, 
suggesting that phosphorylation is a prerequisite 
for ubiquitination [18]. As to the ubiquitination 
site, it is still unclear whether in addition to the 
canonical lysine 119, ubiquitination of other 
lysines may participate in the DSB response 
[18, 20]. These studies suggest that IR-induced 
ubiquitin marks on H2A/H2AX comprise a variety 
of ubiquitinated species, which differ from the 
steady state uH2A. 

How is the histone ubiquitin mark set during the 
IR-response?

Four independent studies recently identified 
RNF8 as the E3 ligase responsible for H2A/H2AX 
ubiquitination in the response to DSBs [18-
19, 54-55]. RNF8 rapidly accumulates at DSBs 
upon IR, concomitantly with early IRIF markers, 
namely γH2AX, ATM, the MRN complex, and the 
mediator protein MDC1 [19]. The presence of a 
phosphothreonyl-binding FHA domain together 
with a RING finger domain enable RNF8 to link 
phosphorylation with ubiquitination signaling 
at IRIFs (Figure 1D). The data presented by the 
four laboratories are consistent with a signaling 
cascade starting from phosphorylation of H2AX 
by ATM (Figure 3). This step is well known 
and allows direct recruitment of MDC1 and 
its subsequent phosphorylation by ATM [59]. 
Through its FHA domain, RNF8 can in turn bind 
to phospho-MDC1 at DSBs, where it catalyzes 
polyubiquitination events, among which H2A 
and H2AX ubiquitination (Figure 3A). At IRIF, 
RNF8 likely acts in concert with the ubiquitin 
conjugating enzyme Ubc13, a previously reported 
interactor of RNF8 [18, 53-55, 63]. At last, RNF8-
Ubc13-dependent ubiquitination is required for 
recruitment and retention of BRCA1 and 53BP1 
at DSBs [18-19, 54-55] (Figure 3B). Besides 
histone ubiquitination, ubiquitin signaling 
at IRIF likely comprises a complex variety of 
ubiquitination events, as also suggested by the 
partial requirement of a second E3 ligase activity, 
BRCA1, for efficient ubiquitin accumulation 
[60, 62]. These may include amplification of 
the ubiquitination signal on histones or other 
substrates, as well as autoubiquitination of the 
E3 enzymes as autoregulatory mechanism [64-
65]. In agreement, both RNF8 and BRCA1 can 
promote auto-ubiquitination and ubiquitination 
of histones in vitro [19, 63, 66-67].

These studies revealed an exciting link between 
ATM signaling and ubiquitination of histone H2A 
and H2AX at double strand breaks. If uH2A is 
directly involved in recruitment of DDR factors at 
IRIF remains to be established. 

Mechanisms of uH2A-mediated DDR 
The ubiquitin-interacting-motif (UIM)-containing 
protein Rap80 is a good candidate for fulfilling 
a ubiquitin receptor function at IRIF. Rap80 was 
initially shown to recruit the Rap80-ccdc98/
abraxas-BRCA1 complex to ubiquitin-conjugates 
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at DSBs [61, 68-69] (Figure 3B). More recently, it 
was demonstrated that accumulation of Rap80 
at IRIF is dependent on functional RNF8-Ubc13 
proteins [18-19, 54-55]. In vitro and in vivo 
Rap80 displays preferential binding to lysine63-
isopeptide-linked tetraubiquitin polymers, 
and to a lesser extent to K6-linked chains [61]. 
Importantly, Rap80 ubiquitin binding properties 
fit well with the findings that i) chain formation 
through lysine 63 has been previously shown to 
regulate, among others, DNA repair processes 
[60], ii) ubiquitin foci at IRIF form most efficiently 
through K63-linked polyubiquitination [61] 
and iii) Ubc13 is the only E2 able to catalyze 
polyubiquitination through K63 [70], and it is 
an E2 partner for RNF8 [63]. Although these 
evidences are consistent with Rap80 linking 
RNF8-Ubc13 ubiquitylation at IRIF to the DDR 
mediator BRCA1, studies addressing the potential 
direct binding of Rap80 to ubiquitinated H2A/
H2AX are still needed.

It is important to note that other mechanisms 
may exist through which H2A ubiquitination 
could affect DDR. One plausible possibility is 
that uH2A/H2AX may facilitate a more global 
alteration of the chromatin, known to occur at 
DSBs [57, 71], allowing exposure of other histone 
marks. This mechanism might be relevant for 
53BP1 relocalization to IRIF, as suggested by the 
findings that 53BP1 binds to methylated histones 
[72-73] and that its recruitment is independent 
from Rap80 [18-19, 55, 68]. Interestingly, Ikura 
and colleagues reported enhanced mobility 
of H2AX at sites of microirradiation and a 
rapid release of polyubiquitinated H2AX from 
the chromatin [20]. H2AX ubiquitination and 
histone release was dependent on TIP60 and 
on its acetylation target, H2AX K5 (Figure 1D). 
Drosophila Tip60 can acetylate H2Av (the 
Drosophila H2AX) and promotes its exchange 
with unphosphorylated H2Av [74]. This work 
suggests a mechanism by which ubiquitination 

might promote histone dynamics/removal.

Removal of uH2A mark at DSBs: a role for USP3? 
The mechanisms by which the chromatin post-

Figure 3. Signaling network at Ionizing Radiation Induced Nuclear Foci (IRIF).
A. Early after IR, damaged DNA triggers ATM activation, which consequently phosphorylates H2AX near the break sites and MDC1. 
RNF8 is recruited to IRIF through binding to phosphorylated MDC1. RNF8 locally ubiquitinates H2A, H2AX and possibly other yet un-
identified proteins (‘X’). B. RNF8-dependent ubiquitin conjugation is required for recruitment of 53BP1 and BRCA1. BRCA1 is pres-
ent in a protein complex containing BARD1, Abraxas/CCDC98, BRCC36 and RAP80. Ubiquitin binding by RAP80 is required for BRCA1 
recruitment. However, the nature of the ubiquitinated substrate RAP80 binds to (histones or other proteins), is still unclear. In addi-
tion to BRCA1, ubiquitination allows recruitment of 53BP1 (which binds to methylated H3/H4) through a yet unknown mechanism.
C. IRIF disassembly may involve dephosphorylation of γH2AX by PP2A. The DUB USP3 is a candidate to remove conjugated ubiquitin 
at IRIF.
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translational modifications are cleared, the 
protein assemblies are disassembled, and the 
checkpoint is turned off after completion of 
repair is an intriguing open question. Work from 
our group recently showed that USP3, previously 
identified as a DUB [75], displays deubiquitination 
activity both towards uH2A as well as uH2B in 
vivo [17]. USP3 appears to be engaged in DDR 
in two majors ways: in the response to IR and 
during normal S-phase progression (as discussed 
below). Upon IR, IRIF containing uH2A, ubiquitin, 
and γH2AX persist in USP3 knockdown cells 
[17]. Previously published results demonstrated 
that dephosphorylation and removal of H2AX is 
needed for efficient repair and resumption of 
the cell cycle [76-78]. In agreement, USP3 knock 
down cells are significantly delayed in G2/M 
transition. Together, these data suggest that 
removal of ubiquitination marks at the chromatin 
surrounding DSBs is necessary to coordinate 
IRIF disassembly, γH2AX dephosphorylation 
and cell cycle recovery (Figure 3C). Unlike in S. 
cerevisiae [77-78], dephosphorylation of H2AX 
by the phosphatase PP2A is thought to occur on 
the chromatin, given that this enzyme localizes to 
IRIF [76]. If and how USP3 crosstalks with PP2A, 
for example by affecting recruitment or activity of 
the latter, is currently unknown. Although USP3 
seems to favor deubiquitination of substrates 
(among which uH2A) at IRIF, we could not 
detect local accumulation of USP3 at those foci 
(unpublished results). This may be a consequence 
of the fact that USP3 rapidly releases its 
chromatin substrate upon catalysis as determined 
by Fluorescence recovery after photobleaching 
(FRAP) and co-immunoprecipitation [17]. Also, it 
is possible that USP3 DUB activity may be required 
‘off the chromatin” or may be indirect. Isolation 
of USP3 interacting partners and potential 
additional substrates, as well as addressing if and 
how USP3 is regulated, is needed to gain a better 
understanding of the molecular mechanism of 
USP3-mediated DDR. 
 
A JAMM domain containing DUB, BRCC36, may 
also play a role at DSBs: it is part of the BRCA1 
A complex (together with RAP80 and Abraxas), 
localizes to IRIF and positively regulates BRCA1/
BARD1 E3 ligase [55, 61, 79-80]. However, BRCC36 
role at IRIF is not clear and its activity towards 
ubiquitinated histones has not been investigated. 

In summary, the discovery of novel E3 ligase 
(RNF8) and DUB activities (USP3) for H2A provides 
us with valuable tools to address ubiquitin-
mediated signaling at the chromatin. We can 
envision several experimental approaches 
towards the elucidation of the molecular 
mechanism(s) of uH2A/uH2AX-mediated DDR. 
These include: i) biochemical characterization of 
the E3 (RNF8, BRCA1) and DUB activities (USP3, 
others?) on nucleosomes; ii) identification of the 
IR-induced ubiquitination site(s) on H2A/H2AX; 
iii) isolation of uH2A/uH2AX binding proteins; 
iv) definition of the extent of the ubiquitin mark 
around the DSB. Also, a proteomic approach 
towards the characterization of the complex 
mixture of ubiquitinated proteins and ubiquitin 
receptors at the chromatin will potentially reveal 
novel players in DDR. 

uH2A and cell cycle
Histone modifications play a pivotal role in the 
regulation of chromatin packaging during cell 
cycle progression. During G0-G1/S transition, 
repressive histone marks need to be removed 
to allow expression of S-phase genes [30, 81]. 
Genome-wide chromatin rearrangements occur 
in S-phase, in order to provide accessibility to 
the replication machinery and to restore the 
epigenetic landscape on the newly synthesized 
DNA (reviewed in [82]). Finally, chromatin 
condensation and decondensation is needed 
during mitosis and cell division (reviewed in [5]).

As most of histone marks, ubiquitination is cell 
cycle regulated. uH2A was initially reported to be 
reduced in resting (G0) and differentiated cells 
[22]. Later, Vassilev et al. described a monoclonal 
antibody able to recognize uH2A. Using this 
antibody, the authors reported that non-
proliferating cells displayed lower levels of uH2A 
than their proliferating counterparts. In addition, 
partial co-localization of uH2A with PCNA 
replication foci was detected, suggesting a role 
for uH2A in cellular proliferation/DNA replication 
[83]. Interestingly, a link between uH2A and 
(aberrant) cell growth is emerging also in vivo. 
Dynamic changes in uH2A were observed in a 
liver regeneration model and in primary prostate 
tumors compared to normal tissues [25, 27]. In 
proliferating cells, uH2A is present throughout 
the cell cycle, but it is down-regulated during 
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BrdU, witnessing impaired DNA synthesis, ii) 
the presence of single-stranded DNA coated by 
replication protein A (RPA), iii) activation of the 
ATR-Chk1 pathway. These features are consistent 
with USP3 KD cells undergoing replication stress 
and suggest that S-phase delay and G2/M arrest 
are intimately linked to DDR activation in these 
cells. Whether USP3 acts directly affecting the 
DNA replication process/machinery, or rather 
through uH2A-mediated DDR signaling, is 
presently the subject of investigation. Persistence 
of γH2AX and uH2A DNA damage foci in USP3 
KD cells upon thymidine-induced replication 
stress, as well as upon exogenous DNA damage 
(as discussed before), supports the participation 
of USP3 in ubiquitin (uH2A)-mediated signaling 
(F. Nicassio and E. Citterio unpublished results). 
Finally, the observation that γH2AX foci, in USP3-
depleted cells, coincide with the onset of S-phase 
suggests that DNA replication is required for DDR 
activation (F. Nicassio and E. Citterio unpublished 
results). Investigating how USP3 influences 
replication dynamics will possibly contribute 
to the understanding of USP3/uH2A role at 
replication forks and its functional interplay with 
the S-phase checkpoint.

Third, H2A is globally de-ubiquitinated in 
the G2/M transition, which correlates with 
phosphorylation of H3 at S10, a hallmark of mitosis 
[24]. Interestingly, Joo et al. showed that Ubp-M 
is required for mitotic H2A de-ubiquitination and 
that knockdown of UbpM results in G2/M delay. In 
addition, in vitro experiments using reconstituted 
nucleosomes reveal that uH2A inhibits H3 
phosphorylation on serine 10 by AuroraB, at least 
in part by preventing the binding of the kinase 
to nucleosomes (Figure 1E). De-ubiquitination of 
H2A by UbpM relieves the inhibition of AuroraB. 
Since H3S10 phosphorylation by AuroraB is 
needed for chromosome condensation, these in 
vitro results put forward the exciting possibility 
that Ubp-M-mediated H2A deubiquitination 
may affect G2/M transition through a direct 
mechanism. Further investigation will reveal if 
this is true in vivo.

Intriguingly, despite targeting the same substrate, 
H2A DUBs display specificity in their roles in cell 
cycle regulation. It is unknown whether this 
specificity is due to additional protein targets, 

G2/M transition and is not present on condensed 
chromosomes [23-24].

H2A-DUBs: specific roles in cell cycle regulation?
Among the DUBs targeting H2A, USP22, Ubp-M 
and USP3 have been connected to cell cycle 
progression. Consistently, knockdown of these 
enzymes resulted in growth impairment in 
different human cell lines, albeit in different 
ways: i) upon shRNA-mediated knock-down 
of USP22, both p53 deficient H1299 cells and 
normal human fibroblast accumulated in G1 [28]; 
ii) USP3-depleted U2OS cells showed a strong 
delay in S-phase progression and a low mitotic 
index [17]; iii) stable Ubp-M knockdown in HeLa 
cells resulted in a decrease in the proportion of 
cells in G2/M [24]. The potential impact of the 
two other H2A DUBs, 2A-DUB and USP21, on cell 
cycle progression has not been investigated yet 
[25, 27]. 

As discussed before, uH2A is functionally linked 
to transcription regulation and DNA damage 
signaling pathways. Does uH2A affect cell 
proliferation through transcriptional regulation 
of cell cycle genes or DDR activation, or through 
direct mechanism(s)? The data suggest that both 
indirect and direct mechanisms may be relevant.
First, USP22 has been characterized as a 
transcriptional co-activator in the context of the 
SAGA complex (see also the previous paragraph 
on transcription) [28-29]. Consequently, it is 
possible that the USP22 inhibitory effect on G1/S 
transition is dependent on its transcriptional 
activity. In addition, USP22 is required for Myc-
driven transcription and transformation. Given 
that USP22, as well its Drosophila homolog 
Nonstop, appear to regulate a large subset of 
genes, gene expression analysis and genetic 
studies will be required to identify the key USP22-
target genes involved in cell cycle progression 
[28-29, 35]. 

Second, data by our group point to a distinct 
mechanism by which USP3 may affect cell cycle. 
S-phase delay in USP3-KD cells is accompanied 
by spontaneous γH2AX foci, accumulation 
of DNA breaks and full activation of an ATM- 
and ATR-mediated checkpoint response [17]. 
Specific phenotypes were observed upon USP3 
KD, including i) reduced ability to incorporate 
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How are H2A DUBs recruited to specific 
chromosomal loci? As discussed before, in the 
case of USP22 and 2A-DUB, local recruitment to 
their respective target genes has been shown to 
depend on components of the protein complexes 
they reside in (SAGA for USP22), as well as on 
specific transcription factors [27-29]. The finding 
that two DUBs, 2A-DUB and USP22 associate with 
HATs suggests an important functional interplay 
between these classes of enzymes. Biochemical 
purification of the other DUBs (complexes) has 
yet to be performed.

Do H2A DUBs target additional substrates for 
deubiquitination? USP3 and USP22 are capable 
of deubiquitinating H2B, in addition to H2A [17, 
28-29, 35]. Moreover, USP22 may be required 
for deubiquitination of additional non-histone 
proteins, as suggested by accumulation of other 
ubiquitinated proteins upon loss-of-function of 
its Drosophila homolog [94]. The ability to target 
more than one substrate is not unprecedented 
among DUBs [90, 93]. The identification of 
putative additional key substrates is essential for 
a better understanding of the function of the H2A 
DUBs.

Finally, multiple observations suggest that 
H2A (de)ubiquitination influences chromatin 
dynamics, in part through the action of histone 
chaperones such as FACT and Tip60 [20, 27, 40]. 
This may prove a common mode to facilitate 
chromatin reorganization during transcription, 
DDR and DNA replication, explaining the diversity 
of processes that H2A DUBs and uH2A play a role 
in. It will be important to examine the effect of 
ubiquitination of H2A on histone mobility and 
to define how uH2A impacts on the activities 
of chromatin remodeling complexes/histone 
chaperones. The identification of the DUBs and 
E3 ligases described in this review, as well as 
potential novel ones will undoubtedly greatly 
facilitate such analysis. 
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besides H2A, or to other mechanisms. Therefore, 
it will be interestingly to assess if different H2A 
DUBs can rescue each other defects in cell cycle 
progression. 

Finally, the H2A E3 ligases Ring1B and RNF8 are 
clearly implicated in cell proliferation. Work by 
different groups support a functional role for 
RNF8 in mitosis, showing its requirement for 
mitotic exit [84-85]. Whether the effects of RNF8 
on mitosis are dependent on ubiquitination of 
H2A remains to be investigated. As to Ring1B, its 
deletion in mice is associated with gastrulation 
arrest and embryonic lethality [86]. Given that 
Ring1B deletion strongly impact on expression 
of its target genes, it is difficult to distinguish 
between direct and indirect effects of Ring1B 
on cell cycle progression [86-87]. Knockdown 
of Ring1B results in cell cycle arrest in U2OS 
cells [11]. It will be interesting to analyze this 
phenotype in more detail to assess which phase 
of the cell cycle is affected.

Concluding remarks
Overall, the discussed data show that uH2A 
impacts on several important aspects of cellular 
physiology. Although recent work provides crucial 
insights, we are just starting to decipher the 
role of uH2A. Intriguingly, despite the common 
substrate, individual H2A DUBs seem to exhibit 
distinct functional roles. In this regard, we will 
put forward key questions concerning regulation 
of activity, recruitment and substrate specificity, 
whose addressing is predicted to greatly advance 
our knowledge of how DUBs impact on the 
pleotropic function of H2A.

How is the activity of the H2A DUBs regulated? 
Interaction with regulatory, non catalytic protein 
subunits and posttranslational modifications have 
been shown to regulate DUB activity, including 
activity of USP7, USP1 and USP28 [88-93]. Similar 
mechanisms may apply to the H2A DUBs. USP22 
displays in vitro H2A DUB activity only in the 
context of SAGA, suggesting that other subunits 
of the complex are important for the regulation 
of its activity [27, 29]. Phosphorylation of UbpM 
(USP16) and mono-ubiquitination of 2A-DUB 
have been reported [24, 27, 33]. However, the 
functional significance of these observations 
remains to be elucidated. 
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Polycomb group (PcG) genes encode chromatin modifiers that are involved in the 
maintenance of cell identity and in proliferation, processes that are often deregulated 
in cancer. Interestingly, besides a role in epigenetic gene silencing, recent studies have 
begun to uncover a function for PcG proteins in the cellular response to DNA damage.  In 
particular, PcG proteins have been shown to accumulate at sites of DNA double-strand 
breaks (DSBs). Several signaling pathways contribute to the recruitment of PcG proteins 
to DSBs, where they catalyze the ubiquitylation of histone H2A. The relevance of these 
findings is supported by the fact that loss of PcG genes decreases the efficiency of cells 
to repair DSBs and renders them sensitive to ionizing radiation.  The recruitment of PcG 
proteins to DNA breaks might suggest that they have a function in coordinating gene 
silencing and DNA repair at the chromatin flanking DNA lesions. In this Commentary, we 
discuss the current knowledge of the mechanisms that allow PcG proteins to exert their 
positive functions in genome maintenance.

Key words: Polycomb, DNA damage response, epigenetic gene silencing, histone 
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response to DNA damage

of the DNA lesion, transduction of the damage 
signal and the establishment of conditions that 
promote DNA repair. These conditions include, 
but are not restricted to, cell cycle arrest and 
activation of the DNA repair process [4-6]. 
Chromatin serves diverse roles within the DDR. 
It acts as a signaling platform and provides the 
environment in which repair is coordinated with 
other DNA-based processes, such as ongoing 
transcription [6]. Chromatin rearrangements 
and histone modifications, including their 
phosphorylation, methylation and ubiquitylation, 
are necessary for accurate DNA damage signaling 
and repair [5-6, 8].  

In this Commentary, we focus on key chromatin 
modifiers, the Polycomb group (PcG) of 
transcriptional repressors. PcG proteins control 
various biological processes, including the 
maintenance of cellular identity and proliferation 
[9-12]. Deregulation of PcG genes is frequently 
associated with aberrant maintenance of stem 

Introduction
The DNA of eukaryotes is associated with proteins 
in a highly organized and compacted structure 
known as chromatin. The chromatin environment 
has substantial impact on DNA-based processes, 
such as DNA replication, transcription and repair, 
as it intrinsically limits the degree of access to 
DNA. Chromatin remodelling enzymes and post-
translational modifications of the most abundant 
chromatin proteins, the histones, cooperate to 
overcome the chromatin barrier [1-2].

Even in normal homeostasis, DNA is constantly 
damaged. If unrepaired, DNA lesions have the 
potential to cause mutations that, eventually, may 
lead to cancer [3]. A plethora of molecular events 
that are triggered by DNA damage, collectively 
known as the DNA damage response (DDR), 
ensures that genome stability is maintained [4-6], 
and is crucial to prevent tumorigenesis. Indeed, 
dysfunction of the DDR is a hallmark of human 
cancer [7]. The DDR comprises the detection 
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cell fate and with cancer [13]. There is rapidly 
growing evidence that implicates PcG proteins as 
novel regulators of the DDR in mammalian cells. 
After introducing the mechanisms of the DDR 
and of PcG silencing, we discuss the described 
functions of PcG proteins in DDR in greater 
detail. As most is known about the role of the 
Polycomb complex protein BMI1, we focus on 
its contribution in the ubiquitylation pathway 
at DNA double-strand breaks (DSBs). Finally, we 
discuss the hypothesis that PcG proteins have a 
role in the interplay between gene transcription 
and DNA repair. 

The DNA damage response
DNA integrity is threatened by a number of 
possible DNA lesions [3]. The DDR responds 
to specific DNA lesions with the activation of 
distinct signal transducers that, subsequently, 
regulate all aspects of DDR. For instance, single 
stranded DNA (ssDNA), which frequently occurs 
upon stalling of the replication fork, activates the 
ataxia telangiectasia mutated- and Rad3-related 
(ATR) kinase [14], whereas ssDNA breaks activate 
poly[ADP-ribose Polymerase 1 (PARP1) [4-5, 15] 
and DNA double strand breaks (DSBs) activate the 
ataxia telangectasia mutated (ATM) kinase [16]. 
As the recent studies of the role of PcG proteins 
in DDR focus mainly on their function at DSBs, 
we will summarize here the cellular response 
to DSBs. A detailed description of DSB-induced 
signaling is provided in the legend to Figure 1.

Active ATM at DSBs promotes checkpoint 
activation and apoptotic responses, for example 
through activation of p53 and checkpoint kinase 
2 (CHK2) [16]. In addition, ATM phosphorylates 
the histone H2A variant H2AX [17] at the site 
of damage. Phosphorylated H2AX (γH2AX) 
promotes the consecutive recruitment of the 
mediator of DNA damage checkpoint response 
protein 1 (MDC1) [18], the ubiquitin (Ub) E3 
ligase Ring finger protein 8 (RNF8) [19-22] and, 
yet another E3 ligase, RNF168 [23-24]. The 
concerted action of RNF8 and RNF168 with the 
ubiquitin-conjugating E2 enzyme UBC13 leads 
to the ubiquitylation of histones H2A and H2AX, 
and probably also of other substrates at the 
chromatin surrounding the lesion [23-26]. The 
main linkage of ubiquitin chains at sites of DSBs 
is through its lysine residue 63 (K63) [6, 8, 23-24, 

27]. RNF8 and RNF168 are the main E3 ligases 
at sites of DSB and their activity is required for 
the stable accumulation of, among others, breast 
cancer 1 early onset (BRCA1) and tumour protein 
p53 binding protein 1 (53BP1), among others [6, 
8, 27].                                                             

Importantly, the interplay between BRCA1 and 
53BP1 determines the choice of DSB repair 
pathway employed by the cell [28-30]. BRCA1 
promotes homologous recombination (HR), 
which is considered error-free owing to the usage 
of the intact sister chromatid as a template [31-
32]. Conversely, 53BP1 favours non-homologous 
end joining (NHEJ) by several mechanisms [28-30, 
33-34]. This pathway repairs DSBs by rejoining 
the ends of a broken DNA molecule. Enzymatic 
resection of the broken ends may cause loss of 
genetic information, making this pathway error-
prone [4]. 

A growing number of factors that modulate the 
RNF8-RNF168-ubiquitin pathway are emerging. 
Modification by ubiquitin is reversible and 
deubiquitylating enzymes (DUBs) have been 
implicated in negative regulation of H2A 
ubiquitylation at DSBs, such as the ubiquitin-
specific proteases (USPs) USP3 and USP16, and 
BRCA1-BRCA2-containing complex subunit 36 
(BRCC36) [35-37]. Finally, the small ubiquitin-
related modifier SUMO also accumulates at DNA 
damage sites and has been reported to positively 
regulate ubiquitin signaling by RNF8, RNF168 
and BRCA1 [38-39]. For this review, we chose 
to discuss only the main players in the RNF8-
RNF168-ubiquitin pathway; readers are referred 
to Fig. 1 for more details and to recent reviews for 
a more comprehensive overview of the ubiquitin 
and SUMO pathways in DDR [6, 8, 27, 40-41], 
or for detailed information about ubiquitylation  
and sumoylation processes [42-44]. 
 
PcG proteins
PcG genes were initially discovered as genes that 
are involved in the regulation of morphogenesis 
in Drosophila melanogaster. PcG proteins are 
chromatin-associated transcriptional repressors 
that regulate bodyplan patterning by targeting 
homeotic (Hox) genes [45]. PcG genes are 
conserved in sequence and function among 
vertebrates, as for instance analysis of mice with 
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mutations in some PcG genes, such as Bmi1 [46], 
Mel18 [47], and Cbx2 [48], has revealed skeletal 
abnormalities along the anterior-posterior axis. 

Genome-wide mapping of PcG target sites in 
Drosophila and mammalian cells has greatly 
expanded our knowledge of PcG target genes. 
Besides the Hox genes, a large number of 
PcG targets have been identified that encode 

transcription factors and proteins with key roles 
in main developmental pathways, such as the 
Wnt, Hedgehog and Notch pathways [49]. The 
deregulation of repression by PcG proteins also 
impacts on the development of various cancers. 
In fact, PcG genes and, most notably, BMI1 and 
enhancer of zeste homologue 2 (EZH2), are 
frequently overexpressed in human tumors 
[13]. An important PcG target is the CDKN2A 
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Fig. 1. Ubiquitin pathway at sites of DNA double-strand breaks.
A multifaceted DDR is elicited by DNA double strand breaks. Local DDR integrates, among others, phosphorylation- and ubiq-
uitylation-based signaling and is initiated upon sensing of a DSB by the MRN complex - a complex of MRE11, NBS1 and RAD50 
proteins [108]. NBS1 recruits ATM kinase [108], which phosphorylates - among many other substrates - histone H2AX , yielding 
γH2AX [17]. γH2AX is then bound by MDC1 [18], which is also phosphorylated by ATM and serves as a scaffold for the recruit-
ment of the ubiquitin E3 ligase RNF8 [19-22]. RNF8 is required for the recruitment of a second ubiquitin E3 ligase RNF168 [23-
24]. The concerted action of RNF8 and RNF168, together with the E2 ubiquitin-conjugating enzyme UBC13 leads to the ubiquity-
lation of histones H2A and H2AX, and most probably also of other substrates at the site of damage [23-26]. UBC13 is inhibited in 
a non-catalytic manner by the deubiquitylating enzyme OTUB1 [109-111]. The pathway is also regulated by the E3 ligase HERC2, 
which promotes the interaction between RNF8 and UBC13 [112]. It has been shown that the main linkage of ubiquitin at sites of 
damage is through its lysine residue K63 [6, 8, 23-24, 27]. An increasing number of DDR factors have been reported to depend 
on the ubiquitin pathway at DSBs for their recruitment, including BRCA1 and 53BP1 [6, 8, 27]. A BRCA1-containing protein 
complex (shown in green) is recruited to DSBs through direct binding of K63-linked ubiquitylated histones by its RAP80 subunit 
[22, 113-115]. BRCA1 has E3 ligase activity and functions as a heterodimer with BARD1 [116]. 53BP1 has not been reported to 
have an ubiquitin-binding domain; instead, it binds H4K20Me3 at the site of damage [117-118]. BRCA1 promotes homologous 
recombination-mediated DSB repair [31]. 53BP1 promotes repair by non-homologous end joining [28-30, 33-34]. Three deubiq-
uitylating enzymes have been reported thus far to negatively regulate the pathway, presumably by deubiquitylation of H2A and 
H2AX, USP3 and USP16, and BRCC36 [35-37].
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proteins are referred to some recent reviews [9, 
11-13, 52-53].

Polycomb repressive complexes
PcG proteins are found to associate into two main 
Polycomb repressive complexes (PRCs): PRC1 and 
PRC2. A detailed description of the components 
of PRC1 and PRC2 - which is required for a full 
understanding of this Commentary - is provided 
in Fig. 2. PRC2 specifically trimethylates histone 
H3 at lysine residue 27 (K27), resulting in 
H3K27Me3  [54, 55 , 56-57]. PRC1 catalyzes 
histone H2A monoubiquitylation on lysine 
residue 119 (K119), which is the second Polycomb 
signature chromatin mark [58-59]. Loss of the 
PRC1 components really interesting new gene 
1A and B (RING1A and RING1B, respectively) 

locus, which encodes the tumour suppressor 
proteins p16 and p19 [50]. These proteins block 
cell cycle progression and promote senescence 
by inhibiting the retinoblastoma-associated 
protein (Rb) and p53 pathways, respectively 
[51]. Partly because of inappropriate repression 
of this locus, PcG proteins remove barriers in 
the process of oncogenic transformation [13]. 
Moreover, given that PcG proteins promote stem 
cell maintenance through repression of lineage-
specific genes [11-12], it has been proposed that 
the observed deregulation of PcG genes in cancer 
causes the establishment of a more primitive 
differentiation state that is characteristic of many 
tumours and generally correlates with their 
clinical aggressiveness [13]. Readers interested 
in the details of the biological functions of PcG 
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Fig. 2. Polycomb repressive complexes (PRCs) and their enzymatic activities.
The PcG transcriptional repressors are organized in two main PRCs, PRC1 and PRC2. PRC2 has four subunits: the Su(var)3-9, 
enhancer-of-zeste, trithorax domain (SET) domain protein EZH1 or EZH2, the zinc finger protein SUZ12, the WD-repeat protein EED 
and the histone-binding proteins RBAP46 and RBAP48 [54-57]. EZH1 and its more intensively studied homolog EZH2 are responsible 
for the main enzymatic activity of PRC2, which is to trimethylate histone H3 at lysine 27, yielding H3K27Me3 [54-57] In addition, a 
number of substoichiometric complex components of PRC2 have been described, such as, for example, PHF1 [96]. PRC1 consists 
of the enzymatic subunit RING1A or RING1B, a RING domain cofactor of the PCGF family such as BMI1 (also known as PCGF2) or 
MEL18 (also known as PCGF4), one of the human polyhomeotic homologues (HPH1, HPH2 or HPH3) and one of the chromobox 
proteins (CBX2, CBX4, CBX6, CBX7, or CBX8) [52]. RING1B and BMI1 form a heterodimer through the association of their RING 
domains [101-102]. RING-domain proteins are E3 ubiquitin ligases that catalyze the final step in ubiquitin conjugation [42]. Indeed, 
PRC1 has E3 ligase activity and uses either RING1A or RING1B as its catalytic subunit and one of the PCGF proteins as an E3 ligase 
cofactor [101-102, 119]. A hierarchical model that involves PRC2 recruitment followed by that of PRC1 has been proposed based on 
the fact that the CBX subunit of PRC1 binds to the H3K27Me3 histone mark [120-121]. However, H3K27Me3 may not be sufficient 
for PRC1 recruitment, suggesting that additional mechanisms contribute to PcG protein recruitment [52-53, 90-93, 122-123]. The 
repressive function of PRC1 is thought to, at least in part, depend on its ability to monoubiquitylate histone H2A at lysine 119 (K119) 
[66, 124]. In addition, PRC1 has chromatin compaction activity [62].
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components that have been found to localize to 
these DNA damage sites is presented in Table 1. 
 
