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The tumor suppressor protein BRCA1 is a constituent of sev-
eral different protein complexes and is required for homology-
directed repair (HDR) ofDNAdouble strandbreaks (DSBs). The
most recently discovered BRCA1-RAP80 complex is recruited
to ubiquitin structures on chromatin surrounding the break.
Deficiency of any member of this complex confers hypersensi-
tivity to DNA-damaging agents by undefined mechanisms. In
striking contrast to otherBRCA1-containing complexes that are
known to promote HDR, we demonstrate that the BRCA1-
RAP80 complex restricts end resection in S/G2 phase of the cell
cycle, thereby limiting HDR. RAP80 or BRCC36 deficiency
resulted in elevated Mre11-CtIP-dependent 5� end resection
with a concomitant increase inHDRmechanisms that rely on 3�

single-stranded overhangs. We propose a model in which the
BRCA1-RAP80 complex limits nuclease accessibility to DSBs,
thus preventing excessive end resection and potentially delete-
rious homology-directed DSB repair mechanisms that can
impair genome integrity.

Mutations in the BRCA1 (breast cancer early onset 1) tumor
suppressor gene confer strong breast and ovarian cancer sus-
ceptibility that tightly correlates with loss of its known DNA
repair function, including cell cycle checkpoint execution and
homologous recombination (HR)2 (1–4). In order to repair
DSBs, cells have evolved different forms of homology-directed
and non-homology-directed DSB repair mechanisms, includ-
ing HR, single strand annealing (SSA), and non-homologous
end joining (NHEJ) (5, 6). HR and SSA both require sequence
homology and 5� to 3� end resection of the break to generate a 3�
single-stranded DNA (ssDNA) overhang. During HR, Rad51

nucleofilaments form on the resected 3� ssDNA overhang,
allowing strand invasion into the sister chromatid duplex and
copying of the homologous stretch of DNA. A biochemical
association of BRCA1 and BRCA2 is necessary for efficient
Rad51 nucleofilament formation (7–9). SSA also uses homol-
ogy for repair; however, it does not involve copying of the sister
chromatid but rather relies on homology-directed pairing
within a broken chromatid, deletion of the intervening
sequence, and ligation. Although SSA may lead to large
genomic deletions, HR is often considered error-free because it
occurs in the S and G2 phases of the cell cycle when a sister
chromatid is present to be used as a template for repair. How-
ever, several studies indicate that HR is also associated with a
high incidence of sequence alterations, including loss of
heterozygosity, to repaired loci (10, 11). Alternatively, NHEJ is
the major pathway used for DSB repair in G1 and does not
require the use of end resection or a homologous sequence.
NHEJ also can be error-prone and lead to loss of genetic mate-
rial due to processing of the break or, alternatively, can join
discontiguous breaks within the genome to create nonrecipro-
cal translocations. Although NHEJ predominates in G1, it can
also be used for repair in G2, giving the cell a choice between
homologous and non-homologous DNA repair mechanisms.
Although the molecular events determining how a cell chooses
between HR and NHEJ are not fully understood, end resection
is thought to play a pivotal role in this decision (12).
Recent studies indicate that the process of end resection is

highly regulated by cooperation betweenmultiple enzymes that
exert their activities on DNA. TheMRN complex, composed of
theMre11 nuclease, Rad50, and Nbs1, is one of the initial com-
plexes recruited to DSBs and is considered to be a primary
sensor of DNAdamage (13, 14).Mre11 itself possesses nuclease
activity, and, in addition, MRN is physically associated with the
CtIP endonuclease. Together these proteins are thought to ini-
tiate 5� to 3� resection of the break (15–17). BRCA1 forms a
complex with CtIP that is mutually exclusive from BRCA1
complexes containing RAP80 or the BACH1 helicase. The
BRCA1-CtIP complex interacts with the MRN complex in a
DNA damage-dependent manner (18). This interaction is nec-
essary for end resection andHR in human cells and in a chicken
B cell lymphoma cell line (18, 19). DNA is then further resected
by the ExoI exonuclease and the BLM helicase to create the
larger tracts of ssDNA necessary to initiate homology-directed
repair (20). Consequently, deficiency of any of these compo-
nents impairs ssDNA formation and homology-dependent
repair. Interestingly, aberrant end resection impairs NHEJ,
leading to gross chromosomal rearrangements and IR sensitiv-
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ity (16). Thus,maintaining the correct balance betweenHR and
NHEJ is critical to ensure accurate DNA repair and genetic
stability. Additional molecular and signaling events controlling
the restriction of resection have yet to be described.
In parallel to resection activities at DSB termini, a series of

