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The RING Finger Protein RNF8 Ubiquitinates Nbs1 to Promote
DNA Double-strand Break Repair by Homologous
Recombination*□S
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Chi-Sheng Lu‡1, Lan N. Truong‡1, Aaron Aslanian§¶, Linda Z. Shi�, Yongjiang Li‡, Patty Yi-Hwa Hwang‡,
Kwi Hye Koh‡, Tony Hunter§, John R. Yates III¶, Michael W. Berns�, and Xiaohua Wu‡2

From the ‡Department of Molecular and Experimental Medicine and the ¶Department of Chemical Physiology, Scripps Research
Institute, La Jolla, California 92037, the §Molecular and Cell Biology Laboratory, Salk Institute for Biological Studies, La Jolla,
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Background:TheMre11-Rad50-Nbs1 (MRN) complex and the ubiquitin E3 ligase RNF8 play important roles in DNADSB
repair.
Results: RNF8 interacts with and ubiquitinates Nbs1 to promote binding of Nbs1 to DSBs and HR-mediated DSB repair.
Conclusion: Nbs1 ubiquitination by RNF8 is important for Nbs1 recruitment to DSBs and HR-mediated repair of DSBs.
Significance:These studies help to understand howubiquitinationmodifications contribute toDSB repair and genome stability
maintenance in mammalian cells.

Ubiquitination plays an important role in the DNA damage
response. We identified a novel interaction of the E3 ubiquitin
ligase RNF8 with Nbs1, a key regulator of DNA double-strand
break (DSB) repair. We found that Nbs1 is ubiquitinated both
before and afterDNAdamage and is a direct ubiquitination sub-
strate of RNF8.We also identified key residues onNbs1 that are
ubiquitinatedbyRNF8.Byusing lasermicroirradiation and live-
cell imaging, we observed that RNF8 and its ubiquitination
activity are important for promoting optimal binding of Nbs1 to
DSB-containing chromatin. We also demonstrated that RNF8-
mediated ubiquitination ofNbs1 contributes to the efficient and
stable binding of Nbs1 to DSBs and is important for HR-medi-
ated DSB repair. Taken together, these studies suggest that
Nbs1 is one important target of RNF8 to regulate DNA DSB
repair.

Homologous recombination (HR)3 and non-homologous
end joining (NHEJ) are two major pathways to repair DSBs (1,
2). HR is error-free, involving extended end resection of the
DSB ends to generate single-stranded DNA (ssDNA) and uti-
lizing the homologous sister chromatid as a template (3). Clas-
sical NHEJ is through the Ku-dependent pathway to religate
DSB ends, which can be error-prone when DSB ends are not

compatible (4). Microhomology-mediated end joining (MMEJ)
is a major type of alternative NHEJ when the Ku-dependent
classical NHEJ is deficient. MMEJ involves short processing of
the ends and religation of DNA ends at microhomology
sequences (5, 6), and this pathway requires the functions of the
Mre11-Rad50-Nbs1 (MRN) complex and CtIP (7–11).
Upon formation of DSBs, the MRN complex recognizes the

lesions and recruits ATM (ataxia telangiectasia mutated) to
DSBs (12–14). Activation of ATM leads to phosphorylation of
H2AX (�-H2AX) (15). MDC1 is recruited to the damage sites
by binding to �-H2AX through its C-terminal BRCT domain
(16). Subsequently, the E3 ubiquitin ligase RNF8 is recruited to
DSBs through interaction of the N-terminal FHA domain of
RNF8 with MDC1 at the ATM phosphorylation sites of MDC1
(17). Meanwhile, Nbs1 is recruited to DSB-flanking regions by
MDC1 through binding of the FHA/BRCT domains of Nbs1
with the CK2 phosphorylation sites of MDC1 (18–23). Thus,
MDC1 serves as a scaffold protein to recruit RNF8 andMRN to
DSB-flanking chromatin regions.
Upon DNA damage, ubiquitination occurs at DSB sites, and

a number of proteins involved in the ubiquitination process are
accumulated at DSBs and play critical roles in mediating DNA
damage responses (24, 25). For instance, BRCA1, a key player of
HR-mediated DSB repair, contains an N-terminal RING
domain that interacts with BARD1 to form a heterodimeric E3
ubiquitin ligase (26, 27). The BRCA1-BARD1 complex then
interacts with the E2 conjugating enzyme UbcH5C and pro-
motes Lys-6-linked ubiquitin chain formation (28, 29).
More recent studies demonstrate that RNF8 and its ubiquiti-

nation activity play crucial roles in the DNA damage response.
RNF8 interacts with Ubc13 and can catalyze Lys-63-linked
ubiquitination of H2A and H2AX at DSB sites (30). RNF8 can
also interact with other E2s, includingUbcH8 andUbcH5C, for
mediating the DNA damage response (31–35). Importantly,
RNF8was found to be critical for localizingBRCA1 toDSBs (17,
36–38). The ubiquitination activity of RNF8 is required for
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recruiting RAP80, which contains two ubiquitin interacting
motifs, to DSBs (38). Through formation of the RAP80-
ABRA1-BRCA1 complex, BRCA1 is recruited to DSBs (39–
42). RNF8 is also important for recruiting another ubiquitin E3
ligase, RNF168, and 53BP1 to DSBs (17, 36, 37, 43, 44). Consist-
ent with its critical roles in mediating the ubiquitination-de-
pendent recruitment of repair factors, RNF8-deficient cells are
defective inG2/M checkpoint and exhibit sensitivity to ionizing
radiation (IR) (17, 36, 37).
In this study, we demonstrate a novel interaction of RNF8

with MRN. We found that RNF8 directly binds to Nbs1 and
ubiquitinates Nbs1. By mass spectrometry analysis, we identi-
fied Nbs1 Lys-435 as the key residue ubiquitinated by RNF8.
We also showed that RNF8 and RNF8 ubiquitination activity
are needed for efficient localization of Nbs1 to DSBs. More
specifically, we demonstrated that RNF8-mediated ubiquitina-
tion of Nbs1 contributes significantly to Nbs1 localization to
DSBs. By using EGFP-based DSB repair substrates, we demon-
strated that RNF8 is important for promoting HR while being
dispensable for MMEJ. Further analysis revealed that RNF8-
mediated ubiquitination of Nbs1 is important for promoting
DSB repair by HR. These studies reveal a new mechanism
underlying the role of RNF8 in mediating DNA damage
responses through ubiquitinatingNbs1 and promoting optimal
and stable recruitment of MRN to DSBs for DSB repair by HR.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, Retroviral Infection, and RNA
Interference—U2OSand 293T cellswere cultured inDulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum in the presence of antibiotics. Sf21 insect cells were cul-
tured in Grace’s insect medium (Invitrogen) containing 10%
fetal bovine serum. Sf9 insect cells were cultured in Sf-900 II
SFM medium (Invitrogen). 293T and U2OS cells were trans-
fected by a calciumchloridemethod.U2OS cells stably express-
ing FLAG-tagged RNF8 (wild-type and mutants) and Myc-
tagged Nbs1 (wild-type and mutants), with shRNA-resistant
silent mutations, were generated by retroviral infection using
pBabepuro vector, followed by puromycin selection.
Silencing of endogenous RNF8, Nbs1, Mre11, MDC1, and