The role of PRC1 and PRC2 at DSBs
Ubiquitylated H2A fulfils a dual function; it is a 
key epigenetic mark for transcriptionally silent 
chromatin [58-59], and also acts as a mark of 
DNA damage [20-21, 23-25, 35, 73-75]. This 
raises the possibility that the PRC1 E3 ligase 
is also involved in DDR. Several laboratories 
confirmed this hypothesis by showing that both 
BMI1 and RING1B efficiently accumulate at IR- 
and laser-induced DSBs [76-84] (Box 1 and Fig. 
3). The kinetics of BMI1 and RING1B recruitment 
is similar to that of the early DDR factors, such 
as RNF8, meiotic recombination 11 (MRE11) and 
Nijmegen breakage syndrome 1 (NBS1)[77], and 
their presence at DSBs is sustained for several 
hours after damage [77-78, 80]. In contrast to 
BMI1, its homolog MEL18 is only transiently 
recruited to DSBs, suggesting that recruitment 
and maintenance of different PRC1 complexes 
occurs with distinct kinetics [78, 80]. The other 
PRC1 subunits, including human polyhomeotic 
homologue 1 and 2 (HPH1 and HPH2, 
respectively), as well as different chromodomain-
containing proteins, such as CBX2, CBX4, CBX6, 
CBX7 and CBX8, are also found to localize to 
laser-induced DSBs [78, 80, 85]. Given the variety 
in composition of PRC1 complexes [86-93], there 
is a large number of possible complexes that can 
be assembled at DSBs, which raises the question 
whether they perform distinct functions. 
Interestingly, depending on the experimental 
system used, in some cases the recruitment of 
BMI1 and RING1B was found to be independent 
from each other [77, 80], which suggests that in 
the absence of RING1B, BMI1 can be recruited by 
RING1A and that in the absence of BMI1 other 
PCGF factors can recruit RING1B  [78]. 

Besides PRC1, the recruitment of PRC2 core 
components, the PRC2-associated factor PHD 
finger protein 1 (PHF1), and the H3K27 methyl 
mark have also been detected at sites of DNA 
damage [78, 94-96]. This suggests that the entire 
PRC2 complex is present at DSBs. 

The role of PRC1 in histone ubiquitylation and 
signaling at DSBs
As discussed above, the PRC1 E3 ligase is recruited 

results in a drastic reduction in basal levels 
of monoubiquitylated H2A [58, 60], thereby 
demonstrating the exclusive requirement for 
these E3 ligases in catalyzing this particular 
modification. Besides ubiquitin E3 ligase activity, 
SUMO E3 ligase activity has been demonstrated 
for one of the PRC1 components, CBX4 [61]. 
Finally, in addition to its catalytic activity, PRC1 
also possesses the ability to compact chromatin 
through binding of nucleosomes [62]. 
 
Mechanisms of PcG repression
PRC1 is considered to be responsible for gene 
silencing, which - at least in part - is exerted 
by controlling the RNA polymerase II (Pol II)-
mediated  elongation phase of transcription [63]. 
In particular, chromatin immunoprecipitation 
(ChIP) experiments have shown that, although 
Pol II can still be detected at PRC1 target genes, 
it appears to be kept in a stalled configuration 
[63]. Deletion of the RING1A and RING1B mouse 
homologues in mouse embryonic stem cells can 
release the stalled Pol II and is accompanied by 
the derepression of PcG target genes [63]. Two 
main mechanisms by which PcG complexes 
accomplish Pol II stalling have been described: 
chromatin compaction [62, 64] and regulation 
of histone H2A monoubiquitylation [63, 65-
66]. However, the relative contribution of these 
mechanisms to PcG-mediated gene silencing 
remains to be investigated [52].

Polycomb proteins in the DNA damage response
PcG genes directly and indirectly regulate 
various aspects of the DDR. Bmi1 is required 
for maintenance of the redox balance. Bmi1 
deficiency in mice leads to increased levels of 
reactive oxygen species, which results in DNA 
damage and DDR activation [67]. With regard to 
the role of PRC2, cell-based assays support an 
involvement of EZH2 in the regulation of the G1/S 
and G2/M checkpoints upon treatment with 
clastogens [68]. In addition, in breast cancer cells, 
EZH2 might affect DSB repair indirectly through 
repression of the homologous recombination 
enzyme Rad51 [69] and of its paralogues [70], as 
well as through regulation of BRCA1 [71-72]. 

Recent work has begun to elucidate the 
involvement of specific PcG proteins in the local 
DDR at DSBs. A summary of PRC1 and PRC2 



34

2

Chapter 2

RAP80, as well as 53BP1, efficiently accumulate at 
DNA damage sites that were generated by using 
the UV-laser scissor approach (Box1), suggesting 
that BMI1-mediated ubiquitylation of H2A does 
not affect the canonical ubiquitin pathway, but, 
instead, impacts on a parallel pathway that 
involves the recruitment of yet unidentified 
factors [80]. However, Ismail et al reached the 
opposite conclusion; using a different method 
to induce DSBs (the near infra-red laser-based; 
see Box 1) and assessing recruitment at earlier 
time points, they found that Bmi1 loss affects 
the accumulation of 53BP1, RAP80 and BRCA1 
at DNA damage sites [77]. Detailed time course 
experiments following induction of specified 
DNA damage are needed to clarify the exact 
contribution of BMI1 to DSB signaling. 

Requirements of PRC1 and PRC2 for survival 
following clastogen treatment and for DSB repair 
Work from several labs established that PcG 
proteins have functional relevance in DDR 
and in genome maintenance. Indeed, loss of 
components of PRC1 [77, 79-81] and PRC2 [78, 
96] leads to increased sensitivity to IR and other 
clastogens (Table 1). Several authors examined a 
role for PcG proteins in DSB repair. In particular, 
experiments in which a GFP-based reporter assay 
was used to detect homologous recombination 
efficiency, support a contributing role of BMI1 in 
the homologous recombination repair pathway 
[79-80, 83] (Fig. 3). Regardless of the exact 
underlying mechanisms, this provides an at 
least partial explanation for the requirement of 
BMI1 for cell survival upon treatment with DSB 
inducing agents [77, 79-81]. However, it should 
be noted that the effects on both homologous 
recombination and cell survival are relatively 
mild, which suggests that the PcG factors are not 
core repair factors, but rather have a modulatory 
role in the establishment of conditions that 
favour repair. The potential involvement of PcG 
proteins in NHEJ awaits further investigation.

Regulation of PRC1 recruitment to sites of DSBs
The studies presented above support a broad 
involvement of PcG proteins in DDR but, 
nevertheless, raise several questions with regard 
to the underlying molecular mechanisms. 
For example, it remains to be determined which 
signaling events are required to induce the 

to DSBs, which are main sites of ubiquitylation. 
These findings prompt the question whether 
PRC1 contributes to ubiquitylation at DSBs. 
Determining the contribution of PRC1 to 
overall ubiquitylation by immunofluorescence 
with an antibody that recognizes ubiquitin 
conjugates (FK2) has proven controversial [77, 
80], most probably because of the abundance of 
ubiquitin conjugates at DSBs and the limitations 
of this approach in measuring quantitative 
differences. The role of RING1B and BMI1 in 
DSB-induced histone ubiquitylation has been 
addressed specifically, both biochemically and 
by immunofluorescence. Immunoblot analysis of 
H2A and H2AX suggests that loss of RING1B or 
BMI1, or mutation of the canonical target lysine 
of H2A or H2AX interfere with both basal and 
IR-induced monoubiquitylation [75, 80-82]. In 
addition, ubiquitylation of H2A - as detected using 
the antibody E6C5 - at laser-induced damage 
is found to depend on BMI1 [80]. Although the 
specificity of this antibody is not undisputed, 
collectively these findings support a role for BMI1 
in H2A monoubiquitylation at the chromatin that 
surrounds the DNA lesion (Fig. 3). 

DSB-induced ubiquitin signaling entails a complex 
network of ubiquitin substrates, which are mostly 
regulated by RNF8-RNF168 [6, 8, 27]. The reported 
requirement of BMI1 for monoubiquitylation of 
H2A and H2AX [80-81] and that of RNF8-RNF168 
for generating K63-linked ubiquitin chains [23-
24, 26] suggest that these ubiquitin signals have 
distinct functions at DSBs and it will be of great 
interest to characterize these functions. Other 
important unanswered questions include: which 
lysine(s) on H2A or H2AX are modified by RNF8-
RNF168 and do they overlap with the PRC1 
target lysine? Do PRC1 and RNF8-RNF168 modify 
histone H2A molecules in the same nucleosome? 
Can they act on the same ubiquitin chains, and 
are there other ubiquitylation substrates that are 
targeted by these E3 ligases?

Another critical question is whether PRC-complex-
mediated histone modifications coordinate DDR 
signaling. As mentioned above, 53BP1 and also 
UIMC1 (also known as RAP80) are major DDR 
mediators, whose recruitment is dependent 
on the RNF8-RNF168-ubiquitin pathway [6, 8, 
27]. Analysis of Bmi1-knockout cells shows that 
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In search for additional factors that influence 
the recruitment of PcG proteins to DNA damage 
sites, PARP-dependent signaling has also been 
investigated [78, 80, 85]. PARP inhibition or loss 
was reported to affect the recruitment of CBX4 
[85] and of the BMI1 homolog MEL18, but not 
of BMI1 itself [78, 80] (Fig. 3). Taken together, 
the data discussed above suggest that multiple 
signaling pathways contribute to the recruitment 
of PcG proteins to DNA lesions (Fig. 3). In this 
context, it will be important to further elucidate 
the functional crosstalk between PcG proteins 
and the RNF8-RNF168-ubiquitin pathway, as well 
as the role of PARP-mediated signaling.
 
To dissect the molecular mechanism in detail 
it will be necessary to identify the molecular 

accumulation of PcG complexes at DSBs. With 
regard to PRC1, it has been shown that BMI1 
recruitment at laser-induced DNA damage sites is 
dependent on ATM- and ATR-mediated signaling 
(Fig. 3) [77, 80]. In response to ATM activation, 
a very early recruitment of BMI1, but not its 
persistence could be detected in mouse H2ax-
knockout cells [77, 80]. This suggests a biphasic 
mode of BMI1 accumulation, with an initial 
phase that is independent of H2AX, and a second 
phase that depends on ATM- or ATR-mediated 
phosphorylation and, possibly, ubiquitylation by 
RNF8 [77, 80] (Fig 3). The DDR regulatory factors 
BRCA1 and 53BP1, which act further downstream 
in the ATM-RNF8-RNF168 pathway, were shown 
to be dispensable for BMI1 recruitment [77, 80]. 

Table 1. Mammalian Polycomb group proteins found to localize to DNA damage sites

Protein Protein motifs Biochemical Activity Method of DNA damage induction Function in DDR References

PRC2

EZH1 SET domain Histone 
methyltransferase

Laser micro-irradiation 
(GFP-tagged protein)

Prevent sensitivity to DSB-
inducing agents

[78]

EZH2 SET domain Histone 
methyltransferase

UV; Laser micro-irradiation; 
endonuclease-induced DSBs (ChIP); 
H2O2 induced foci

Prevent sensitivity to DSB-
inducing agents

[78, 94, 
133]

SUZ12 Zinc finger Stimulates histone 
methyltransferase 
activity 

UV Prevent sensitivity to DSB-
inducing agents

[78]

PHF1 
(interactor)

Two PHD 
fingers and a 
Tudor domain

Stimulates histone 
methyltransferase 
activity

Laser micro-irradiation 
(GFP-tagged protein)

Prevent sensitivity to DSB-
inducing agents

[96]

PRC1

BMI1/ PCGF4 RING domain E3 Ub ligase Laser micro-irradiation; hydroxyurea-, 
camptothecin- and IR-induced foci; 
aphidicolin-induced fragile sites 
(ChIP); ZNF-induced DSBs (ChIP)

H2A/H2AX ubiquitylation;
Prevent genomic instability; 
Prevent sensitivity to DSB-
inducing agents

[77-81, 83]

MEL18/ PCGF2 RING domain E3 Ub ligase Laser micro-irradiation n.d. [78, 80]

RING1A/ RNF1 RING domain E3 Ub ligase Laser micro-irradiation 
(GFP-tagged protein)

n.d. [78]  

RING1B/ RNF2 RING domain E3 Ub ligase Laser micro-irradiation;     
IR-induced foci

H2A/H2AX ubiquitylation;
Prevent sensitivity to DSB-
inducing agents

[77-78, 80, 
82]

CBX2 Chromodomain Methyl-lysine 
binding

Laser micro-irradiation;  
ZNF-induced DSBs (ChIP)

n.d. [80]

CBX4 Chromodomain Methyl-lysine 
binding;
SUMO E3 ligase

Laser micro-irradiation;     
IR-induced foci

SUMOylation of BMI1; Prevents 
sensitivity to DSB-inducing agents

[78, 85]

CBX6, 7, 8 Chromodomain Methyl-lysine 
binding

Laser micro-irradiation 
 (GFP-tagged protein)

n.d. [78] 

HPH1, 2 SAM and Zinc 
finger domain

Laser micro-irradiation 
(GFP-tagged protein)

n.d. [78]  

Abbreviations: 
BMI1, B lymphoma Mo-MLV insertion region 1 homolog; CBX, chromobox; ChIP, chromatin immunoprecipitation; DSB, DNA double 
strand break; GFP, green fluorescent protein; EZH, enhancer of zeste homologue; HPH, human polyhomeotic homologue; PCGF, 
Polycomb group RING finger protein; PHD finger, plant homeodomain finger; PHF1, PHD finger protein 1; PRC; Polycomb repressive 
complex; RING, really interesting new gene; RNF, RING Finger protein; SAM, sterile alpha motif; SET domain, Su(var)3-9, Enhancer-
of-zeste, Trithorax domain; SUMO, small ubiquitin-related modifier; Suz12, Suppressor of Zeste homologue 12; ZNF, zinc finger 
protein. 
n.d., not determined.
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means by which PcG proteins might facilitate 
DSB repair is by simply repressing transcription 
at the break, thereby coordinating the repair and 
transcriptional machineries [6, 79]. In the next 
section, we will discuss this possibility in detail. 

Regulation of transcription in response to DNA 
double-strand breaks – a role for PcG proteins?
Several recent lines of evidence suggest that 
DDR-associated mechanisms exist to coordinate 
DSB repair and transcription within the chromatin 
environment [6, 97]. One such mechanism is 
local DSB-induced silencing. The existence of this 
phenomenon was demonstrated using stably 
integrated constructs that allow the induction 
of a defined DNA break in the direct vicinity of 
a transcriptional reporter gene [36, 94, 98]. The 
physiological relevance of these findings has 
recently been supported by ChIP-based studies 
that mapped the distribution of both γH2AX 
and Pol II in parallel with transcription occurring 
around endonuclease-induced breaks [99-100]. 
Importantly, the occurrence of a single DSB in 
the body of genes transcribed by Pol II results in 
inhibition of transcription [99-100]. The interplay 
between DDR and transcription could have 
more than one purpose. First, it might prevent 
the transcription of broken genes that would 
otherwise lead to the accumulation of truncated 
mRNAs. Second, it might facilitate DSB repair in 
the context of transcriptionally active chromatin, 
for example, by preventing collision between the 
repair and transcriptional machineries. 

As PcG proteins are known transcriptional 
repressors and are recruited to DSBs, they are 
the ideal candidates for regulating transcription 

interactions that allow the recruitment of PcG 
complexes to damaged DNA, as PcG proteins 
do not have obvious binding domains for 
phosphorylated or ubiquitylated proteins. The 
observation that the H3K27Me3 mark has been 
detected at DSBs [94] suggests that PRC2, to 
some extent, promotes PRC1 binding at these 
sites. However, against this hypothesis, recent 
experiments suggest that PRC1 recruitment to 
DSBs is unaffected upon depletion of EZH2 or 
embryonic ectoderm development (EED) [77], 
which are required for H3K27 trimethylation  [54-
57]. In addition, methyl-lysine binding by CBX4 
appeared to be dispensable for recruitment to 
sites of microirradiation [85].

Finally, recent data indicate that the function 
of BMI1 in the DDR is also regulated by post-
translational modification (Fig. 3). For example, 
modification of BMI1 with SUMO by CBX4 has 
been suggested to favor its recruitment to 
DSBs [85]. In addition, phosphorylation of BMI1 
stimulates the ubiquitylation activity of PRC1 at 
DSBs [83]. 

Taken together, is it clear that PcG proteins are 
required for cell survival upon the induction of 
DSBs and are physically recruited to DSBs, where 
BMI1 promotes histone H2A monoubiquitylation 
and efficient DDR. There are at least two ways 
by which PcG complexes might promote DSB 
repair. First, PcG proteins may contribute to 
DNA damage site recognition and, as we have 
discussed above, help to recruit DDR factors to 
the chromatin surrounding the break. Secondly, 
given that the PRC1-induced ubiquitylation of 
H2A acts as a repressive mark, an attractive 

Box 1. Methods to induce localized DNA lesions 
Several methods can be used to induce localized DNA lesions in the nucleus of mammalian cells [5, 125]. Laser lines are used 
to locally irradiate specific regions in the cell nucleus, thereby generating focal DNA damage. PcG protein recruitment to DNA 
lesions has been studied by using micro-irradiation with an UV-A laser (337 nm) on cells that were sensitized with halogenated 
nucleotide analogues such as BrdU or IdU (referred to as the UV-A laser scissor approach) [78, 80, 83], and with a near-infrared 
laser line (750 nm) on cells sensitized with the DNA-intercalating dye Hoechst 33258 [77, 85]. A limitation of these laser-based 
methods is that, besides DSBs, they also give rise to a wide spectrum of other DNA lesions, including cyclobutane pyrimidine 
dimers, 6,4 pyrimidine-pyrimidones and single-strand DNA breaks [126-128]. Furthermore, structural changes in the DNA that 
are caused by intercalation of Hoechst dye may lead to non-physiological DDR [128-130]. UV-A treatment, if applied at high 
power, can also elicit aberrant cellular responses by inducing protein damage or protein-protein and protein-DNA crosslinks. 
Thus, the type and relative contribution of DNA lesions need to be considered when comparing different studies, as they might 
affect the dynamics of DDR factor recruitment.

Nuclease-based systems are used to induce DSBs at defined genomic loci and are based on the use of endonucleases that 
recognize and cut highly specific DNA sequences. An inducible DSB-inducing system that uses endonuclease I-SceI [131], as well 
as a zinc-finger nuclease (ZFN) strategy [132], have been employed to investigate the recruitment of PcG factors to DSBs [80, 94].
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RNF8-RNF168-ubiquitin pathway. Importantly, 
several lines of evidence support a functional 
involvement of monoubiquitylated H2A [36].  An 
open question is whether RNF8 and RNF168 are 
directly responsible for DSB-induced silencing, 
or whether another E3 ligase is involved. As 
mentioned above, although the RNF8 or RNF168 
E3 ligases can clearly ubiquitylate histone H2A, 
their dominant modification is that of K63-linked 
ubiquitin chains [19-24, 26]. By contrast, BMI1 
and RING1B catalyze the monoubiquitylation of 
H2A [58-59, 101-102]. Thus, it will be of great 
interest to determine whether the described 
function of BMI1 in transcriptional repression, 
indeed, extends to sites of DSBs (Fig. 3). In that 
scenario, the silencing function of RNF8-RNF168 
might be either indirect by stimulating BMI1 

at these sites. A silencing role at DSBs has first 
been suggested for EZH2, and EZH2 and its 
chromatin mark H3K27Me3 have been detected 
by ChIP at DSBs [94]. DSB induction also results 
in DNA methylation and longterm silencing 
[94, 98]. These findings suggest that EZH2 may 
contribute to DSB-induced epigenetic gene 
silencing [94]. The role of PRC1 in silencing at 
DSBs has not been extensively addressed yet 
[79]. However, a recent study suggests that 
H2A ubiquitylation has an important role in 
transcriptional silencing of genes in the vicinity 
of DSB sites [36]. There, the authors were able 
to visualize the inhibition of transcription in 
cis when a DSB was induced near a reporter 
gene [36]; they also showed that silencing is 
dependent on ATM-mediated activation of the 
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Fig. 3 Regulation of PRC1 recruitment and activity at DSBs
ATM kinase activity and H2AX are required for BMI1 recruitment to and its maintenance at DSBs, possibly through RNF8. 
Independently from ATM, poly(ADP ribosyl)ation by PARP enzymes supports the recruitment of the PRC1 subunits MEL18 and 
CBX4 to DSBs. The other components of PRC1 have also been detected at sites of DSBs, suggesting that the entire complex is 
recruited. The precise molecular mechanisms by which the ATM-H2AX-RNF8 pathway and PARP promote PRC1 recruitment are not 
fully understood. In particular, it is unknown whether components of PRC1 can directly bind to phosphorylated or ubiquitylated 
substrates. However, it has been suggested that CBX4 can directly bind to poly(ADP-ribose, which would provide a mechanism by 
which PARP enzymes promote PRC1 recruitment. Recruitment of BMI1 to DSBs has been suggested to depend on SUMOylation (Su) 
by CBX4. Once recruited, BMI1 is involved in H2A and H2AX monoubiquitylation at DSBs. The ubiquitylation activity of BMI1 at DSBs 
is stimulated by phosphorylation and one function of BMI1 at DSBs is to promote homologous recombination. Moreover, since H2A 
ubiquitylation has been implicated in transcriptional silencing of genes that are in direct proximity to the break, we speculate that 
PRC1 is also involved in this process (as shown by the question mark). 



38

2

Chapter 2

finding that, besides their epigenetic function, 
PcG proteins are needed to maintain the genomic 
stability, provides encouragement for the putative 
development of small-molecule inhibitors of PcG 
activity. Perhaps the most effective use of such 
inhibitors would be in combination with other 
agents, such as standard chemotherapeutics and 
radiotherapy. The elucidation of PcG-mediated 
DDR thus has the potential to inspire new and 
more effective strategies to treat cancer.
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recruitment and, thus, H2A monoubiquitylation, 
or RNF8-RNF168 could act downstream of ATM 
in a distinct pathway that is parallel to that of 
BMI1. The most direct way to study this is by 
introducing the reporter systems mentioned 
above [36, 98] into cells that are deficient of 
a particular PcG gene. Finally, as the above 
described efforts have only addressed short-term 
silencing, an interesting question is whether the 
silencing imposed by the ubiquitin pathway is 
epigenetically heritable - as it has been suggested 
for PRC2 [94].

Concluding remarks
Taken together, data from several laboratories 
establish PcG proteins as important new 
factors in the cellular response to DNA damage. 
However, as we have discussed here, there are 
still many unresolved issues with regard to the 
mechanistic aspects of PcG function, such as 
their recruitment to sites of DNA damage, the 
regulation of their enzymatic activities, their role 
in mediating DDR signaling and repair, and their 
potential role in transcriptional silencing at DNA 
breaks. An additional, yet unexplored question 
concerns the dynamics of PcG-mediated histone 
marks during and following repair. With regard 
to PcG-induced H3K27Me3 and ubiquitylation of 
H2A, it will be of interest to examine the roles of 
enzymes that remove these marks, such as H2A 
DUBs [103-104] and H3K27 demethylases [105]. 
In particular, the H2A ubiquitylation signal at 
DSBs appears to be diverse and includes at least 
K63-linked chains as well as monoubiquitylation 
[6, 8, 27]. The dynamics of ubiquitylated H2A 
marks at DSBs might thus involve distinct DUBs. 
A number of DUBs have been implicated in DDR, 
of which USP3 [35] and USP16 [36] can target 
histone H2A, and BRCC36 K63-ubiquitin chains 
[37]. In the context of PcG proteins, the H2A DUB 
BRCA1-associated protein-1 (BAP1) stands out, as 
it has been implicated in both PcG repression and 
DDR [65, 106-107]. 

The deregulation of transcriptional programs and 
the loss of genome stability are key steps in the 
transformation of normal cells to cancer cells. PcG 
genes are involved in transcriptional repression 
and it is generally accepted that PcG-mediated 
repression of tumour suppressor genes is 
causally linked to tumorigenesis [13]. The recent 
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Moreover, we show that USP3 is required to 
avoid spontaneous genome instability.
In chapter 4, we examine the latter phenotype 
in more detail using cells isolated from a new 
mouse model of Usp3 deficiency. We show that 
these cells harbor spontaneous DNA breaks 
and present results of experiments aimed at 
identification of the mechanism by which USP3 
prevents DNA breaks.
It has been shown that DNA damage induced H2A 
ubiquitination is promoted by two ubiquitin E3 
ligases, RNF8 and RNF168. Recruitment of RNF8 
is followed by that of RNF168 and it has been 
postulated that RNF8 ubiquitinates H2A first, 
followed by RNF168-mediated ubiquitin chain 
extension. In Chapter 5, we describe a significant 
modification of this model, by showing that 
RNF168 rather than RNF8 is the primary E3 ligase 
that catalyzes DSB-induced H2A ubiquitination. 
Finally, in chapter 6, a general discussion of the 
findings presented in chapters 3-5 is provided. 
We formulate new questions that arise from 
these findings and discuss their implications for 
development and treatment of cancer. 

As outlined in the preceding introductory 
chapters, histone H2A ubiquitination plays 
important roles in a variety of DNA-based 
processes. In Chapter 1, we introduced 
negative regulation of H2A ubiquitination by 
deubiquitinating enzymes (DUBs) in regulation 
of transcription, the DNA damage response 
(DDR) and cell cycle progression. In chapter 2, 
we gave an extensive introduction of the relative 
contributions of the H2A ubiquitination pathways 
associated with the DDR. 
The experimental work described in this thesis 
is aimed at increasing our understanding of the 
mechanisms by which enzymes involved in the 
regulation of H2A ubiquitination levels promote 
genome stability. 

In chapter 3, we identify the DUB USP3 as 
an enzyme that deubiquitinates H2A and is 
required for regulation of basal levels of mono-
ubiquitinated H2A. We show that DNA damage 
induces H2A ubiquitination and present evidence 
that USP3 is required for restoration of H2A 
ubiquitination levels in late stages of the DDR. 
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Protein ubiquitination is critical for numerous cellular functions, including DNA damage 
response pathways [1-2]. Histones are the most abundant mono-ubiquitin conjugates 
in mammalian cells, however, the regulation and the function of mono-ubiquitinated 
H2A (uH2A) and H2B (uH2B) remain poorly understood. In particular, little is known 
about mammalian deubiquitinating enzymes (DUBs) that catalyze the removal of 
ubiquitin from uH2A/uH2B. Here we identify the ubiquitin-specific protease 3, USP3, 
as a deubiquitinating enzyme for uH2A and uH2B. USP3 dynamically associates with 
chromatin, and deubiquitinates H2A/H2B in vivo. The ZnF-UBP domain of USP3 mediates 
uH2A-USP3 interaction. Functional ablation of USP3 by RNAi leads to delay of S-phase 
progression, and to accumulation of DNA breaks, with ensuing activation of DNA damage 
checkpoint pathways. In addition, we show that in response to ionizing radiation: i) uH2A 
redistributes and colocalizes in γ-H2AX DNA repair foci, and ii) USP3 is required for full 
deubiquitination of ubiquitin-conjugates/uH2A and γ-H2AX dephosphorylation. Our 
studies identify USP3 as a novel regulator of H2A and H2B ubiquitination, highlight its 
role in preventing replication stress and suggest its involvement in the response to DNA 
double strand breaks. Together our results implicate USP3 as a novel chromatin modifier 
in the maintenance of genome integrity.

Keywords: ubiquitin, histone, histone ubiquitination, deubiquitinating enzymes (DUBs), 
DNA damage response (DDR)
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Ub-agarose (Figure 1A).

USP3 has been characterized as a functional 
DUB in vitro and it is the human DUB most 
homologous to S. cerevisiae Ubp8, which 
regulates H2B deubiquitination [3-5]. Analysis 
of USP3 subcellular localization confirmed 
that USP3 is a nuclear protein and it is present 
in the chromatin fraction (Figure S1 in the 
Supplemental Data).  

RESULTS AND DISCUSSION
USP3 is a chromatin-associated DUB
To identify nuclear proteins involved in histone 
(de)ubiquitination, we employed affinity 
chromatography on Ub-agarose of chromatin-
enriched nuclear fractions. MALDI-TOF mass 
spectrometric analysis identified the E1 enzyme, 
and the DUBs Ub-specific protease 5 (USP5/
isopeptidase T) and Ub-specific protease 3 
(USP3) as proteins specifically interacting with 
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USP3 regulates the cellular levels of 
ubiquitinated H2A and H2B
To address a potential function of USP3 
in chromatin regulation, we ectopically 
expressed USP3 in HeLa cells and analyzed the 
ubiquitination state of histones (Figure 1B-
D). Approximately 5-15% of histone H2A and 
less than 1% of H2B are mono-ubiquitinated, 
making them the two major mono-ubiquitinated 
chromosomal proteins [6]. uH2A was detected 
by immunoblotting with anti-Ub,  anti-H2A 
antibodies (Ab) or a monoclonal Ab specific for 
uH2A [7], while direct anti-H2B immunoblot 
visualized uH2B (Figure 1C-D and S2A). Both 
uH2A and uH2B amounts were significantly 
reduced upon USP3 overexpression (Figure 1C-
D). In contrast, USP5, did not affect the levels of 
uH2A (Figure S2B). USP3 did not alter the total 
pool of ubiquitinated proteins (not shown).
Next, we knocked down USP3 expression, in 

HeLa cells (USP3-KD), by small interfering RNA 
(siRNA). Efficient reduction of USP3 protein was 
accompanied by a significant increase in the 
levels of uH2A and, to a lesser extent, of uH2B 
(Figure 1E). Altogether, these data strongly 
suggest that USP3 is required for H2A and H2B 
deubiquitination in vivo. 

USP3 binds to uH2A and dynamically interacts 
with chromatin in vivo
USP3 harbors two conserved protein domains 
[3]: a catalytic domain of the Ub-specific protease 
(UBP) class and a zinc finger (ZnF-UBP) Ub-binding 
domain [1]. USP3 mutants were generated and 
monitored for their deubiquitination activity and 
histone binding (Figure 2A-C). To generate an 
inactive USP3 mutant, we substituted a serine 
for the catalytic cysteine of USP3 (Myc-USP3C168S) 
[8]. To test the potential role of the ZnF-UBP in 
ubiquitin/ubiquitinated histones-interaction, we 

Figure 1. USP3 is a regulator of H2A and H2B ubiquitination in vivo 
A. Silver-stain of nuclear proteins retained on Ub-agarose (Ub-bound) or control beads (ctrl). Arrows: proteins identified by mass 
spectrometry; E1 (P22314), USP3 (Q9Y6I4), USP5 (P45974). 
B-D Overexpression of USP3 decreases uH2A and uH2B. Whole cell extracts (WCE) (B) and histone fractions (C,D) of Hela cells 
transfected with GFP- or Myc-USP3 were IB as indicated. *: IB H2B shorter exposure. 
E. Increased uH2A and uH2B levels in USP3-depleted cells. HeLa cells were transfected with USP3 targeting oligos (USP3 KD1, 
KD2; 100nM, two rounds of transfection, cells were harvested at 72h) or control siRNA (Ctrl). WCE (anti-USP3 and anti-Actin) and 
histone fractions were IB as shown. In this and subsequent figures, molecular mass markers are indicated in kDa.
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mutated the Zn-binding, conserved, histine to 
alanine (Myc-USP3H56A) (Figure S3). Only wild 
type USP3 significantly reduced the total pool 
of uH2A, showing that both protease activity 
and an intact zinc finger, are required for H2A 
deubiquitination (Figure 2B). 

