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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
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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 

uH2A

  H2A

α USP3
α Tubulin

α uH2A

α H2A

α H4

+/+   ∆/∆
A B C

Usp
3+

/+  

Usp
3∆

/∆
0.0

0.2

0.4

0.6

0.8

1.0

Re
la

tiv
e 

m
RN

A 
ex

pr
es

sio
n

Usp3+/+ Usp3∆/∆

FK
2 

(U
b)

DA
PI

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.
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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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A. Representative images of SCE analysis on sh-p53 immortalized MEFs of indicated genotype. SCEs are indicated by arrows. Inset, 
chromosome with double SCE. B, C. Quantitation of SCE analysis on sh-p53 MEFs (n=1, mean of at least 48 cells/genotype +/- SEM). 
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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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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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Supplementary Figure 1. 
A. 3T3 Proliferation curve of primary MEFs of indicated Usp3 genotype. B. Cell cycle phase distribution of primary MEFs of indicated 
genotype. Early passage MEFs were seeded. After 24hrs, 1mM BrdU was added for 1 hour prior to harvesting for FACS analysis. 
Y-axis: FITC (BrdU) signal, X-axis: far red (PI) nuclear signal. The percentages of single cells at respective cell cycle stages are indicated. 
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Supplementary Figure 2
A. qRT-PCR of p53 mRNA levels in sh-p53 MEFs versus primary MEFs. B. Western blot analysis of p53 levels of sh-p53 MEFs versus 
primary MEFs treated with 6Gy irradiation. Cells were allowed to recover for 1hr prior to harvesting.