H2AX by shRNAs was performed by retroviral infection using
the vector pMKO-puro expressing corresponding shRNAs.
The shRNA target sequences for Mre11 and Nbs1 were previ-
ously described (45), and the following shRNAs were designed
by Dharmacon: for RNF8sh GGACAAUUAUGGACAA-
CAAGA; for MDC1sh GUCUCCCAGAAGACAGUGAUU;
and for H2AXsh GGGACGAAGCACUUGGUAA. Enhanced
blue fluorescence protein (EBFP)-marked shRNAs were gener-
ated by replacing the puromycin marker of pMKO-puro with
EBFP-puromycin fusion protein (EBFP obtained fromAddgene
plasmid 14983 (46)), followed by retroviral infection and puro-
mycin selection.
Plasmid Construction—FLAG, Myc, and/or HA tag epitopes

were fused with RNF8 (RNF8 cDNA was kindly provided by J.
Lukas), Nbs1, Mre11, Rad50, or ubiquitin in pcDNA3 vector.
GST-tagged Nbs1 and RNF8 were made in pGEX-6P-1 (GE
Healthcare), and EGFP-tagged Nbs1, RNF8, and Mre11 were
generated in EGFP-C1 (CLONTECH) or EGFP-pBabepuro.

mRFP-tagged Nbs1 (wild-type and mutants) were generated
inmRFP-N1. The indicated point mutations for RNF8, Nbs1,
and ubiquitin (HA-ubiquitin wild type was kindly provided
by P. R. Yew) were generated by site-directed mutagenesis
(QuikChange, Stratagene). The indicated RNF8 deletion
mutants were generated by PCR amplification and ligation of
fragments.
Whole Cell Lysis, Co-immunoprecipitation, Immunofluores-

cence, and Antibodies—Cells were lysed in NETN (150 mM

NaCl, 1 mM EDTA, 20 mM Tris-Cl, pH 8.0, 0.5% Nonidet P-40
(v/v)) containing protease and phosphatase inhibitors (50 mM

sodium fluoride, NaF, and 0.1 mM sodium orthovanadate,
Na3VO4). Cleared cell lysates were then collected for immuno-
precipitation and/or subjected to SDS-PAGE as described (47).
Immunostaining and immunofluorescence microscopy analy-
sis were performed as described (47, 48).
RNF8 polyclonal antibody was generated by immunizing

rabbits with GST-fused RNF8 fragment (amino acids 1–324)
and affinity-purified. Polyclonal antibodies against Mre11
(D27) andNbs1 (D29)were described previously (49, 50).Other
antibodies include anti-Rad50 and anti-Myc-9E10 (Novus Bio-
logicals), anti-Ku70 (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), anti-FLAG-M2 (Sigma), anti-HA and anti-MDC1
(Sigma), anti-H2AX (Bethyl), and anti-GST and anti-RPA2
(Oncogene).
Protein Purification—Nbs1 and Mre11-Rad50 were ex-

pressed in Sf9 insect cell by baculovirus infection and purified
as described (51). Full-length RNF8 was expressed in Sf9 cells
and harvested at 48 h after baculoviral infection. The cell pellet
was resuspended in NTA Buffer A (20 mM Tris-HCl, pH 7.5,
500mMKCl, 10% glycerol, 0.1% Triton X-100, 2 mM 2-mercap-
toethanol) containing 5 mM imidazole and protease inhibitors.
Cleared lysates were prepared by sonication followed by ultra-
centrifugation at 3,500 � g for 50 min at 4 °C. The lysates were
loaded onto a nickel-NTA-Sepharose (Qiagen) column and
washed with 5 column volumes of NTA buffer A containing 5
mM imidazole, followed by 10 column volumes ofNTAbufferA
containing 60 mM imidazole. Proteins were sequentially eluted
withNTA elution buffer (20mMTris-HCl, pH 7.5, 150mMKCl,
10% glycerol, 0.1% Triton X-100, 2 mM 2-mercaptoethanol, 2
mM dithiothreitol (DTT), 250 mM imidazole, and protease
inhibitors).
GST Pull-down Assay—GST-RNF8 proteins were expressed

in Sf21 insect cells. The insect cell pellets were lysed with son-
ication buffer (50 mM Tris-Cl, pH 7.9, 150 mM NaCl, 1 mM

EDTA, 0.5% Nonidet P-40, protein inhibitors). Supernatants
from lysates, cleared by centrifugation, were incubated with
glutathione-Sepharose beads (Amersham Biosciences) at 4 °C,
followed by three washes with sonication buffer. For binding
experiments, glutathione-Sepharose beads bound to GST or
GST-RNF8 were incubated with purified Mre11, Rad50, and
Nbs1 proteins for 2 h at 4 °C. The beads were washed three
times with sonication buffer and then subjected to SDS-PAGE.
In Vivo and in Vitro Ubiquitination Assay—For the in vivo

ubiquitination assay, U2OS cells were transfected with
HA-tagged ubiquitin (Ub) and Myc-tagged Nbs1. 40 h post-
transfection, cells were harvested and lysed in 1% SDS lysis
buffer (50mMTris-HCl, pH 7.5, 1% SDS) and boiled for 10min.
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Lysates were cleared by centrifugation at 14,000� g for 10min.
Supernatant was diluted 1:10 withNETNbuffer (150mMNaCl,
5 mM EDTA, 50 mM Tris-HCl, pH 7.5, 0.1% Nonidet P-40) and
then immunoprecipitated with mouse anti-Myc antibody
(9E10) at 4 °C overnight. The beads were washed three times
with ice-cold NETN buffer and then subjected to SDS-PAGE.
For the in vitro ubiquitination assay, ubiquitination reactions