To address histone binding, we expressed pIG-
USP3wt, pIG-USP3C168S or pIG-USP3H56A proteins, 
and performed co-immunoprecipitation. uH2A 
could be efficiently co-immunoprecipitated 
with IG-USP3C168S but less efficiently with wt 
USP3 (Figure 2C), possibly because of rapid 
release of wt USP3 after catalysis. Similarly, 
strong interaction between uH2A and purified 
IG-USP3C168S was detected in in vitro pull down 
assays, indicating that USP3 can directly contact 
its substrate (Figure S4). In the IG-USP3C168S 

immunoprecipitates, we also detected native 
non-ubiquitinated core histones (Figure 2C). 
However, while in bulk chromatin about 5-15% 
of total H2A is ubiquitinated [6], in IG-USP3C168S 
immunoprecipitates a 1:1 uH2A/H2A ratio 
was detected, indicating enrichment for uH2A 
(Figure 2C, IB anti-H2A). Increase of uH2B 
was less apparent. These results suggest that 
USP3 is directed to chromatin by a preferential 
interaction with uH2A. Consistently, the mutation 
in the ZnF UBP significantly reduced USP3-uH2A 
interaction both in vivo and in vitro (Figures 
2C and S4), indicating that this is the principal 
domain mediating the interaction with ubiquitin 
[1]. Immunoblot with anti-Ub Ab revealed 
that uH2A is the most abundant ubiquitinated 
protein co-immunoprecipitating with USP3C168S, 
suggesting that uH2A represents a major USP3 

Figure 2. USP3 binds to uH2A and dynamically interacts with chromatin
A.  Schematic representation of wild type (wt) and mutant USP3 proteins. ZnF, zinc-finger ubiquitin binding domain (ZnF UBP); USP, 
Ubiquitin Specific Protease domain. All constructs were Myc- (B), GFP- (D-F) or IG- tagged (C).
B. 293T cells were transfected with the indicated Myc-USP3 constructs or control GFP and collected after 48h. IB was performed on 
WCE (USP3, vinculin) or histone fractions, with the indicated Ab.
C. 293T cells were transfected with expression plasmids as indicated. Cell lysates were immunoprecipitated and IB as shown. 
(u2H2A), protein band with a molecular weight consistent with form of H2A harboring two ubiquitin moieties Asterisks: non-specific 
bands. 
D. GFP-USP3wt, GFP-USP3C168S, GFP-USP3H56A and GFP localization was visualized by fluorescence analysis. Before fixation, cells were 
treated with 0.5% Triton X-100 (plus Triton) or mock treated (no Triton). Bar 20 mm.
E. FRAP analysis of GFP-USP3wt (blue, n=20 nuclei), USP3C168S (red; n=20 nuclei), USP3H56A (light blue; n=20 nuclei) and GFP (green; 
n=20 nuclei) in HeLa cells. The obtained fluorescence recovery curves were normalized to the pre-bleach fluorescence set at 1. 
F. Kinetic parameters of GFP-USP3wt, USP3C168S , USP3H56A and GFP as determined by kinetic modeling.
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cells at the beginning of S-phase by thymidine, 
and followed the cell cycle upon release. USP3-
KD cells showed a profound delay in S-phase 
progression with most of the cells in middle 
S-phase at 9 hours post release (Figure 3A). Also, 
compared to control cells, only a minor fraction 
of USP3-KD  cells incorporated BrdU at all time 
points (Figure 3B). Therefore, both FACS analysis 
and 5’-BrdU labeling demonstrated that USP3 
depletion causes a replication defect. Finally, we 
found that very few mitotic cells accumulated 
over time in USP3-KD, compared to control cells 
(Figure S6). Accumulation of DNA damage during 
defective DNA replication might cause this delay 
(see below). We conclude that USP3 is required 
for proper progression through S-phase and 
subsequent mitotic entry. 

Induction of DNA damage and checkpoint 
activation in USP3-silenced cells
One cause of S-phase delay and mitotic arrest 
is DNA damage together with DNA damage 
checkpoints activation. Chromatin folding and 
histone modifications play an important role 
in DNA damage response (DDR) [12]. Thus, we 
tested whether USP3-KD could affect genome 
integrity in non-challenging conditions. An early 
response to DNA damage is the phosphorylation 
of H2AX (γ-H2AX) at DNA breaks by the ataxia 
telangiectasia mutated (ATM) and ATM- and 
Rad3-related (ATR) checkpoint kinases [13]. As 
shown in Figure 3C-E, γ-H2AX staining, as well as 
accumulation of the checkpoint protein 53BP1 
[14] in nuclear foci,  was enriched in USP3-KD 
U2OS cells. Complementation experiments 
showed that USP3 catalytic activity was required 
to rescue USP3-KD cells from accumulating 
γ-H2AX (Figure S7). 

To investigate if DNA damage was present in 
USP3-KD cells, we performed a comet assay under 
alkaline conditions [15]. DNA breaks were readily 
detected in USP3-KD cells (Figure 3F). Positive 
detection of comet tails was not due to a general 
apoptotic program, since apoptotic-typical 
nuclear morphology was not evident (Figure 3C), 
and caspase activity was not significantly induced 
(not shown). 
DNA damage or stalled replication activates 
the ATR-Chk1 pathway in a manner dependent 
on the association of the replication protein A 

substrate (Figure 2C).

Through an immunofluorescence approach, 
we could confirm that the interaction of GFP-
USP3C168S with its chromatin substrate is more 
stable than that of GFP-USP3wt (Figure 2D). GFP-
USP3wt and GFP-USP3 mutants were all nuclear. 
However, in Triton X100-treated HeLa cells, only 
GFP-USP3C168S maintained its nuclear localization. 
One reasonable explanation for this is that, while 
the active wt-protein transiently interacts with 
its substrate, the catalytic mutant functions as a 
“substrate trap”.

Next, we determined the nuclear mobility of 
GFP-USP3wt and mutants by FRAP (Fluorescent 
recovery after photobleaching) [9]. A striking 
difference in fluorescence recovery between 
GFP-USP3wt and GFP-USP3C168S was observed 
(Figure 2E and F). Analysis of the fluorescence 
recovery plots by fitting to curves generated 
by computer simulation of FRAP [10] revealed 
that the C168S has a severe impact on both 
the immobile fraction as on the duration of 
immobilization. GFP-USP3C168S displayed a 
significantly larger immobile fraction (30%) 
compared to the wt protein (5%) and mutant 
molecules were permanently immobilized 
(residence time, defined as 1/Koff = infinite; 
Koff=0), while residence time for GFP-USP3wt was 
in the sub-second range (0.25 seconds). GFP-
USP3H56A immobile fraction was comparable to 
GFP-USP3wt, while its residence time was greatly 
prolonged (>64 seconds). This may be explained 
by a reduced catalytic rate of this mutant, as 
supported by its inability to deubiquitinate H2A 
(Figure 2B) and consistent with studies on USP5 
[11]. The dynamic properties of the wt protein 
suggest that a significant fraction of USP3 
molecules is recruited with a very high frequency 
and transiently at target sites, probably through 
an interaction with its substrate(s) uH2A/uH2B, 
to execute deubiquitination. 

USP3 depletion delays S-phase progression and 
mitotic entry
To examine the role of USP3, we knocked down 
its expression in U2OS cells by siRNA. USP3-
KD resulted in slower growth (Figure S5). To 
investigate if USP3 depletion altered cell cycle 
progression, we synchronized siRNA transfected 



55

3

Human USP3 Is a Chromatin Modifier Required for S Phase Progression and Genome Stability

damage response pathway.

Evidence for an involvement of USP3 in the 
response to DNA damage 
The above results led us to hypothesize that USP3, 
possibly through its ability to deubiquitinate 
H2A/H2B, might affect the response to and/
or the repair of exogenous DNA damage. 
Previous observations suggest that histones 
are ubiquitinated upon UV-damage [19-20]. 
Ubiquitination of H2B in S. cerevisiae is required 
for checkpoint activation upon genotoxic stress 
[21]. In addition, nuclear foci of conjugated 
ubiquitin are detected at IR-induced damage 
sites with an antibody recognizing conjugated 
Ub (FK2) (Figures S10, S11, and [22-23]). We 
analyzed uH2A upon IR. uH2A redistribution to 
nuclear foci and significant co-localization with 
γ-H2AX foci and with phosphorylated ATM/ATR 
substrates (pS/TQ Ab) was observed early upon 

(RPA) to single-stranded DNA (ssDNA; [16]). To 
assess the presence of ssDNA, we measured 
BrdU incorporation without prior denaturation of 
the DNA [17]. Only USP3-depleted cells showed 
numerous BrdU foci co-localizing with the ssDNA 
binding protein RPA34, indicating the formation 
of ssDNA (Figure 3G). Consistent with the 
presence of DNA breaks, there were significantly 
higher levels of γ-H2AX and of activated ATM and 
ATR targets, Chk2 (phosphorylated at Thr68) and 
Chk1 (phosphorylated at Ser345) in USP3-KD cells 
than in control cells (Figure 3H) [13]. Of note, 
Ser345 is the preferential site for phosphorylation 
by ATR in response to stalled replication forks 
[18], suggesting that the ATR/Chk1 pathway is 
also activated and that USP3-KD cells undergo 
replicative stress. 
Altogether, these data suggest that USP3 
inhibition leads to accumulation of DNA breaks 
and activation of an ATM/ATR-regulated DNA 

Figure 3.                                                                                                                                                                                                                  
USP3 knock-down delays S-phase progression, induces DNA damage and activates DNA damage checkpoints
A-B. U2OS cells, transfected with control (Ctrl) or USP3-silencing oligos, were blocked with thymidine for 24 hr and released in 
the presence of nocodazole. In A, at the indicated time intervals, cell cycle profiles were determined by FACS. The approximate 
distributions of cell cycle phases (S, G2/M) are shown as percentage. AS: asynchronous cell population. In B, at the indicated time 
intervals cells were pulse-labeled for 20 min with 33 mM BrdU, fixed and stained for BrdU. Results are the mean of two independent 
experiments. At least 1000 cells were counted for each time point. Shown are the mean ± SD values. *, p < 0.05; **, p < 0.001.
C-F. Induction of DNA damage in USP3-silenced cells. U2OS cells were transfected twice with control (Ctrl) or USP3 siRNA 
oligonucleotides (KD1 and KD2) and analyzes at 72h post transfection. Transfected cells were stained for g-H2AX or 53BP1 (C) and 
quantification for g-H2AX-positivity (D) or presence of 53BP1 foci (E) was performed. At least 300 (for g-H2AX) or 150 (for 53BP1) 
cells were counted. Cells containing more than 3 nuclear foci were considered positive for 53BP1. Bar 10 mm. F. DNA breaks in 
USP3 depleted U2OS cells were assayed by comet assay. At least 200 cells/sample were analyzed. In D-F, the results are the mean 
of 3 independent experiments. Shown are the mean ± SD values. *, p < 0.05; **, p < 0.001. 
G. USP3-depleted cells contain RPA34-coated ssDNA. U2OS cells were prelabeled with 10 mM BrdU, incubated with USP3 (USP3KD2) 
or control (Ctrl) siRNA for 48 hours and immunostained for BrdU without denaturation of the DNA. Bar 10 mm.
H. DNA damage checkpoint activation in USP3-depleted cells. IB analysis of Ctrl or USP3KD U2OS cell lysates prepared at 48h post 
transfection. Chk1 pS315 and Chk2 pT68 indicate antibodies specific for the phosphorylated amino acid of the protein.
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deubiquitination. In addition, USP3 KD was 
genotoxic, leading to DNA damage checkpoint 
activation. Thus, while we cannot exclude that 
the effect on the DNA damage checkpoint is due 
to other putative targets of USP3, our results 
suggest that USP3 affects the DDR through 
deubiquitination of its major substrate, uH2A.  
  
How can H2A ubiquitination influence the DNA 
damage response? A first possibility is that 
the ubiquitin moiety on H2A could promote 
recruitment and/or stabilization of regulatory 
factors, containing ubiquitin-binding domains 
[1], that in turn play a role in the DNA damage 
response/DNA repair. Of note, the ubiquitin-
binding protein RAP80 has been shown to bind to 
ubiquitin conjugates at DSB, thereby promoting 
BRCA1 recruitment [26-27]. Second, uH2A could 
influence post-translational modification of 
other histones. Such a cross-talk between H2B 
ubiquitination and H3 methylation has been 
documented [28].  
 
In USP3–silenced cells, we observe accumulation 
of DNA damage, S-phase delay and activation of 
an ATR/ATM-regulated checkpoint response. 
How do these events relate to each other? 
One plausible explanation is that USP3 might, 
directly or indirectly, affect the DDR. Under this 
scenario, ubiquitin-conjugates would most likely 
function as a signal for the presence of DNA 
damage. Supporting this hypothesis, a number 

IR (Figures 4A and S8, S9). Accumulation of Ub-
conjugates was present in a patient cell line with 
reduced ATR expression, but was less evident in 
cells deficient for ATM, which is primarily involved 
in DSB-induced signaling (Figure S10). 

γ-H2AX is phosphorylated within minutes upon 
IR and its dephosphorylation is required for 
full recovery from the DDR [24-25]. We thus 
examined the kinetic of formation/disappearance 
of γ-H2AX and uH2A/Ub (FK2) foci upon IR in 
USP3-silenced cells. At 30 minutes after IR, there 
was comparable foci formation in control and 
USP3-KD cells. However, γ-H2AX and uH2A/Ub 
foci persisted for a prolonged time, with more 
than 50% of the silenced cells displaying foci 
up to 40 hrs post IR (Figure 4B and S11). In line 
with γ-H2AX kinetics, USP3-KD cells entered a 
IR-induced G2 arrest similarly to control cells but 
showed a prolonged G2/M checkpoint (Figure 
S12). These data suggest that USP3 plays a 
role in deubiquitination events, including H2A 
deubiquitination, at DNA damage sites, and 
might thereby contribute to an efficient recovery 
from the DNA damage checkpoint. Whether loss 
of USP3 leads to a checkpoint defect or rather 
a DNA repair defect remains to be established.

Conclusions
Our results identify USP3 as a novel regulator 
of uH2A and uH2B and suggest that USP3 might 
have an important role in genome-wide H2A 

Figure 4. Ionizing radiation induces uH2A nuclear foci formation and depletion of USP3 increases the persistence of uH2A and 
g-H2AX foci in response to DSB 
A. U2OS cells were exposed to IR, stained for uH2A and g-H2AX or uH2A and pS/TQ Ab at 30 min post IR and analyzed by confocal 
microscope. Bar 5mm. 
B. Left panels. Ctrl or USP3KD U2OS cells were treated with IR (1Gy) at 48h post transfection and stained for g-H2AX (upper panels) 
or uH2A (lower panels) as indicated. Ab staining was merged with DAPI and images were processed to show only the periphery of 
the nucleus (thin white lines). Bar 10 mm. Right panels. g-H2AX foci positive cells were quantified as described in Figure 3. Cells 
containing more than 5 foci were considered positive for uH2A. The results are the mean of 2 independent experiments. Shown 
are the mean ± SD values. *, p < 0.05; **, p < 0.001.
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of ubiquitination events have been described at 
DSBs, including mono-ubiquitination of repair 
proteins and accumulation of ubiquitin polymers 
[2, 27]. Our results suggest that uH2A may be 
part of this ubiquitin-signaling network. The 
role of USP3 might involve removal of ubiquitin 
marks from chromatin(-bound proteins) to 
attenuate the signal. Absence of USP3 might, 
thus, lead to hyper-activation of the checkpoint 
that, in turns, could result in replication and/
or recombination abnormalities and genotoxic 
events. Alternatively, the primary function 
of USP3 might be related to DNA replication. 
Replicative stress in the absence of USP3 may 
lead to stalled or damaged replication forks which 
would generate single stranded DNA regions and 
DNA breaks, and, therefore, checkpoint signals.

uH2A and uH2B have been associated with 
transcriptional regulation [28]. Thus, the 
possibility that USP3 is involved also in 
transcription deserves experimental attention.

In summary, our studies implicate USP3 in DNA 
damage signaling and reveal a crucial function of 
USP3 in preventing replication stress. 
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specific siRNAs and irradiated as indicated. At 
the indicated time points after irradiation, cells 
were fixed and IF with anti-phospho serine 10 
H3 antibody (Upstate) to stain mitotic cells was 
performed as described [3]. A minimum of 1.000 
cells/experimental point were counted.

Protein studies
High salt nuclear extracts were prepared from 
HeLa cells according to standard procedures. 
Whole cell extracts preparation, biochemical 
fractionation, immunoprecipitation and acid 
extraction of histones were as described [3-4].
Ab used were: mouse anti-USP3 (directed against 
amino acids 1-157 of USP3), anti-MeCP2 (Abcam); 
anti-laminB (Santa Cruz Biotechnology Inc.); 
mouse anti-Myc (our preparation); anti-GFP (BD 
Biosciences); anti-Ub (FK2, AFFINITY Research 
Products Ltd); rabbit anti-H2A (Upstate 07-146), 
anti-H2B (Upstate 07-371), anti-H3 (Abcam 
ab1791) and anti-phosphoH3 (mitosis marker 
(Upstate)), anti-USP5 (Abcam ab38509),  anti-H4 
(Upstate 07-108); mouse anti-uH2A (Upstate 05-
678); mouse anti-vinculin, anti-actin and anti-
CDK4 (SIGMA); mouse and rabbit anti-pHistone 
H2A.X Ser139 (Upstate); mouse anti-53BP1 (a 
kind gift of T. Halazonetis); rat anti-BrdU (Abcam); 
mouse anti-RPA34 (Neomarkers Inc.); anti-Chk1 
(G-4, Santa Cruz) and anti-Chk2 (Abcam); rabbit 
phosphospecific Ab, Chk1 pS345, Chk2 pT68, and 
phospho-(Ser/Thr) ATM/ATR substrate (pS/TQ) 
(Cell Signaling).

Isolation of Ub-binding proteins
High salt HeLa nuclear extracts were incubated 
with Ub-agarose resin (SIGMA) or with control 
streptavidin-agarose resin (Invitrogen) in buffer 
A [20 mM Hepes pH 7.5, 50 mM KCl, 5 mM 
MgCl2, 2 mM ATP, glycerol 10%, 0.2 mM DTT and 
protease inhibitors cocktail (SIGMA)], for 2 h at 4 
°C, followed by washing with buffer A containing 
0.1% NP-40 and 0.3 M KCl, and then with buffer 
A. Protein identification was by MALDI TOF. 
Briefly, bands were excised from Silver-stained 
gels, reduced, alkylated, “in gel” digested with 
sequencing-grade trypsin (Roche) for 3 h at 37 
°C [5]. Samples were analyzed by MALDI time-
of-flight and the spectra were recorded on a 
Voyager-DE STR Biospectrometry workstation 
(PerSeptive Biosystems, Foster City, CA 94404 
USA). Profound Peptide Mapping Software 

SUPPLEMENTAL DATA

EXPERIMENTAL PROCEDURES
Cell culture
HeLa, U2OS (human osteosarcoma cells), 
human embryonic kidney 293T and cells from a 
modified 293T cell line (Phoenix) were grown in 
DMEM supplemented with 10% fetal calf serum 
(FCS). Primary human fibroblast C5RO, WI-38, 
AT2RO (AT-M), and GM18366 (fibroblast with 
low levels of ATR protein, obtained from Coriell  
Institute) were cultured in Ham’s F10 medium 
supplemented with 15% FCS and antibiotics.

Plasmids 
The human USP3 cDNA, generously provided by R. 
T. Baker  [1], was subcloned into pcDNA3.1/myc-
His(-) (Invitrogen), and into pEGFP-C (Clontech). 
The C168S and H56A mutations were inserted 
by PCR-directed mutagenesis (QuikChangeTM 
XL, Stratagene). All constructs were sequence 
verified. pIG.3-TEV constructs were created to 
express fusion proteins with the Fc portion of 
human IgG1. The pIG.3-TEV vector was obtained 
by cloning the TEV-cassette into a digested EcoRI/
BamHI pIG3 vector (a pcDNA3 based version 
of pIG.1 [2]). The TEV-cassette was created by 
annealing the two following primers: pIGTEVf 
5’P-AGCTTGCTAG CAGTGGTACC AGAAAACCTG 
TACTTTCAGT CCGCAGGTAA GTG-3’ and pIGTEVr 
5’P- AATTCACTTA CCTGCGGACT GAAAGTACAG 
GTTTTCTGGT ACCACTGCTA GCA-3’.

RNA interference, cell synchronization and FACS 
analysis. 
USP3 siRNAs (Individual siGENOME duplex 
D-006078-01, -04) and control siRNA (siCONTROL 
Non-Targeting siRNA, D-001210-01) were from 
Dharmacon. Transfection was performed with 
OligofectAMINE (Invitrogen). Directly after 
transfection, U2OS cells were incubated with 
thymidine (2.5 mM) for 24 hr to arrest the cells at 
the G1/S transition. Immediately after removal of 
thymidine, nocodazole (200 ng/ml) was added to 
the culture medium. The cells were analyzed on a 
Becton Dickinson Flow Cytometer. 
IR was delivered by an x-ray generator (Faxitron-
Xray 100 kV; 10 mA; dose rate: 2Gy/min).
For G2/M checkpoint assays, U2OS cells were 
seeded on glass coverslips at 80.000 cells/ 6 
well plate, transfected with control or USP3-



60

3

Chapter 3

SUPPLEMENTAL REFERENCES
1.  Sloper-Mould KE, Eyre HJ, Wang XW, Sutherland GR, Baker 
RT: Characterization and chromosomal localization of USP3, 
a novel human ubiquitin-specific protease. J Biol Chem 1999, 
274:26878-26884.
   

2.  Simmons DL: Cellular Interactions in development: a practical 
approach. Oxford: Oxford University Press; 1993.

3.  Citterio E, Papait R, Nicassio F, Vecchi M, Gomiero P, 
Mantovani R, Di Fiore PP, Bonapace IM: Np95 is a histone-
binding protein endowed with ubiquitin ligase activity. Mol 
Cell Biol 2004, 24:2526-2535.

4.  Giancotti V, Pani B, D’Andrea P, Berlingieri MT, Di Fiore PP, 
Fusco A, Vecchio G, Philp R, Crane-Robinson C, Nicolas RH, et al.: 
Elevated levels of a specific class of nuclear phosphoproteins 
in cells transformed with v-ras and v-mos oncogenes and by 
cotransfection with c-myc and polyoma middle T genes. Embo 
J 1987, 6:1981-1987.

5.  Shevchenko A, Jensen ON, Podtelejnikov AV, Sagliocco F, 
Wilm M, Vorm O, Mortensen P, Boucherie w
H, Mann M: Linking genome and proteome by mass 
spectrometry: large-scale identification of yeast proteins from 
two dimensional gels. Proc Natl Acad Sci U S A 1996, 93:14440-
14445.

6.  de Napoles M, Mermoud JE, Wakao R, Tang YA, Endoh 
M, Appanah R, Nesterova TB, Silva J, Otte AP, Vidal M, et al: 
Polycomb group proteins Ring1A/B link ubiquitylation of 
histone H2A to heritable gene silencing and X inactivation. 
Dev Cell 2004, 7:663-676.

7.  Houtsmuller AB, Vermeulen W: Macromolecular dynamics 
in living cell nuclei revealed by fluorescence redistribution 
after photobleaching. Histochem Cell Biol 2001, 115:13-21.

8.  Farla P, Hersmus R, Trapman J, Houtsmuller AB: 
Antiandrogens prevent stable DNA-binding of the androgen 
receptor. J Cell Sci 2005, 118:4187-4198.

9.  Olive PL, Johnston PJ, Banath JP, Durand RE: The comet 
assay: a new method to examine heterogeneity associated 
with solid tumors. Nat Med 1998, 4:103-105.

 

(Rockefeller University, version 4.10.5) was used 
to search a non-redundant protein sequence 
database (NCBI).

Immunofluorescence studies
Cells, grown on glass coverslips, were either 
fixed in 4% paraformaldehyde in PBS at room 
temperature (RT) for 10 min, or permeabilized 
with 0.5% Triton X-100 in PBS for 10 min on ice 
before fixation to detect uH2A. IF was performed 
as described [3, 6], with the appropriate primary/
secondary Ab, and analyzed under a Bx61 
Olympus Fluorescence Microscope equipped 
with epifluorescence optics or with a Leica 
TCS SP2 AOBS confocal microscope. To detect 
ssDNA, cells were preincubated with 10 µM BrdU 
(SIGMA), treated with siRNA in the presence of 
10 µM BrdU for 48hours, fixed with methanol for 
20 min at -20 °C, and stained with anti-BrdU Ab 
without prior denaturation of the DNA. 
 Confocal laser scanning microscopy 
images of living cells were obtained on a Zeiss 
LSM 510 META equipped with cell culture 
microscopy stage. HeLa cells expressing low and 
comparable levels of wt and mutant proteins 
were selected. FRAP was performed as described 
[7] and mobility parameters were calculated by 
fitting the experimental data to in silico simulated 
random diffusion models as described [8].

Comet assay
DNA damage was evaluated using the alkaline 
(pH>13) Single-Cell Gel Electrophoresis assay 
(CometAssayTM, Trevigen, Inc.). Alkaline 
conditions allow the detection of both single- 
and double-stranded DNA breaks [9]. Staining 
was with SYBR SafeTM DNA gel stain (Molecular 
Probes). Comet tails were scored (200 cells/slide) 
using a Bx61 Olympus Fluorescence Microscope.
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SUPPLEMENTARY FIGURES

Figure S1. USP3 is a chromatin-associated DUB
A. USP3 is a nuclear protein. U2OS cells were fixed and stained with anti-USP3 antibody. DNA was stained with DAPI. Bar 10 mm. 
B. USP3 is a chromatin-associated DUB. HeLa cell extracts were fractionated and IB as shown. Fractions: S1, detergent soluble; 
DNAseI + Ammonium Sulfate (AS); High salt (2M NaCl); Matrix (nuclear). Anti-MeCP2 and anti-LaminB Ab were used to check the 
purity of the fractions. 

Figure S2. Overexpression of USP5 does not alter uH2A levels.
A. Detection of uH2A and uH2B. Histone fractions from HeLa cells were IB as shown. 
B. Phoenix cells were transfected with GFP-USP3, Myc-USP5 (a kind gift of H.L. Ploegh) or pCDNA3-myc, along with pEGFP plasmid. 
At 48h post tranfection, GFP positive cells were FACS sorted and cell lysates were prepared. WCE and histone fractions were IB as 
shown. In this and subsequent figures, molecular mass markers are indicated in kDa.
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Figure S3. Sequence alignment of ZnF-UBP domains of USP3 
orthologs. 
A. Schematic representation of USP3 protein domains. ZnF, 
zinc-finger ubiquitin binding domain (ZnF UBP); USP, Ubiquitin 
Specific Protease domain. 
B. Sequence alignment of ZnF-UBP domains of USP3 orthologs. 
The alignment was generated with ClustalW based on the 
reported Zn-UBP consensus alignment (PFAM: PF02148). 
The accession numbers from top to bottom are:  human  
(NP_006528),  mouse  (NP_659186),  rat  (NP_001020595), 
chicken (XP_413755), frog  (xenopus, AAI26024), zebrafish  
(XP_698168), fly  (apis mellifera, XP_392160), worm  
(Caenorhabditis briggsae, CAE67996). The residues that 
chelate zinc are indicated by an asterix.  Three asterisks mark 
the H56A mutation.
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Figure S4. USP3-histones interaction by in vitro pull down.
A. Schematic representation of pIG.3-TEV-USP3 construct. IG, Fc portion of human IgG1; TEV-cleavage, TEV protease recognition 
site. 
B. Purification of USP3-IG proteins. pIG.3-TEV-USP3 constructs were expressed in 293T cells for 96 hours. Cells were lysed in JS 
buffer (Triton-X100 1%, NaCl 150 mM, Hepes 50mM, Glycerol 1%, MgCl2 1.5 mM, EGTA 5 mM) for 30 min on ice followed by 
sonication and ultracentrifugation (150.000 x g,  45 min  at 4°C). USP3-IG proteins were affinity purified from the supernatant on 
Protein A sepharose beads (Amersham) and analyzed by Coomassie staining (5 and 10 ml). BSA: 2.5, 5 and 10 mg.
C. Micromolar amounts (0.5-1 mM) of Protein A-purified USP3-IG proteins (as indicated on top), or control protein A beads (pIG), 
were incubated with equimolar amounts of native histones in PBS for 2 hours at 4°C on a rotating wheel. Beads were washed three 
times in PBS. Proteins were eluted by boiling in Laemmli Buffer and analyzed by Coomassie staining or IB as shown. 
For histone preparation, 293T cells were extracted for 10’ on ice in PBS-Triton X100 0.5%,   followed by centrifugation at 10000g for 
10 min. Nuclear pellet was washed twice and histones were prepared by overnight incubation in 0.2N HCl at 4°C, followed by TCA 
precipitation. Protein pellet was resuspended and extensively dialysed in H20 to allow histone octamer refolding. 
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Figure S5. USP3-KD results in inhibition of cell growth. 
U2OS cells were transfected with USP3-specific or control siRNAs. At 48 hours after transfection, cells were counted, seeded in 
triplicates at 150,000 cells/well in a six well plate and grown for 2 days. Counts were performed automatically with a Multisizer-3 
Coulter Counter (Beckman CounterTM) and p-values were calculated with a TTEST. Bar 60 mm. *, p < 0.05; **, p < 0.001.
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Figure S6. USP3 depletion delays mitotic entry
U2OS cells, transfected with control oligos (Ctrl) or USP3-
silencing oligos, were blocked with thymidine directly after 
transfection and released after for 24 hr in the presence of 
nocodazole. At the indicated time points, cells were fixed and 
phospho-histone H3-positive cells were counted in IF. Results 
are the mean of two independent experiments. At least 1000 
cells were counted for each time point. Shown are the mean ± 
SD values. *, p < 0.05; **, p < 0.001.
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Figure S7. USP3 catalytic activity is required to 
rescue siRNA-induced DNA damage response. 
Expression of a siRNA-resistant USP3wt, but not of catalytically inactive forms, USP3C168S and USP3HA-CS, rescues USP3-KD (USP3KD3) 
cells from accumulating γ-H2AX, proving that the DDR phenotype is a direct consequence of USP3 depletion and that USP3 DUB 
activity is required to prevent DDR activation. U2OS cells were transfected with GFP-USP3wt, -USP3C168S, -USP3HA-CS (harboring both 
H56A and C168S mutations) or GFP by FuGene (Roche). After 20 hours cell were transfected with USP3 siRNA oligonucleotides 
directed against its 3’_UTR region (USP3KD3, 5’-GCAUGUACUUGUUCGAAUUUU-3’), or with control siRNAs (CTR_UTR, 
5’-CUCUCUGUGUGAAGCACCUUU-3’). At 40 hours post siRNA transfection, cells were fixed and stained with γ-H2AX . Upper panel. 
Quantification for γ-H2AX-positivity was performed in cells displaying low GFP expression. At least 150 GFP-positive cells were 
counted for each sample on duplicate slides. Results are the mean of three independent experiments. Shown are the mean ± SD 
values. *, p < 0.01; ***, p > 0.05. Bottom panels. Representative images for each sample are shown. Bar 20 mm. GFP-USP3HA-CS is 
impaired in uH2A deubiquitination (not shown).
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Figure S8. Dose response of uH2A 
to ionizing radiation analyzed by 
immunofluorescence. 
Upper panels. U2OS cells were exposed to the indicated doses of IR and stained for uH2A or γ-H2AX and pS/TQ Ab at 30 min post 
IR. Bar 20mm. Lower panels. Fluorescence analysis was performed with ImageJ 10.2 software. Threshold was set on DAPI channel 
(blue), and pixel intensity in each nucleus was measured on the second channel, red for uH2A or γ-H2AX , and green for pS/TQ. 
50th percentile was used to calculate the mean intensity and standard deviation. The Average Background Intensity (ABI) was 
measured on untreated cells. Cells with pixel intensity greater than 2X ABI were considered positive for the signal. At least 100 
cells per sample were analyzed.
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Figure S9. uH2A nuclear foci formation is an early response to ionizing radiation. 
U2OS cells were exposed to IR (1Gy) and stained for uH2A or γ-H2AX at the indicated time points post IR. Bar 20mm. The percentage 
of uH2A/γ-H2AX  positive cells and the pixel intensity was evaluated as in Figure S8. At least 100 cells per sample were analyzed.
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Figure S10. Ubiquitin-conjugates foci formation upon IR is dependent on ATM.
Wt human fibroblast C5RO-hTERT and WI-38, and ATR-hTERT or ATM mutant cells were cultured on glass coverslips and either left 
untreated or irradiated with 3Gy. Cells were stained for  Ub-conjugates (FK2) or γ-H2AX at 30 min post IR and analyzed by confocal 
microscopy. FK2-foci show significant co-localization with γ-H2AX foci. FK2 foci were efficiently detected in ATR defective cells but 
not in ATM cells. Bar 10mm.
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Figure S11. Persistence of γ-H2AX and FK2-Ub nuclear foci upon IR in USP3-depleted cells.
Left panels. Ctrl or USP3KD U2OS cells were treated with IR (2Gy) at 48h post transfection and stained for γ-H2AX (upper panels) 
or FK2 (lower panels) at the indicated time. Efficient USP3 KD was verified by IF (not shown). Bar 10 mm. Right panels. γ-H2AX 
foci positive cells were quantified as described in Figure 3. Cells containing more than 5 foci were considered positive for FK2. The 
results are the mean of 4 (γ-H2AX) or 2 (FK2) independent experiments. Shown are the mean ± SD values. *, p < 0.05; **, p < 0.004.
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Figure S12. Analysis of IR-induced G2/M checkpoint in USP3-depleted cells.
A. U2OS cells transfected with control (Ctrl) or USP3-silencing oligos were left untreated or irradiated at the indicated doses 48h 
post transfection. At 1h after IR or 48 after transfection (untreated), cells were fixed and mitotic cells were assessed by histone 
H3 phosphorylation. A  minimum of 1000 cells was counted. Results are the mean of 3 independent experiments. Shown are the 
mean ± SD values. **, p < 0.001.
B. U2OS cells were transfected with control (Ctrl) or USP3-silencing oligos (two rounds of transfection, 24 hours interval). Cells 
were treated with IR (6Gy) 5 hours after the second transfection and fixed at 20, 30 or 40 hours post irradiation. Untreated cells 
were fixed at 72 h post siRNA transfection. Mitotic cells were assessed as in Figure S6. Results are the mean of 3 independent 
experiments. Shown are the mean ± SD values. *, p < 0.05; **, p ≤ 0.001
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Ubiquitination of histones has been implicated in diverse processes, such as regulation 
of transcription, DNA damage response and cell cycle regulation. We have recently 
identified a deubiquitinating enzyme, Ubiquitin-Specific Protease (USP3), targeting 
mono-ubiquitinated H2A and H2B. Interestingly, depletion of USP3 in U2OS cells leads to 
delayed S phase progression and accumulation of DNA damage. This suggests that USP3 
might play a role in DNA replication and/or DNA damage response. To address the role of 
USP3 in vivo, we have generated Usp3-deficient mice. We have isolated mouse embryonic 
fibroblasts and found that Usp3 loss leads to elevated spontaneous DNA double strand 
breaks (DSBs) in these cells. This was accompanied by an increased frequency of sister 
chromatid exchanges. We present evidence that the genome instability observed in 
Usp3-deficient cells is neither associated with elevated levels of endogenously occurring 
DNA damaging agents nor with hypersensitivity to a variety of exogenous DSB-inducing 
agents. We conclude that Usp3 is required to prevent the occurrence of spontaneous DNA 
double strand breaks through a yet unknown mechanism. This work narrows the range of 
possible mechanisms underlying genome instability in Usp3-deficient cells.

