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Abstract
Nijmegen breakage syndrome (NBS) is characterized by genome instability and cancer
predisposition. NBS patients contain a mutation in the NBS1 gene, which encodes the NBS1
component of the DNA double-strand break (DSB) response complex MRE11/RAD50/NBS1. To
investigate the NBS phenotype in more detail, we combined the mouse mimic of the most
common patient mutation (Nbs1ΔB/ΔB) with a Rad54 null mutation, which diminishes homologous
recombination. Double mutant cells were particularly sensitive to treatments that cause single
strand breaks (SSBs), presumably because these SSBs can be converted into detrimental DSBs
upon passage of a replication fork. The persistent presence of nuclear RAD51 foci and increased
levels of chromatid type breaks in metaphase spreads indicated that replication-associated DSBs
are repaired inefficiently in the double mutant cells. We conclude that Nbs1 and Rad54 function
cooperatively, but in separate pathways to counteract this type of DNA damage and discuss
mechanistic implications of these findings.
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1. Introduction
DNA repair is essential for the successful maintenance and propagation of genetic
information. Endogenous and exogenous DNA damaging agents are constantly challenging
the stability of DNA inside cells. Because a large variety of lesions occur in DNA, it is not
surprising that multiple pathways have developed that each repair a subset of these lesions
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[1]. DNA double-strand breaks (DSBs) form a very genotoxic class of lesions [2,3].
Unrepaired DSBs can lead to cell death or loss of heterozygosity, whereas misrepaired
DSBs may result in chromosomal rearrangements that contribute to carcinogenesis.
Effective DSB repair is critical for maintaining genome stability. In eukaryotes, two main
DSB repair pathways have been identified that differ in their requirements for DNA
homology. Non-homologous end-joining (NHEJ) uses little or no sequence homology to
rejoin broken ends in a manner that need not be error-free. Homologous recombination (HR)
requires extensive regions of DNA sequence homology and repairs DSBs accurately using
information on the undamaged sister chromatid.

HR involves a large number of proteins, including RAD51, RAD52 and RAD54 [4]. Upon
DNA damage induction of these proteins accumulate into nuclear foci which can be detected
by immunofluorescence microscopy [5]. The importance of the HR proteins is underscored
by the lethality imposed by disruption of Rad51 [6,7]. However, Rad54−/− mice are viable
and therefore provide a suitable model system to study the biological significance of a defect
in the mammalian HR pathway [8]. Rad54−/− ES cells are sensitive to ionizing radiation
(IR) and the interstrand crosslinking agent Mitomycin C (MMC) whereas the knockout mice
are only MMC sensitive [9]. Furthermore, the Rad54 deletion dramatically aggravates the IR
sensitivity of NHEJ mutant mice [9,10], showing that HR can function as a backup pathway
for NHEJ.

DSBs can occur in all phases of the cell cycle. Progression of the cell cycle is controlled by
several checkpoints that prevent cell cycle progression when DNA damage has not been
repaired [11,12]. DNA damage can prevent initiation of DNA replication (G1/S checkpoint),
slow down S phase progression (intra-S checkpoint) or delay mitosis (G2/M checkpoint).
The MRE11/RAD50/NBS1 (MRN) complex is a central player in various aspects of the
cellular response to DSBs, including HR, NHEJ and DNA damage checkpoint activation
[12–15]. Mutations in NBS1 cause Nijmegen Breakage Syndrome, a human disorder
characterized by microcephaly, IR hypersensitivity and predisposition to haematopoietic
malignancy. An important function of NBS1 is the maintenance of the intra-S phase
checkpoint, which also requires the Ataxia-Telangiectasia mutated (ATM) kinase. Wild type
cells inhibit firing of new replication origins to prevent replication forks from running into
DNA damage. AT and NBS cells inhibit DNA synthesis less efficiently after DNA damage,
which can be observed as radioresistant DNA synthesis (RDS) [16]. The MRN complex
activates the ATM kinase, which explains the similarity in cellular phenotypes of both
syndromes [14,17]. In addition to the activation of ATM kinase, NBS1 also facilitates ATR-
dependent phosphorylation [18]. ATM and ATR phosphorylate CHK2 and CHK1,
respectively, leading to activation of the intra-S, G1/S and G2/M DNA damage induced
checkpoints.