were conducted at 37 °C for 1 h in a total volume of 20 �l
containing 2 �g of HA-tagged ubiquitin, 25 ng of rabbit E1
(Boston Biochem), 0.25�g of UbcH5c (Boston Biochem), 50 ng
of RNF8, 1 �g of Myc-tagged Nbs1, and ubiquitination buffer
(50 mM Tris-HCl, pH7.5, 5 mM MgCl2, 2 mM NaF, 5 mM ATP,
0.6 mM DTT, 50 mM KCl). The reactions were stopped by 1�
protein loading buffer and then subjected to SDS-PAGE.
Laser Microirradiation and Live-cell Imaging—DSBs were

generated in live-cell nuclei by laser-induced microirradiation
using a picosecond short-pulsed green laser (a diode-pumped
second harmonic 532-nm Nd:YAG laser microbeam with
76-MHz repetition rate, 12-ps pulse duration) coupled to a
Zeiss Axiovert microscope for live cell, time lapse image cap-
ture (Laboratory of Dr. Michael W. Berns, University of Cali-
fornia at San Diego, La Jolla, CA (52)). The average laser power
used for DNA cutting was 16 milliwatts (post-objective), and
the total energy delivered per focused laser spot was 480 mJ.
Fluorescence intensities of the laser microirradiated areas were
calculated using ImageJ software (National Institutes of
Health), with the cellular background fluorescence intensity
subtracted from the laser-induced damage site intensity. Each
data point is the average of 10 independent measurements.
DSB Repair Assays and Fluorescence-activated Cell Sorting

(FACS) Analysis—EGFP-based DSB repair substrates for HR
andMMEJwere previously described (11). I-SceIwas expressed
by retroviral infection of HA-I-SceI, and 7 days later, cells were
collected for FACS analysis of EGFP-positive events. FACS
analysis was performed using a BD Accuri C6 flow cytometer
and accompanying data analysis software (BD Biosciences).
Mass Spectrometry Analysis—Nbs1 was first ubiquitinated

by the in vitro ubiquitination reactions described above. The
ubiquitinated Nbs1 sample was denatured in urea and then
reduced and alkylated with tris(2-carboxyethyl)phosphine
hydrochloride (Roche Applied Science) and chloroacetamide
(Sigma-Aldrich), respectively. The sample was then digested
overnightwith trypsin (Promega) according to themanufactur-
er’s specifications.
The protein digest was pressure-loaded onto a 250-�m inner

diameter fused silica capillary (Polymicro Technologies) col-
umn with a Kasil frit packed with 3 cm of 5-�m C18 resin
(Phenomenex). After desalting, the loading column was con-
nected to a 100-�m inner diameter fused silica capillary (Poly-
micro Technologies) analytical column with a 5-�m pulled tip,
packed with 10 cm of 5-�m C18 resin (Phenomenex).
The column was placed in line with an 1100 quaternary

HPLC pump (Agilent Technologies), and the eluted peptides
were electrosprayed directly into an LTQ Orbitrap Velos mass
spectrometer (Thermo Scientific). The buffer solutions used
were 5% acetonitrile, 0.1% formic acid (buffer A), 80% acetoni-
trile, 0.1% formic acid (buffer B); and 500 mM ammonium ace-
tate, 5% acetonitrile, 0.1% formic acid (buffer C). A six-step

MudPIT was run with salt pulses of 0, 20, 40, 70, and 100%
buffer C and 90% buffer C, 10% buffer B. The 120-min elution
gradient had the following profile: 10% buffer B beginning at 10
min to 45% buffer B at 90min to 100% buffer B from 100min to
110 min. A cycle consisted of one full scan mass spectrum
(300–1600 m/z) followed by 20 data-dependent collision-in-
duced dissociation MS/MS spectra. Application of mass spec-
trometer scan functions and HPLC solvent gradients was con-
trolled by the Xcalibur data system (Thermo Scientific).
MS/MS spectra were extracted using RawXtract (version

1.9.9) (53). MS/MS spectra were searched with the Sequest
algorithm (54) against a human IPI database concatenated to a
decoy database in which the sequence for each entry in the
original database was reversed (55). The Sequest search was
performed using full enzyme specificity, static modification of
cysteine due to carboxyamidomethylation (57.02146), and
differential modification of lysine due to ubiquitination
(114.04296). Sequest search results were assembled and filtered
using the DTASelect (version 2.0) algorithm (56). The peptide
identification false positive rate was kept below 1%, and all pep-
tide spectrum matches had less than 10 ppm mass error.

RESULTS

TheMRNComplex Interacts with RNF8—Because bothNbs1
and RNF8 are recruited by MDC1 to DSBs through a direct
interaction with MDC1 (17–23, 36–38), we asked whether
RNF8 may possibly associate with MRN. Co-immunoprecipi-
tation (co-IP) showed that FLAG-RNF8 interacts with Myc-
tagged Nbs1, Mre11, or Rad50 when they were expressed in
293T cells (Fig. 1A), suggesting that RNF8 interacts with the
MRN complex. However, these results cannot distinguish
which component of MRN interacts with RNF8, because over-
expressed Myc-Nbs1, Myc-Mre11, or Myc-Rad50 can form a
complexwith endogenous counterparts.WhenNbs1 andRNF8
were co-expressed in insect cells, their interaction was also
observed (supplemental Fig. 1). We then purified Nbs1 and the
Mre11-Rad50 complex from insect cells and showed that puri-
fied Nbs1 but not Mre11-Rad50 interacts with RNF8 (Fig. 1B).
These data suggest that RNF8 binds to MRN through a direct
interaction with Nbs1.
To examine whether the Nbs1 and RNF8 interaction is reg-

ulated upon DNA damage, we performed co-IP of RNF8 and
MRN before and after IR. Neither overexpressed MRN nor
endogenous MRN showed a difference in association with
RNF8 before and after IR in 293T cells andU2OS cells (Fig. 1,C
and D) (data not shown). These data suggest that MRN inter-
acts with RNF8 in the absence of DNA damage and that IR-
induced damage does not significantly regulate their interac-
tions. These data also suggest thatMRN and RNF8 can interact
before they are recruited by MDC1 to DSBs. This is further
supported by the observation that the FHA mutant of RNF8,
RNF8-R42A, defective in binding toMDC1 at ATM phosphor-
ylation sites (17, 36–38), does not show a difference in its inter-
action with Nbs1 (Fig. 1E).
Nbs1 Is Ubiquitinated by RNF8—The direct interaction of