1Department of Molecular Genetics, 2Department of Biological Stress Response, Netherlands Cancer Institute, Plesmanlaan 121 
1066CX Amsterdam, The Netherlands

Joseph HA Vissers1, Cesare Lancini1, Paul C van de Berk2, Marleen Blom1, Ellen 
Tanger1, Heinz Jacobs2, Conchita Vens2, Maarten van Lohuizen1 and Elisabetta 
Citterio1

The histone deubiquitinating enzyme Usp3 is 
required for genome stability

responses [3-4]. 

A posttranslational modification of considerable 
interest is ubiquitination, which is the covalent 
attachment of a small protein, ubiquitin, to target 
proteins [6]. Ubiquitination is catalyzed by the 
concerted action of E1 activating, E2 conjugating 
and E3 ligase enzymes, and reversed by 
deubiquitinating enzymes [6-7]. Ubiquitination 
mostly occurs on lysine residues of target 
proteins [6]. Ubiquitin itself has 7 lysines, which 
allows for ubiquitin chain formation [6]. A well-
studied histone modification is ubiquitination 
of histone H2A (UbH2A), which functions in the 
response to DNA damage (DDR) and regulation of 
transcription [3-4, 8-10]. 

H2A and H2AX are modified with chains of 
ubiquitin linked through its lysine K63 in response 
to DSBs [11-12]. The ubiquitin pathway at DSBs 

INTRODUCTION
The genome of eukaryotic cells is packaged in 
chromatin, which places an inherent barrier to 
DNA based processes [1-2]. The basic unit of 
chromatin is the nucleosome, which consists of 
the DNA wrapped around a histone octamer, 
containing 2 copies each of 4 histone proteins: 
H2A, H2B, H3 and H4 [2]. To allow processes 
such as transcription, replication and DNA repair 
to occur, chromatin accessibility is regulated by 
chromatin remodeling and posttranslational 
modifications of the histones [1-2]. Several 
histone modifications have been functionally 
implicated in the prevention of and response 
to DNA damage, which underscores their 
essential functions in preserving the genome 
from acquiring mutations [3-4]. For example, the 
histone H2A variant, H2AX, is phosphorylated 
at sites of DNA double strand breaks (DSBs) [5], 
and this modification sets in motion a signaling 
cascade that regulates repair and checkpoint 
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is centered around the RING Finger 8 and 168 
(RNF8 and RNF168) ubiquitin E3 ligases, which 
are required for DSB-induced recruitment of 
p53 binding protein 1 (53BP1) and a complex 
containing Breast cancer, early onset 1 (BRCA1) 
and receptor-associated protein 80 (RAP80) [11-
16], reviewed in [3-4]. This pathway regulates the 
choice between two major DSB repair pathways 
(homologous recombination (HR), versus non-
homologous end joining, (NHEJ)) [17-20], and 
is required for DNA repair in the context of a 
compact form of chromatin, heterochromatin 
[21-23]. Besides its function in the DSB response, 
RNF8 facilitates faithful DNA replication in an 
RNF168-independent manner [24]. Modification 
of H2A with a single ubiquitin moiety (mono-
ubiquitination) by the Polycomb group Really 
Interesting New Gene 1A and 1B (RING1A and 
RING1B) E3 ligases, has been suggested to 
repress transcription [25-26]. 

In addition to enzymes that catalyze 
ubiquitination, H2A deubiquitinating enzymes 
(DUBs) have been identified. In fact, as many as 8 
different DUBs have been reported to be able to 
deubiquitinate H2A (H2A DUBs) [8, 10]. These are 
2A-DUB/MYSM1 [27], Brca1 associated protein 1 
(BAP1) [28], USP3 [29], USP12 [30], USP16 [31], 
USP21 [32], USP22 [33-34] and USP46 [30]. In 
addition to H2A, a number of these enzymes 
also have the ability to deubiquitinate other 
substrates. For example, USP3, USP12, USP22 
and USP46 deubiquitinate histone H2B [29-
30, 33, 35], and in addition to H2B, USP22 also 
deubiquitinates TRF1 [36], FBP1 [37] and SIRT1 
[38].

The function of H2A deubiquitination is not fully 
understood. However, two possible functions have 
been proposed. First, removal of the ubiquitin 
mark may function to terminate the UbH2A-
mediated signal. In line with this hypothesis, we 
have previously shown that USP3 is required for 
resolution of UbH2A foci and checkpoint recovery 
upon ionizing radiation (IR) [29]. Similarly, in the 
context of gene regulation, others have shown 
that USP16 and 2A-DUB/MYSM1 are required for 
transcriptional activation of UbH2A target genes 
[27, 31]. These examples may suggest that H2A 
ubiquitination serves as a switch to promote a 
functional outcome. Secondly, however, it has 

been suggested that it is the cycling of ubiquitin 
on H2A rather than the deposition and removal 
per se that determines the functional outcome 
[8]. This model is supported by the observation 
that mutation of the Drosophila homolog of 
BAP1, Calypso, gives rise to flies that display a 
Polycomb phenotype [28]. Thus, genetic ablation 
of both positive and negative regulators of H2A 
ubiquitination can have the same, rather than the 
opposite biological effect.

These results highlight the fact that loss-of-
function studies of individual H2A DUBs are 
required to understand their functions. We 
have previously identified USP3 as an H2A DUB 
and addressed its function in human cancer cell 
lines that were depleted for USP3 by RNAi [29]. 
USP3 knockdown leads to the appearance of 
spontaneous DNA breaks, DDR activation and 
cell cycle delay [29]. Spontaneous DNA breaks 
may originate from a variety of sources [39] [40]. 
Some DSB-inducing agents, such as IR, break DNA 
directly [39] [40]. Furthermore, DSBs may arise 
due to deregulation of enzymes that cleave DNA 
strands as part of their catalytic mechanism [39] 
[40]. Other agents induce single strand lesions, 
which, if not timely repaired, can be converted to 
DSBs during replication [39] [40]. It is not known 
what causes DNA breaks in USP3-depleted cells.

In this manuscript we describe the generation of 
a Usp3-deficient mouse model. We characterize 
mouse embryonic fibroblasts and preB cells 
isolated from these mice and show that genetic 
loss of Usp3 results in spontaneous DNA double 
strand breaks. Moreover, we observe an increased 
level of sister chromatid exchanges, suggesting 
that the breaks are at least in part repaired 
through homologous recombination. Finally, 
results of experiments aimed at identification of 
the mechanisms underlying spontaneous DSBs in 
Usp3Δ/Δ cells are presented. 

RESULTS
Generation and characterization of Usp3-
deficient mouse cells
In order to study the in vivo function of Usp3, 
we generated a conditional Usp3 knockout 
allele using gene-targeting technology. LoxP 
sites were introduced flanking exon 2 and 3 of 
the Usp3 gene, which encode the zinc finger 
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(ZnF) ubiquitin binding domain (Fig. 1a). Cre 
recombinase-mediated deletion of exon 2 and 
3 leads to a frameshift followed by a premature 
termination codon, thus inactivating the Usp3 
gene. Two targeted ES cell clones containing a 
loxP-flanked (“floxed”) Usp3 allele and an FRT 
site flanked puror cassette were generated, 
verified for single and site-specific integration 
by Southern blot, and injected into blastocysts. 
Male chimeras were obtained that transmitted 
the targeted allele to their progeny when mated 
to wild-type females. Genotypes were assigned 
with the use of a PCR assay on tail DNA (Fig. 1b). 
The resulting Usp3 conditional deletion strain 
was crossed with a strain expressing Cre under 
the ubiquitous promoter of the βACTIN gene, 
resulting in germline deletion of the Usp3 allele. 
Usp3Δ/Δ mice were generated by intercrossing 
heterozygous mutants, and deletion of the Usp3 

allele was confirmed by Southern blot and PCR 
analysis (Fig. 1a and b). 

To address cellular functions of Usp3, we isolated 
Mouse Embryonic Fibroblasts (MEFs).  To confirm 
Usp3 deficiency, we analyzed Usp3 protein levels 
by immunoblot. In the knockout MEFs, no full-
length Usp3 protein expression could be detected 
using an antibody raised against an N-terminal 
USP3 fragment [29] (Fig. 2a). In addition, Usp3 
mRNA expression could not be detected by qRT-
PCR using primers against the deleted exons 
2 and 3 (Fig. 2b). To determine whether Usp3 
loss also resulted in a functional defect, we 
analyzed levels of mono-ubiquitinated H2A. We 
observed that Usp3 loss resulted in a modest 
but reproducible increase in the levels of mono-
ubiquitinated H2A (Fig. 2a). Finally, we performed 
immunofluorescence using an antibody (FK2) 

Figure 1. Generation and genotyping of the Usp3 deletion allele.
A. Through homologous recombination, LoxP sites were placed flanking exon 2 and 3 of mouse Usp3 (‘floxed’ allele, F). Cre-
mediated deletion of exon 2 and 3 introduces a frameshift followed by a premature termination codon (null allele, Δ). Deletion 
was verified on tail DNA by Southern blot (right panel). B. PCR strategy to evaluate Usp3 genotype on tail DNA. Primer sets used 
in genotyping PCR are indicated by arrows.
Orange bars indicate Usp3 exons. L, LoxP sites. F, FRT sites. K, KpnI sites used to digest genomic DNA. Black bar indicates the 
location of the probe used for Southern blot. 
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increase in spontaneous chromosomal breaks, 
and in particular chromatid type breaks in Usp3Δ/Δ 
MEFs compared to wt cells (Fig. 3a,b). Moreover, 
an increased number of structurally aberrant 
figures in the Usp3Δ/Δ MEFs suggests inaccurate 
repair of some of these breaks (Fig. 3b,c). Finally, 
the results were confirmed using constant field 
gel electrophoresis (CFGE) as an alternative 
technique to detect DSBs (Fig. 3d). 

Repair of DSBs by HR results in crossover events 
at a low frequency, which can be detected 
cytologically as sister chromatid exchanges (SCEs). 
To address whether the spontaneous DSBs were 
associated with increased HR-mediated repair, 
we performed sister chromatid exchange analysis 
on immortalized Usp3Δ/Δ MEFs (Fig. 4a). We found 
that the amount of spontaneous SCEs in Usp3Δ/Δ 
cells was approximately double compared to wt, 
which is proportional to the increase in DSBs 
observed (Fig. 3b, c). Collectively, these results 
show that Usp3Δ/Δ cells acquire spontaneous 
DSBs, which are at least in part repaired through 
HR. 

Levels of endogenous DNA damaging agents are 
normal in Usp3Δ/Δ MEFs
Next, we were interested in determining the cause 
of the spontaneous DNA breaks we observed 
in Usp3Δ/Δ MEFs. We reasoned that two basic 
underlying mechanisms could be responsible for 
spontaneous DSBs: (1) endogenous damaging 

that detects conjugated ubiquitin [41]. The Usp3-
deficient MEFs showed an increased nuclear 
ubiquitin signal (Fig. 2c), which is consistent with 
an increased level of histone ubiquitination in 
these cells. Taken together, these results strongly 
suggest that we have generated a Usp3 null allele.  
We observed that Usp3Δ/Δ and wt MEFs proliferate 
with equal kinetics and show identical cell 
cycle profiles (Suppl. Fig. 1a, b), suggesting that 
Usp3 is dispensable for cell cycle progression in 
unperturbed conditions. 

Usp3 loss results in DNA double strand breaks.
We previously showed that USP3 knockdown 
leads to increased DNA breaks [29], although 
the assay used (alkaline comet assay) does 
not permit the distinction between single and 
double strand DNA breaks. To address whether 
deletion of Usp3 in MEFs results in spontaneous 
DNA double strand breaks, we prepared 
metaphase chromosome spreads of wt and 
Usp3Δ/Δ MEFs. We performed the analysis both 
on primary MEFs (Fig. 3a) as well as on MEFs 
immortalized by stable p53 knockdown (Fig. 
3b,c). We confirmed that p53 RNA expression 
was uniformly knocked down (suppl. Fig. 2a) 
and that IR-induced p53 protein expression was 
abolished in wt as well as Usp3Δ/Δ cells (suppl. 
Fig. 2b). Images of the spreads (Fig. 3c) were 
scored for chromatid and chromosome breaks, 
chromosome fragments, and other aberrations 
such as fusions. Interestingly, we observed an 
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Figure 2. Characterization of Usp3Δ/Δ MEFs.
A. Western blot analysis of whole cell lysate (upper panel) and acid extraction of histone fraction (lower panel) of MEFs of indicated 
genotype. Immunoblots were incubated with the indicated antibodies. B. Quantitative RT-PCR on cDNA of MEFs of indicated 
genotype using Usp3 deletion-specific primers directed against exons 2 and 3.
C. Immunofluorescence on MEFs of indicated genotype using FK2 anti-Ubiquitin antibody. Blue, DAPI staining; red, FK2 Ubiquitin 
signal.



The histone deubiquitinating enzyme Usp3 is required for genome stability

75

4

of endogenous ROS. Moreover, treatment with 
menadione gave an equal increase in fluorescent 
signal (Fig. 5a), suggesting that Usp3Δ/Δ cells are 
equipped with normal antioxidant capacity. In 
conclusion, Usp3Δ/Δ MEFs show normal ROS levels 
and responses.

Recently, RNA expression of microsatellite 
repeats was shown to lead to genomic instability 
[43]. Importantly, satellite repeat derepression 
was observed in Brca1-deficient cells, and could 
be rescued by expression of a linear histone 
H2A-ubiquitin fusion [43]. These findings might 
suggest that deregulation of H2A ubiquitination in 
Brca1-deficient cells leads to genomic instability. 

agents are generated in excess in the Usp3Δ/Δ 
MEFs, or (2) Usp3Δ/Δ MEFs harbor a DNA repair 
defect. 

A prominent source of endogenous DNA damage 
is Reactive Oxygen Species (ROS) produced 
in cellular metabolism [42]. To address if 
Usp3-deficient MEFs have increased levels in 
intracellular ROS, we employed a FACS based 
assay based on the CellROX Deep Red reagent that 
upon oxidation emits fluorescence. As a negative 
control, we sorted cells without the reagent, and 
as a positive control, we assayed cells treated with 
the ROS-inducing agent menadione. As shown in 
Figure 5a, Usp3Δ/Δ MEFs showed normal levels 
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Figure 3. Usp3Δ/Δ  MEFs display increased chromosomal instability.
A,B. Quantitation of chromosomal aberrations in primary MEFs (A, n=1, mean of at least 42 cells/genotype +/- SD) and MEFs 
immortalized by p53 knockdown (B, results are the mean of 2 independent experiments +/- SD, 62 cells total/genotype). C. 
Representative images of metaphase spreads of sh-p53 MEFs of indicated genotype. Arrows indicate chromosome fragment and 
chromatid break. D. Results of constant field gel electrophoresis analysis of DNA breaks in unperturbed primary MEFs of indicated 
genotypes. Plotted are the mean +/- SD of 3 independent experiments. Asterisks indicate statistic significance (two-tailed Student’s 
t-test) * p < 0.05, ** p < 0.01.
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Usp3-deficient MEFs are normally sensitive to a 
range of DNA damaging agents
Having excluded the possibility that increased 
levels of two endogenous DSB-inducing agents are 
responsible for increased DSBs in Usp3Δ/Δ MEFs, 
we were interested in assessing whether Usp3 
loss leads to DNA repair defects. We reasoned 
that any mechanism affecting repair, such as 
dysfunction of repair enzymes themselves, but 
also deregulation of repair by for example an 
abnormal checkpoint response, would increase 
sensitivity to DSB-inducing agents. Thus, we 
performed sensitivity assays to a variety of DSB-
inducing agents. Since clonogenic outgrowth of 
cells is considered the most stringent measure 
of cellular fitness we performed colony survival 
assays to test sensitivity to the majority of agents. 

Although a subsequent study showed that Brca1 
loss in tumor cells does not always result in 
overexpression of microsatellite repeats [44], we 
set out to see if Usp3 loss in primary MEFs results 
in altered microsatellite repeat RNA levels. 
Detection of major and minor microsatellite 
repeat RNA expression by qRT-PCR revealed no 
significant differences between wt and Usp3Δ/Δ 
MEFs (Fig. 5b). Moreover, no alterations in 
expression of interspersed repetitive elements 
such as IAP1, L1 LINE or SINE elements was 
observed (data not shown). Collectively, these 
data suggest that derepression of repetitive DNA 
is not the cause of spontaneous DSBs in Usp3Δ/Δ 
MEFs.
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possibility that the lack of IR hypersensitivity 
displayed by Usp3Δ/Δ MEFs was due to activation 
of backup repair pathways, we chemically 
inhibited central players in three major repair 
pathways: ATM (BRCA2 dependent homologous 
recombination; [45-46]), DNA-PK (NHEJ; [47-48]) 
and PARP (DNA single strand break repair; [49-
50]). At the concentrations used, either of the 
inhibitors of these enzymes showed any effect on 
the plating efficiency of unirradiated control cells 
(data not shown). As expected, treatment with 
these inhibitors resulted in hypersensitivity to IR 
(Fig. 6b-d). However, wt and Usp3Δ/Δ MEFs were 
sensitized to the same extent by all inhibitors 
(Fig. 6b-d), which suggested that the lack of IR 
hypersensitivity in Usp3Δ/Δ MEFs is not due to 
compensation by those backup repair pathways 
that we tested.

Single strand lesions, if not repaired directly, can 
be converted to DSBs during DNA replication. 
Single strand lesions include but are not limited to 
single strand breaks (SSBs), apurinic/apyrimidinic 
sites and oxidation products such as 8-oxoguanine 
and thymine glycol [39, 42]. In addition to DSBs, 
IR also causes these lesions [42]. Usp3Δ/Δ cells 
are not hypersensitive to IR, which indicates 
that Usp3 is not required for the response to 
these single strand lesions. Moreover, some 
nucleotide excision repair (NER) proteins have 
been shown to be required for protection against 
oxidative DNA damage, although the mechanism 
is not well understood (reviewed in [51]). NER 
deficiency is associated with hypersensitivity 
to ultraviolet (UV) light [42, 51-52]. For this 
reason we tested the UV sensitivity of Usp3Δ/Δ 
cells and found that it is equal to wildtype (Fig. 
6e). Another single strand lesion is nucleotide 
base alkylation and some endogenous alkylation 
products have been shown to occur, including 
3-methyladenine (3-MA) ([39] and references 
therein). To interrogate sensitivity to alkylation 
damage, we performed colony survival assays 
upon pulse treatment with the methylating agent 
methyl methanesulphonate (MMS). These assays 
showed that Usp3Δ/Δ MEFs are normally sensitive 
to MMS (Fig. 6f).

Deregulation of enzymes that, as part of their 
catalytic mechanism, induce DNA breaks, may lead 
to spontaneous DSBs. Topoisomerases represent 

We used MEFs immortalized by stable p53 
knockdown as, in our hands, primary MEFs failed 
to grow as colonies.
Ionizing radiation (IR) of the environment is a 
cause of DSBs. The ubiquitin pathway at DSBs is 
required for resistance to IR, likely reflecting its 
role in regulation of proper DSB repair. Given 
the possibility that Usp3 might be a negative 
regulator of the ubiquitin pathway at DSBs 
[29], we performed colony survival assays to 
determine IR sensitivity of Usp3Δ/Δ MEFs. These 
assays showed that Usp3Δ/Δ MEFs display normal 
IR sensitivity (Fig. 6a). DNA damage induced by 
IR is repaired by several repair pathways that 
are partially redundant [42]. To exclude the 
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Figure 5. Usp3Δ/Δ  MEFs have normal levels of endogenous 
radical oxygen species (ROS) and microsatellite transcription.
A. ROS were measured using FACS analysis of CellROX Deep 
Red reagent treated primary MEFs. Background signal was 
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of 2 experiments is shown B. qPCR of cDNA generated using 
random hexamer oligos on RNA isolated from primary MEFs of 
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replication stress are frequently located at specific 
genomic sites, known as common fragile sites 
[54]. We considered the possibility that DSBs in 
Usp3Δ/Δ MEFs are due to an impaired replication 
stress response. To address if Usp3 deficiency 
results in enhanced sensitivity to replication 
stress, we assayed sensitivity to continuous 
exposure to hydroxyurea (HU), an inhibitor of 
nucleotide biosynthesis. To our surprise, rather 
than hypersensitivity, immortalized Usp3Δ/Δ MEFs 
showed a slight but reproducible resistance to 
HU in colony survival as well as proliferation-
based assays (Fig. 7a,b). To determine whether 
HU resistance was directly attributable to Usp3 
loss, we tested HU sensitivity of primary MEFs 

the most prominent examples of such enzymes. 
There are two classes of topoisomerases, class 
I and II, and specific inhibitors are available for 
each class [53]. To test if Usp3 loss sensitizes to 
camptothecin, a topoisomerase I inhibitor, we 
performed proliferation-based sensitivity assays 
and did not find hypersensitivity (Fig. 6g) To 
test sensitivity to the topoisomerase II inhibitor 
etoposide, we performed colony survival assay 
after pulse treatment and found that Usp3 
deficiency does not affect sensitivity (Fig. 6h). 
We conclude that Usp3 is not required for the 
resistance to topoisomerase class I or II inhibition.

DNA breaks that occur in conditions of DNA 

Figure 6. Usp3Δ/Δ  MEFs show normal sensitivity to a range of DNA damaging agents.
A-F, H. Results of colony survival assays of sh-p53 immortalized MEFs treated with ionizing radiation (A-D.), UV (E), MMS (F) and 
etoposide (H). Each diagram represents the mean +/- SD of at least 3 independent experiments using 2 different pairs of sh-p53 
MEFs. For IR sensitization experiments (B-D), cells were incubated with indicated inhibitors from 1hr prior to, until 24hrs after 
irradiation. G. Proliferation-based sensitivity assay to camptothecin. Immortalized sh-p53 MEFs were fixed and stained after 5 days 
of treatment. Representative result of 1 out of 3 experiments is shown.
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Figure 7. Usp3 deficiency leads to selection for hydroxyurea (HU) resistance in sh-p53 MEFs but not primary cells.
A. Colony survival assay of sh-p53 immortalized MEFs treated with HU. Mean +/- SD of representative result of 1 out of 3 
experiments. B,C. Proliferation-based sensitivity assays to HU of sh-p53 MEFs (B) and primary MEFs (C). Representative results of 
1 out of 4 experiments are shown. D. Proliferation-based sensitivity assay to HU of preB cells isolated from fetal livers of embryos 
of indicated genotype. Cells were grown in presence of HU for 72hrs, washed and counted. Plotted are the mean and standard 
deviation of results obtained from preB cells of 2 lines for each genotype that were measured in duplo. Representative graph of 1 
out of 2 independent experiments is shown.
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deficiencies in a number of different repair 
pathways. These results suggest that Usp3Δ/Δ cells 
either acquire more DSBs originating from an 
endogenous source, or harbor a repair deficiency, 
which is efficiently compensated for by a backup 
pathway.
 
What could this endogenous source be? Many 
possibilities come to mind. Firstly, the absolute 
amounts and balance between pools of the 
building blocks of DNA, dNTPs, are tightly 
regulated to prevent genomic instability [55]. This 
phenomenon is of interest in light of the finding 
that deletion of Usp3 leads to selection for HU 
resistance (Fig. 7a,b). HU specifically and potently 
inhibits RNR, which is the rate-limiting enzyme 
in dNTP synthesis [55]. Thus, in general terms, 
this finding suggests that dNTP metabolism 
in immortalized Usp3Δ/Δ MEFs differs from wt 
cells such that they have a greater capacity 
to tolerate dNTP depletion. The alteration in 
dNTP metabolism in Usp3Δ/Δ MEFs is unlikely 
to be a causative factor in the spontaneous 
DSB phenotype, since we neither observe it in 
primary MEFs, which also show spontaneous 
DSBs, nor in preB cells (Fig. 7c,d). Thus, we favor 
the model that selection for HU resistance is a 
consequence of genomic instability in Usp3Δ/Δ 
MEFs. In this scenario, Usp3Δ/Δ MEFs may adapt 
to spontaneous DNA damage by upregulation of 
nucleotide synthesis for DNA repair.  
 
A second possibility is that Usp3Δ/Δ MEFs are 
subject to overproduction or defective scavenging 
of a cellular metabolite that when present in 
excess could directly or indirectly lead to DSBs. 
For example, mouse cells lacking the Sod2 gene 
harbor excessive ROS and get DSBs [56]. However, 
this possibility does not apply to Usp3Δ/Δ MEFs as 
they harbor normal ROS levels (Fig. 5a). Similarly, 
base damage due to alkylation is abundant, and if 
not repaired, can lead to DSBs. It is possible that 
Usp3Δ/Δ MEFs are subject to more base alkylation 
damage. Moreover, single strand DNA lesions 
such as oxidation and alkylation are repaired by 
a combination of base excision repair, nucleotide 
excision repair and mismatch repair pathways in 
a highly redundant manner, depending on the 
specific lesion [51, 57-58]. Thus, it is possible that 
Usp3Δ/Δ cells have a deficiency in a (sub)pathway 
of one of these repair processes, which would 

and primary preB cells in proliferation-based 
assays. We found that primary Usp3Δ/Δ MEFs and 
preB cells are normally sensitive to HU (Fig. 7c,d), 
suggesting that HU resistance in immortalized 
Usp3Δ/Δ MEFs was due to selection in culture. 