The role of Nbs1 in mammalian cells has been investigated in more detail using mice, which
mimic the mutation that is found in most NBS patients [19]. The Nbs1ΔB/ΔB mice are IR
sensitive and cells derived from these mice are sensitive to various DNA damaging agents,
show increased levels of chromosomal aberrations after IR treatment and display cell cycle
checkpoint defects.

We combined the Rad54− and Nbs1ΔB mutations to get more insight into the genetic
interactions of HR and the various functions of NBS1. We found that defective HR
aggravates the sensitivity of Nbs1ΔB/ΔB cells to agents that can induce replication-associated
DSBs.
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2. Materials and methods
2.1. Mouse breeding and cell culture

To investigate the effect of combined RAD54 and NBS1 mutations in mice, we set up
crosses to generate Nbs1ΔB/ΔB Rad54−/− double mutant mice. Because Rad54−/− mice are
fully fertile and viable [8] we used both Rad54−/− and Rad54+/− mice in the crosses. Since,
Nbs1ΔB/ΔB females are subfertile we used Nbs1ΔB/+ females for the crosses [19].

Primary MEFs were obtained from embryos at E13.5 by cell dispersal following removal of
organ block tissue. Cells were cultured in DMEM/Ham F10 1:1 medium supplemented with
10% fetal bovine serum and penicillin (100 U/ml)/streptomycin (100 μg/ml) in a humidified
37 °C incubator maintained at 3% O2 and 5% CO2.

ES cells were isolated at E3.5 [9]. ES cells were cultured on gelatin coated dishes in a 1:1
mixture of DMEM and Buffalo Rat Liver (BRL) conditioned medium supplemented with
10% fetal bovine serum, penicillin (100 U/ml)/streptomycin (100 μg/ml), 0.1 mM non-
essential amino acids, 50 μM β-mercaptoethanol and 500 U/ml leukemia inhibitory factor.

2.2. Homologous targeting assay
The efficiency of homologous recombination was assessed by homologous gene targeting
experiments to the mRad54 locus. Targeting of the locus by mRAD54-GFP was detected by
FACS analysis of GFP expression in ES cells containing the targeted locus as described
previously [27].

2.3. Sister chromatid exchange (SCE) analysis
SCE analysis was performed according to the standard procedures, with the cells either
mock treated or treated with 0.8 μg/ml MMC. 40–60 metaphases per cell line were analyzed
for the number of SCEs. For the double mutant cells 6 metaphases were analyzed.

2.4. DNA damage sensitivity assays
Cellular clonogenic survival assays were performed in triplicate as described previously [8].
For UV and IR survival assays, cells were exposed to the specified dose of UV-C light or
gamma rays from a 137Cs source at 0.8 Gy/min. For MMC survival assays, cells were
incubated in medium containing the specified concentration of MMC for 1 h. In the case of
CPT, cells were exposed for 24 h. The cells were then washed with phosphate-buffered
saline and replenished with fresh medium. Hydrogen peroxide was added at the indicated
concentration; this compound was not removed by changing the media. In the case of the
KU58948 PARP inhibitor [22], ES cells were exposed continuously, and after 3 days the
medium was replaced by fresh medium. The PARP inhibitor survival is plotted on a double
logarithmic scale. For all survival assays, the cells were allowed to grow for 10 days, stained
and colonies containing more than 50 cells were counted.

Wild type, Nbs1ΔB/ΔB ES cells, wild type and VH10-NE13 AT-fibroblasts were exposed to
10 μM KU55933 ATM inhibitor [26] and after 30 min exposed to IR. After 24 h, fresh
medium without inhibitor was added and survival analysis was performed as described
above.

2.5. Immunofluorescence and Western blotting
Immunostaining to detect RAD51 (α-hRad51 nr. 2307, rabbit polyclonal antibody) [34] was
performed as described previously [5]. Cells were counted as positive when they showed 5
or more foci. CHK2 phosphorylation was detected by SDS-PAGE separation of whole cell
extracts and Western blotting using mouse monoclonal antibodies to CHK2 (BD
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Transduction Laboratories). For quantification of the signals the ImageJ software tool was
used (http://rsb.info.nih.gov/ij/). The area under the curve (AUC) of a specific signal was
corrected by the AUC of the loading control.