Nbs1 with RNF8 prompted us to investigate whether Nbs1 is
ubiquitinated by RNF8. Ubiquitination of Nbs1 was readily
detected before and after DNA damage (Fig. 2A), which is dif-
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FIGURE 1. The MRN complex interacts with RNF8 through Nbs1. A, 293T cells were transfected with FLAG-RNF8 and Myc-Nbs1 or Myc-Mre11 (left) or
FLAG-RNF8 and Myc-Rad50 (right). 48 h after transfection, whole cell lysates were collected and immunoprecipitated with anti-Myc antibody, followed by
immunoblotting. B, purified Nbs1 (left) or purified Mre11-Rad50 complex (right) proteins were incubated with GST-RNF8 coupled to glutathione-agarose beads
and probed with antibodies as indicated. C, 293T cells were co-transfected with FLAG-RNF8 and Myc-tagged Mre11, Rad50, and Nbs1 (MRN). Transfected cells
were treated with 10 Gy of IR. 1 h later, whole cell lysates were collected for imunoprecipitation with anti-Myc antibody and probed with antibodies as
indicated. D, 293T cells were treated with 10 Gy of IR, and 1 h later, whole cell lysates were collected for immunoprecipitation with anti-RNF8 antibody or control
rabbit anti-mouse IgG (R�M). Immunoblotting was performed using anti-Nbs1, anti-Mre11, and anti-RNF8 antibodies. E, 293T cells were transfected with
Myc-Nbs1 and FLAG-RNF8 WT, FLAG-RNF8-R42A FHA mutant, or mock (�). Whole cell lysates were immunoprecipitated with anti-Myc antibody, and immu-
noblotting was performed.

FIGURE 2. Nbs1 is ubiquitinated by RNF8. A, in vivo ubiquitination assay of 293T cells transfected with HA-Ub and Myc-Nbs1 and treated with or without 10
Gy of IR. After a 1-h recovery, cells were lysed and immunoprecipitated with anti-Myc antibody. Ubiquitinated Nbs1 was probed with anti-HA antibody. B, in vivo
ubiquitination assay of 293T cells transfected with HA-Ub and Myc-Nbs1 WT, K686A/K690A mutant (KK), or mock (�). Cells were lysed and subjected to
immunoprecipitation with anti-Myc antibody. Ubiquitinated Nbs1 was probed with anti-HA antibody. C, left, in vivo ubiquitination assay. U2OS cells were
transfected with Myc-Nbs1 and HA-ubiquitin, followed by retroviral infection of RNF8 shRNA. 40 h later, cells were treated with or without 10 Gy of IR. After a
1-h recovery, cells were lysed, immunoprecipitated with anti-Myc antibody, and then probed with anti-HA antibody for ubiquitinated Nbs1. Right, Western blot
shows silencing of endogenous RNF8 by shRNAs (*, nonspecific band), with Ku70 used as a loading control. D, in vitro ubiquitination assay. Recombinant Nbs1
protein was purified from Sf9 cells and added in combination with Ub machinery components (HA-Ub, E1, UbcH5C, Ubc13, and RNF8 as indicated). After a 1-h
incubation, samples were boiled in SDS sample buffer and subjected to immunoblotting with anti-HA antibody to show ubiquitinated Nbs1. E, in vitro
ubiquitination assay. Recombinant Nbs1 protein was added in combination with Ub machinery components (HA-ubiquitin, E1, UbcH5C, and RNF8-WT or
RNF8-C403S as indicated). After a 1-h incubation, samples were boiled in SDS sample buffer and subjected to immunoblotting with anti-HA antibody for
revealing Nbs1 ubiquitination. F, in vivo ubiquitination assay of 293T cells transfected with Myc-Nbs1 and HA-ubiquitin (WT, K6R, K48R, or K63R mutant)
plasmids. Cells were lysed and immunoprecipitated with anti-Myc antibody. Ubiquitinated Nbs1 was shown by anti-HA immunoblotting. IB, immunoblot.
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ferent from the previous report thatNbs1 ubiquitination is trig-
gered by IR treatment (57). The Nbs1-K686A/K690A (KK)
mutant, which was defective in binding with Mre11 (48), is as
effectively ubiquitinated as wild-typeNbs1 (Fig. 2B), suggesting
that formation of theMRN complex is not necessarily required
for RNF8 to ubiquitinate Nbs1.
To show whether RNF8 contributes to Nbs1 ubiquitination,

we examined Nbs1 ubiquitination with or without suppression
of RNF8 by shRNA. Nbs1 ubiquitination was significantly
reduced before and after IR when RNF8 was depleted (Fig. 2C),
suggesting that RNF8 is involved in ubiquitination of Nbs1. In
vitro ubiquitination using purified proteins further confirmed
that Nbs1 is a substrate of RNF8 (Fig. 2D). Consistent with this,
the RNF8 RING domain mutant RNF8-C403S was defective in
Nbs1 ubiquitination (Fig. 2E). Interestingly, we observed that
Nbs1 ubiquitination was much stronger in the presence of E2
UbcH5C than with Ubc13 (Fig. 2D). To identify the ubiquitin
linkage of Nbs1 ubiquitination, we examined different types of
ubiquitin mutants (K6R, K48R, and K63R). Expression of
HA-Ub K6R but not K48R or K63R reduced Nbs1 ubiquitina-
tion (Fig. 2F), suggesting that Lys-6-linked ubiquitin chain for-
mation is one of the major types of Nbs1 ubiquitination.
UbcH5C has been shown to support formation of Lys-6 ubiq-
uitin linkages catalyzed by BRCA1-BARD1 (29). Collectively,
these data suggest that RNF8 promotes ubiquitination of Nbs1,
likely with E2 UbcH5C.
RNF8-mediated Ubiquitination of MRN Is Independent of