DISCUSSION 
In this study, we describe the generation of a 
conditional Usp3 knockout allele. We generate 
Usp3 knockout mice and address the cellular 
consequences of USP3 loss. We find that Usp3-
deficient cells display increased levels of UbH2A, 
confirming the relevance of Usp3 activity in 
H2A deubiquitination. We show that Usp3Δ/Δ 
MEFs harbor spontaneous DSBs accompanied 
by an enhanced frequency of SCE. These results 
support an important, non redundant function of 
Usp3 in maintaining genomic stability.  
Usp3Δ/Δ MEFs display neither increased levels 
of ROS nor enhanced RNA expression of 
microsatellite repeats, suggesting that these 
endogenous DNA damaging agents are not 
responsible for the spontaneous DNA breaks. 
Moreover, Usp3Δ/Δ MEFs are normally sensitive 
to a range of agents that directly or indirectly 
cause DSBs, suggesting that the response to 
DNA damage caused by these agents is normal. 
However, in immortalized Usp3Δ/Δ MEFs there 
is selection for resistance to HU, an inhibitor of 
the ribonucleotide reductase (RNR) enzyme. 
This might suggest that aberrant nucleotide 
metabolism can partially compensate for 
spontaneous genome instability in Usp3Δ/Δ cells. 
Impaired DSB repair is one possible cause for 
spontaneous DSBs. Defects in DSB repair, such 
as those in cells with defects in the ubiquitin 
pathway at DSBs, lead to IR sensitivity. Indeed, 
our experimental setup is capable of detecting 
IR-sensitivities, as evidenced by the sensitization 
experiments carried out using chemical inhibitors 
of DDR signaling enzymes (Fig. 6b-d). Given the 
possibility that Usp3 might be a negative regulator 
of the ubiquitin pathway at DSBs, one might have 
predicted that Usp3Δ/Δ cells have a defect in DSB 
repair. However, Usp3Δ/Δ cells show normal IR 
sensitivity, suggesting that spontaneous DSBs in 
Usp3Δ/Δ MEFs are not due to deregulation of the 
ubiquitin pathway at DSBs. Besides IR, we find 
that Usp3Δ/Δ MEFs are not hypersensitive to any 
of the other DNA damaging agents tested (Figs 6, 
7), ruling out the possibility of Usp3 loss induced 
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SUPPLEMENTAL DATA   
 
EXPERIMENTAL PROCEDURES
 
Construction of Usp3 deletion allele and 
genotyping
Details of the derivation of Usp3 deletion 
mutant mice will be provided elsewhere (CL, 
JHAV and EC, manuscript in preparation). 
Briefly, a targeting construct for Usp3 was 
generated using the pFlexible targeting vector 
system [59]. To generate the Usp3 targeting 
construct, DNA fragments were amplified from 
a BAC clone (bMQ-415O10) of 129S7/AB2.2 
mouse DNA (indexed 129S7/SvEvBrd-Hprtb-m2 
(AB2.2) library displayed on the Ensembl 
Genome Browser (http://www.ensembl.
org/Mus_musculus/) under the DAS source 
‘‘129S7/AB2.2.’’) (purchased at Geneservice) 
containing the Usp3 locus. Fragments were as 
follow: 5’ homology arm (3.5kb PCR fragment 
5’ of exon 2 in the Usp3 gene); conditional arm 
(4.3kb PCR product containing exon 2 and 3); 3’ 
homology arm (4.6kb PCR fragment 3’ of exon 3). 
Fragments were cloned in pCR-XL-TOPO Vector 
(Life technologies) and verified by sequencing 
before subcloning in pFlexible. The final targeting 
construct was verified by sequencing before 
electroporation in 129/Ola-derived embryonic 
stem cells (E14 subclone IB10 [60]). Targeted ES 
cells were verified by PCR and Southern blot using 
probes complimentary to the 5’ and 3’ homology 
arms, and the puro cassette. 3 independent 
clones were isolated and injected into C57BL/6J 
blastocysts to generate chimeric mice. 2 clones 
gave successful germline transmission. These 
chimeras were subsequently crossed with FVB/N 
females to produce offspring heterozygous for 
the Usp3 conditional knockout FRT allele (Usp3 
CKOFRT). To obtain Cre mediated deletion of 
the floxed allele in the germline, heterozygous 
Usp3 conditional mice were crossed with Actin-
Cre deleter mice (FVB/N) and intercrossed to 
generate Usp3Δ/Δ mice. All cells in this study 
were from mice of mixed 129/FVB/BL/6 genetic 
background, and which lacked the Actin-Cre 
allele. Cells from wt littermates were used as 
controls in all experiments.  
Genotyping was performed by Southern 
blot using a 5’ probe (527 bp, fwd primer 
5’-AAGAGGATTGAAGCATAGG-3’, rev primer 
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using enhanced chemiluminescence (ECL, GE 
Healthcare). 

Antibodies 
Antibody dilutions are for western blot analysis 
unless otherwise indicated: p53 (1:500, Monosan, 
MONX10194), Usp3 (1:1000, [29]), Tubulin 
(1:10.000, Sigma, T9026), CDK4 (1:500, Santa 
Cruz, sc-260), H2A (1:1000, Millipore, 07-146), 
UbH2A (1:500, Millipore, 05-678), H4 (1:500, 
Millipore, 07-108), FK2 (1:2000 for IF, BIOMOL, 
BML-PW8810). Secondary antibodies were goat 
anti-rabbit-HRP (1:10000, Life technologies, 
G21234), goat anti-mouse-HRP (1:10000, Life 
technologies, 62-6520), goat anti-mouse IgM, 
µchain specific –HRP (1:10000, Jackson Research, 
115-035-020) and Alexa Fluor 568 goat anti-
mouse (1:250, Life technologies, A11004).

Acid histone extraction
Cells were scraped in ice-cold PBS + 10mM 
iodoacetamide and pelleted. Pellets were washed 
in PBS and extracted 3x with 5% perchloric acid 
(+ protease inhibitors and iodoacetamide). 
Subsequently, pellets were extracted 3x with 0.4N 
HCl (+ protease inhibitors and iodoacetamide). 
The supernatants of the HCl extractions were 
mixed with trichloroacetic acid and centrifuged 
30’. Histone precipitates were washed with 
methanol + 0.006% HCl and methanol, dried and 
dissolved in 50mM Tris pH 7.5. Protein samples 
were prepared for western blot analysis as 
described above.

Quantitative Real Time- (qRT-)PCR
Cells were lysed in 1ml Trizol reagent (Life 
technologies) and RNA was isolated according to 
manufacturer’s instructions. cDNA was prepared 
using Superscript II RT and oligod(T)n primers (Life 
technologies), except for detection of expression 
of repetitive sequences, where random hexamers 
(Roche) were used. qRT-PCR was performed on 
a StepOnePlus Real-Time PCR system (Applied 
Biosystems) using SYBR Green PCR mastermix 
(Applied Biosystems). 

Primer sequences were as follows: 
Hprt fwd: 5’-CTGGTGAAAGGACCTCTCG-3’, Hprt 
rev: 5’-TGAAGTACTCATTATAGTCAAGGGCA-3’, 
Gapdh fwd: 5’-GCCAAGGTCATCCATGACAACT-3’, 
Gapdh rev: 5’-GAGGGGCCATCCACAGTCTT-3’, 

5’-TTTGAAATCCTAGGACACAGC-3’), which 
recognizes a 16.6 kb KpnI DNA fragment in the 
wt allele, a 9.5 kb fragment in the Usp3 CKOFRT 
allele and a 12.2 fragment in the deleted allele. 
After founders were established, genotyping 
was performed by PCR. Tail DNA was extracted 
using the Direct PCR DNA Extraction Reagents 
(VIAGEN) and PCR performed using Platinum PCR 
Supermix (Life technologies). The Usp3 alleles 
were detected with the following primers:  (i) the 
LoxP1 site in intron 1, yielding a 447bp and 519 bp 
product for the wt or Usp3CKOFRT respectively (fwd 
#37 5’-ATAATTGGCCTGATGACAGC-3’, rev #38 
5’-TCATCGTAGCTTGTGATTGC-3’); (ii) the LoxP2 
site in intron 3, yielding a 419 bp and a 519 bp 
product for the wt or the Usp3lox respectively (fwd 
#35 5’-GTAGCTACAGCACATACTGG-3’, rev #36 
5’-ATAGACAGGACTTTACTACC-3’); (iii) the Usp3Δ 
allele, yielding a 544 bp product in the Usp3Δ 
allele (fwd #37, rev #36). The Cre transgene (a 200 
bp PCR fragment) was detected with the following 
primers: fwd 5’-GTTTCACTGGTTATGCGG-3’, rev 
5’-TGCCTTCTCTACACCTGC-3’. 

Western blot analysis
Cells were washed twice using PBS buffer and 
lysed in JS buffer (50mM HEPES pH7.5, 150mM 
NaCl, 1% glycerol, 1% Triton X-100, 1.5mM 
MgCl2, 5mM EGTA plus freshly added 1mM PMSF 
and Complete protease inhibitors (Roche)). 
Lysates were cleared by centrifugation and 
protein concentration was determined using the 
Bradford method (BioRad). LDS sample buffer 
(Life technologies) with 2.5% (v/v) βmercapto-
ethanol was added to normalized samples, 
followed by boiling at 70°C for 10’. Samples 
were loaded on NuPAGE 4-12% BisTris gels (Life 
technologies) in MOPS (Usp3, p53, Tubulin, 
CDK4) or MES (histones) buffer (Life technologies) 
and run at 200V. Proteins were transferred to 
BA83 nitrocellulose membranes (Millipore) in 
transfer buffer (25mM Tris, 192mM glycine, 
20% methanol) 1.5hrs at 110V. Membranes 
were blocked for at least 30’ at RT in 5% protifar 
(Nutricia) in PBS + 0.1% Tween-20 (PBS/T) 
and incubated at 4°C overnight with antibody 
in 1% protifar, 0.03% NaAzide in PBS/T. Blots 
were washed with PBS/T and incubated with 
appropriate secondary antibody in 1% protifar 
in PBS/T for 45’. After washing in PBS/T, analysis 
was performed according to standard methods 
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down.
For retrovirus production, Phoenix packaging 
cells were transfected with 50µg retroviral 
plasmid DNA. pRetroSUPER sh-p53 has been 
described [61]. Virus was harvested after 48 and 
72 hours, passed through a 0.45um MillexHA 
filter (Millipore), and frozen on dry ice. For 
retroviral transduction, MEFs were taken into 
culture. The next day, viral supernatant + 8µg/ml 
polybrene was added to the cells and incubated 
overnight. Infected MEFs were split in medium + 
appropriate selection antibiotic. 

PreB culture and sensitivity assay
PreB culture was performed as described [62]. 
Briefly, preB cells were isolated from E14.5 
mouse fetal livers. Cells were cultured in medium 
(IMDM, Life technologies, 8% FBS, 1% pen/strep, 
100µg/ml kanamycin and ampicillin, βMercapto-
ethanol and 5% IL7 conditioned medium) on 
irradiated ST2 feeder cells. Once preB population 
had overtaken, sensitivity assays were performed 
as described [63]. Briefly, 105 cells/well were 
seeded in 24well plates, and hydroxyurea was 
added immediately. After 72hrs, cells were 
harvested. Live (propidium iodide negative) cells 
were counted on a BD FACSarray Bioanalyzer and 
analyzed using FlowJo software. The number 
of living cells was normalized to the untreated 
controls. In each experiment, 2 pairs of Usp3 
+/+ and Δ/Δ preB cells were analyzed, each in 
duplo; hence, each datapoint is the average of 4 
measurements. 

Metaphase spreads 
For metaphase spreads, cells were plated and 
after 24hrs, 0.2µg/ml colcemid (KaryoMAX, Life 
Technologies) was added to the medium. After 
4 hours, mitotic cells were harvested by mitotic 
shake-off, washed in PBS and allowed to swell in 
75mM KCl at 37°C 20’. Cells were fixed by addition 
of an equal volume of a 3:1 methanol:acetic acid 
mixture. Cells were washed with fixation solution 
and suspended in 60µl of fixation solution. A 
water film was applied to clean glass slides 
using a wet HybondN+ filter (GE Healthcare) 
and metaphases were spread by adding a small 
volume of cells. Slides were air dried o/n, washed 
in water, stained using 5% Giemsa solution 10’ RT 
and washed in water. Stained slides were air dried 
o/n and coverslips were mounted using Pertex. 

Usp3 Δ  spec fwd1: 
TCTGTTTGACTTGTTCAAGTGTCC, 
Usp3 Δ spec rev1: 
ATGGTTGAGTAAGGGTATCTGTGC, 
Usp3 Δ  spec fwd2: 
5’-GGAGTGTCCGCACCTCAG-3’, 
Usp3 Δ spec rev2: 
5’-CTTTTGTTGGACCTGCACAC-3’, 
p53 fwd: TGAACCGCCGACCTATCCTTA, 
p53 rev: GGCACAAACACGAACCTCAAA 
MajSAT fwd: GGCGAGAAAACTGAAAATCACG, 
MajSAT rev: CTTGCCATATTCCACGTCCT, 
MinSAT fwd: TTGGAAACGGGATTTGTAGA, 
MinSAT rev: CGGTTTCCAACATATGTGTTTT

Immunofluorescence
For immunofluorescence staining, cells were 
grown on coverslips. After washing in PBS, 
cells were permeabilized in 0.5% Triton X-100 
in PBS on ice 10’, followed by fixation in 4% 
paraformaldehyde in PBS RT 10’, and a second 
permeabilization. Coverslips were blocked in 2% 
BSA in PBS (blocking buffer) 30’ RT, and incubated 
with primary antibody in blocking buffer 1hr RT. 
Next, they were washed 5x5’ in blocking buffer 
and incubated with the secondary antibody 45’ 
RT. Coverslips were washed in blocking buffer 
2x and PBS1x. Finally, nuclei were stained using 
200ng/ml DAPI 1’ RT, followed by a single PBS 
wash. Coverslips were mounted using FluorSave 
reagent (Calbiochem #345789). Digital images 
were captured using a Zeiss AxioObserver Z1 
microscope with a Hamamatsu C4742-80-12AG 
ORCA-ER CCD (charge-coupled device) camera 
and AxioVision software.

MEF isolation and retroviral transduction
MEFs and Phoenix cells were cultured in DMEM 
(Life technologies) supplemented with 10% fetal 
bovine serum (FBS)(Sigma) and 1% penicillin/
streptomycin (Life technologies). MEFs were 
cultured in 3% oxygen, Phoenix and preB cells in 
atmospheric oxygen.
MEFs were isolated from embryonic day 14.5 
embryos. Briefly, fetal tissue was rinsed in PBS, 
minced, rinsed twice in PBS and incubated with 
trypsin/EDTA (Life technologies) for 10-15’ at 
37°C and subsequently thoroughly dissociated 
in medium. After removal of large tissue clumps, 
the remaining cells were plated out in a 75cm2 
flask. After 48h, confluent cultures were frozen 
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Positive control cells were pretreated with 
400µM menadione for 1hr. For detection of 
Reactive Oxygen Species, 2.5µM CellROX Deep 
Red (Life technologies) was added to the medium 
and incubated 20’ 37°C. Cells were washed with 
prewarmed PBS, trypsinized and resuspended in 
50% FCS in PBS. FACS analysis was performed on 
a FACScalibur flow cytometer (BD Biosciences) 
and analyzed using FlowJo software.

Sensitivity assays
Colony survival assays were performed as 
follows: MEFs immortalized by knockdown of 
p53 were trypsinized, resuspended thoroughly 
and filtered using a 70µm cell strainer (352350, 
BD Biosciences) to make a single cell suspension. 
Cells were counted and increasing amounts of 
cells were plated with increasing dose. Cells 
were allowed to attach for at least 5 hrs before 
treatment. Gamma irradiation experiments 
were performed using a Gamma Cell 40 137Cs 
irradiation unit (Best Theratronics) with a dose 
rate of 0.94 Gy/min. Inhibitors of DDR signaling 
factors were added to the medium 1 hour before 
irradiation and removed 24 hrs after irradiation. 
For MMS treatment, attached cells were washed 
with PBS and MMS was added in serumfree 
medium. After 1 hour, medium containing MMS 
was replaced with serum containing medium. 
For UV treatment, attached cells were washed 
with PBS and irradiated using a Stratagene UV-C 
X-linker (254 nm). For etoposide sensitivity, 
attached cells were treated for 1 hour after 
which they were washed with PBS and normal 
medium was added. For HU sensitivity, HU was 
added to attached cells and left on continuously. 
Colonies were allowed to grow for 9 days after 
which they were washed with PBS and fixed 
and stained using 0.1% crystalviolet and 10% 
methanol. Colonies consisting of 50 cells or more 
were counted. Survival was calculated relative to 
the plating efficiency of untreated controls. Each 
experiment was carried out at least three times. 
In the case of IR, the data points were fitted to a 
second order polynomial function. 
For the proliferation-based sensitivity based 
assays to camptothecin and hydroxyurea, MEFs 
were plated at 3*10(4) (immortalized sh-p53 
MEFs) or 10(5) cells per well (primary MEFs) in 
6 well plates. 6 hours after plating, cells were 
treated and the agent was left on continuously. 

Images of metaphase spreads were captured 
using a Zeiss Axiovert S100 microscope equipped 
with a AxioCam Color camera (Zeiss 000000-
1079-024) and AxioVision software. Statistical 
significance was determined using two-tailed 
Student’s t-test. 

Sister Chromatid Exchange analysis
3*105 cells were plated in 10cm dishes. After 
24hrs, 10µM BrdU was added, incubated 40hrs, 
of which the last 4hrs in the presence of 0.2µg/ml 
Colcemid. Metaphase spreads were prepared as 
above with the following exceptions. Metaphase 
spreads were stained with Hoechst 5µg/ml 12’, 
rinsed with water and washed with water for 5’. 
Next, the slides were covered with water and 
coverslips and exposed to UV light (366nm) 1hr. 
Coverslips were removed and slides were rinsed 
using 2xSSC (Sodium Citrate buffer; 300mM 
NaCl, 30mM Trisodium Citrate), at 65°C 15’. 
Finally, coverslips were washed with water 5’ and 
stained with Giemsa. Imaging and analysis was as 
described above for metaphase spreads.

Constant Field Gel Electrophoresis (CFGE)
Cells were harvested by trypsinization and 
resuspended at 5*105 cells/ml in medium. Next, 
cells were mixed at a 1:1 ratio in 1.6% low-melting 
agarose (A4018, Sigma) and transferred to moulds 
on ice. Solidified plugs were transferred to 2ml 
eppendorf tubes containing ice-cold lysis buffer 
(0.4M EDTA, 2% Sodium N-Lauroylsarcosine, 
1mg/ml proteinase K, pH8.0), incubated on ice 
30’, and then placed at 37°C 16hrs. The plugs 
were washed and transferred to 0.8% agarose 
gels, which were run at constant field strength of 
0.6V/cm in 0.5xTBE for 40hrs. Gels were stained  
with 0.5µg/ml EtBr for 4hrs, and destained with 
distilled water for 2hrs. Fluorescence signals 
were recorded using a Fluor Chem 8000 system 
(Alpha Innotech Corporation, Biozym) and 
analyzed by ProgRes Capture Pro 2.5 software 
(Jenoptik AG). Quantification was performed 
using ImageJ software (http://rsbweb.nih.gov/
ij/). The fraction of DNA released into the gel 
(FDR), corresponding to fragmented DNA, was 
determined by calculating the fluorescence signal 
of the released DNA as a fraction of the total 
fluorescence of released DNA plus DNA remaining 
in the plug, after background subtraction. 
ROS detection
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and the next day, incubated with 10µM BrdU 
for 1hr. Cells were harvested by trypsinization, 
pelleted and resuspended in 1 ml dilution buffer 
(0.1% BSA, 0.05% Tween-20 in PBS). While 
vortexing, resuspended cells were added to 5ml 
70% ethanol through a needle (BD Microlance 
3 18G 1½“ 12x40m) and stored at 4°C at least 
o/n. Fixed cells were resuspended in freshly 
dissolved pepsin and incubated 20’ at RT. Nuclei 
were washed in dilution buffer, denatured in 2N 
HCl and neutralized in 0.1M borate. Nuclei were 
washed and incubated with anti-BrdU (Bu20a, 
Dako) 30’ at RT, washed, and then incubated 
with antimouse-FITC (Dako) 20’ at RT. Stained 
nuclei were washed and resuspended in dilution 
buffer including 10µg/ml Propidium Iodide and 
0.2mg/ml RNAse. Samples were stored at 4°C at 
least o/n before FACS analysis. Data analysis was 
performed using FlowJo software.

.
 

After at least 5 days, cells were stained as above. 

Chemicals
All chemicals used in this study were from 
Sigma unless stated otherwise. DNA-dependent 
protein kinase (DNA-PK) inhibitor NU7026 
and the ATM-kinase inhibitor Ku55933 were 
purchased from Tocris Biosciences. Olaparib 
was a kind gift from KuDOS pharmaceuticals/
AstraZeneca. These inhibitors and camptothecin 
were dissolved in DMSO. Etoposide was from 
Pharmachemie (Haarlem, The Netherlands) and 
dissolved in ethanol. HU was dissolved in water. 
Controls without inhibitors were treated with the 
respective solvent concentrations. 

Cell cycle phase analysis 
BrdU labeling and FACS analysis were performed 
as described [64]. Briefly, MEFs were plated 
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Ubiquitin-dependent signaling during the DNA damage response (DDR) to double strand 
breaks (DSBs) is initiated by two E3 ligases, RNF8 and RNF168, targeting histone H2A and 
H2AX. RNF8 is the first ligase recruited to the damage site, and RNF168 follows RNF8-
dependent ubiquitination. This suggests that RNF8 initiates H2A/H2AX ubiquitination 
with K63-linked ubiquitin chains and RNF168 extends them. Here, we show that RNF8 is 
inactive towards nucleosomal H2A, whereas RNF168 catalyzes the mono-ubiquitination 
of the histones specifically on K13-15. Structure-based mutagenesis of RNF8 and RNF168 
RING domains shows that a charged residue determines whether nucleosomal proteins 
are recognized. We find that K63 ubiquitin chains are conjugated to RNF168-dependent 
H2A/H2AX monoubiquitination at K13-15 and not on K118-119. Using a mutant of 
RNF168 unable to target histones but still catalyzing ubiquitin chains at DSBs, we show 
that ubiquitin chains per se are insufficient for signaling, but RNF168 target ubiquitination 
is required for DDR.
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RNF168 ubiquitinates K13-15 on H2A/H2AX to 
drive DNA damage signaling

of the second E3 ligase, RNF168, by its ubiquitin 
binding domains [11-13]. The concerted action 
of these ligases contributes to the ubiquitin-
dependent signals necessary for the further 
recruitment of downstream regulators of the DSB 
response pathway, such as 53BP1 and the BRCA1 
complex [15-20]. 

Very little is known about the substrate spectrum 
of the ligase activity of RNF8 and RNF168 during 
DDR. So far the main targets are histone H2A and 
its variant H2AX, where the E3s are thought to 
form K63-linked ubiquitin chains [7-13]. Because 
of their recruitment order, it has been proposed 
that RNF8 is the ligase responsible for the initial 
ubiquitination of the histones, while RNF168 is 
thought to extend the chains on this target. 

More recent data have revealed higher complexity 
to this pathway, where phosphorylation and 
sumoylation are signaling in conjunction with 

INTRODUCTION  
Ubiquitination of target proteins was discovered 
by the identification of this mark on histone 
2A (H2A) at lysine 119 [1-2]. This prevalent 
modification can be present at up to 10% 
of cellular H2A in chromatin as a result of 
ubiquitination by the E3 ligases present in the 
Polycomb repressive complex 1 (PRC1) during 
transcriptional repression [3-6]. More recently it 
was suggested that two RING-type ubiquitin E3 
ligases, RNF8 and RNF168, with roles in the DNA 
damage response (DDR) also modify H2A [7-14].

These ligases participate in the early signaling 
events of the double-strand break (DSB) repair 
pathway, where their ubiquitination   activity is 
required for proper DDR. RNF8 is the first ligase 
that binds to damaged sites in an ATM-dependent 
manner [7-10]. The E3 ligase activity of RNF8, 
conferred by its C-terminal RING domain, is 
required for the formation of ubiquitin chains 
at the site of damage to permit the recruitment 
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the ubiquitination-dependent cascade [21-23]. 
Additional ubiquitin ligases also participate in 
the damage response, such as the BRCA1/BARD1 
complex that is recruited by the actions of RNF8 
and RNF168 and is responsible for downstream 
signaling [15-17], the HECT-type E3 HERC2 
that is recruited by RNF8 in a phosphorylation 
dependent manner and appears to have different 
substrate spectrum than the RING-type ligases 
RNF8 and RNF168 [24], RAD18 and the negative 
regulator RNF169 whose involvement in DSB 
repair was recently described [25-26]. Also the 
polycomb Ring1B/Bmi1 complex is implicated in 
the DSB response, where its activity toward K119 
of histone H2A appears to be important [27-33]. 
In this complex scenario, the current literature 
lacks biochemical details to clarify the molecular 
events that define the DNA damage-dependent 
H2A/H2AX ubiquitination orchestrated by RNF8 
and RNF168.

Here, we study the mechanism of RNF168 and 
RNF8. Surprisingly we find that the first step 
of H2A ubiquitination is catalyzed by RNF168, 
while RNF8 is inactive toward this target. To 
confirm this finding, we solve the structure of 
the catalytic RING domain of RNF8 to find the 
region that is responsible for target specificity for 
these ligases. Using specific single-point target 
recognition mutants we validate the importance 
of this region on RING domains for the function 
of these E3s in vitro and in vivo. 

We find that RNF168-dependent H2A 
ubiquitination during DDR takes place at a 
previously unknown site on H2A, on K13 or 
15. We also show that K63 ubiquitin chains are 
specifically formed on this site and not on the 
Polycomb-modified residue. We find that RNF8 
is efficient in catalyzing these chains in vitro on 
the already ubiquitinated histone. Interestingly 
we show that it is this target ubiquitination step 
by RNF168 that is critical for the integrity of the 
DDR pathway. 

RESULTS
RNF168 efficiently modifies H2A in nucleosomes 
in vitro, and RNF8 is inactive toward this target.
In order to understand the molecular details of 
the early steps of the DSB repair pathway, we 
reconstituted in vitro the reactions carried out 

by RNF8 and RNF168 toward H2A using purified 
human oligonucleosomes as substrate.  

We first assessed the intrinsic activity of these 
ligases in catalyzing the formation of ubiquitin 
chains in vitro in absence of the target. Purified 
full-length human RNF8 or RNF168, as well as 
their isolated RING domains (Figure 1A) were 
incubated with E1, Mg2+, ATP, ubiquitin and a set 
of E2s. The formation of ubiquitin chains was 
followed by western blot analysis and in these 
assays both E3 ligases were active with several 
E2s. RNF8 showed high activity particularly 
with UbcH5c and the Ubc13/Mms2 complex, 
depleting the pool of free ubiquitin (Figure 1B 
and S1A). Although the activity of RNF168 was 
lower, it still promoted ubiquitin conjugation with 
these E2 enzymes (Figure 1B and S1B).

Previous studies have shown that both RNF8 and 
RNF168 are active toward isolated purified histone 
proteins [9, 11, 13]. In our hands, both E3 ligases 
ubiquitinate H2A in its free form, or in presence 
of the other histones without DNA (Figure 1C). 
However on purified oligonucleosomes, where 
the histone octamer is surrounded by DNA only 
RNF168 maintains its capacity to target H2A, 
primarily with the E2 UbcH5c. In contrast, full-
length RNF8 and its RING domain are extremely 
inefficient in modifying nucleosomal H2A 
with any of the E2s (Figure 1C-D and S1C-F). 
Comparable results were obtained for histone 
H2AX (Figure 1E). Additionally, from the analysis 
of the other histone proteins in nucleosomes we 
see that RNF168 can target H2B, but not H3 and 
H4, to a lower extent than the H2A-type histones 
(Figure S1G) while RNF8 is inactive.

The finding that RNF168 targets H2A/H2AX 
efficiently, whereas RNF8 is inactive, contrasts 
with the order of recruitment of these ligases to 
the damage site, and thus challenges the current 
view on the order of events of H2A ubiquitination 
by RNF8 and RNF168 in the DDR. 

Crystal structure of the RING domain of RNF8
RNF8 is capable of modifying H2A in isolation, 
but it is inactive when the histone is in its most 
common form within the nucleosome. We 
determined the crystal structure of the RING 
domain of RNF8 to understand the molecular 
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determinants of this target specificity. The 
structure was solved at 1.9 Å resolution using 
the anomalous signal of the Zinc ions (Figure 
2A), with R/Rfree of 20.0/22.6% and excellent 
stereochemistry (Table S1). The Zinc-binding 
region in the RING (403-441) forms the canonical 
structure with two Zn2+ ions coordinated by 
the C3HC4 motif. It resembles other RING 
structures, including the recently determined 
RNF168 monomer (PDB: 3L11, rmsd 2.0 Å for the 
monomer) (Figure 2B) [34]. 

The RNF8 RING domain forms a dimer through 
interactions of the core RING domain and 
flanking regions in a manner that resembles 
other dimeric RING dimers such as Ring1B/Bmi1 
[5-6], BRCA1/BARD1 [35], RAD18 [36] and the 
U-box protein CHIP [37] (Figure 2B), but with 
an extended buried interface (~2000 Å2), due to 
long N-terminal helices that fully contribute to 
the dimer interface, in accordance with the low 
resolution structure recently published [34]. 
We used SAXS (Small Angle X-ray Scattering) [38-

39] to study the shape of the RNF8 RING domain 
and confirmed the extended arrangement of 
these helices in solution. Ab initio modeling 
based on these SAXS measurements resulted in 
a molecular shape that fits the crystal structure 
well (Figure 2C and S2A).

In the crystal structure, these N-terminal helices 
adopt 35o different orientations in each protomer 
within the dimer, revealing the possibility of a 
structural asymmetry that was also observed 
in full-length CHIP [37] (Figure 2D). Although 
most likely due to crystal contacts, the point of 
asymmetry is conserved between RNF8 and CHIP 
(Figure S2B). In general, structural and functional 
asymmetry seems to be a conserved feature in 
this class of E3-ligases, where, e.g., in Ring1B/
Bmi1, BRCA1/BARD1, RAD18, and CHIP only one 
protomer is active [5, 35-37, 40-41].

Identification of a target recognition site on 
RING domains explains the differences in 
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as above) with 1µM E3. Concentration series is shown in Figure S1E. E. RNF168 can modify H2AX in nucleosomes and RNF8 does 
not (3hrs). Ring (R), Full-length (F). See also Figure S1.
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When we superimposed the RING domains 
in these structures (Figure 3A) we noted a 
significant deviation located just C-terminal to 
the last cysteine of the RING motif, flanked by a 
charged residue, that is negative in RNF8 (D443), 
but positively charged in RNF168 (R57) and 
Ring1B (K93).

activity toward H2A in nucleosomes
We compared the crystal structure of RNF8, 
which is inactive against nucleosomal H2A, with 
crystal structures of two E3 ligases that can 
catalyze H2A mono ubiquitination, RNF168 and 
Ring1B. This allowed us to search for regions 
involved in substrate recognition in these E3s. 

A N

N

C C

90°

chain A

chain B

N

chain A

chain B
N

C

C

Brca1/Bard1Rnf168 Ring1B/Bmi1

B

C

90°

scattering curve
theoretical curve

s = 4�sin(θ)/λ

lo
g(

I)

27.5 (27.4)103 (104)

Dmax (Å) Rg (Å)
D chain A

chain B

35˚

0.0 0.1 0.2 0.3 0.4
0.01

0.1

1

10

100

Figure 2. Structure of RNF8 RING homodimer.
A. Cartoon representation of the crystal structure of the dimeric RING domain of RNF8 (residues 351-483 (chain A) and 359-
485 (chain B) could be built in density, Zn2+ grey spheres). Front and 90° rotated view. N and C termini are highlighted. B. The 
RNF8 heterodimer resembles other RING E3 ligases: RNF168 monomer (magenta, PDB: 3L11), Ring1B/Bmi1 (blue, PDB: 2CKL), 
BRCA1/BARD1 (green, PDB: 1JM7). Superpositions with RNF8 shown without the extended N-terminal helices for clarity. C. SAXS 
analysis of the RNF8 RING domain. Plot of the scattering curve used for analysis and theoretical curve calculated from the crystal 
structure. Ab initio model (shown as light gray surface, derived from DAMAVER) based on SAXS measurements superposed to the 
crystal structure (orange cartoon). Table shows calculated values and expected ones are in brackets based on crystal structure. D. 
Superposition of chain A and B of the RNF8 RING dimer shows asymmetry due to a kink of the N-terminal flanking helices of 35°. 
Images were prepared using GraphPad Prism and PyMOL. See also Figure S2 and Table S1.