2.6. Cytogenetic analysis
Frequencies of spontaneous chromosomal aberrations were determined in exponentially
growing cell cultures as described previously [35].

2.7. Radioresistant DNA synthesis assay
The RDS assay was performed essentially as described [36] but without the TCA-
precipitation step. In short, duplicate 30 mm dishes (four for the unirradiated control) were
prelabeled overnight with [14C]-thymidine (Amersham) in HEPES-buffered ES cell
medium, then exposed to various doses of γ-rays using a 137Cs source (0.8 Gy/min), or
treated with CPT for 1 h, and subsequently labeled with [3H]-thymidine (Amersham) for 2
h. Free thymidine pools were chased by a further 30–45 min incubation in medium
containing unlabeled thymidine. Scintillation-counted [3H] to [14C] radioactivity ratios of
alkali-lysed cells were taken as a measure of DNA synthesis rates and plotted as percentages
of unirradiated cells. The RDS assay with IR was performed 4 times and it was performed
twice with CPT treatment.

3. Results
3.1. Generation of Nbs1ΔB/ΔB Rad54−/− cells

NBS1 has been reported to have many different functions in the DNA damage response. We
investigated the effect of combining the hypomorphic Nbs1ΔB mutation with a knockout
Rad54 mutation. Both single mutants have no overt defects. The double mutant mice are
present at the expected Mendelian frequency up to day 18 p.c. However, they were born at
sub-Mendelian frequencies (Table 1) and the mice that survived perinatal death had a
reduced body weight (by approximately 15%; data not shown). However, no abnormalities
were detected in the gastrointestinal tract, lungs and skeleton and the animals developed
without obvious defects, although they remained smaller than their wild type and single
mutant littermates.

We isolated mouse embryonic fibroblasts (MEFs) and embryonic stem (ES) cells. The single
and double mutant MEFs and ES cells showed normal cell viability, proliferation and
morphology.

3.2. Analysis of sensitivities to DNA damaging agents
To get more insight into the genetic interactions of RAD54 and NBS1, we exposed the ES
cells to various DNA damaging agents. We first tested treatments that can directly create
DSBs: IR and hydrogen peroxide (H2O2). The Nbs1ΔB/ΔB and Rad54−/− single mutant ES
cells both showed increased levels of IR sensitivity (Fig. 1A). Double mutant ES cells were
slightly more IR sensitive than the single mutants, suggesting that NBS1 and RAD54
function in different pathways to counteract the deleterious effects of IR. To test whether the
sensitivity found in the double mutant ES cells is cell type specific we also analyzed MEFs.
Rad54−/− MEFs were not IR sensitive, whereas Nbs1ΔB/ΔB were [19]. The double mutant
MEFs were also hypersensitive to IR, showing that the additive effect of NBS1 and RAD54
deficiency is not ES cell specific (Fig. 1B).

Rad54−/− and Nbs1ΔB/ΔB ES cells also showed increased sensitivity to H2O2 (Fig. 1C).
Interestingly, the Nbs1ΔB/ΔB cells were more sensitive than the Rad54−/− cells, suggesting
that NBS1 is especially important to counteract H2O2 induced DNA lesions. H2O2 causes
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mainly SSBs, which can be converted to DSBs during replication [20]. Apparently, NBS1 is
required to counteract the negative effect of these lesions. The double mutant cells were only
slightly more sensitive to H2O2 than the Nbs1 single mutant, indicating that NBS1 has a
more important role in this type of repair than RAD54.

To investigate the effect of S phase specific DSBs in more detail, we used camptothecin
(CPT), which acts as an inhibitor of topoisomerase 1 and results in stable covalent DNA–
topoisomerase complexes. CPT-induced breaks can be converted to DSBs by advancing
DNA polymerases during replication [21]. CPT treatment was given for 24 h to act on all
cells in S phase. Clonogenic survival experiments indicated that Nbs1ΔB/ΔB and Rad54−/−

ES cells were equally sensitive, whereas the double mutant cells were much more sensitive
than the single mutants (Fig. 2A). The double mutant cells showed a much more pronounced
hypersensitivity to CPT than to IR treatment, suggesting that double mutant cells are
especially deficient in repairing S phase specific DSBs. Hydroxy urea-induced replication
fork stalling also resulted in hypersensitivity of double mutant cells (data not shown),
confirming that S phase specific DSBs pose a particularly severe problem if both genes are
defective.