MDC1—We showed that the RNF8 FHA mutant RNF8-R42A
defective in MDC1 binding interacts normally with Nbs1 (Fig.
1E), suggesting that the interaction of RNF8 with MDC1 is not
required for the Nbs1 and RNF8 interaction, which can occur
before Nbs1 is recruited to DSB-surrounding areas by MDC1.
We further showed that the RNF8-R42A mutant effectively

ubiquitinated Nbs1 as wild-type RNF8 (Fig. 3A). In addition,
ubiquitination ofNbs1was not changedwhen the expression of
MDC1 or H2AX was suppressed (Fig. 3B). These studies sug-
gest that ubiquitination ofNbs1 by RNF8 can occurwithout the
recruitment of Nbs1 and RNF8 by MDC1 to DSB-flanking
regions upon H2AX phosphorylation.
To identify which regions of RNF8 mediate its interaction

with Nbs1, we deleted either or both the N terminus and C
terminus of RNF8. The N-terminal deletion mutant
RNF8(148–485) and the N- and C-terminal double deletion
mutant RNF8(148–400) failed to bind to Nbs1, whereas dele-
tion of the C terminus of RNF8 (RNF8(1–400)) did not change
the binding with Nbs1 (Fig. 3C). These studies suggest that the
interaction of RNF8withNbs1 ismediated by theN terminus of
RNF8.
Nbs1 Lys-435 Is a Key Residue Ubiquitinated by RNF8—To

identify which residues of Nbs1 are ubiquitinated by RNF8, we
performedmass spectrometry analysis onNbs1 recovered from
the RNF8-mediated in vitro ubiquitination assays. Nbs1 pep-
tides containing ubiquitinated Lys-435 and Lys-502 were
recovered (Fig. 4A). To examine whether these two sites are
indeed ubiquitinated in vivo, we generated and expressed
Nbs1-K435R, -K502R, and -K435R/K502R mutants in 293T
cells and showed that Nbs1 ubiquitination was significantly
reduced in the Nbs1-K435R mutant, with a minor reduction in
the Nbs1-K502R mutant (Fig. 4B). Combining K435R and
K502Rmutations further reduced the level of Nbs1 ubiquitina-
tion. In vitro ubiquitination assays using purified proteins fur-
ther confirmed thatmutating Lys-435 onNbs1 impairedRNF8-
mediated ubiquitination of Nbs1 (Fig. 4C). These studies
suggest that Nbs1 Lys-435 is a key residue ubiquitinated by
RNF8.

FIGURE 3. RNF8-mediated ubiquitination of Nbs1 is independent of MDC1. A, in vivo ubiquitination assay. U2OS cells stably expressing FLAG-tagged
RNF8-WT or RNF8-R42A FHA mutant, with endogenous RNF8 silenced by shRNAs, were transfected with Myc-Nbs1 and HA-ubiquitin. 40 h later, cells were
lysed, immunoprecipitated with anti-Myc antibody, and then probed with anti-HA antibody for revealing ubiquitinated Nbs1. B, in vivo ubiquitination assay.
U2OS cells were transfected with Myc-Nbs1 and HA-ubiquitin and then retrovirally infected with or without MDC1 or H2AX shRNA viruses. 40 h later, cells were
lysed, immunoprecipitated with anti-Myc antibody, and then probed with anti-HA antibody for showing ubiquitinated Nbs1. Immunoblots show silencing of
H2AX and MDC1, with Ku70 used as a loading control. C, top, schematic drawing of RNF8 protein domain structure, including FHA and RING domains. Bottom,
in vivo ubiquitination assay of 293T cells transfected with Myc-Nbs1 or FLAG-tagged RNF8 (full-length 1– 485, N-terminal deletion 148 – 485, C-terminal
deletion 1– 400, or combined N-terminal and C-terminal deletion 148 – 400) plasmids. Cells were lysed and immunoprecipitated with anti-Myc antibody,
followed by immunoblotting with the indicated antibodies. *, nonspecific band. IB, immunoblot.
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RNF8 Promotes Efficient Recruitment of Nbs1 to DSB-flank-
ing Chromatin Regions—Although the Nbs1 interaction with
RNF8 and Nbs1 ubiquitination by RNF8 are not regulated by
DNA damage, such interaction and ubiquitination may facili-
tate Nbs1 function to repair DSBs upon their recruitment to
DSBs after DNA damage. We examined whether Nbs1 ubiq-
uitination by RNF8 may modulate Nbs1 recruitment to DSBs.

We utilized laser microirradiation to generate DSBs (52) and
performed live-cell, time-lapse imaging tomonitor EGFP-Nbs1
recruitment to the damage sites. Although it was described that
Nbs1 is recruited to DSBs when RNF8 is deficient (17), our
quantitative analysis revealed that Nbs1 localization to DSBs
was reduced even at the early times after laser treatment when
endogenous RNF8 was silenced by stably expressing RNF8
shRNAs marked by EBFP (Fig. 5A). This suggests that RNF8
may promote and/or stabilize the recruitment of Nbs1 toDSBs.
Inactivation of Mre11 or Nbs1 also significantly reduced RNF8
recruitment to DSBs (supplemental Fig. 2), which is probably
due to impaired ATM activation in Mre11- or Nbs1-deficient
cells causing impairedH2AXphosphorylation and recruitment
of RNF8 and MDC1 to chromatin-flanking DSB regions (15).
We then examinedNbs1 recruitment in the context of RNF8

mutants. U2OS cells were stably expressed with shRNA-resist-
ant FLAG-tagged RNF8 wild-type (WT) or the RING domain
point mutant (C403S), impaired in its ubiquitination function,
and endogenous RNF8 was depleted by shRNAs (RNF8sh).
Upon laser-induced microirradiation, Nbs1 recruitment was
decreased in cells expressing the RNF8 RING mutant C403S,
compared with cells reconstituted with RNF8-WT (Fig. 5B),
suggesting that the ubiquitination activity of RNF8 is important
for efficient recruitment of Nbs1 to DSBs.
We showed that deletion of theC terminus of RNF8 (deletion

of amino acids 401–485) did not influence the interaction of
Nbs1 with RNF8 (Fig. 3C). Because this deletion still contains
the RING domain of RNF8, this result suggests that the ubiq-
uitination activity of RNF8 is not required for regulating the
Nbs1 and RNF8 interaction. Thus, impaired Nbs1 recruitment
to DSBs in the presence of RNF8 RING mutant is not due to
modulation of Nbs1 and RNF8 interactions by RNF8-mediated
ubiquitination of Nbs1.
RNF8 is recruited to DSBs by MDC1 through the binding of

its FHA domain with MDC1 (17, 36–38). Because the interac-
tion of Nbs1 with RNF8 and the ubiquitination of Nbs1 by
RNF8 can occur before DNA damage, we asked whether the
physical presence of RNF8 at DSB-flanking sites is needed for
Nbs1 recruitment.WemonitoredNbs1 recruitment to DSBs in
the RNF8-R42A FHA mutant cells with endogenous RNF8
silenced by RNF8sh. Nbs1 recruitment to DSBs was reduced in
the RNF8-R42A FHA mutant cells compared with wild-type
RNF8 cells (Fig. 5C). These data suggest that the recruitment of
RNF8 to DSB-flanking sites is important for stable binding of
Nbs1 toDSBs. Therefore, although the interaction ofNbs1with
RNF8 and ubiquitination of Nbs1 by RNF8 occur at similar
levels before and after DNA damage, stable binding of Nbs1 to
chromosomal DSBs may require the Nbs1 and RNF8 interac-
tion and active ubiquitination of Nbs1 by RNF8 at DSB-sur-
rounding regions.
RNF8-mediated Ubiquitination of Nbs1 Is Important for Effi-