Figure 3. Determination of substrate recognition site in E3 RING domains. 
A. Superposition of RNF8, Ring1B and RNF168 RING domain structures (shown without RNF8 flanking helices) and structure based 
sequence alignment of the RING domains (with RNF8 secondary structure and numbering) reveals differences downstream of 
the core RING domain (red box highlights the core Zn-binding RING domain, Zn coordinating residues in red). The residue that is 
positively charged in E3 ligases targeting H2A (Ring1B, RNF168) but negative in RNF8, that does not modify H2A in nucleosomes 
is shown (blue star in alignment, zoom and surface charge (blue positive, red negative), in boxes below). B. R57D mutation in full-
length RNF168 causes loss-of-function toward H2A in nucleosomes (for anti-ubiquitin blot of these samples, Figure S3A). C. Full-
length RNF168 R57D is not affected in ubiquitin chain formation capacity, time course experiment (10-30-90-180 min) performed 
with UbcH5c and in absence of oligonucleosomes (RING domain shown in Figure S3B). D. Single turnover E2 discharge is not affected 
by R57D mutation. Graphs showing UbcH5c discharge rates for full-length RNF168 WT and R57D (0.5 µM concentration E3). Mean 
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and Standard Deviation (SD) calculated on two independent experiments, and example SDS-PAGE used for analysis in Figure S3C. E. 
Gain-of-function D443R mutation in full-length RNF8 confers ability to ubiquitinate H2A with UbcH5c but to a lesser extent than the 
RING domain (for anti-ubiquitin blot of these samples, Figure S3D, time course assay Figure S3I). F. D443R mutation in full-length 
RNF8 does not affect ubiquitin chain forming capacity, time course experiment (10-30-90-180 min) performed with UbcH5c and in 
absence of oligonucleosomes (Figure S3E shows experiment for the RING domain). G. Single-turnover E2 discharge is not affected 
by D443R mutation. Graphs showing UbcH5c discharge rates for full-length RNF8 WT and D443R (0.1 µM concentration E3). Mean 
and SD calculated on two independent experiments, example SDS-PAGE used for analysis in Figure S3F. Assays shown in panels C 
and F are performed with 15 µM of ubiquitin. E3 concentration series in panel B and E (0.17-0.5-1.5 μM). * Background bands. 
Alignment was done using ESPript. Images were prepared using GraphPad Prism, PyMOL and CCP4mg (electrostatic potential). Ring 
(R), Full-length (F). See also Figure S3.
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contribute to this recognition.

RNF168 modifies Lys13 or 15 on H2A and H2AX 
in vitro and in vivo
Our findings suggest that the E3 initiating H2A/
H2AX monoubiquitination during DSB signaling is 
RNF168. Because in vitro RNF168 and UbcH5c are 
able to attach more than one ubiquitin moiety to 
H2A/H2AX, we tested if these were chains using a 
ubiquitin variant without lysines (Ub K0). We still 
observe multiple bands, showing that RNF168 
catalyzes multiple monoubiquitination of the 
histone, rather than forming chains, in these in 
vitro experiments (Figure 4A). 

So far, the known site of monoubiquitination 
on H2A is K119 and in case of a mutation of this 
lysine, K118. These are targeted by the Polycomb 
PRC1 complex, where the Ring1B/Bmi1 dimer is 
the main E3 ligase [3]. We wanted to investigate 
the site of ubiquitination of RNF168 in vitro and 
in vivo. 

Using purified oligonucleosomes that contain 
mutated FLAG-tagged H2A variants, we show 
that RNF168 does not target the same site as 
Ring1B. In vitro we observe a preference for 
K13-15 (Figure 4B), as shown by its reduced 
ability to modify the K13-15R nucleosomal H2A 
variant. The RING domain construct of RNF168 is 
sufficient to provide specificity for these lysines 
(Figure S4B) and mutation of the ubiquitin 
binding domains MIU1 (A179G) [11-13] or UMI 
(L149A) [43] on this construct do not affect its 
specificity (Figure S4B). 

Interestingly the specificity for K13-15 of RNF168 
is not present against the isolated H2A (Figure 
S4C). Like the specificity of RNF168 itself, as 
reflected by the R57D mutant (Figure S3J), the 
specificity for the H2A site seems to rely on 
higher order organization in the nucleosome. 

In contrast to RNF168, Ring1B/Bmi1 has high 
specificity for K118-119, while the K13-15R 
mutation does not significantly affect its ability to 
target H2A in nucleosomes (Figure 4C).
 
K13-15 are located on the N-terminal tail of H2A 
whereas K118-119 are at the C-terminus. As the 
H2A fold crosses the nucleosome, both tails are 

We inverted the charges at this single site on both 
the RING domain and the full-length proteins to 
analyze the importance of this charged residue 
for the activity of the ligases. 

Interestingly, in RNF168 a R57D mutation, which 
does not affect the monomeric nature of the 
protein (Figure S3G), fully abolishes its ability 
to ubiquitinate H2A in nucleosomes (Figure 3B). 
Importantly, this single point mutation hardly 
affects the formation of ubiquitin chains by 
RNF168 (Figure 3C). It also does not affect the 
rate of discharging ubiquitin from the E2 enzyme 
UbcH5c, as shown in single turnover experiments 
on pre-charged UbcH5c~ubiquitin (Figure 3D and 
S3A-C). Apparently this site is important for target 
specificity but not for ubiquitin chain formation. 

On the other hand, the reverse change in charge 
at this site (D443R) in RNF8, confers the ability 
to the RING domain construct to target H2A in 
nucleosomes (Figure 3E, time course in Figure 
S3I). Again, the mutation has no effect on the 
ability to form unanchored ubiquitin chains nor 
on the rate of discharging the E2 (Figure 3F-G and 
S3D-F). The gain-of-function, though present, 
is much less for the full-length RNF8 protein 
toward the H2A target, suggesting that substrate 
recognition in RNF8 may be further controlled by 
regions outside the RING domain.

The structural equivalent mutation in the Ring1B 
RING domain (K93D) inhibited the E3 ligase 
function of the RING domain dimer of Ring1B/
Bmi1 toward nucleosomal H2A (Figure S3H), 
in accordance with recent data that identifies 
this small loop as DNA binding region in Ring1B 
[42]. In contrast, we could not detect significant 
binding to DNA by the RING domain of RNF168 
(affinity weaker than 100 µM in 150 mM NaCl). 
Interestingly RNF168 R57D still modifies free 
H2A, but it clearly has reduced activity when 
other histones proteins are present (Figure S3J) 
indicating that nucleosomal proteins are also 
important for substrate recognition by this region 
in RNF168.
 
Apparently this site near the RING domain 
can either positively or negatively determine 
recognition of nucleosomal H2A by these E3 
ligases and different aspects of the nucleosome 
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site is much more exposed. This site is close to 
the C-terminal tail of histone H2B (Figure S4A). 
Functionally one could therefore expect different 
downstream consequences to signals that 

at the DNA interface, but diametrically opposite 
on the nucleosome rim (Figure S4A) [44] . The 
K118-119 is located between the incoming and 
leaving strand of the DNA, whereas the K13-15 
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Figure 4. RNF168 modifies K13-15 on H2A and H2AX in vitro and in vivo. 
A. In vitro time course assay (10-30-90-180 min) to compare RNF168 activity with UbcH5c toward nucleosomal H2A with WT or 
K0 mutant ubiquitin. The Ub K0 reaction is slower because of surface changes. B. Time course assay (10-30-90-180 min) with 
oligonucleosomes containing different mutants of FLAG-tagged H2A. C. Full-length Ring1B/Bmi1 (RB) and RNF168 have different 
site specificity on H2A in nucleosomes. 2hr assay performed with oligonucleosomes containing FLAG-tagged H2A constructs. 
Ubiquitin was used at 5 µM concentration in (B) and (C). D. γH2AX IP from WT MEFs or knockout for H2ax and reconstituted 
with different FLAG-H2AX constructs shows presence of a ubiquitinated form of H2AX only when K13-15 are present. E. FLAG IP 
from H2ax-/- MEFs reconstituted with different FLAG-H2AX constructs to test DNA-damage dependence of K13-15 ubiquitination. 
F. FLAG IP from HEK293T cells transiently transfected with different cDNA of FLAG-H2A mutants shows that ubiquitination on 
K13-15 is increased after IR. G-H. FLAG IP from HEK293T cells transiently transfected with different siRNA and cDNA of FLAG-H2A 
mutants shows that RNF168 is responsible for K13-15 modification. BRCA1 knockdown has no significant effect, while depletion 
of RNF8 affects the total level of the modification and its IR-dependence, confirming a role for RNF8 in recruiting RNF168. Control 
qRT-PCRs are shown in Figure S4F-G. I. Quantification of K13-15 H2A ubiquitination after treatment with different siRNAs. Data is 
shown relative to the siRNF168 condition in absence of IR. Error bars show SEM (standard error of the mean) calculated from 3 
independent experiments used for each condition. In anti-FLAG blots on panels F-H, secondary anti-mouse antibodies specific for 
heavy chain were used. * Background bands. See also Figure S4.
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formed on K13-15 in vivo. 
Previous studies have proposed that K63 linked 
ubiquitin chains attached to H2A/H2AX and 
formed by RNF8 and RNF168 are the functional 
signal for the DSB repair pathway [18-19].

To understand how these two ligases can 
achieve this modification on the histones, we 
studied a possible collaboration between these 
enzymes. As shown in Figure 4A, RNF168 can 
provide multiple monoubiquitination of H2A in 
nucleosomes incubated with the E2 UbcH5c. We 
observed that no additional activity was induced 
when RNF8 is added to this reaction (Figure 5A).

Because the E2 Ubc13 is important for the DSB 
pathway [7, 12, 46] and catalyzes K63 chains 
when complexed with the UEV cognate proteins 
[47], we included this E2 in our assays. In presence 
of both E3s and of both E2s, UbcH5c and the 
complex Ubc13/Mms2, there was a significant 
increase of chains on H2A, that is dependent on 
both E2s and both E3 ligases (Figure 5A and S5A). 
These chains were not formed if Mms2 (UEV2) 
was omitted (Figure S5B).

To confirm that the RNF8 dependent ubiquitin 
chains on H2A are K63-linked, we performed a 
denaturing IP on nucleosomes containing FLAG-
tagged H2A upon incubation with the ubiquitin 
machinery followed by immunoblotting with the 
specific anti-K63 antibodies [48] (Figure 5B). We 
observed only minor K63 modification if RNF8 
is omitted from the reaction (Figure 5B). Similar 
results were obtained using a K63R mutant 
ubiquitin in the reaction (Figure S5C). These 
results confirm that, although a minor activity is 
retained by RNF168, K63 chains on histone H2A 
in nucleosomes are efficiently extended in vitro 
by RNF8 and Ubc13/Mms2, once the histone is 
monoubiquitinated.

Using a two-step assay, where we prime H2A for 
ubiquitination with RNF168 and UbcH5c and later 
add RNF8 and Ubc13/Mms2 we show that the 
two reactions are uncoupled. The priming activity 
of RNF168 and UbcH5c is required for chain 
formation, because the use of a ligase-inactive 
mutant [49] of RNF168 results in unmodified H2A 
(Figure 5C). Furthermore, the addition of RNF8 
and Ubc13/Mms2 on other monoubiquitinated 

arise from the RNF168- versus the Polycomb-
dependent modification. 

To validate our results in the cellular context, 
we used H2ax-/- Mouse Embryonic Fibroblasts 
(MEFs) [45]. We reconstituted them with 
different mutants of H2AX (Figure S4D) and 
tested whether we could detect a modification 
of the histone at this site. We used the K118-
119R H2AX mutant to remove the background 
Polycomb-dependent monoubiquitination. When 
we immunoprecipitated γH2AX after Ionizing 
Radiation (IR) treatment, we could observe 
a band corresponding to monoubiquitinated 
H2AX protein. This band was not present when 
K13-15 were also mutated, confirming that the 
modification takes place on these N-terminal 
residues (Figure 4D). This modification was 
induced by DNA damage as we could see that the 
ubiquitination at K13-15 was increased upon IR 
(Figure 4E and S4E). 

Comparable results were obtained in human 
293T cells where we introduced mutants of 
FLAG-H2A. Upon immunoprecipitation of the 
histone we could observe a damage-dependent 
ubiquitination, only when K13-15 were present 
(Figure 4F and S4E). This specific modification 
was fully abolished when RNF168 was depleted 
in these cells, confirming that this ligase is 
responsible for the monoubiquitination of H2A at 
K13-15 (Figure 4G and S4F). 

Two major E3 ligases are also known to take part 
in DDR after DSBs: RNF8, that acts upstream 
of RNF168 allowing its recruitment [11-13] 
and BRCA1, that is thought to act downstream 
of RNF168 [15-16]. When we depleted RNF8 
in these experiments, we observed a overall 
decrease of the signal and the loss of IR-
dependent induction, confirming the role of 
RNF8 in recruiting RNF168 to chromatin in 
DDR and suggesting that a background K13-
15 modification is present in these cells due to 
RNF168 activity (Figure 4H-I and S4G). Depletion 
of BRCA1 did not significantly affect the K13-15 
ubiquitination mark, supporting the fact that 
K13-15 modification is an early event in the DSB 
signaling (Figure 4H-I and S4F-G). 

K63-linked ubiquitin chains on H2A/H2AX are 
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efficiently achieved with a two-step reaction 
where two separate E2/E3 pairs are involved: 
RNF168 and UbcH5c are responsible for 
the priming of H2A, and RNF8 and Ubc13/
Mms2 catalyze the chain extension of the 
monoubiquitinated protein. Such a two-step 
mechanism, where priming and chain extension 
are dependent on different ligases, provides tight 

substrates (e.g. H2A ubiquitinated by Ring1B, 
PCNA [50], or H2B) also leads to K63 chain 
formation on these substrates (Figures S5D and 
S5F), suggesting that the Ubc13/RNF8 E2/E3 
pair can efficiently extend ubiquitin chains on 
previously monoubiquitinated proteins.

The formation of K63 chains on H2A in vitro is 
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Figure 5. K63 linked ubiquitin chains on H2A and H2AX are specifically conjugated to K13-15.
A. When RNF8 is added to UbcH5c and RNF168, no additional activity is observed towards H2A (lane 5-6) over RNF168 activity. 
When Ubc13/Mms2 is added, RNF8 makes chains on ubiquitinated H2A (lane 11-12). B. Denaturing FLAG IP was performed after 
in vitro assay where nucleosomes contained FLAG-H2A. RNF8 efficiently forms K63 ubiquitin chains, while only mild activitity is 
seen by RNF168. Ubc13/Mms2 was used in equimolar amounts compared to UbcH5c (0.5 μM) and at higher concentration (0.8 
μM). C. Two-step assay, where nucleosomes were first incubated with RNF168 and UbcH5c to yield mono-ubiquitination and then 
Ubc13/Mms2 and RNF8 constructs were added to the samples to catalyze K63 chains. RNF8-dependent ubiquitin chain extension is 
dependent on the catalytic activity of RNF168. GST-tagged RNF168 wt and Ile18Ala (IA) were used. * Background bands. D. FLAG IP 
from HEK293T cells transiently transfected with GFP-RNF168 or GFP-RNF8 and FLAG-H2A. No additional ubiquitination of H2A was 
seen when RNF8 was overexpressed. E. Denaturing FLAG IP from HEK293T cells transiently transfected with GFP-RNF168, different 
siRNAs and FLAG-H2A (WT in left panel, K118-119R in right panel). K63 chains on H2A are dependent on RNF8. Control qRT-PCRs 
for RNF8 mRNA levels are shown in figure S5H. F. K63 chains are specifically formed on K13-15 of H2A. Denaturing FLAG IP from 
HEK293T cells transiently transfected with GFP-RNF168 and different FLAG-H2A constructs. K63 chains were visualized using the 
Genentech anti-K63 antibodies. See also Figure S5.
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dependent H2A monoubiquitination tightly 
directs the location of K63 ubiquitin chains during 
DSB repair and suggest a role for RNF8 in chain 
extension on this site on H2A.

Target ubiquitination is required for proper DSB 
signaling
To test whether these findings concerning the 
specific site of ubiquitination and the order of 
events that leads to H2A/H2AX modification 
are relevant during DSB signaling we followed 
recruitment of factors such as 53BP1 and BRCA1 
to DSBs upon DNA damage. 

In H2ax-/- MEFs reconstituted with lysine mutant 
variants of H2AX we were unable to observe 
any significant differences in the recruitment of 
53BP1 and BRCA1 to the sites of damage (Figure 
S6A) indicating that the presence of endogenous 
wild-type (WT) H2A is sufficient to allow proper 
signaling. The large number of genes (~16) 
encoding for histone H2A precludes decreasing 
the levels of endogenous protein. Therefore we 
took advantage of the RNF168 target recognition 
site mutant (R57D) to address whether H2A/
H2AX modification is an important step in the 
ubiquitin-dependent DSB signaling. 

First, we tested whether this single point mutation 
also abolishes H2A/H2AX ubiquitination in cells. 
Therefore we expressed RNF168 and its loss-of-
function mutant R57D in human 293T cells and 
monitored their ability to target the histone. 
Wild-type RNF168 strongly enhances H2A 
ubiquitination and allows K63 chain formation, 
while the R57D mutant is inactive toward H2A/
H2AX (Figure 6A and S6B for H2AX), confirming 
that this charge reversal affects the target 
modification also in vivo.

To assess the integrity of the DSB signaling 
pathway in presence of this RNF168 mutant, we 
depleted U2OS cells of endogenous RNF168. As 
shown by others, this renders the cells unable 
to accumulate ubiquitin chains at the site of 
damage, which in turn impairs recruitment of 
RAP80, BRCA1 and 53BP1 (Figure 6B-C). 

We then reconstituted these cells with siRNA-
resistant constructs of either RNF168 WT or 
R57D mutant. As expected the WT protein 

regulation of target modification as shown for the 
poly-ubiquitination of the replication factor PCNA 
[51]. 

We wanted to investigate K63-linked ubiquitin 
chain formation in cells during DSB signaling. 
We initially set out to monitor the chain 
formation on endogenous histones and therefore 
immunoprecipitated γH2AX after IR in different 
cell lines. However, we were never able to observe 
this type of chains (Figure S5G) suggesting that 
cellular levels of this modification are low or very 
transient.

To increase the level of monoubiquitinated H2A 
in vivo, we elevated the expression of RNF168. 
Interestingly, this resulted in robust K63 ubiquitin 
chains, specifically conjugated to H2A, as 
observed after denaturating IP of the histone in 
absence of IR (Figure 5D). Expression of RNF168 
is sufficient to drive this poly-ubiquitination, 
while RNF8 does not induce this modification 
(Figure 5D). Nevertheless, this ubiquitination 
appears to be RNF8 dependent, as depletion of 
RNF8 in these cells causes a drastic reduction of 
this polyubiquitin chain consistent with our in 
vitro data (Figure 5E and S5H). Further unraveling 
of the relative contributions of RNF8 and RNF168 
to H2A ubiquitination is complicated by the 
tight inter-relation between RNF8 and RNF168 
functions during DDR, where activity of RNF168 is 
dependent on its recruitment by RNF8 and where 
RNF168-dependent H2A monoubiquitination is 
required for chain extension.

Interestingly, K63 poly-ubiquitin chains are not 
formed when K13-15 are mutated, whereas the 
mutation of K118-119 does not significantly affect 
ubiquitin chain formation on H2A (Figure 5E-F). 
Thus the K63 chain formation takes place on K13-
15 and not on the Polycomb ubiquitination site 
in vivo. 

This monoubiquitination by RNF168 in cells 
is specifically targeted to H2A-type histone, 
because no increase in H2B ubiquitination was 
observed upon nondenaturing IP of histone 
proteins, despite the proximity of the H2B tail to 
the K13-15 site (10-15 Å) (Figure S5I). 

These results demonstrate that RNF168-
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53BP1 (Figure 6B-C). 

However, in contrast to RNF168 knockdown, 
complementation with this mutant resulted in 

fully restored the pathway, allowing accrual 
of downstream DSB factors (Figure 6B-C). In 
contrast the mutant RNF168 R57D was not able 
to drive the recruitment of RAP80, BRCA1 and 
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Figure 6. RNF168-dependent target ubiquitination is required for proper DSB signaling. 
A. Loss-of-function mutation R57D in RNF168 inhibits the ligase toward H2A in cells. Denaturing FLAG IP from HEK293T cells 
transiently transfected with GFP-RNF168 constructs and FLAG-H2A. B. Loss-of-function in RNF168 affects recruitment of RAP80, 
BRCA1 and 53BP1 to DNA damage foci. U2OS cells were transfected with siRNA against RNF168 and with GFP-tagged siRNA-
resistant constructs of either empty vector, WT RNF168 or RNF168 R57D, treated with 2 Gy and stained for recruitment of indicated 
molecules 1hr after irradiation. The R57D mutant rescues FK2 staining but not recruitment of downstream factors indicating that 
the H2A modification is critical for damage response. C. Quantification of transfected cells with foci for the different markers shown 
in panel B. Error bars show the SEM calculated from 2 independent experiments where 50 cells were counted per condition. D. 
Quantification of the total signal present in foci per cell for FK2 and 53BP1 based on 2 independent experiments similar to the ones 
shown in panel B. Error bars show the SEM. At least 30 cells were counted per condition in each experiment. See also Figure S6.
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described as the first ligase to target these 
histones for ubiquitination, while RNF168 was 
thought to be involved in the extension of such 
modification. Interestingly, we show that the 
previously described order of recruitment for 
these ligases does not predict the order in which 
they target H2A/H2AX (Figure 7).

We show that histone ubiquitination during the 
DSB pathway is initiated by RNF168 on H2A and 
H2AX, whereas RNF8 is inactive toward them 
(Figure 1). This finding is further explained by 
our structure-based mutagenesis, where we 
identify a single residue that is responsible for 
target recognition in the RING domain of these 
ligases (Figure 2-3). Mutation at this site affects 
H2A/H2AX modification but does not alter the 
ubiquitin chain forming capacity of these ligases, 
in vitro or in vivo (Figure 3). 

We identify an H2A/H2AX ubiquitination site for 
the activity of RNF168, K13-15 (Figure 4). We 
show that during DDR, K63 chains are formed 
specifically on this site, which distinguishes 
the DNA damage induced modification from 
Polycomb-mediated K119 monoubiquitination 
(Figure 5). Importantly, we show that histone 
modification at the damage site is required 
for proper DSB signaling, because the mere 
formation of ubiquitin chains is not sufficient to 
drive the response pathway (Figure 6).

Revised model for RNF8 function in H2A/H2AX 
ubiquitination during DSB signaling
Our findings challenge the current model for H2A/
H2AX ubiquitination during DSB signaling. Once 
RNF8 accumulates at the lesions, its catalytic 

significant formation of ubiquitin chains at the 
site of damage, as seen by FK2 staining (Figure 
6B-C). This finding reflects the in vitro results, 
where the R57D mutation does not affect chain 
formation by RNF168. Notably, these ubiquitin 
chains stain positive for K63, but not K48 chains 
(Figure S6C-D), in line with published data 
showing that K48 chains occur at earlier time 
points after damage as a result of RNF8 activity 
and are independent of RNF168 [52-54]. 

It is unclear what the docking site of these 
RNF168-dependent ubiquitin chains is, although 
autoubiquitination of the ligase could play a role. 
The total FK2 signal in foci per cell expressing 
RNF168 R57D mutant is lower than for cells 
complemented with WT protein (Figure 6D), 
consistent with the lack of chains on H2A/
H2AX. Although this signal is comparable to the 
endogenous FK2 signal in control cells (siCTRL), 
the RNF168 R57D mutant does not rescue 53BP1 
recruitment (Figure 6D) showing that ubiquitin 
chains themselves are not sufficient to signal, but 
that H2A/H2AX ubiquitination is the crucial signal 
that drives DSB signaling.

Overall these results show that proper 
modification of H2A is necessary for recruitment 
of downstream effector proteins in the DDR, 
while the presence of K63 ubiquitin chains per se 
is not sufficient for signaling.

DISCUSSION
Our study sheds light on the molecular details 
of the ubiquitination of H2A/H2AX during DSB 
signaling. Based on the order of their recruitment 
to the site of damage, RNF8 was previously 

Figure 7. Proposed model for RNF8- and RNF168-dependent activity at DSBs.
RNF168 is recruited to DSBs by the activity of RNF8 towards a nonnucleosomal target. RNF168 mono-ubiquitinates H2A-type 
histones on K13-15 and this leads to K63 Ub chain formation on these lysines, which is required for proper DSB signaling.
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the DDR, but since they are located on opposite 
sides of the nucleosome (Figure S4A) they could 
provide independent signals in the DDR. On the 
one hand, monoubiquitination of K119 could 
be important for the transcriptional silencing of 
the regions around the damage, as previously 
suggested [30, 59]. On the other hand the K13-15 
polyubiquitination could represent a signal that 
not only allows the recruitment of downstream 
proteins of the DSB cascade through the K63 
chain (e.g., RAP80 binding), but also might 
induce nucleosomal rearrangements that are 
important during the assembly of the repair 
machinery through the actual location of this 
ubiquitination. In fact, K13-15 of H2A are located 
in proximity to K120 of H2B, which is also a target 
for monoubiquitination in late DSB signaling and 
in actively transcribed regions where it favors the 
opening of chromatin [60-62] . This could suggest 
that RNF168-dependent ubiquitination at K13-
15 might induce similar open conformations 
of the chromatin around the site of damage. It 
is an interesting question whether the site of 
attachment of these ubiquitin chains might act 
as a more complex regulator of the chromatin 
organization around the damage rather than 
merely a recruitment station.

EXPERIMENTAL PROCEDURES
Details of experiments are presented in the 
Supplemental Experimental Procedures.

Cell culture and generation of DSBs.
Mouse Embryonic Fibroblasts (MEFs) were 
received from A. Nussenzweig. All cell lines were 
cultured in DMEM containing 10% Fetal Bovine 
Serum (FBS). H2ax-/- and wild-type MEFs were 
cultured at 3% oxygen concentration. Retroviruses 
carrying FLAG-tagged H2AX constructs were used 
to generate reconstituted stable cell lines. IR was 
delivered using a 137Cs irradiation unit with a dose 
rate of 1 Gy/min. 

Protein preparations and crystallography
Full-length RNF8 and Ring1B/Bmi1 were 
expressed in insect cells, RNF168 and the RING 
domain constructs were made in Escherichia coli. 
Oligonucleosomes were purified from human 
cells as described [5]. Crystals were grown of the 
RNF8 RING domain (351-485). Crystallographic 
data collection and refinement statistics are 

activity is required to form ubiquitin chains that 
will recruit RNF168 [11-13]. In this study we 
provide evidence that RNF168 is the priming 
ligase for histones; therefore, the chains that are 
responsible for the recruitment of RNF168 must 
be conjugated to a different substrate (Figure 
7). RNF8 was recently suggested to be involved 
in the ubiquitination of other proteins localized 
at the site of damage [52-53, 55-56], These and 
possibly more yet to be discovered ubiquitination 
products of RNF8 might be the docking site 
for the recruitment of RNF168. Additionally, 
we show that RNF8 is highly active in making 
ubiquitin chains (Figure 1B), suggesting that RNF8 
could catalyze free chains in proximity of the site 
of damage similarly to what happens with K63 
ubiquitin chains during the NF-kB signaling [57].

Once RNF168 is recruited to the DSB, it will initiate 
H2A/H2AX ubiquitination on K13-15, where K63 
chains will then be extended (Figure 7). We show 
that in vitro RNF8 efficiently catalyzes formation 
of this type of chains on the ubiquitinated 
histones, suggesting that collaboration between 
the two ligases can take place on H2A/H2AX, with 
RNF168 catalyzing the priming reaction and RNF8 
efficiently extending the K63 chains. 

Distinct monoubiquitination sites on H2A/H2AX 
may signal differently
Our study shows that RNF168 is responsible for 
a ubiquitination on histone H2A/H2AX on K13-
15, a different site than the known Polycomb site 
K118-119. Interestingly, our nucleosomal H2A 
targeting site on the E3 ligases does not account 
for this H2A lysine specificity, since Ring1B and 
RNF168 both have a positive charged targeting 
site, but differ in lysine choice.

We provide evidence that K63 chains are 
specifically formed on the DDR dependent K13-
15 ubiquitination site, suggesting that during 
DSB signaling the priming reaction of RNF168 is 
important to tightly control the pathway and to 
maintain distinct ubiquitin signals on the same 
target, H2A/H2AX.
 
Recent studies show involvement of the 
polycomb E3 ligase proteins Ring1B/Bmi1 in 
the DSB repair pathway [28-33, 58]. Apparently 
both modifications on H2A are important during 
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Cells were damaged with ionizing radiation (2 
Gy) 48hrs after siRNA transfection and fixed in 
2% paraformaldehyde in presence of 0.1% Triton 
X-100 1hr after damage. Coverslips were washed 
and incubated at room temperature with primary 
antibody for 1hr. After incubation for 1hr with 
secondary antibody, samples were embedded in 
DAPI containing Vectashield mounting medium 

(Vector). Quantifications were done using 
confocal images, analyzed by the Fiji Software. 

ACCESSION NUMBER
Coordinate and structure factor were deposited 
in the Protein Data Bank under identification 
code 4AYC.

SUPPLEMENTAL DATA
The Supplemental Data includes Supplemental 
Experimental Procedures and 6 supplemental 
figures (39 panels).
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shown in Supplemental Table S1.

Small Angle X-ray Scattering (SAXS)
Samples for the small angle x-ray scattering 
(SAXS) experiments were prepared in five 
different concentrations (from 0.4 to 7 mg/ml) in 
gel-filtration buffer. Data were collected at EMBL 
Hamburg (beamline X33). Data were analyzed 
using the ATSAS software package [63]. 

In vitro ubiquitination assays
Purified human Uba1 at 0.2-0.6 µM was mixed 
with E2s (0.5 µM), the E3 ligases (0.5-2 µM), 
ubiquitin (100 μM in all assays unless otherwise 
stated), ATP (3mM) and 10 μM of H2A in 
oligonucleosomes. The reactions were incubated 
at 32 oC for 3 hr (unless otherwise stated) in 
buffer 50 mM Tris/HCl (pH 7.5), 100 mM NaCl, 
10 mM MgCl2, 1 µM ZnCl2, 1 mM TCEP. Specificity 
for K13-15 on H2A for RNF168 is achieved by 
incubation with lower excess of free ubiquitin 
(below 10 µM).

E2 discharge assays
UbcH5c was loaded with ubiquitin in presence of 
E1 and Mg2+ and ATP. After stopping the reaction 
with EDTA, this mixture was incubated with the 
E3s or buffer as control. Samples were analyzed 
by SDS-PAGE and quantified. 

Immunoprecipitations (IP)
For FLAG IPs, transiently transfected 293T or 
stable MEF cell lines were harvested directly after 
irradiation. After a PBS wash, cells were lysed and 
sonicated in E1A buffer (50 mM Hepes [pH 7.5], 
150 mM NaCl, 0.1% Tween-20) in presence of 
phosphatase, protease inhibitors. In denaturing 
IPs, 0.5% SDS was added to the lysates after 
sonication. The samples were then diluted 
10 times and incubated with beads to avoid 
denaturation of the antibodies. 
For γH2AX IPs, cells were irradiated and directly 
harvested. Acidic extraction of histone proteins 
was performed from isolated nuclei. After 
neutralization, histones were incubated    O/N 
with anti-γH2AX antibodies (Millipore) and pulled 
down with Protein G beads (GE  Healthcare).

Immunofluorescence studies (IF)
U2OS cells were first transfected with siRNAs, 
followed by DNA transfections 24 hours later. 
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SUPPLEMENTAL EXPERIMENTAL 
PROCEDURES
Plasmids and Cloning
cDNAs for human full-length RNF8, RNF168, HA-
RNF8, GFP-RNF168, were received from J. Lukas 
[3-4], for Ube2w and Ube2e2 from R. Klevit. pET 
expression plasmids for Xenopus laevis histones 
were a gift of K. Luger.  Expression vectors for the 
RING domains of Ring1B and Bmi1 were described 
[5], for full-length RNF8 a modified version of 
pFastBac1 with a GST-tag with 3c cleavage site 
for insect cell expression was used, for the RNF8 
RING (351-485) domain a pGEX6p1 vector, for 
the RNF168 RING domain (1-189) a pETNKI-His-
SUMO2-LIC-kan vector for E. coli expression was 
used [6]. FLAG-H2A and H2AX (from L. Penengo) 
were cloned in pCDNA3.1 and in pMSCVpuro. 
Mutations were inserted using the QuikChange 
Mutagenesis Kit from Agilent. 