As an alternative approach to increase the number of replication-associated DSBs, we used
the PARP inhibitor KU58948, which causes increased levels of SSBs [22,23]. This
compound inhibits repair of SSBs in the template DNA. When the replication fork
approaches such a lesion, it collapses and replication fork restart involves repair of the
broken DNA molecule by HR [2]. The Nbs1 mutant ES cells were much more sensitive to
this treatment than Rad54 deficient cells (Fig. 2B), suggesting that replication-associated
DSBs may pose a particularly severe problem to cells with diminished function of the MRN
complex. Interestingly, the PARP inhibitor caused an additive sensitivity in the double
mutant cells, suggesting that Rad54 and Nbs1 function in different pathways that counteract
replication-associated DSBs.

Subsequently, ES cells were exposed to the interstrand crosslinking (ICL) agent MMC,
because HR is also involved in the repair of these types of lesions. The Nbs1ΔB/ΔB, Rad54−/−

and double mutant cells showed similar levels of sensitivity (Fig. 2C), suggesting that both
genes function in the same pathway of ICL repair.

Repair of intrastrand crosslinks was assayed by ultraviolet (UV) irradiation, which causes
pyrimidine dimers that can be repaired via nucleotide excision repair. The Nbs1, Rad54 and
double mutant cells did not show hypersensitivity to UV-light (Fig. 2D).

3.3. CHK2 phosphorylation depends on NBS1 after IR and CPT treatment
NBS1 is important for cell cycle checkpoint control through activation of ATM. Therefore,
we studied CHK2 phosphorylation by ATM, which is thought to be NBS1-dependent after
IR treatment [24,25]. All CHK2 was hyperphosphorylated in IR treated wild type and
Rad54−/− cells. However, CHK2 phosphorylation was markedly reduced in the Nbs1ΔB/ΔB

cells and double mutant cells (Fig. 3A and B). Residual CHK2 phosphorylation was ATM
dependent, as pre-treatment with the ATM inhibitor KU55933 prevented phospho-CHK2
formation (supplementary Fig. SI).

CPT also induced CHK2 phosphorylation, suggesting that DSBs activate ATM after this
treatment (Fig. 3C). In Nbs1ΔB/ΔB cells, we did not observe any CHK2 phosphorylation after
24 h of CPT treatment (Fig. 3C) and only a trace of the phospho-CHK2 species after 1 h in
CPT containing medium (supplementary Fig. SI), showing that signaling from replication-
associated DSBs via CHK2 is markedly dependent on NBS1 function. The Rad54−/− cells
showed wild type levels of CHK2 phosphorylation after CPT treatment whereas the double
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mutant cells showed the same pattern as the Nbs1ΔB/ΔB cells (data not shown). We conclude
that RAD54 does not influence ATM dependent signaling.

3.4. Intra-S phase checkpoint
NBS1-dependent phosphorylation events are important to establish the IR-induced intra-S
phase checkpoint. We confirmed that wild type and Rad54 mutant cells down regulated
DNA synthesis after IR treatment, whereas Nbs1ΔB/ΔB and double mutant cells showed a less
pronounced decrease of DNA synthesis under these conditions (Fig. 4A). We observed a
similar difference between wild type and Nbs1ΔB/ΔB cells after H2O2 exposure (Fig. 4B).
However, 1 h CPT treatment, showed little or no difference in DNA synthesis rate between
wild type and Nbs1 mutant cells (Fig. 4C). As the small difference in both curves was not
observed in other experiments, we conclude that Nbs1ΔB/ΔB cells do not have a defect in
CPT-induced downregulation of DNA synthesis. Furthermore, Rad54−/− cells and
Nbs1ΔB/ΔB Rad54−/− cells both displayed the same level of DNA synthesis after CPT
treatment, confirming that the intra-S phase checkpoint induced by this compound does not
require NBS1. We conclude, that the hypersensitivity of Nbs1ΔB/ΔB Rad54−/− cells cannot
be explained by an intra-S phase checkpoint defect.