cient Recruitment of Nbs1 to DSBs—Because the ubiquitination
activity of RNF8 is important for efficient recruitment of Nbs1
to DSBs, we asked whether RNF8-mediated Nbs1 ubiquitina-
tion is important for Nbs1 DSB recruitment. Interestingly, the
recruitment of Nbs1 ubiquitination mutants Nbs1-K435R and
Nbs1-K435R/K502R was decreased, as compared to Nbs1-WT
(Fig. 6A). The recruitment ofMre11 to DSBs is also defective in

FIGURE 4. The interaction of Nbs1 with RNF8 is important for RNF8 to
ubiquitinate Nbs1 at key residue Lys-435. A, ubiquitinated Nbs1 was sub-
jected to mass spectrometry analysis, as described under “Experimental Pro-
cedures.” Recovered peptides reveal two putative RNF8 ubiquitination sites,
Lys-435 (K435) and Lys-502 (K502), indicated within the schematic drawing of
the Nbs1 protein domain structure, which includes the FHA domain, BRCT
domains, and Mre11- and ATM-interacting domains (i.d.). B, in vivo ubiquiti-
nation assay of 293T cells transfected with HA-ubiquitin and Myc-tagged
Nbs1 (WT, K435R/K502R, K435R, or K502R) plasmids. Cells were lysed and
immunoprecipitated with anti-Myc antibody. Ubiquitinated Nbs1 was
detected by anti-HA immunoblotting. C, in vitro ubiquitination assay. Recom-
binant Nbs1 (WT or K435R) proteins were purified from Sf9 cells and added in
combination with Ub machinery components (HA-ubiquitin, E1, UbcH5C, and
RNF8). After a 1-h incubation, samples were boiled in SDS sample buffer and
subjected to immunoblotting with anti-HA antibody. Ubiquitinated Nbs1
was probed as indicated. IB, immunoblot.
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the Nbs1-K435R and Nbs1-K435R/K502R mutants (supple-
mental Fig. 3). This suggests that RNF8-mediated Nbs1 ubiq-
uitination is important for promoting MRN recruitment at
DSBs.
To understand how Nbs1 ubiquitination may contribute to

Nbs1 recruitment to DSBs, we examined whether Nbs1 ubiq-
uitination by RNF8 changes the interaction of Nbs1 with
MDC1. Myc-tagged Nbs1 and HA-tagged MDC1 were co-ex-
pressed in 293T cells, and co-immunoprecipitation revealed
that the interaction of Nbs1 withMDC1was not changedwhen
Lys-435 or Lys-435 and Lys-502 were mutated (Fig. 6B). These
data suggest that RNF8-mediated ubiquitination of Nbs1 is not
involved in the regulation of the interaction of Nbs1 with
MDC1. Thus, the recruitment defects of Nbs1 ubiquitination
mutants are not caused by the modulation of Nbs1 withMDC1
interaction.
RNF8-mediated Ubiquitination of Nbs1 Is Important for HR—

It has been shown that MRN is important for both HR and
MMEJ (7–9, 58).WhereasHR requires extensive end resection,
MMEJ only needs limited end resection at DSBs. We utilized
EGFP-based repair assays for HR andMMEJ, as described pre-
viously (11) (supplemental Fig. 4). U2OS cells with a single inte-
grated copy of the HR or MMEJ repair substrate were silenced
for endogenous RNF8 by shRNA. I-SceI was induced by retro-
viral infection, followed by FACS analysis of EGFP-positive
events to assay for DSB repair by HR or MMEJ (Fig. 7A). Inter-
estingly, different from the MRN complex, when the RNF8

expression was suppressed by shRNA, HR was impaired, but
MMEJ was not reduced but rather increased. These data sug-
gest that RNF8 is important for HR but dispensable for
MMEJ. Increased MMEJ is either due to the fact that MMEJ is
used as an alternative repair pathway when HR is deficient or
that RNF8 plays a role in suppressing MMEJ.
We then examined the RNF8 FHA domain mutant RNF8-

R42A and FHA deletion mutant (RNF8-FHAdel) in the HR
repair assay. I-SceI expression was induced in U2OS cells car-
rying the HR repair substrate stably expressing FLAG-tagged
RNF8WT or the R42A and FHAdel mutants with endogenous
RNF8 silenced by shRNAs. HR frequencywas decreased in cells
reconstituted with RNF8-R42A or RNF8-FHAdel mutants, as
comparedwithRNF8-WT (Fig. 7B). These data suggest that the
RNF8 FHA domain, possibly through mediating RNF8 recruit-
ment to DSBs by MDC1, is important for HR.
To further explore how RNF8-mediated ubiquitination of

Nbs1 is involved inDSB repair, we examined theNbs1 ubiquiti-
nation mutants K435R and K435R/K502R in the HR assay.
I-SceI was expressed inU2OS cells carrying theHR repair assay
substrates and stably expressing Nbs1-Myc WT or ubiquitina-
tion mutants, with endogenous Nbs1 silenced by shRNA. The
HR frequency was decreased in cells expressing Nbs1 ubiquiti-
nationmutants (Fig. 7C). Thus, RNF8-mediated ubiquitination
of Nbs1 is important for MRN function in HR. We also found
that IR-induced RPA foci formation was reduced in the Nbs1-
K435R andNbs1-K435R/K502Rmutants (supplemental Fig. 5),

FIGURE 5. RNF8 promotes efficient recruitment of Nbs1 to DSB-flanking chromatin regions. A, U2OS cells stably expressing EBFP-marked RNF8 shRNAs or
control (MKO-EBFP) were transfected with EGFP-Nbs1 and subjected to laser-induced microirradiation to generate DSBs. Live-cell imaging was performed at
the indicated time points. The absolute intensity of EGFP-Nbs1 recruitment was determined (described under “Experimental Procedures”), with error bars
representing S.D. Representative cell images show recruitment of EGFP-Nbs1 to damage sites, with red lines showing the laser-cutting path in precut cells and
red arrows indicating localization to damage sites (middle). The immunoblot shows silencing of endogenous RNF8 by EBFP-marked shRNAs (*, nonspecific
band), with Ku70 used as a loading control. B and C, U2OS cells stably expressing FLAG-RNF8 WT, RING-domain mutant C403S (B) or FHA domain mutant R42A
(C), with endogenous RNF8 silenced by EBFP-marked shRNAs, were transfected with EGFP-Nbs1. Laser microirradiation, live cell imaging, and quantitation of
EGFP-Nbs1 recruitment were performed as in A. The red lines show the laser-cutting path in precut cells, and red arrows show localization to damage sites.
Western blot shows expression of FLAG-RNF8 variants, with Ku70 used as a loading control.
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suggesting that RNF8-mediated ubiquitination of Nbs1 is
important for promoting end resection.