Antibodies, oligos and enzymes 
Antibodies used for Western blot analysis: anti-
Ub (P4D1 from Santa Cruz, 1:1000), anti-H2A 
(Millipore, 1:1000 dilution), anti-H2AX (Millipore; 
1:1000), anti-H2B (Millipore, 1:1000 dilution), 
anti-UbH2B (Medimabs, 1:1000 dilution), anti-H3 
(Millipore, 1:500), anti-H4 (Millipore, 1:1000), 
anti-PCNA (Santa Cruz, 1:2000 dilution), anti-
CDK4 (Santa Cruz, 1:1000), anti-pCHK2 (Cell 
Signaling, 1:500), anti-BRCA1 (Cell Signaling, 
1:1000 dilution) anti-mouse HRP conjugated 
(BioRad, 1:10000 dilution), anti-rabbit HRP 
conjugated (BioRad, 1:20000 dilution), anti-
mouse (heavy chain specific) HRP-conjugated 
(Jackson ImmunoResearch, 1:10000). Antibodies 
used for immunofluorescence (IF) experiments 
are: anti-53BP1 (Santa Cruz, 1:500 dilution), anti-
BRCA1 (Santa Cruz, 1:100 dilution), anti-RAP80 (a 
gift from J. Chen), anti-γH2AX (Millipore, 1:1000 
dilution), Conjugated ubiquitin (FK2, BIOMOL 
International 1:1000-5000), anti-FLAG (Sigma, 
1:1000 dilution), anti-K63 anti-K48 (Genentech 
[2], 1-0.3 µg/ml)  in combination with the 
corresponding secondary antibodies labeled 
with Alexa Fluor 488 or 568 or 594 (Invitrogen). 
Purified K0 ubiquitin was purchased from 
Boston Biochem. siRNA targeting RNF168 (code 
J-007152-05: 5’GACACUUUCUCCACAGAUA), 
RNF8 (5’GGACAAUUAUGGACAACAA) and BRCA1 
(pool of D-003461-06 and D-003461-07) were 
purchased from Thermo scientific. Enzymes used 
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Multi-Angle Laser Light Scattering (MALLS)
MALLS experiments were performed at 4°C on 
a Mini-Dawn light scattering detector (Wyatt 
Technology) online with a  S75 10/300GL in 50 
mM HEPES pH 8, 250 mM NaCl, 10% glycerol, 1 
μM ZnCl2, 1 mM TCEP. The RING domain construct 
of RNF168 WT and R57D mutant had comparable 
elution profiles from the gel-filtration. The 
retention volume was lower than expected from 
the molecular weight measured by the MALLS, 
suggesting an elongated shape of the proteins 
as expected from the helical arrangement of the 
UMI-MIU1 region at the C-terminal part of these 
constructs (Figure 1A). Data were analyzed using 
ASTRA Software and GraphPad Prism was used to 
prepare the figure.

Crystallization and structure determination
Crystals of RNF8 RING domain (351-485) protein 
(~10 mg/ml) were grown at room temperature 
in 0.1M Na Cacodylate pH 6.6-6.9, 2.4-2.5M 
Ammonium Sulphate and 0.8 mM of N,N’-Bis(3-
D-gluconamidopropyl)deoxycholamide) (Deoxy 
Big CHAP), by vapor diffusion in 150 nl drops 
with 1:1 precipitant to protein ratio. The crystals 
appeared within 24-48 hours, were transferred 
to mother liquor containing an additional 25% 
glycerol and vitrified in liquid nitrogen. Diffraction 
data were collected at SLS, beamline X06SA to a 
resolution of 1.9 Å. Intensities were processed 
with XDS [10] and Scala [11-12]. The structure 
was determined using the Single Anomalous 
Dispersion (SAD), from the anomalous signal of 
the zinc ions at 1.282Å wavelength. The four zinc 
sites were located by SHELXD [13] and were used 
to calculate the phase probability distributions 
in Phaser [14]. Following density modification 
by DM [15], ARP/wARP 7.0 [16] built most of the 
structure automatically (131 residues for chain 
A, 122 for chain B out of 135 total residues per 
chain), using the SAD function in REFMAC5 [17] 
for refinement. The model was completed in 
iterative cycles of model building using COOT 
[18] and refined using REFMAC5 [17], and 
autoBUSTER [19]. Optimized weighting terms 
for B-factor restrains and X-ray weight were 
derived with PDB_REDO [20] and used for final 
refinement. Structure images were generated 
with PYMOL [21] and CCP4mg [22]. The final 
model comprises residues 351-483 in chain A, 
residues 359-485 in chain B. Structure validation 

for cloning were purchased from ROCHE and NEB. 
Chromatography columns and beads material is 
from GE Healthcare. 

Protein purification
E1 and E2s, ubiquitin and the oligonucleosomes 
were purified as described previously [5, 7]. 
Recombinant histones purification and histone 
octamer refolding was performed as previously 
shown [8]. GST-tagged RNF168 was expressed 
in E.coli and purified using GSH beads in buffer 
containing 30 mM HEPES 8.0, 250 mM NaCl, 10% 
glycerol, 1 μM ZnCl2, 1 mM TCEP, in presence of 
COMPLETE EDTA-free, DnaseI and 1mM MgCl2, 
the tag was cleaved by 3C protease and the 
protein was further purified by Heparin affinity 
chromatography. Recombinant full-length human 
RNF8 was expressed in Sf-21 cells and purified on 
glutathione beads in buffer 50 mM HEPES pH 8, 
500 mM NaCl, 10% glycerol, 1 μM ZnCl2, 1 mM 
TCEP. After elution with 50 mM Glutathione, 
the protein was cleaved in solution with 3c 
protease. Protein was diluted to 50 mM NaCl 
and purified by Heparin affinity chromatography 
and gel-filtration. The RING domain of human 
RNF8 was expressed in E.coli and purified over 
glutathione beads in buffer 50 mM HEPES pH 8, 
50 mM NaCl, 10% glycerol, 1 μM ZnCl2, 1 mM 
TCEP. After elution with 50 mM Glutathione, 
the protein was cleaved in solution using 3c 
protease and purified on an S75 Superdex 
column in tandem with a GSH column, followed 
by ion exchange chromatography on a ResourceQ 
column. The RING domain of human RNF168, 
was expressed in E.coli and purified over Nickel 
Sepharose beads in buffer 50 mM HEPES pH 8, 
500 mM NaCl, 10% glycerol, 10 mM imidazol, 1 
μM ZnCl2, 1 mM TCEP. The protein was eluted 
in 400 mM imidazol and the imidazol was then 
removed using a desalting column. The protein 
was concentrated and cleaved with SENP2 for 4 
hours or O/N. The cleaved sample was reloaded 
on Nickel beads and the unbound sample was 
injected on a Superdex 75 column for final 
purification in 50 mM HEPES pH 8, 250 mM NaCl, 
10% glycerol, 1 μM ZnCl2, 1 mM TCEP. Full-length 
and the RING domain constructs of Ring1B/Bmi1 
was purified as previously shown [5, 9]. Proteins 
were concentrated to 1-10 mg/ml and stored at 
-80°C in their gel-filtration buffer. Mutants were 
purified as wild-type proteins.
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E2 discharge assays
To load the E2, E1 at 0.2 µM was mixed with 20 
µM UbcH5c in presence of ubiquitin (20 μM) 
Mg.ATP (5 mM) in buffer 50 mM Tris/HCl (pH 7.5), 
100 mM NaCl, 10 mM MgCl2, 1 µM ZnCl2, 1 mM 
TCEP. Sample was incubated 15 minutes at 37ºC. 
Reaction was stopped with 50 mM EDTA final 
concentration. This mixture was then incubated 
at 37°C with the E3s or buffer as control. Samples 
were stopped at given times and were analyzed 
by SDS-PAGE. Quantifications were done using 
Image Lab software (Bio-Rad). GraphPad Prism 
Software was used for statistics. 

Western blotting
SDS Loading buffer was added to samples from 
in vitro reactions or from immunoprecipitations. 
Samples were boiled and loaded on 4-12% 
NuPAGE gels in MES buffer (Invitrogen), except 
for panels 4F-H where 12% NuPAGE gels were 
used in MOPS buffer. Detection was performed by 
Western Blot using the corresponding antibodies.

Generation of stable cell lines
Retrovirus carrying empty vector, wild-type or 
mutants of H2AX were harvested and used to 
infect H2ax-/- MEFs cells overnight. The next day, 
puromycin was added to the cells to select the 
infected population. 

FLAG Immunoprecipitation (IP)
Plasmids and siRNAs were transfected into 
HEK293T cells using Calcium Phosphate. Cells 
were irradiated ~45 hours after transfection and 
were directly harvested. WT and reconstituted 
MEFs were proliferating for 3 days before 
irradiation. After a PBS wash, cells were lysed in 
E1A buffer (50 mM Hepes pH 7.5, 150 mM NaCl, 
0.1% Tween-20) in presence of phosphatase, 
protease inhibitors and iodoacetamide. Lysates 
were sonicated and spun down, the supernatant 
was used as input sample. ANTI-FLAG® M2 Affinity 
Gel from SIGMA was used for the IP. Beads were 
incubated 4-16 hours, washed and then loaded 
on gel for Western blot analysis. In denaturing 
IPs, 0.5% SDS was added to the lysates after 
sonication. After centrifugation the supernatant 
was diluted 10 times and incubated with beads 
to avoid denaturation of the antibodies. For 
immunoprecipitation of FLAG-tagged histones 
after in vitro reactions, 0.5% SDS was added 

was done with MolProbity [23] (98th percentile), 
with no outliers in the Ramachandran plot. Data 
collection and refinement statistics are presented 
in Supplemental Table S1.

Small Angle X-ray Scattering (SAXS)
The samples were thawed and centrifuged at high 
speed for 1 minute just before measurement. 
Samples were exposed in a measuring cell 
cooled to 10 °C for 15 s per frame with 8 frames 
per sample, after which the frames that did 
not indicate radiation damage were averaged. 
Data was analyzed using the ATSAS software 
package [24]. PRIMUS was used for the buffer 
subtraction and data reduction. No difference in 
scattering was observed between the curves for 
the different concentrations. Data quality was 
then assessed using Guinier plot for low-angle 
data and signal-to-noise in PRIMUS for wide-
angle data and the curve measured at 3.5 mg/
ml of protein was chosen for analysis. GNOM 
generated the particle distance distribution 
function P(r). DAMMIF generated a set of 10 ab 
initio models, which were all compatible with 
the elongated shape of the crystal structure 
(NSD values between 0.6 and 0.74). DAMAVER 
averaged the models and generated the envelope 
that was used for the final superposition to the 
crystal structure, done with SUPCOMB. CRYSOL 
generated the theoretical scattering curve for 
our crystal structure for the comparison to the 
experimental data.

In vitro ubiquitination assays 
The PCNA ubiquitination assays were carried 
out at the same temperature, same buffer and 
time, with 150 nM of E1, 2 μM of E2, 1 μM of 
E3, 500 nM of PCNA and 45 μM of ubiquitin.  
Monoubiquitinated  H2B enriched Drosophila 
oligonucleosomes were a gift from the P. Verrijzer 
lab [25]. To widely screen conditions for RNF8 
activity toward H2A in nucleosomes, we tested 
ranges of 0.1-0.6 µM E1 (Uba1), 0.5 µM E2, 0.5-8 
µM E3 and 10-20 µM of H2A in oligonucleosomes, 
0.5-100 μM ubiquitin, A very low activity for 
full-length was detected only when ubiquitin 
was present in saturating amount compared to 
the nucleosomes and after more than 1 hour 
reaction.
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samples were used for the quantification using 
the Fiji software. The DAPI channel was used to 
select the nuclei of the cells in the field, the green 
channel was used to select the transfected cells 
and quantify the protein level of GFP-RNF168. 
Foci in the red channel were defined as particles 
bigger than 0.2 µm2 with an intensity higher 
than 80 (on a 1-255 scale). The total signal in 
foci per cell is calculated as the product of the 
number of foci, foci mean intensity and focus 
area. Cells expressing high levels of RNF168 
(cutoff 80 on a 1-255 scale) were excluded from 
the quantification. Three different siCTRL and 
si168 samples were used per experiment and 
the average intensity was used for quantification. 
Data is presented as normalized to the siCTRL 
samples. Excel (Microsoft Office) and GraphPad 
Prism were used for the analysis.

qRT-PCR
Total RNA was extracted using TRIZOL reagent 
(Invitrogen) and cDNA was prepared using 
Superscript II RT and oligod(T)n primers 
(Invitrogen). qRT-PCR was performed on a 
StepOne Plus Realtime PCR system using SYBR 
Green PCR mastermix (Applied Biosystems). 
The amount of target, normalized to an 
endogenous reference (HPRT) was calculated 
by: 2-DDCT. The primer sequences were as 
follows: RNF8fwd 5’-ttacagtcccagctgtgtgc-3’; 
RNF8rev 5’-ccttgggctatctccaaacc-3’; 
RNF168fwd 5’-caacgtggaactgtggacgat-3’; 
RNF168rev 5’-tactgagcagacgaactggctg-3’; 
HPRTfwd 5’-cggctccgttatggcg-3’; HPRTrev 
5’-ggtcataacctggttcatcatcac-3’.

to the samples and after 10 fold dilution they 
were incubated with ANTI-FLAG® M2 Affinity Gel 
(SIGMA) for 4-16 hours. 

γH2AX immunoprecipitation (IP)
Cells were irradiated and were directly harvested. 
Hypotonic buffer (10mM HEPES pH 7.4, 10mM 
KCl, 0.05% NP-40 and protease inhibitors) was 
used to isolate the nuclei. Acidic extraction of 
histone proteins was performed in 0.2M HCl and 
after neutralization with 0.4M Tris HCl pH 8.0, 
200mM NaCl, 10mM MgCl2, phosphatase and 
protease inhibitors, histones were incubated O/N 
with anti-γH2AX antibodies (Millipore). Protein G 
beads (GE Healthcare) were added to the samples 
and after 3 hours incubation, beads were spun 
down, washed and samples were prepared for 
western blot analysis. 

Immunofluorescence studies 
DNA transfections in U2OS cells were carried out 
using FUGENE6 (ROCHE), siRNA transfections 
were done using LIPOFECTAMINE RNA iMAX 
(Invitrogen). The cells were first transfected 
with siRNAs, 24 hours later the DNA transfection 
was performed. Cells were damaged with 2 
Gy, 40 hours after siRNA transfection and fixed 
in 2% paraformaldehyde in presence of 0.1% 
Triton X-100 1 hour after damage. Coverslips 
were washed 5 times with PBS containing 0.1% 
Triton X-100 and subsequently washed with PBS+ 
(PBS containing 0.15% glycine and 0.5% bovine 
serum albumin). Cells were incubated at room 

temperature with primary antibody for 1 hour, 
then washed 5 times with PBS-Triton X-100 and 
PBS+. After incubation for 1 hour with secondary 
antibody and wash in PBS-Triton X-100, samples 
were embedded in DAPI containing Vectashield 
mounting medium (Vector). Immunofluorescent 
images were obtained using confocal microscope 
(LSM 510 META; Carl Zeiss, Inc.) equipped with 
a 63× 1.4 NA Plan Apochromat oil immersion 
lens (Carl Zeiss, Inc.) or LEICA AOBS confocal 
microscope with ×40 (NA 1.25) oil and ×63 (NA 
1.4) oil objectives (Leica). LSM image browser 
acquisition software (version 4.0; Carl Zeiss, Inc.) 
or Leica confocal Software was used.
Quantification of FK2 and 53BP1 signal was 
based on two independent experiments where 
30-70 cells were counted per condition in each 
experiment. Confocal images taken from these 
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Supplemental Figure S1. Related to Figure 1. Ubiquitin chain formation and nucleosome-directed activity of RNF8 and RNF168.
A,B. Ubiquitin chain formation activity of  the full-length and RING domain of RNF8 (A) and RNF168 (B) with different E2s. Ubiquitin 
was used at 15 μM concentration. C. Full-length RNF8 and its RING domain are unable to modify H2A in nucleosomes with any E2. 
D. Full-length RNF168 and its RING domain can modify nucleosomal H2A primarily with UbcH5c. * indicates background bands. E. 
Concentration series (0.05- 015-0.45-1.35 μM E3) assay in presence of purified oligonucleosomes. Full-length RNF8 has virtually 
no activity against H2A in nucleosomes, whereas full-length RNF168 is active in presence of UbcH5c. F. Full-length RNF8 (F, lanes 
4 and 5) and its RING domain (R, lane 6 and 7) have no activity (F) or almost no activity (R) against H2A in nucleosomes, whereas 
full-length RNF168 (lanes 8 and 9), its RING domain (lanes 10 and 11) and the RING domain of Ring1B/Bmi1 (lanes 12 and 13) are 
active. G. Time course experiments to show full-length RNF168 activity towards H2B, H3 and H4 with UbcH5c. Concentration series 
for full-length E3s activity towards H3 (0.5-1-2 μM).
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SUPPLEMENTAL TABLE
Data collection
Space group P21212
    a, b, c (Å) 47.37, 213.72, 34.10
Resolution (Å) 47.37-1.9 (2.00-1.9)
Rmerge 0.041(0.602)
I/σI 25.8 (2.7)
Completeness (%) 99.1 (95.2)
Redundancy 6.9 (5.9)
Refinement
Resolution (Å) 1.9
No. reflections 28115
Rwork/ Rfree (%) 20.0 / 22.6
No. atoms
    Protein 2206
    Ligand/ion 86
    Water 59
B-factors
    Protein 48.3
    Ligand/ion 76.4
    Water 41.0
R.m.s deviations
    Bon   d lengths (Å) 0.008
    Bond angles (°) 1.198

Supplemental Figure S2. Related to Figure 2. Structural 
analysis of the RING domain of RNF8.
A. The symmetrical interatomic distance probability distribution 
(P(r)) for the atoms of RNF8 RING domain calculated with 
GNOM using the SAXS experimental data. B. Superposition of 
the monomers of the RNF8 RING domain dimer in orange and 
asymmetric monomers of the crystal structure of full-length 
CHIP in blue (PDB code: 2C2L) shows that the location of the 
point of divergence between the protomers is conserved. 
Arrow in the close up indicates the point of divergence between 
protomers. Images were prepared using GraphPad Prism and 
PyMOL.

A

r (nm)

P(
r)

B
RNF8 CHIP

0 2 4 6 8 10
0.0

0.2

0.4

0.6

Supplemental table S1. Related to Figure 2. Data collection, 
phasing and refinement statistics (SAD) for the structure of 
the RING domain of RNF8.
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Supplemental Figure S3. Related to Figure 3. Analysis of target recognition mutations in RING E3 ligases.
A, D. Anti-ubiquitin blots of the samples shown in Figures 3B for RNF168 (A) and 3D for RNF8 (D). B, E. Time course (10-30-90-180 
min) ubiquitin chain formation assay in the presence of UbcH5c and 1µM E3 to compare wild-type and mutant activity of RING 
domains of RNF168 (B) and RNF8 (E) reveals that chain formation abilities are not affected by charge reversal. Ubiquitin was used 
at 15 μM concentration. * Aspecific bands. C,F. Basis for quantification shown in Figures 3D,G. SDS-PAGE gel showing discharge 
rate of UbcH5c by full-length RNF168 WT and R57D mutant (C) and full-length RNF8 WT and D443R (F). Time course: 2-4-8-16-24 
min, E2 concentration: 20 mM. E3 concentrations: 0.5 µM for RNF168 and 0.1 µM for RNF8. G. Multi-Angle Laser Light scattering 
(MALLS) and gel filtration profiles of the RING construct of RNF168 WT (left panel) and R57D (right panel). Left Y-axis shows scale for 
measured molecular mass (gray line), Right Y-axis shows UV absorbance values (black line). Calculated molecular weight of the RING 
domain construct is 22.1 kDa. H. The equivalent charge reversal mutation in the Ring1B RING domain (K93D) also reduces ligase 
activity towards nucleosomal H2A. I. Time course (10-30-90-180 min) assay to compare WT and D443R RNF8 constructs toward 
nucleosomal H2A. J. Time course assay (30-60-180 min) to assess the activity of full-length RNF168 WT and R57D toward H2A in free 
form, in presence of the other histones or in oligonucleosomes. Ubiquitin concentration was set to 5 μM.
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Supplemental Figure S4. Related to Figure 4. RNF168 modifies K13-15 on H2A and H2AX in vitro and in vivo.
A. Crystal structure of the nucleosome (PDB code: 1KX5 [1]). In red is H2A, in orange H2B, in wheat H3 and H4. DNA is in gray. K118-
119, the Polycomb target lysines are shown as spheres in green. K13-15, the RNF168 target residues are shown in cyan spheres. 
Close up showing the proximity between the N-terminal tail of H2A (K13-15 shown in cyan spheres) and the C-terminal part of H2B 
(K120 shown in orange spheres). Images prepared using PyMOL. B. The RING construct of RNF168 retains specificity for K13-15 on 
nucleosomal H2A. MIU1 (A179G) or UMI (L149A) mutations do not affect  its activity or the site specificity. The R57D mutant was 
used as control. C. Full-length RNF168 does not retain specificity for K13-15 when the histone is in free form; oligonucleosomes 
were used as control. Ubiquitin concentration was set to 5 μM and the samples were incubated for 2 hr at 32°C in assays shown in 
panels B and C. D. Expression levels of exogenous H2AX constructs in reconstituted H2ax-/- MEFs is comparable to WT MEFs. CDK4 
was used as loading control. E. Quantification of the relative induction of H2A ubiquitination on K13-15 for MEFs and HEK293T 
cells. 3 different experiments were used per cell line. Image Lab (BioRad software) was used for the quantification. Error bars show 
the SEM. F. Graph showing relative amount of RNF168 mRNA transcript in samples shown in Figure 4G, measured by qRT-PCR and 
normalized to HRPT levels. G. Graph showing relative amount of RNF8 mRNA transcript in siRNF8 samples shown in Figure 4H, 
normalized to HRPT levels. Error bars show the SD.
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Supplemental Figure S5. Related to Figure 5. K63-linked ubiquitin chains in vitro and in vivo. 
A. In absence of UbcH5c there is no modification of H2A in nucleosomes. Samples were treated as the ones shown in Figure 5A. B. In 
absence of Mms2 chains on H2A are not formed. In vitro two-step assay as in Figure 5C. 13-m2 stands for the complex Ubc13/Mms2, 
while 13 stands for Ubc13 alone. In all the other assays the complex Ubc13/Mms2 was used. C. K63R ubiquitin mutant abolishes 
chain extension on H2A by RNF8 and Ubc13/Mms2. D. RNF8 can catalyze K63 chains on H2A monoubiquitinated by Ring1B/Bmi1. 
RNF8-dependent chain extension capacity is dependent on the catalytic activity of Ring1B. IA stands for the mutant protein I53A. * 
Background bands. E-F. RNF8 and Ubc13/Mms2 efficiently recognize and poly-ubiquitinate already ubiquitinated PCNA (E) and H2B 
(F), but they are inactive towards the unmodified proteins. G. γH2AX IP to test K63 chain formation on endogenous histones did not 
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Supplemental Figure S6. Related to Figure 6. Importance of RNF168-dependent H2A/H2AX mono-ubiquitination during DDR.
A. Quantification of γH2AX and 53BP1 foci in WT and H2ax-/- MEFs reconstituted with different FLAG-H2AX constructs. 50 cells 
were counted for 2 independent experiments. B. Non-denaturing FLAG-IP from 293T cells expressing FLAG-H2AX and GFP-RNF168 
construct. R57D mutation abrogates the activity of RNF168 toward H2AX in cells. C-D. Additional information to Figure 6B. 
Immunofluorescence staining using anti-K63 and anti-K48 antibodies for cells depleted of endogenous RNF168 and then expressing 
WT or R57D RNF168 constructs. Both variants of RNF168 can catalyze K63 ubiquitin chains at the site of damage. Quantification 
of transfected cells with K63 foci are shown in panel C. 30 cells where counted per condition, from two independent experiments. 
Antibodies were obtained from Genentech [2]. Error bars show the SEM.

yield to the visualization of any K63 chains. H. Control qRT-PCR showing mRNA levels for RNF8 in samples used for figure 5E. Values 
were normalized to HPRT levels. Error bars show the SD. I. Non-denaturing FLAG-IP for histone H2A shows activity of RNF168 WT 
toward H2A but not toward histone H2B.





Chapter 6

body text abstract

General discussion





125

6

The integrity of our genetic material, chromosomal DNA, is continually being presented 
with threats. To avert genome instability, cells have a variety of mechanisms in place 
to prevent and repair DNA damage. Genome instability is important in several aspects 
of cancer biology. The acquisition of mutations is required for tumor initiation and 
progression. However, normal cells do not acquire mutations at a sufficiently high rate to 
accumulate enough oncogenic ‘hits’ for tumorigenesis to ensue [1]. Thus, as a prerequisite 
for their evolution, tumor cells carry defects in the maintenance of genome stability. This 
characteristic is referred to as the mutator phenotype [2]. Conversely, defects in genome 
stability in heritable syndromes such as Ataxia Telangiectasia [3] and Nijmegen Breakage 
Syndrome [4] are characterized by a propensity to develop cancer [5]. On the positive side, 
the inability of tumor cells to maintain genomic stability makes them vulnerable to DNA 
damaging chemotherapeutics, a feature that is exploited to treat cancer [6]. Moreover, 
genome instability plays roles in biological processes such as aging, evolution and 
antibody diversification [5]. The wide biological relevance and potential contribution to 
treatment of human disease underscore the necessity of understanding the mechanisms 
that maintain genome stability.

General discussion

to an increase in H2A mono-ubiquitination level, 
suggesting a non redundant function of USP3 in 
H2A deubiquitination. Moreover, in the absence 
of USP3, cells acquire spontaneous DNA double 
strand breaks (DSBs), which demonstrates a 
function in the maintenance of genome stability. 
However, we also observed some differences 
when comparing the results obtained using USP3 
knockdown in human cancer cell lines (chapter 3) 
with those obtained using Usp3-deficient mouse 
cells (chapter 4). In particular, USP3 knockdown 
slows proliferation, whereas Usp3Δ/Δ and wildtype 
mouse embryonic fibroblasts (MEFs) proliferate 
with equal kinetics. How can we explain this 
apparent discrepancy? 

First, the differences could be due to cell 
type specific effects of loss of USP3, as we 
are comparing transformed human cell lines 
with primary mouse fibroblasts. Second, in 
the knockdown experiments, USP3 expression 
is abruptly lost, whereas the knockout MEFs 
are constitutively Usp3-deficient, leaving the 
potential for compensation. In support of this 

The studies described in this thesis examine 
the contributions of regulators of histone H2A 
ubiquitination to genome stability. In chapter 3, 
we describe a new DNA damage-induced histone 
modification, ubiquitination of H2A and identify a 
negative regulator of this modification, Ubiquitin-
Specific Protease 3 (USP3). Moreover, we show 
that USP3 is required to avoid spontaneous 
genome instability. In chapter 4, we further 
characterize this function using Usp3-deficient 
mouse cells. In chapter 5, we present a detailed 
mechanistic analysis of the interplay between 
RNF8 and RNF168 (Ring finger protein 8 and 
168) in the DNA damage induced ubiquitination 
of H2A. In this General Discussion, the individual 
chapters are discussed in relation to the field 
and each other and outstanding questions are 
formulated. The discussion is concluded by 
proposed future directions and an exploration of 
the relevance for human cancer medicine. 

USP3 is required for maintenance of genomic 
stability
The findings presented in chapter 3 and 4 show 
that USP3 depletion or loss, respectively, leads 
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option, Usp3Δ/Δ mice are born at submendelian 
ratio (Cesare Lancini and EC, unpublished 
observation), possibly suggesting that the 
compensation process is not always successful, 
and if it is not, the embryo does not survive. 
The nature of this compensation process is 
unknown. One possibility is that ubiquitination 
levels of Usp3 substrates are balanced due to 
feedback mechanisms. This could be achieved 
by enhanced deubiquitination or decreased 
ubiquitination. Indeed, 8 H2A DUBs have been 
identified [7-14], suggesting that some degree of 
redundancy is plausible. However, the fact that 
mono-ubiquitinated H2A levels are increased 
in Usp3Δ/Δ MEFs demonstrates that at least for 
this substrate, the activity of Usp3 is not fully 
dispensable. Another potential compensation 
mechanism is indicated by the fact that 
spontaneous DSBs in Usp3Δ/Δ MEFs are efficiently 
repaired. Thus, perhaps activation of DNA repair 
processes allows MEFs to tolerate Usp3 loss. A 
rigorous experimental approach to test these 
hypotheses would be to introduce an inducible 
form of Cre in Usp3 conditional knockout MEFs 
and follow proliferation  upon acute loss of Usp3.

Is USP3 a negative regulator of DSB-induced 
ubiquitination?
Upon the completion of DNA damage repair, 
repair enzymes are displaced from the site of 
damage and the cell cycle is re-started. Moreover, 
the local chromatin environment is restored, 
in part through the removal of DNA damage-
induced histone modifications [15].

USP3 is a candidate H2A DUB that is required 
to terminate the ubiquitin signal at ionizing 
radiation induced foci (IRIF) upon DNA repair. 
Data supporting this model are described 
in chapter 3. In addition, in Usp3Δ/Δ MEFs, 
immunofluorescence experiments following the 
resolution of IR-induced γH2AX and 53BP1 foci in 
time show that resolution of those foci is delayed 
(data not shown), although the effect is much less 
pronounced compared to the results obtained 
upon knockdown of USP3 in human cell lines 
(chapter 3).  Moreover, overexpression of USP3 
blocks recruitment of RNF168 ([16] and data not 
shown), as well as 53BP1 and BRCA1, but not 
earlier DNA damage response (DDR) factors such 
as γH2AX, MDC1 and RNF8 (data not shown), 

suggesting that USP3 is able to deubiquitinate a 
ubiquitination substrate bound by RNF168. The 
integrity of the RNF8 pathway is required for 
radioresistance [16-20]. This might predict that 
deregulation of the pathway by loss of a negative 
regulator would result in radiosensitivity. 
However, unexpectedly, in chapter 4, we show 
that Usp3Δ/Δ MEFs are normally sensitive to IR, 
indicating that whichever function Usp3 might 
have in the response to DSBs, it is not essential 
for survival. How can we explain this apparent 
discrepancy?

Again, redundancy between H2A DUBs could 
play a role. In this scenario, H2A deubiquitination 
following IR could be performed by other H2A 
DUBs, which are either not expressed in human 
cancer cell lines, or are rewired to this function in 
Usp3Δ/Δ MEFs. In support of this possibility, there 
are reports that show that USP16 [21] and BRCC36 
[22] are also involved in H2A deubiquitination 
at sites of DSBs. In this context, it is important 
to note that, in contrast to basal H2A mono-
ubiquitination, which is mainly conjugated to 
H2A K118/119 [23], the H2A ubiquitin signal at 
DSBs is diverse. DSB-induced H2A ubiquitination 
includes mono-ubiquitination on both K118/119 
[24-27] and K13/15 ([28]; chapter 5). Moreover, 
it includes K63 linked chains [16, 20]. Thus, it is 
possible that the function of USP3 is redundant 
with other H2A DUBs in the removal of DSB-
induced, but not basal H2A ubiquitination.