Additional evidence for NBS1 functions that are independent from ATM signaling in the
intra-S phase checkpoint came from epistasis analysis. Nbs1ΔB/ΔB cells and wild type cells
were treated with the ATM inhibitor KU55933 and colony survival after IR treatment was
determined [26]. Interestingly, both the Nbs1ΔB/ΔB and wild type ES cells became more IR
sensitive after treatment with the ATM inhibitor (Fig. 4D). The ATM inhibitor did not cause
hypersensitivity of AT-fibroblasts (supplementary Fig. SII), excluding off target effects of
the inhibitor. Nbs1ΔB/ΔB cells with ATM inhibitor were more IR sensitive than ATM
inhibited wild type cells, indicating that NBS1 has ATM-independent functions, which are
different from the intra-S phase checkpoint.

3.5. Homologous targeting and SCE are not affected in Nbs1ΔB/ΔB cells
Subsequently, we investigated whether a decreased HR capacity could explain the excess
residual DSBs in the double mutant cells. We determined the HR levels in ES cells with a
homologous gene targeting assay, using a promoterless RAD54-GFP knock-in construct
[27]. GFP is only expressed upon correct targeting into the Rad54 locus and not after
random integration. Nbs1ΔB/ΔB and wild type ES cells showed a similar targeting efficiency
(Fig. 5), indicating that HR was not affected by the Nbs1ΔB mutation. The targeting
efficiency in Rad54−/− and double mutant cells was reduced to similar levels (5% and 8%,
respectively), suggesting that the repair defect in double mutant cells could not be explained
by a general defect in HR. We confirmed this conclusion by measuring sister chromatid
exchanges (SCE). As found previously, Rad54 deficiency caused a dramatic decrease in
MMC-induced SCE [35]. However, the Nbs1ΔB mutation did not influence SCE induction
and the double mutant cells were similar to Rad54 single mutants.

3.6. Persistent DSBs in Nbs1ΔB/ΔB Rad54−/− cells
The sensitivity of the double mutant cells after IR and H2O2 treatment could in principle be
explained by a combination of a HR defect, caused by RAD54 deletion and an intra-S phase
checkpoint defect. However, the hypersensitivity of Nbs1ΔB/ΔB cells compared to wild type
cells in the presence of ATM inhibitor suggested that NBS1 has additional, ATM-
independent functions in the DNA damage response. Therefore, we investigated the
accumulation of RAD51 in subnuclear structures (foci) as a marker for sites of HR.
Interestingly, untreated double mutant MEFs showed a 5-fold higher level of RAD51 foci
positive cells than the wild type or the single mutant MEFs, indicating that endogenous
DNA damage levels were increased in these cells (Fig. 6A and B). RAD51 foci were
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induced by γ-irradiation in wild type and mutant MEFs. The highest percentage of foci
positive cells was observed 2 h after irradiation, which then decreased over the next 24 h to
the low level observed before irradiation (Fig. 6B). However, the RAD51 foci in double
mutant MEFs persisted for a longer period of time and even after 24 h the number of
RAD51 foci had not returned to pre-irradiation levels. Spontaneous RAD51 foci were also
increased in double mutant ES cells, indicating that this phenomenon is not cell type specific
(Fig. 6C).

Persistent RAD51 foci are indicative of persistent DNA damage, which predicts that
Nbs1ΔB/ΔB Rad54−/− cells should display a high incidence of chromosomal aberrations.
Therefore, we made metaphase spreads of wild type and mutant MEFs and ES cells (Table
2). Interestingly, double mutant cells exhibited a much higher level of spontaneous
chromosomal instability than wild type or single mutant cells. The majority of these
aberrations affected only one chromatid, which is consistent with the idea that the most
deleterious type of damage for the double mutant cells is a SSB that is converted to a DSB
in S phase, which frequently remains unjoined and finally can lead to cell death.

4. Discussion
The MRN complex has multiple functions in the maintenance of chromosomal stability. We
investigated how the Nbs1ΔB mutation, which mimics the mutation found in NBS patients,
affects genome stability and how this phenotype is influenced by a defect in HR (Rad54−/−).
We found that the double mutant cells are hypersensitive to many DNA damaging agents
and show a high level of chromosomal instability, even in an unchallenged situation.