DISCUSSION

Accumulating evidence suggests a critical role of ubiquitina-
tion in mediating DNA damage responses (25, 59). Upon DNA
damage, MDC1 is recruited to DSBs by �H2AX through a
direct interaction of its BRCT domains with �H2AX (16). Both
RNF8 and Nbs1 interact withMDC1, and such interactions are
important for RNF8 and Nbs1 to be recruited to DSB-flanking
regions (17–23, 36–38). By co-immunoprecipitation, we dem-

onstrate that RNF8 interacts with MRN, and this interaction
remains at similar levels before and after DNA damage. By
using purified Nbs1, Mre11, and Rad50, we showed that RNF8
directly interacts with Nbs1 through the N terminus of RNF8.
Because the interactions of RNF8 and Nbs1 remain at similar
levels before and after DNA damage, the recruitment of RNF8

FIGURE 6. RNF8-mediated ubiquitination of Nbs1 is important for effi-
cient recruitment of Nbs1 to DSBs. A, U2OS cells were transfected with
EGFP-Nbs1 WT or Nbs1 ubiquitination mutants (K435R/K502R or K435R), with
endogenous Nbs1 silenced by EBFP-marked shRNAs. Laser microirradiation
and live-cell imaging were performed at the indicated time points, and the
absolute intensities of EGFP-Nbs1 recruitments were determined, with error
bars representing S.D. B, 293T cells were transfected with HA-MDC1 and Myc-
tagged Nbs1 (WT, K435R/K502R, or K435R) plasmids. Whole cell lysates were
immunoprecipitated with anti-Myc antibody, and immunoblotting was per-
formed as indicated.

FIGURE 7. RNF8-mediated ubiquitination of Nbs1 promotes DSB repair
by HR. A, U2OS cells were stably integrated with EGFP-based repair sub-
strates for HR and MMEJ (described previously (11)) and stably expressing
shRNAs against RNF8 or control. I-SceI was induced by retroviral infection,
and 7 days later, cells were collected for FACS analysis of EGFP-positive cells.
The immunoblot shows silencing of RNF8 (*, nonspecific band), with Ku70
used as a loading control. B, U2OS cells carrying HR repair substrate were
stably expressed with FLAG-RNF8 WT or the indicated mutants, with endog-
enous RNF8 silenced by RNF8sh. I-SceI was induced and FACS analysis was
performed. Immunoblot shows expression of RNF8 variants, with Ku70 used
as a loading control. C, U2OS cells carrying HR repair substrate were stably
expressed with Nbs1-Myc WT or the indicated mutants, with endogenous
Nbs1 silenced by Nbs1sh. I-SceI was induced, and FACS analysis was per-
formed. Immunoblot shows expression of Nbs1 variants, with Ku70 used as a
loading control. Error bars, S.D.
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and Nbs1 by MDC1 to DSBs upon DNA damage is not neces-
sarily required for establishing the Nbs1 and RNF8 interaction.
Consistently, the interaction of Nbs1 and RNF8 is not changed
in the RNF8 FHA mutant R42A (Fig. 1E), which is defective in
binding to MDC1 and being recruited to DSBs (17, 36–38).
Thus, RNF8 is associated with MRN constitutively before and
after MRN is recruited to DSBs.
We further demonstrate that Nbs1 is ubiquitinated by RNF8.

During the preparation of this manuscript, damage-induced
Nbs1 ubiquitination by Skp2 was reported (57). However, dif-
ferent from the published data, we observed similar ubiquitina-
tion levels of Nbs1 before and after DNA damage in multiple
cell lines. When RNF8 expression is suppressed by shRNAs,
Nbs1 ubiquitination is reduced in vivo. Furthermore, in vitro
ubiquitination assays showed that RNF8 but not its RING
domain mutant can directly ubiquitinate Nbs1, suggesting that
Nbs1 is a direct substrate of RNF8 for ubiquitination. By per-
forming mass spectrometry analysis, we identified two new
ubiquitination sites, Lys-435 and Lys-502, on Nbs1. Mutating
Lys-435 significantly reduces Nbs1 ubiquitination, whereas
mutating Lys-502 only has a minor effect. These data suggest
that Lys-435 is a key site for Nbs1 ubiquitination. In vitro anal-
ysis showed that the Nbs1-K435Rmutant is defective in RNF8-
mediated ubiquitination, indicating that Lys-435 is an impor-
tant site ubiquitinated by RNF8. Constitutive ubiquitination of
Nbs1 detected before and after DNA damage is consistent with
the observation that the interaction of RNF8 and Nbs1 is not
changed in response to DNA damage.
Various E2s have been shown to interact with RNF8 to pro-

mote ubiquitination (31–35, 59). RNF8 interacts with Ubc13 to
ubiquitinate H2A and H2AX at DSB sites (17, 36). By using in
vitro ubiquitination assays, we found that UbcH5C exhibits
much stronger activity thanUbc13 to promote RNF8-mediated
ubiquitination of Nbs1, mainly through Lys-6-linked polyubiq-
uitination. Both Lys-6- and Lys-63-based ubiquitination have
been reported to be present at the DNA damage sites (40).
BRCA1-BARD1 promotes Lys-6-based polyubiquitination by
interacting with UbcH5C (29). Recent studies also reveal a crit-
ical function of RNF8 in promoting Lys-48-based polyubiquiti-
nation of Ku80 and Chk2 to regulate NHEJ and the checkpoint
response (32). Thus, RNF8 functions with different E2s to
mediate ubiquitination of multiple key players in the DNA
damage response cascade to regulate DSB repair and check-
point control.
MRN plays a critical role in DNADSB repair and is required

for both HR and MMEJ (7–9, 58, 60). Interestingly, we found
that although RNF8 is needed for HR, it is dispensable for
MMEJ, suggesting that MRN carries out certain DSB repair
functions independent of RNF8. It also suggests an important
role of RNF8 to promote error-free HR activity but not MMEJ,
which is often associated with genome instability.
AlthoughNbs1 is still recruited toDSBswhen RNF8 is defec-

tive (17), our quantitative analysis revealed that the abundance
of Nbs1 recruited to DSBs is significantly reduced when RNF8
expression is suppressed or when the ubiquitination activity of
RNF8 is impaired. This suggests that RNF8 and certain RNF8-
mediated ubiquitination events are required for efficient
recruitment of Nbs1 to DSBs.