Another important point in this context is that 
upon loss of USP3 in both human cell lines 
and MEFs, defective H2A deubiquitination 
following IR was accompanied by defective H2AX 
dephosphorylation. This indicates that the full IR-
induced ubiquitin pathway remains active in these 
cells, which in itself would result in maintenance 
of H2A ubiquitination. Thus, we cannot exclude 
that USP3 promotes resolution of IR induced foci 
via a mechanism that is independent of its ability 
to deubiquitinate H2A. Finally, it is interesting 
to ask if H2A deubiquitination is in fact needed 
for termination of the IR-induced ubiquitin 
signal. Alternatively, ubiquitinated H2A could 
be removed by chromatin remodeling/histone 
exchange, followed by degradation. A comparable 
mechanism has recently been reported for the 
Mediator of DNA damage checkpoint protein 
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1 (MDC1). Turnover of MDC1 at IRIF depends 
on modification with the small ubiquitin-like 
modifier (SUMO) followed by RNF4 mediated 
ubiquitination and proteasomal degradation [29-
31].

USP3: Perspectives
Important questions discussed above are: What 
allows Usp3Δ/Δ cells and even mice to thrive, 
whilst knockdown of USP3 in human cancer cell 
lines strongly impacts on DNA replication and 

cellular proliferation? What causes spontaneous 
DSBs in Usp3Δ/Δ MEFs? How can we answer these 
questions?
 
An experimental approach that might shed light 
on both questions is to perform a genome-wide 
synthetic lethal RNA interference (RNAi) screen 
[32] for genes that are required to tolerate Usp3 
loss (Fig. 1). This approach has the potential 
to identify DNA repair proteins that maintain 
viability of Usp3Δ/Δ cells, thus providing strong 
clues to which mechanism is responsible for 
spontaneous DSBs in these cells. Moreover, 
this approach is useful to identify potential 
redundancy between Usp3 and other H2A DUBs. 
Finally, RNAi screening in combination with 
automated microscopy could be used to identify 
DUBs that are required for DSB-induced H2A 
deubiquitination in Usp3Δ/Δ MEFs. 

Usp3Δ/Δ MEFs acquire spontaneous DSBs despite 
having functional DNA repair pathways at their 
disposal. We have hypothesized that endogenous 
DNA damaging agents occur in excess in Usp3Δ/Δ 
cells. Below we suggest experimental approaches 
that may aid in their identification (Fig. 2). 

The fact that USP3 is a chromatin protein, and 
targets chromatin constituents, H2A and H2B, 
indicates the possibility that USP3 prevents 
DNA breakage through a chromatin function. 
Since both UbH2A and UbH2B play roles in 
regulation of transcription, it is of interest to 
perform transcriptional profiling to determine 
whether Usp3 loss leads to changes in expression 
of genes that are required for genome 
stability. Furthermore, as Usp3 is involved in 

Figure 1. Synthetic lethality RNAi screen to enhance 
understanding of Usp3 function. 
Acute knockdown of USP3 in human cancer cell lines leads to 
a decrease in proliferation, whereas Usp3Δ/Δ MEFs grow with 
normal kinetics. This might suggest that Usp3Δ/Δ MEFs rely on 
compensatory mechanisms for survival. Possible examples 
of those are activation of DNA repair pathways and/or other 
H2A DUBs. A genome-wide synthetic lethality RNAi screen 
will identify those and other genes that specifically allow 
proliferation of Usp3Δ/Δ MEFs.
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Figure 2. Identification of the consequences of Usp3 deficiency on transcription, ubiquitination and the chromatin proteome.
Loss of Usp3 results in enhanced ubiquitination of histones H2A and H2B and possibly other (chromatin) substrates. Transcriptional 
profiling by RNA deep-sequencing or micro-array analysis will reveal changes in gene expression. To identify proteomic changes in 
protein levels, protein ubiquitination and chromatin association, quantitative mass spec methods are instrumental. 
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histones in vitro [19], a finding which has been 
interpreted to support the current model in the 
literature. As we clarify in chapter 5, however, RNF8 
is unable to ubiquitinate H2A in nucleosomes, 
which represent a more physiologically relevant 
substrate. We cannot exclude the possibility 
that RNF8 ubiquitinates H2A in vivo. However, 
in our in vitro assay conditions, RNF8 does 
not ubiquitinate nucleosomal H2A, although 
the protein is clearly properly folded given its 
strong activity in producing ubiquitin chains. 
Consequently, we consider it unlikely that RNF8 
can directly ubiquitinate H2A. 

Additional data that support the original model 
(Fig. 3) show that IR promotes the interaction 
of RNF168 with ubiquitinated H2A [16, 20]. At 
first sight, this observation seems inconsistent 
with our model that RNF168 is recruited via 
binding to an unidentified RNF8 substrate, 
which is not H2A. The simplest explanation for 
this apparent contradiction is that RNF168 is 
initially recruited by binding to a ubiquitination 
substrate that depends on RNF8 activity, and 
upon H2A ubiquitination, additional RNF168 
molecules can bind to ubiquitinated H2A. Such a 
feed-forward loop is in line with the observation 
that recruitment of a RING domain deletion (and 
therefore E3 ligase deficient) mutant of RNF168 is 
impaired if endogenous RNF168 is knocked down 
[20] and this model has recently been followed up 
in detail and confirmed [38]. How can the initial 
recruiting factor for RNF168 be identified, if it is 
not ubiquitinated H2A? To identify such a target, 
it would be interesting to perform quantitative 
comparison of RNF168 interacting proteins in 
the presence and absence of DNA damage, and 
perhaps in the presence and absence of RNF8.  

We show that mono-ubiquitinated H2A can be 
extended to K63 linked chains by RNF8 in vitro. 
The design of an experiment to address whether 
RNF8 performs this function in physiological 
settings too is not trivial, since knockdown of RNF8 
would not only interfere with ubiquitin chain 

posttranslational modification of target proteins, 
the effects of Usp3 deletion may occur at the 
protein level. In this regard, we cannot exclude 
the possibility that Usp3 regulates genome 
stability through substrates other than histones. 
As ubiquitination often leads to proteasomal 
degradation, it would be interesting to perform 
a whole proteome quantitative comparison 
of wt and Usp3Δ/Δ MEFs, a technique that is 
now becoming available [33]. However, since 
not all ubiquitination leads to degradation, 
it would also be interesting to use a recently 
reported technique [34] applying proteomics to 
analyze quantitative differences in ubiquitinated 
proteins (or ‘ubiquitinome’). Finally, in chapter 
4, we have hypothesized that deregulation of 
DNA nucleases could explain the spontaneous 
breaks, for example by enhanced chromatin 
association of the nucleases. This could be tested 
by comparative proteomics of the chromatin 
fraction.

RNF168, not RNF8, is the first E3 ligase to 
ubiquitinate histone H2A on K13/15 at sites of 
DNA damage
An important conclusion drawn from the work 
described in chapter 5 is that the order of 
recruitment of RNF8 and RNF168 is not indicative 
of their order of activity on the H2A substrate. 
We propose a new model (Fig. 3) in which the 
recruitment of RNF168 is dependent on the 
binding to an RNF8-dependent ubiquitination 
substrate, which is not H2A. Upon recruitment, 
RNF168 mono-ubiquitinates H2A. Subsequently, 
RNF8 extends K63-linked ubiquitin chains on 
H2A. This order of events is in contradiction with 
the current model in the literature [16, 20, 35], 
reviewed in [36-37] (Fig. 3), which stated that 
upon induction of DSBs, RNF8 is the first E3 ligase 
to ubiquitinate H2A. According to this model, 
oligo-ubiquitinated H2A is then bound by RNF168, 
which subsequently amplifies the ubiquitin signal 
by attachment of K63-linked chains. 

RNF8 has the ability to ubiquitinate individual 

Figure 3.  A new model for the interplay between RNF8 and RNF168 at sites of DNA double strand breaks
In the former model (left), H2A/H2AX is oligo-ubiquitinated by RNF8 at sites of DSBs. Ubiquitinated H2A/H2AX is bound by RNF168, 
which extends the ubiquitin signal to K63-linked chains. In the new model we propose on the basis of the data presented in 
chapter 5 (right), RNF8 ubiquitinates an unknown substrate (‘X’), which serves as recruitment factor for RNF168. RNF168 mono-
ubiquitinates K13/15 on H2A/H2AX. Finally, extension of K63-linked ubiquitin chains occurs. Although the identity of the E3 ligase 
responsible for ubiquitin chain extension is unknown, a prominent candidate is RNF8. Substrate ubiquitination at sites of DSBs is 
required for recruitment of downstream factors such as 53BP1 and the BRCA1 complex.  
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support, Rnf8-deficient mice have an increased 
chance of developing cancer [42], and the same 
goes for Rnf168-deficient mice if predisposed by 
p53 deletion [43]. 

Deep sequencing efforts of cancer genomes 
have revealed that tumors are heterogeneous 
and often harbor cells that contain mutations 
conferring treatment resistance even before 
start of the treatment ([44], reviewed in [45]). 
To combat heterogeneity, we need to be able 
to target as many cancer-essential processes as 
possible, while minimizing side effects. Besides 
its tumor-suppressive functions, the relevance 
of the DDR in cancer lies in the fact that it can 
be pharmacologically targeted to treat cancer as 
single agents or as sensitizers to DNA damaging 
treatment agents [5-6]. 

One avenue to treat cancer suggested by the 
work described in this thesis is DUB inhibition. 
Inhibition of specific DUBs has been described. 
USP14 and UCHL5 (ubiquitin carboxyl-terminal 
hydrolase L5) are proteasome-associated DUBs 
and an inhibitor targeting both DUBs has been 
shown to have anti-tumor activity in mouse 
tumor models [46]. Similarly, inhibitors of USP7 
receive considerable attention since USP7 
regulates cancer relevant targets such as p53 
(reviewed in [47]). Would it be of interest to 
develop a USP3 inhibitor? The work described in 
chapters 3 and 4 of this thesis suggests that USP3 
inhibition results in genome instability. Moreover, 
this effect is most severe in the case of acute 
knockdown in human cancer cell lines. Since 
most currently available chemotherapeutics are 
aimed at inducing genome instability, this might 
be a viable approach.

Specific inhibitors of the ATM dependent 
pathway have been reported, that target ATM 
and the MRE11, RAD50, NBS1 (MRN) complex 
(reviewed in [48]). These inhibitors have 
potential, particularly in the treatment of p53-
deficient tumors [49]. Along the same lines, 
it may be interesting to develop RNF8 and/or 
RNF168 inhibitors. Although RING-type E3 ligase 
enzymes catalyze ubiquitination through protein-
protein interactions [50], which are notoriously 
difficult to target pharmacologically, it is not 
impossible [51]. One might question the need for 

extension, but also with RNF168 recruitment 
and therefore initiation of DSB-induced H2A 
ubiquitination on H2A K13/15. One way to locally 
concentrate RNF168 in an RNF8–independent 
fashion in vivo is to artificially tether RNF168 to a 
defined genomic site, an approach that has been 
applied to RNF168 [39] and other DDR proteins 
[40]. In the case of RNF168, this leads to K63-
linked ubiquitination at the site of tethering [39]. 
It would be interesting to examine if formation of 
these chains depends on RNF8. 
 
Relevance for human disease
Society supports biomedical science based on 
its promise in providing approaches towards 
understanding and eventually curing human 
disease. Here, an initial perspective on the 
relevance of the basic research described in this 
thesis is provided. 

Many components of the DDR have been 
demonstrated to have tumor suppressor 
function. This section discusses whether this also 
applies to USP3, RNF8 and RNF168. In the case 
of USP3, one might postulate a tumor suppressor 
function based on the fact that Usp3 deficiency 
leads to spontaneous breaks and increased sister 
chromatid exchange. These processes might 
accelerate formation of oncogenic chromosome 
fusions and loss of heterozygosity of tumor 
suppressor genes. A tumor suppressor function 
for USP3 has not been demonstrated in humans. 
However, unpublished data from our lab show 
that Usp3 deletion mouse mutants have an 
increased chance of developing cancer (Cesare 
Lancini and EC, unpublished observation). In 
agreement with a general role in maintenance 
of genomic stability, the tumors in Usp3-mutant 
animals occur in a variety of tissues. 

RNF168 deficiency in humans leads to RIDDLE 
syndrome [20], of which too few patients have 
been identified at this time to allow conclusions 
concerning their potential propensity to 
develop cancer. Nevertheless, given that tumor 
suppressors such as ATM (Ataxia Telangiectasia 
Mutated) and BRCA1 (Breast cancer, early onset 
1) function up- and downstream of the DSB-
induced ubiquitin signaling cascade [16-20, 41], it 
is reasonable to speculate that RNF8 and RNF168 
have tumor suppression capacity as well. In 
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Summary
finger protein 8 and 168) play essential roles. 
RNF8 and RNF168 are required to coordinate 
repair of DNA double strand breaks and cell cycle 
arrest upon ionizing radiation.

Ubiquitination is reversible - deubiquitination is 
catalyzed by deubiquitinating enzymes (DUBs). 
In chapter 3, we identify a DUB targeting 
ubiquitinated H2A and H2B, USP3 (Ubiquitin-
Specific Protease 3). USP3 contains 2 domains, an 
N-terminal Zinc finger domain and a C-terminal 
catalytic domain. We show that the integrity 
of both domains is required for USP3 catalytic 
activity. To address the function of USP3 in 
mammalian cells, we perform knockdown 
experiments and show that USP3 is required 
for proper progression through S phase of the 
cell cycle. USP3 knockdown results in DNA 
replication stress and spontaneous DNA breaks. 
USP3 is also required for the response to DNA 
damage imposed from an exogenous source. In 
particular, knockdown of USP3 interferes with 
resolution of ionizing radiation-induced foci of 
phosphorylated H2AX and ubiquitinated H2A. 
Moreover, knockdown of USP3 leads to a delay 
in cell cycle arrest recovery upon IR. Thus, USP3 
is a candidate DUB required for termination of 
the H2A ubiquitination signal and restoration 
of chromatin structure in the DNA damage 
response.

In chapter 4, we examine the function of USP3 
in the prevention of spontaneous DNA breaks 
in further detail. We generate mice with a 
genetic Usp3 deficiency and show that cells 
isolated from these mice harbor spontaneous 
DNA double strand breaks. These cells also 
show enhanced sister chromatid exchanges, 
suggesting that these breaks are at least in part 
repaired by homologous recombination. To 
elucidate the mechanism by which Usp3 loss 
results in spontaneous DNA damage, we examine 
the levels of two endogenous agents that are 
known to cause DNA breaks: RNA expression 
of repetitive sequences such as microsatellite 
repeats, and radical oxygen species. We find that 
levels of these agents are unaffected by Usp3 
loss. In another set of experiments, we show that 

The length of all chromosomal DNA of a 
normal diploid human cell together amounts to 
approximately 2 meters. To fit this long string of 
base pairs in the microscopically small volume of 
a cell nucleus, DNA is wrapped into a compact 
structure, chromatin. Chromatin roughly consists 
of DNA and proteins, the latter being responsible 
for the compaction. The majority of the 
chromatin proteins are histones. Two copies each 
of 4 main histone types, histone H2A, H2B, H3 
and H4 form globular structures with DNA coiled 
around them, which are called nucleosomes. 
Finally, nucleosomes are arranged in additional 
layers of organization.  

Although chromatin allows DNA to fit in the 
nucleus, a potential drawback of the packaging 
of DNA is that it hinders the access of enzymes 
that act on DNA, such as those involved in 
DNA replication, transcription and repair. To 
nevertheless allow these processes to occur, 
chromatin accessibility is regulated by chromatin 
remodeling and posttranslational modifications 
of the histones. 

One such modification is ubiquitination of 
histone H2A. Ubiquitination is the coupling of 
the small protein Ubiquitin to target substrates. 
Ubiquitination occurs via the concerted action of 
3 classes of enzymes: an E1 activating enzyme, 
an E2 conjugating enzyme and an E3 ligase. 
E3 ligases provide the reaction with substrate 
specificity. 

The work described in this thesis is aimed at 
elucidating the function of ubiquitinated H2A 
through functional studies of enzymes that 
regulate levels of this modification. As reviewed 
in chapter 1 and 2, H2A ubiquitination has 
been implicated in several processes. Mono-
ubiquitination of H2A by the Polycomb group 
proteins and E3 ligases RING1a and RING1b 
(Really interesting new gene 1a and b) plays a 
role in the repression of transcription and has 
recently also been described in the response to 
DNA damage. Furthermore, polyubiquitination of 
H2A is involved in the response to DNA damage, 
and here the E3 ligases RNF8 and RNF168 (RING 
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so efficiently. Moreover, RNF8 efficiently extends 
lysine 63 linked ubiquitin chains on mono-
ubiquitinated H2A in vitro, suggesting that the 
order of activity of RNF8 and RNF168 on the 
H2A substrate does not follow the order of their 
recruitment to sites of DSBs. We identify the 
target residue of RNF168 on H2A: lysine 13 or 15. 
Finally, we identify a target recognition site in the 
RNF168 RING domain, which is required for H2A 
ubiquitination, but not chain formation. 

In the general discussion in chapter 6, we discuss 
the findings presented in this thesis in the 
context of each other and the field. Maintenance 
of the stability of our genome is essential in the 
prevention of human disease in general and 
cancer in particular. We end with an outlook 
on potential implications of our findings for the 
etiology of cancer and the development of new 
treatment options.

Usp3 knockout cells are not abnormally sensitive 
to a range of DNA damaging agents, suggesting 
that loss of Usp3 does not result in a deficiency 
in DNA repair. In summary, chapter 4 narrows 
the range of possible mechanisms responsible 
for spontaneous DNA damage in Usp3-deficient 
cells.  
 
In chapter 5 we turn our attention to the 
RNF8 and RNF168 Ubiquitin E3 ligases that 
are responsible for ubiquitination of H2A and 
likely other substrates at the sites of DNA 
double strand breaks. At sites of DSBs, RNF8 is 
recruited first, followed by RNF168. A previously 
published and widely accepted model proposed 
that RNF8 is the first E3 ligase to ubiquitinate 
H2A at DSBs, followed by extension to ubiquitin 
chains by RNF168. In contrast to this model 
we show that RNF8 is unable to ubiquitinate 
histone in nucleosomes, whereas RNF168 does 



139

op DNA schade. Voorts is polyubiquitinatie van 
H2A betrokken bij de respons op DNA schade, en 
hier spelen de E3 ligases RNF8 en RNF168 (RING 
finger protein 8 en 168) essentiële rollen. RNF8 
en RNF168 zijn nodig om, na ioniserende straling, 
de reparatie van DNA dubbelstrengsbreuken en 
het stoppen van de cel cyclus te coördineren. 

Ubiquitinatie is omkeerbaar – deubiquitinatie 
wordt gekatalyseerd door deubiquitinerende 
enzymen (DUBs). In hoofdstuk 3 identificeren 
we een DUB die geübiquitineerd H2A en H2B 
als doelwitsubstraten heeft, USP3 (Ubiquitine-
Specifiek Protease 3). USP3 bevat 2 domeinen, 
een N-terminaal Zinc finger domein en een 
C-terminaal katalytisch domein. We laten zien 
dat de integriteit van beide domeinen vereist 
is voor de katalytische activiteit van USP3. 
Om de functie van USP3 in zoogdiercellen 
te onderzoeken, verrichten we knockdown 
experimenten en laten zien dat USP3 vereist is 
voor een goede voortgang door de S fase van 
de cel cyclus. USP3 knockdown leidt tot DNA 
replicatie stress en spontane DNA breuken. USP3 
is ook vereist voor de respons op DNA schade 
aangericht door een uitwendige bron. Om 
precies te zijn, belemmert knockdown van USP3 
het oplossen van foci van gefosforyleerd H2AX en 
geübiquitineerd H2A die zijn geïnduceerd door 
ioniserende straling. Bovendien leidt knockdown 
van USP3 tot vertraging in het herstarten van de 
cel cyclus na ioniserende straling. USP3 is dus 
een kandidaat DUB voor het beëindigen van 
het H2A ubiquitinatie signaal en herstel van de 
chromatine structuur in de DNA schade respons. 

In hoofdstuk 4 onderzoeken we de functie 
van USP3 in het voorkomen van spontane DNA 
breuken uitgebreider. We generen muizen met 
een genetische Usp3 deficiëntie en laten zien 
dat cellen geïsoleerd uit die muizen spontane 
DNA breuken herbergen. Deze cellen vertonen 
ook verhoogde zusterchromatide uitwisselingen, 
wat doet vermoeden dat de breuken ten minste 
deels door homologe recombinatie gerepareerd 
worden. Om het mechanisme waardoor verlies 
van Usp3 tot spontane DNA schade leidt op 
te helderen, onderzoeken we de niveaus van 

De lengte van al het chromosomale DNA in 
een normale diploïde menselijke cel samen 
bedraagt ongeveer 2 meter. Om dit lange lint van 
basenparen in het microscopisch kleine volume 
van een celkern te laten passen, wordt DNA in 
een compacte structuur gewikkeld, chromatine. 
Chromatine bestaat ruwweg uit DNA en eiwitten, 
waarbij de laatstgenoemden verantwoordelijk 
zijn voor de compressie. De meerderheid van 
de chromatine eiwitten zijn histonen. Twee 
moleculen ieder van de 4 voornaamste histon 
typen, histon H2A, H2B, H3 en H4, vormen 
bolvormige structuren met het DNA eromheen 
gedraaid. Tot slot worden de nucleosomen 
geordend in aanvullende organisatieniveaus.

Hoewel chromatine ervoor zorgt dat DNA in 
de kern past, is een potentieel nadeel van 
de verpakking van DNA dat het de toegang 
van enzymen die met DNA werken hindert. 
Bijvoorbeeld de enzymen die betrokken zijn 
bij DNA replicatie, transcriptie en herstel. 
Om die processen toch mogelijk te maken, 
wordt de toegankelijkheid van chromatine 
gereguleerd door chromatine hermodellering en 
posttranslationele modificaties van histonen. 

Eén zo’n modificatie is ubiquitinatie van histon 
H2A. Ubiquitinatie is de koppeling van het 
kleine eiwit Ubiquitine aan doelwit-substraten. 
Ubiquitinatie gebeurt door de gecoördineerde 
activiteiten van 3 enzymklassen: een E1 
activerend enzym, een E2 conjugerend enzym en 
een E3 ligase. E3 ligases verschaffen specificiteit 
aan de reactie.

Het werk zoals beschreven in dit proefschrift 
is gericht op het verhelderen van de functie 
van geübiquitineerd H2A door middel van 
functionele studies van enzymen die het peil van 
deze modificatie reguleren. Zoals beschreven in 
de overzichtsartikelen in hoofdstukken 1 en 2, 
is H2A ubiquitinatie betrokken bij verscheidene 
processen. Mono-ubiquitinatie van H2A door de 
Polycomb groep eiwitten en E3 ligases RING1a 
en RING1b (Really interesting new gene 1a en 
1b) speelt een rol in de repressie van transcriptie 
en is recentelijk ook beschreven in de respons 
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breuken, gevolgd door verlenging tot ubiquitine 
ketens door RNF168. In tegenspraak met dit 
model, laten wij zien dat RNF8 niet in staat is 
om histonen in nucleosomen te ubiquitineren, 
terwijl RNF168 dat efficiënt doet. Bovendien 
verlengt RNF8 lysine 63 gekoppelde ubiquitine 
ketens op mono-geubiquitineerd H2A efficiënt in 
vitro, wat erop duidt dat de volgorde van RNF8 
en RNF168 activiteit op het H2A substraat niet de 
volgorde van hun rekrutering naar dubbelstrengs 
DNA breuken volgt. We identificeren het doelwit 
residu van RNF168 op H2A: K13 of 15. Tot slot 
identificeren we een doelwit residu in het RNF168 
RING domein, dat nodig is voor H2A ubiquitinatie, 
maar niet voor ketenvorming.  

In de algemene discussie in hoofdstuk 6 bespreken 
we de vindingen zoals gepresenteerd in dit 
proefschrift in de context van elkaar en het veld. 
De handhaving van de stabiliteit van ons genoom 
is essentieel voor het voorkomen van menselijke 
ziekten in het algemeen en kanker in het bijzonder. 
We eindigen met een toekomstperspectief op 
mogelijke implicaties van onze vindingen voor 
de etiologie van kanker en de ontwikkeling van 
nieuwe behandelmogelijkheden. 

twee endogene agentia waarvan bekend is dat 
ze DNA breuken veroorzaken: RNA expressie 
van repetitieve sequenties zoals microsatelliet 
herhalingen, en zuurstofradicalen. We vinden 
dat de niveaus van die agentia niet beïnvloed 
worden door Usp3 verlies. In een andere serie 
experimenten, laten we zien dat Usp3 knockout 
cellen niet afwijkend gevoelig zijn voor een reeks 
DNA beschadigende agentia, wat suggereert dat 
verlies van Usp3 niet leidt tot een deficiëntie 
in DNA schade herstel. Om samen te vatten, 
beperkt hoofdstuk 4 de omvang van het aantal 
mechanismen dat mogelijk verantwoordelijk is 
voor spontane DNA schade in Usp3-deficiente 
cellen. 

In hoofdstuk 5 richten we onze aandacht op 
de RNF8 en RNF168 Ubiquitine E3 ligases die 
verantwoordelijk zijn voor ubiquitinatie van 
H2A en waarschijnlijk andere substraten rond 
dubbelstrengs DNA breuken. In de omgeving 
van dubbelstrengs DNA breuken, wordt RNF8 
eerst aangetrokken, gevolgd door RNF168. Een 
eerder gepubliceerd en breed geaccepteerd 
model stelde dat RNF8 het eerste E3 ligase is 
om H2A te ubiquitineren bij dubbelstrengs DNA 
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Giustina, thanks for all the good times. John 
Hilkens en Gerjon, Mandy kom ik nog een keer 
worteltjescake bij je eten? De Peepers – Thos, 
Liesbeth, Thomas (hallötchen!) and Chrysiis 
thanks for letting me be part of alle gezelligheid. 
Sirith, ik kon altijd bij je terecht om iets te bietsen 
of om een praatje te maken. Kylie and Ian, the 
southern warriors return and soon will be even 
more united, congratulations! Joanna, thanks for 
your help and all the best to you and Maarten. 
Patricia, Kristel, Tristan, Katrin, Christelle, Celia, 
Judith and Sedef, take care! And the most recent 
additions to Mol Gen: Metello, good luck! Rob en 
Tada – goed dat we jullie erbij hebben. Andre, 
Monique en Johan, zo te zien gaan jullie als een 
speer, succes.

Ik heb in mijn OiO periode heel wat mogen 
samenwerken met mensen en dat was hartstikke 
leuk. The best example of that has been working 
with you Fra, and look where we are today! Thanks 
for giving me the opportunity to contribute to your 
project and thank you for contributing so much 
to this book. Your drive and willingness to listen 
to what people have to say are inspirational, I am 
going to do my best to copy some of that in the 
future. Onze samenwerkingen strekten zich uit 
tot in Rotterdam - bedankt Wim, Jurgen, Jeroen 
en Nicole. Mark, het is jammer dat er zo weinig 
van in dit boekje terecht is gekomen maar ook wij 
hebben heel wat ‘gespeeld’ in het lab. Bedankt 
en succes in New York. Marcello and Michael, 
maestro and Meister of recombinant USP3, too 
bad I haven’t had the time to do much with it, 
but that is going to be a great tool. Paul, voor 
preB expertise kon ik bij jou terecht. ‘Enne, dit 
is gewoon mijn werk he.’ Okee okee… Heinz ook 
bedankt. Manon en Conchita, en van nog langer 
geleden, Sari: colony survival assays zijn best leuk 
als je weet hoe het moet. Conchita, you take your 
teaching very seriously and I really appreciate all 
the time you reserved for me. Ingrid, bedankt. Je 
bent een prettig mens en dankzij jou werd mijn 
FACS een stuk betrouwbaarder. Wouter, lekker 
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us in Melbourne. Thanks and see you soon, dear 
Sutherlands, Nesbits and Bradleys, Duscios and 
all the members of Dave’s fitness/dinner club 
(please select what’s more appropriate). 

Ian and Dianne, thank you very much for your 
support, patience and engagement.  This may 
not be a PhD in common sense, but it is a start :). 
Leigh, if all goes well, I may be able to hand you 
my book in person in October. Looking forward! 
De familie Vissers – bedankt allemaal! Chris en 
Peer, bedankt voor jullie aandacht voor de grote 
en kleine gebeurtenissen in ons leven. Mijn 
grootouders, ook al weer even overgrootouders: 
overgroot-oma’s Frank en Vissers, we komen 
gauw eens met Oskar spelen. Opa Vissers, je 
interesse voor mijn werk heeft veel voor me 
betekend. Ik voel me geprivilegieerd dat ik dit 
boekje aan jullie mag overhandigen. Lidewij en 
Ferdinand, jullie zijn een mooi stel. Benieuwd wat 
de komende jaren jullie gaan brengen. Thomas, 
kerel, succes in je nieuwe huis en ik hoop op alle 
goeds voor jou. 

Papa en mama, ik kan me geen betere ouders 
wensen. Bedankt voor al jullie steun. Nog even 
en jullie zijn vrij, veel plezier in de volgende fase 
van jullie leven. 
 
Oskar, vriendje, in zes jaar heb ik niet zoveel 
geleerd als jij in één week. Wat is het een 
geschenk om jouw papa te zijn. 

Kate, I am so lucky to be in our team with you. 
With you on my side, I can climb Cradle Mountain, 
finish my PhD, raise our little family and live our 
life together. Here we go on our next adventure. 
Thank you. 

filmen! Baoxu, thanks for friendship throughout 
the years, all the best to you and Xiaohang. 
Annemieke, Paul en Huib, ik heb genoten van het 
werken met jullie en de positieve vibe op jullie 
lab. Tot slot all my buddies from retreats, borrels 
and courses – Marieke van der V., Annette, Johan, 
Jeroen, Eva, Tanja, Ewa, Niek, Janneke, Judith, 
Petra P, Sjoerd, Mirjam en Hans te P. 

Je hoeft op het NKI niet alles zelf te doen, want op 
de achtergrond is een ruggengraat van faciliteiten 
actief met toegewijde mensen. Minze en Erwin, 
bedankt voor alle ampullen. Roelof voor de 
sequenties en ongeduld-tolerantie. Lauran en 
Lenny, Frank en Anita, nooit vonden jullie mijn 
vragen (merkbaar) te dom, een prestatie op zich. 
Bedankt schoonmakers (Antwi, fellow father, 
where are you?) en dames van de spoelkeuken, 
zonder jullie werd het lab binnen één dag een 
nog grotere puinhoop. 

Wetenschap is waardevol, leuk en spannend 
maar het is ook goed om af en toe even met 
mensen om te gaan zonder over epistase, 
minipreps en peer review te praten. De yoga 
dames en heren en juf Gerda en meneer René, 
iedere woensdag een diepe zucht door ons heen 
laten gaan en we kunnen er weer tegen. Het AzG 
Tour for Life team 2010, met jullie heb ik een 
hoogtepunt meegemaakt, bedankt allemaal! 
In mijn laatste jaar in het NKI kregen we Oskar. 
Overdag heb ik toch door kunnen werken dankzij 
de goede zorgen voor hem van Aicha en Helga. 
Lieve dames, hartelijk bedankt! Matthijs en 
Noortje: bedankt voor de gezelligheid altijd en 
Matthijs, kerel, heb je je pinguin pak al geregeld? 
Claudia, studievriendin, nog heel even en dan 
ben je zelf ook aan de beurt, ik ben trots dat ik 
naast je mag staan. Paul, Titia and Miles, I hope 
you find enough like-minded people in Tasmania 
so we can come woofing. Dag Sieb en Maria, en 
nu een Holtkamp taartje! Irvin and Mercedes, it 
has been good to have you around in Europe, 
glad things are coming together for you back 
in Chicago. Irvin, I am very proud to have such 
unique and beautiful cover art made by you my 
dear friend, thanks a lot. Ying, I miss you! I hope 
you and Mircea will come to visit soon. Thanks 
Phoebe and Arabela, I hope you like the book.
A lot of good friends and family are waiting for 