phosphorylation and ubiquitination events on chromatin in cis
to the DSB play a central role in recruitment of repair com-
plexes (21, 22). The RNF8 and RNF168 E3 ubiquitin ligases are
recruited to chromatin surrounding the break in a �H2AX- and
MDC1-dependent manner. RNF8/RNF168 conjugate Lys63-
linked ubiquitin polymers on substrates at these sites (23–28).
The Lys63 ubiquitin species serve as a signaling platform to
recruit repair proteins. Among these is the BRCA1-RAP80
complex, which is specifically targeted to the chromatin sur-
rounding the DSB by recognition of Lys63 ubiquitin by the
RAP80 tandem ubiquitin interaction motifs (29–32). The
BRCA1-RAP80 complex also contains the deubiquitinating
enzyme BRCC36, which requires interactions with othermem-
bers of the complex for Lys63 ubiquitin-specific deubiquitinat-
ing enzyme activity (30, 33–36).
BRCA1 is present in four distinct biochemical complexes (18,

37), three of which have been implicated in promoting HR.
Although deficiency of RAP80 or BRCC36 leads to IR sensitiv-
ity (29–31), the contribution of the BRCA1-RAP80 complex to
DSB repair has remained elusive. In this study, we present a role
for the BRCA1-RAP80 complex in preserving the balance of
DNA repair pathways by restricting excessive end resection.
Loss of the BRCA1-RAP80 complex results in elevated homol-
ogy-mediated repair processes through an increase in end
resection during S andG2phases of the cell cycle. This excessive
end resection is mediated by an increase in Mre11 and CtIP
recruitment to sites of DNA damage, suggesting a role for the
BRCA1-RAP80 complex in protecting the break from aberrant
access to nucleases. These results demonstrate a novel function
for the BRCA1-RAP80 complex in limiting HDR and suggest
that a balance between the activities of different BRCA1-con-
taining protein complexes influences DSB repair pathway
choice.

EXPERIMENTAL PROCEDURES

Cell Culture—All cells were cultured in DMEM (Invitrogen)
containing 10% calf serum. Alternatively, HCC1937 cells were
cultured in RPMI (Invitrogen) containing 10% calf serum.
U2OS FokI reporter cells weremaintained in 100 �g/ml hygro-
mycin B. HeLa cells expressing a hairpin to luciferase or RAP80
were maintained in 200 �g/ml hygromycin B. HeLa DR and
HeLa SSA cell lines were made using DR-GFP and SA-GFP
constructs obtained from Drs. Koji Nakanishi and Maria Jasin.
Plasmids were linearized using KpnI and SacI and transfected
into HeLa cells. Cells were grown in puromycin, and single
clones were selected. NHEJ reporter cells were obtained from
Dr. Matthew Porteus.
HR and SSA Assays—HeLa DR or HeLa SSA cells were

treated with the indicated siRNAs in 6-well plates (38, 39). The
following day, cells were transfectedwith 1�g of I-SceI perwell.
Alternatively, GFP was used as a control for transfection effi-
ciency. 72 h after I-SceI transfection, cells were trypsinized and
analyzed by flow cytometry for GFP positivity.

Non-homologous End Joining Assay—NHEJ reporter cells
were transfected with the indicated siRNAs as described previ-
ously (40). On the following day, they were transfected with
I-SceI, and 48 h later, they were assayed for RFP-positive cells
by flow cytometry.
Transfections—siRNA transfections were done using Lipo-

fectamine RNAiMax (Invitrogen), and experiments were per-
formed 72 h after transfection. Alternatively, siRNA experi-
ments were done using Oligofectamine (Invitrogen). Plasmid
transfections were performed using Lipofectamine 2000 (Invit-
rogen) or Fugene (Roche Applied Science). All transfections
were done according to the manufacturer’s protocols.
Metaphase Spreads—Cells were treated with 0.5 �M nocoda-

zole for 3 h and lysed with 75 mM KCl. Cells were fixed on ice
with a 3:1 methanol/acetic acid solution. Metaphases were
dropped onto slides at 65 °C, allowed to dry, and stained with
Giemsa. The numbers of sister chromatid breaks and chromo-
some breaks permetaphase were counted. For sister chromatid
exchange analysis, cells were pretreated for 48 h with 10 �M

BrdU and collected as above. After dropping metaphases onto
slides, they were stained with 10 �g/ml Hoechst 33258 in PBS
for 20 min. The slides were rinsed in McIlvaine solution for 20
min and treated with 365-nm UV for 30 min. Slides were incu-
bated in 1.5� SSC at 55 °C for 1 h. Slides were then stainedwith
Giemsa and analyzed for the number of sister chromatid
exchanges/metaphase.
Clonogenic Survival Assay—Cells were treated with siRNA

and the next daywere seeded at a density of 500 cells/6-cmdish.
The following day, cells were treated with etoposide at the indi-
cated dose for 1 h. The drug was washed out, and cells were
allowed to recover for 14 days. Plates were fixed with methanol
for 20 min at �20 °C and stained with Giemsa, and colonies
were counted. Each siRNAanddrug dosewas done in triplicate.
Antibodies—Antibodies were used at the following dilutions:

RPA2 9H8 (Novus NB600-565), 1:500 (IF, WB); 53BP1 (Novus
NB100-904), 1:500 (IF); CENPF (Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA) 22791), 1:200 (IF); Rad51 (Santa Cruz
Biotechnology, Inc. 8349), 1:100 (IF); �H2AX (Upstate
JBW301), 1:2000 (IF); CtIP (Santa Cruz Biotechnology, Inc.
5970), 1:100 (IF) and 1:200 (WB); RAP80 (in house) 1:500 (IF,
WB); Mre11 (Novus), 1:200 (IF); CtIP (Abcam 70163), 1:500
(WB); pRPA Ser4/Ser8 (Bethyl A300-245A), 1:1000 (WB).
siRNA Sequences—siRNA sequences were as follows: lucifer-

ase, 5�-gccauucuauccucuagaggaug; RAP80-1, 5�-ccaguuggagg-
uuuaucaa; RAP80-2, 5�-uuugucuccgagucaauac; BRCC36, 5�-
aacaucaacaugugaaggc; 53BP1, 5�-uauuaccgucuccucguuc; CtIP,
5�-acacacucauggugauaaa; BRCA1, 5�-agauaguucuaccaguaaa;
Abraxas, 5�-cguuuagagagaggcugcuucacaa.
Laser-generated DNA DSBs—DNA DSBs were generated

using a P.A.L.M. MicroBeam laser microdissection system as
described previously (13). Cells were seeded onto glass cover-
slips and incubated with 10 �M BrdU for 24 h before laser-
induced DSBs. 80–100 cells/coverslip were subjected to laser-
induced DSBs using the �40 objective at 62% power, at a fixed
wavelength of 337 nm. After laser treatment, cells were incu-
bated at 37 °C for the indicated times, pre-extracted with 0.2%
Triton solution for 5 min at 4 °C, and then fixed using fixation
buffer containing 3% paraformaldehyde, 2% sucrose for 10 min
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at room temperature. Cells were stained using the immunoflu-
orescence protocol described below.
Immunofluorescence—Cells were washed with PBS and then

fixed in solution containing 3% paraformaldehyde, 2% sucrose
for 10 min at room temperature. Alternatively, cells were fixed
with methanol at �20 °C for 20 min. Cells were subsequently
permeabilized with 0.5% Triton solution for 5 min at 4 °C and
then incubated with primary antibody for 20min at 37 °C. Cells
were then washed with PBST and next incubated with second-
ary antibody for 20 min at 37 °C. After four washes with PBST,
coverslips were mounted onto glass slides using Vectashield
mountingmedium containing DAPI (Vector Laboratories) and
visualized using a Nikon Eclipse 80i fluorescent microscope.
Image Quantification—Images were obtained using a

QImaging Retiga-SRV camera, and all images for each experi-
ment were taken on the same day at the same exposure time.
Image quantification was performed using ImageJ software
(National Institutes of Health). For laser stripe analyses, the
area of damage based upon 53BP1 staining was circled to mea-
sure replication proteinA (RPA) intensity. Nuclear background
was subtracted for each stripe measured. For FokI reporter
cells, the area of damage was identified by the mCherry signal,
and RPA, Mre11, or CtIP intensity at this location was mea-
sured. Background was subtracted for each nucleus. All quan-
tification was performed on unprocessed images.
Nuclear Extract Preparation and Western Blot—Cells were

lysed with NETN 100 (0.5% Nonidet P-40, 1 mM EDTA, 20 mM

Tris-Cl, pH 8, 100 mM NaCl) for 20 min at 4 °C. The insoluble
fraction was then lysed with NETN 420 (0.5% Nonidet P-40, 1
mMEDTA, 20mMTris-Cl, pH 8, 420mMNaCl), resulting in the
nuclear fraction. For immunoprecipitation studies, lysateswere
collected as above and incubated with FLAG beads for 3 h.
Beads were washed four times with lysis buffer and eluted using
FLAGpeptide.Western blot was performed and analyzed using
the indicated antibodies.
Cell Cycle Analysis—Cells were trypsinized, washed with

PBS, and fixed with 70% ethanol at �20 °C overnight. Fixed
cells were washed with PBS and incubated with propidium
iodide (50 �g/ml) and RNase A (100 �g/ml) in PBS at 37 °C for
30 min. Flow cytometry for propidium iodide was done to ana-
lyze cell cycle distribution.
FokI Assay—Cells were treated with the indicated siRNAs.