By using Nbs1-K435R, we showed that RNF8-mediated
ubiquitination of Nbs1 is important for efficient recruitment
and stable association of Nbs1 with DSBs. Currently, it is not
clear how RNF8-mediated ubiquitination of Nbs1 modulates
Nbs1 associations with DSBs. Because deleting the C terminus
of RNF8, including the RING domain, does not influence the
interaction of RNF8with Nbs1, RNF8-mediated ubiquitination
of Nbs1 seems not to affect the interaction of Nbs1 with RNF8.
We also showed that the K435R/K502R ubiquitination-defec-
tive Nbs1mutant interacts withMDC1 at similar levels as wild-
type RNF8. These data suggest that defective binding of Nbs1
ubiquitination mutants to DSBs is not caused by impaired
interactions of Nbs1 with RNF8 or with MDC1.
We further showed that Nbs1 recruitment to DSBs is com-

promised in cells expressing the RNF8 FHA mutant, which is
defective in localizing to DSBs due to loss of interaction with
MDC1 (17, 36–38). Thus, the presence of RNF8 at DSB-flank-
ing sites is needed for stable interaction of Nbs1 with DBSs.
Two possible mechanisms may be involved. First, although
Nbs1 interacts with RNF8 before and after DNA damage, such
interactions at DSB sites may be important for stabilizing Nbs1
binding to DSB-flanking sites. Second, Nbs1 ubiquitination
may be a dynamic process balanced by ubiquitination and deu-
biquitination activities. Thus, the presence of RNF8 at DSBs
after DNA damage may be needed for maintaining sufficient
levels of ubiquitinated Nbs1 at DSBs, although Nbs1 can be
ubiquitinated by RNF8 before recruitment to DSBs. Ubiquiti-
nated Nbs1 at DSBs is required for promoting stable Nbs1
interactions with DSBs.
How does ubiquitinated Nbs1 support more stable interac-

tions of Nbs1 with chromosomal DSBs? One possibility is that
ubiquitination modifications of Nbs1 at sites such as Lys-435
and Lys-502 may be recognized by certain damage-responsive
proteins containing ubiquitin-binding domains (61, 62). When
these ubiquitin-binding domain proteins are localized to DSBs
uponDNAdamage, they recruit moreNbs1 with them through
binding to ubiquitinated Nbs1. Alternatively, ubiquitin-bind-
ing domain proteins present at DSBs may stabilize and
strengthen the interaction of ubiquitinated Nbs1 with DSB-
flanking chromatin regions through their binding with ubiq-
uitinated Nbs1.
Itwas also described thatNbs1 is ubiquitinated by Skp2 at the

C terminus of Nbs1 (sites Lys-735 and Lys-751) to promote
ATM activation (57). Our studies reveal an independent path-
way of Nbs1 ubiquitination by RNF8 at Lys-435 to regulate
Nbs1 recruitment to DSBs. Both of these ubiquitination mech-
anisms are important for HR-mediated DSB repair. Thus, Nbs1
is ubiquitinated by different pathways to modulate its function
in DSB repair and checkpoint activation. Multiple levels of
Nbs1 ubiquitination may contribute to the regulation of differ-
ent steps of HR-mediated DSB repair, leading to more efficient
and precise regulation of DSB repair in response to cellular
damaging signals.
In summary, our study reveals a novel interaction of Nbs1

with RNF8 and suggests a new mechanism underlying Nbs1
ubiquitination by the RNF8 pathway to promote DSB repair
through HR. These studies further help our understanding of
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how ubiquitination is regulated to facilitate DSB repair and to
maintain genome stability in mammalian cells.
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Supplementary figure 1 

Sf21 insect cells were infected with FLAG-RNF8 and GST-Nbs1 baculoviruses. Whole cell 

lysates were pulled down by glutathione agarose beads and probed with antibodies as indicated. 

 

Supplementary figure 2 

U2OS cells were stably expressed with EGFP-RNF8 and EBFP-marked shRNAs against Nbs1, 

Mre11 or control (MKO-EBFP). Laser microirradiation and live-cell imaging was performed to 

observe recruitment of EGFP-RNF8 to the damage sites, with absolute intensities determined, 

with error bars, s.d, (Top). Representative cells are shown, with red lines indicating the laser-

cutting path in pre-cut cells (Middle). Immunoblot shows silencing of Mre11 and Nbs1 by 

EBFP-marked shRNAs, with Ku70 used as a loading control (Bottom). 

 

Supplementary figure 3 

U2OS cells stably expressing EGFP-Mre11 and EBFP-marked shRNAs against Nbs1 were 

transfected with mRFP-tagged Nbs1 wild-type (WT), K435R/K502R mutant or K435R mutant. 

Laser microirradiation and live-cell imaging was performed to observe recruitment of EGFP-

Mre11 to the damage sites, with absolute intensities determined, with error bars, s.d, (Top). 

Representative cells are shown, with red lines indicating the laser-cutting path in pre-cut cells 

and red arrows showing localization to damage sites (Bottom).  

 

Supplementary figure 4 

Schematic drawing of EGFP-based HR (A) and MMEJ (B) repair substrates, as previously 

described (1). 

 

Supplementary figure 5 

U2OS cells were stably expressed with Myc-tagged Nbs1 wild-type (WT) or indicated mutants, 

and endogenous Nbs1 was silenced by shRNAs. Cells were treated with 10 Gy IR or No and 1hr 

later, fixed for immunostaining using anti-RPA2 primary antibody and Rhodamine-conjugated 

anti-rabbit secondary antibody. The white and yellow arrows indicate RPA-foci positive and 

negative cells, respectively (enlarged in right side panels). The percentage of RPA-foci positive 

cells among total cells (over 100 cells counted) was determined. Immunoblot shows expression 

of Nbs1 variants, with Ku70 used as a loading control.  
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