We considered several possible reasons for the synergistic effects in Nbs1ΔB/ΔB Rad54−/−

cells. Nbs1 mutations have been found to compromise the intra-S checkpoint, both in patient
cells and in mouse cells. This has been interpreted as a defect in signaling to the replication
machinery that should inhibit initiation of new replicons during S phase. We therefore
reasoned that the hypersensitivity to various agents might be caused by such a signaling
defect. However, this could not explain the hypersensitivity of double mutant cells to CPT:
although CHK2 phosphorylation was decreased in Nbs1ΔB/ΔB cells this did not result in a
measurable intra-S phase checkpoint defect. Furthermore, Nbs1ΔB/ΔB cells could be
sensitized by ATM inhibitor to a much higher level than wild type cells, showing that NBS1
has ATM-independent functions. Therefore, we also considered other possible explanations
for the observed hypersensitivities. From our analysis, it is clear that agents that induce S
phase specific DSBs (CPT and PARP inhibitor) cause the highest level of hypersensitivity in
the double mutant cells. This leaves three possible explanations: (1) NBS1 could signal in an
ATM-independent fashion, for example from DSBs to the nearby replication fork, which
might be necessary for proper restart of replication, especially when HR is compromised, or
(2) NBS1 could prevent formation of DSBs from SSBs during S phase or (3) NBS1 might
be necessary for the DSB repair reaction itself.

The first two possibilities would both result in increased formation of DSBs. This signaling
could take place after DSB formation by a traversing replication fork, or one could imagine
that a signal is generated from a SSB that would prevent DSB formation by halting the
replication fork until the damage has been repaired. It is difficult to discriminate these two
possibilities. In both scenarios one would expect an increase in persistent DSBs and
chromatid type chromosomal aberrations in the double mutant cells. The classic signaling
pathway that involves NBS1 is via ATM kinase activation, resulting in an impaired CHK2
phosphorylation. However, MRN dependent activation of the ATR kinase activity after
replication fork stalling or UV irradiation has also been reported [18], suggesting that non-
DSB type lesions may also require the MRN complex for efficient detection and/or
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signaling. Interestingly, depletion of the MRN complex from Xenopus egg extracts caused
many DSBs during replication [28]. A similar phenomenon was found after caffeine
treatment, which inhibits both ATM and ATR kinases, or after depletion of these two
protein kinases, suggesting that DSB formation or a lack of repair can result from an
inability to activate the ATM and ATR kinases. Both possibilities are not mutually exclusive
and may contribute to the chromosomal instability observed in Nbs1ΔB/ΔB and double mutant
cells.

As a third possibility we considered that Nbs1 may be required for DSB repair by HR and/or
NHEJ. Previously, combined defect in HR and NHEJ was found to result in synergistic
effects in mice and cells [9,10,29]. We excluded a role for NBS1 in homologous targeting,
suggesting that the core HR functions are still intact. However, we cannot exclude that
NBS1 is involved in a subpathway of HR that is important for replication-associated DSB
repair. Although the increased IR sensitivity in double mutant MEFs might be explained by
NBS1-related NHEJ defects, this does not explain the high level of hypersensitivity for
agents that mainly cause DSBs associated with S phase progression. Therefore, we do not
expect that the involvement of NBS1 in the direct mechanisms of HR or NHEJ is a likely
explanation for the phenotype of the double mutant cells. However, the MRN complex may
have a function in keeping DNA ends in close proximity, which facilitates the actual joining
reaction [30]. The MRN complex forms foci after various DSB-inducing treatments,
independently of other DSB repair proteins [31]. The MRN complexes interact via a Zinc-
hook at the tip of their RAD50 subunit and can bridge two DNA ends [32,33]. This function
might help to keep the DSB together until the HR (or NHEJ) repair machinery has properly
aligned the DNA ends for the actual joining reaction. Since the NBS1 mutation does not
support MRN foci formation, the microenvironment of DNA ends may have changed in
such a way, that the ends loose juxtaposition much more readily and therefore remain
unrepaired. Obviously, this phenotype would be enhanced when HR is compromised.

