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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.

DNA repair pathway
H2A DUB

Genome-wide RNAi screen

Usp3∆/∆Usp3+/+

Usp3∆/∆

USP3

uH2A
uH2B

Transcriptional 
profiling

Quantitative proteomics:
- Whole proteome
- ‘Ubiquitinome’
- Chromatin fraction

Ub - other targets

xxxx
xxxxxx
xxxxx
xxx
xxxx
xxxx

xxxx

xxxx

xxxx

xxxxxx

xxxxxx

xxx
xxx

xxx

xxx

xxx

xxxxx

xxxxx

m/z

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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