In conclusion, the enhanced sensitivities of double mutant cells to various DNA damaging
agents point to a function for NBS1 that is separate from the actual repair reaction. We
propose that DNA damage signaling and a changed microenvironment of the DSB may
contribute to this hypersensitivity. Investigation of the effect of combining Rad54 deficiency
with other factors that either fail to accomplish proper signaling (such as ATR point
mutations) or IR-induced foci formation (such as γ-H2AX) may help to discriminate these
possibilities.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Sensitivities of Nbs1ΔB/ΔB Rad54−/− double and single mutants to DSB-inducing agents. (A)
ES cell and (B) MEF colony survival assay for IR and (C) ES cells colony survival assay for
H2O2. The doses of various genotoxic agents are displayed on the X-axis on a linear scale,
while the percentage of surviving colonies is displayed on the Y-axis on a logarithmic scale.
Error bars show the standard error of the mean for triplicate experiments.
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Fig. 2.
Sensitivities of Nbs1ΔB/ΔB Rad54−/− double and single mutants to various DNA damaging
agents. Colony survival assays after treatment of ES cells with (A) CPT, (B) PARP inhibitor
(KU58948), (C) MMC and (D) Ultra Violet (UV-C) irradiation in ES cells. The doses of
various genotoxic agents are displayed on the X-axis on a linear scale, except for the PARP
inhibitor, while the percentage of surviving colonies is displayed on the Y-axis on a
logarithmic scale. Error bars show the standard error of the mean for triplicate experiments.
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Fig. 3.
CHK2 phosphorylation after DSB induction depends on NBS1. Western blot analysis with
CHK2 antibodies (A) 1 h after 12 Gy γ-irradiation and (B) quantification of the Western blot
analysis. Protein bands were derived from single membranes and band intensities were
quantified using ImageJ software tool. The amount of phospho-CHK2 was quantified over
the amount of total CHK2 and phoshpho-CHK2. (C) 1 h after 12 Gy γ-irradiation, 24 h after
CPT treatment (10 ng/ml) or 1 h after UV-C irradiation (20 J/m2).
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Fig. 4.
Inhibition of DNA synthesis after DNA damage. The relative level of 3H-Thymidine
incorporation was measured after (A) γ-irradiation, (B) H2O2 treatment and (C) 1 h of CPT
treatment. (D) ES cells colony survival assay for IR after ATM inhibition. The doses of IR
are displayed on the X-axis on a linear scale, while the percentage of surviving colonies is
displayed on the Y-axis on a logarithmic scale. Error bars show the standard error of the
mean for triplicate experiments.
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Fig. 5.
Homologous gene targeting does not depend on NBS1. (A) Cells of the indicated genotypes
were electroporated with the mRAD54-GFP knock-in construct that results in GFP
expression after homologous gene targeting, but not after random integration. GFP
expression was analyzed by flow cytometry after 7 days of antibiotic selection. The
calculated targeting efficiency is displayed for each experiment. (B) Induction of SCEs by
MMC in MEFs. 40–60 metaphases per sample were scored for the number of SCEs per cell
and corrected for the amount of chromosomes. Only 6 metaphases were counted in the
MMC treated double mutant cells. The error bars indicate the SEM.
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Fig. 6.
RAD51 foci persist in Nbs1ΔB/ΔB Rad54−/− MEFs. (A) RAD51 foci formation in untreated
MEFs of the indicated genotypes. (B) Quantification of RAD51 focus formation at 0, 2, 8
and 24 h after 2 Gy γ-ray irradiation in MEFs. (C) Spontaneous foci formation in ES cells.
At least 75 cells were counted for each genotype in 3 independent experiments. Cells with 5
or more foci were scored as foci positive cells.
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Table 1

Crosses to generate Nbs1ΔB/ΔB Rad54−/− mice.

Cross Expected Born

Nbs1ΔB/+ Rad54+/− × Nbs1ΔB/+ Rad54+/− 1/16 (6.25%) 1/61 (1.6%)

Nbs1ΔB/+ Rad54+/− × Nbs1ΔB/+ Rad54−/− 1/8 (12.5%) 6/78 (7.7%)

Nbs1ΔB/ΔB Rad54+/− × Nbs1ΔB/+ Rad54+/− 1/8 (12.5%) 3/46 (6.5%)

Nbs1ΔB/ΔB Rad54+/− × Nbs1ΔB/+ Rad54−/− 1/4 (25%) 3/75 (4%)

Overall 11% 5%

The expected number of double mutant pups and the numbers of born pups are given for each cross.
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