The following day, cells were trypsinized and transduced with
FokI lentivirus. 36 h later, coverslips were fixed and analyzed
using immunofluorescence.
Statistical Analysis—Graphs were created, and statistics

were calculated using Prism software (GraphPad). Significant
differences (p � 0.05) are marked by an asterisk in each figure.
Comparisons were performed using Student’s t test without
assuming equal variances.

RESULTS

The BRCA1-RAP80 Complex Influences the Balance between
Homology-directed and Non-homology-directed DSB Repair—
To determine if the BRCA1-RAP80 complex plays a role in a
specific DSB repair pathway, we first analyzed how knockdown
of RAP80 or BRCC36 affected utilization ofHR, SSA, andNHEJ
in repair of nuclease-derivedDSBs (Fig. 1A). To analyze rates of

HR, we used a HeLa cell line containing the DR-GFP repair
substrate (supplemental Fig. S1A) (38). This substrate contains
two incomplete copies of the GFP allele, where the first copy
contains an I-SceI recognition site. Expression of the I-SceI
enzyme creates DSBs that, if repaired by strand invasion into a
downstream 3� fragment of a GFP allele, will lead to creation of
a functional GFP gene. Thus, GFP-positive cells can be mea-
sured as a proxy for rates of HR. As expected, knockdown of
BRCA1 resulted in a significant decrease in the percentage
of DSBs repaired by HR (Fig. 1B). Surprisingly, knockdown of
either RAP80 or BRCC36 caused an increase in HR, indicating
that the BRCA1-RAP80 complex plays a unique role in regulat-
ing DSB repair. Next, we investigated the effect of RAP80 and
BRCC36 loss on the HDR process of SSA. To do so, we utilized
a reporter cell line containing a 5� portion of the GFP allele
upstream of a 3� region of the GFP allele containing an I-SceI
recognition site (supplemental Fig. S1B) (39). These two alleles
contain 266 base pairs of homology that can be used during
repair by SSA to restore a functional GFP gene. Similar to HR,
knockdownof RAP80 or BRCC36 resulted in an increase in SSA
(Fig. 1C and supplemental Fig. S1D). Interestingly, knockdown
of BRCA1 results in a decrease in SSA, as described previously
(supplemental Fig. S1E) (39). It has been shown that disruption
of the BRCA1-CtIP interaction results in decreased ssDNA for-
mation and homologous recombination (19). SSA requires a
significant amount of DSB end resection, and these results sug-
gest that BRCA1 may play a role in SSA repair through ssDNA
formation. Together, these data indicate that the BRCA1-
RAP80 complex may specifically play a role in homology-di-
rected repair processes that necessitate end resection.
NHEJ does not involve the use of a homologous sequence,

and because HR andNHEJ are potentially competing processes
of DSB repair, we hypothesized that NHEJ frequency may
decrease with loss of the BRCA1-RAP80 complex. To test this,
we used a cell line with an integrated NHEJ reporter containing
a CMV/CBA promoter driving expression of a GFP gene,
flanked by I-SceI sites (supplemental Fig. S1C) (40). Down-
stream of the GFP allele is an RFP allele that is not expressed.
Expression of I-SceI results in two DSBs and loss of the GFP
allele in a percentage of cells that have repaired the break by
NHEJ-dependent ligation of the I-SceI sites. When this occurs,
RFP will be expressed, and the NHEJ frequency can be assessed
in cells that are both GFP-negative and RFP-positive. As pre-
dicted, 53BP1 knockdown resulted in a decrease in NHEJ. Defi-
ciency of either RAP80 or BRCC36 also caused a similar
decrease in NHEJ (Fig. 1D and supplemental Fig. S1F). Consid-
ering the increases observed in HDR with RAP80 or BRCC36
deficiency, this indicates that the BRCA1-RAP80 complex may
play a role in DNA repair by regulating the choice between
homology-driven repair and NHEJ. Given the strong connec-
tion between cell cycle phase and DNA repair mechanism
choice, we wanted to ascertain if the changes seen in the repair
pathway usedwith RAP80 or BRCC36 knockdownwere a result
of cell cycle profile alteration. Flow cytometry analysis revealed
that RAP80- or BRCC36-deficient cells had no detectable alter-
ation in cell cycle distribution (supplemental Fig. S2A). These
results suggest that the BRCA1-RAP80 complex directly affects
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the choice of DSB repair pathway by restricting the use of
homology-directed repair.
Genomic Instability in Cells Deficient in the BRCA1-RAP80

Complex—Knockdown of RAP80 has previously been shown to
cause mild sensitivity to ionizing radiation (IR) (29–31). We
thus hypothesized that loss of the BRCA1-RAP80 complexmay
lead to an increase in unrepaired DNA breaks during S/G2
when resection processes are active. We analyzed metaphase
spreads prepared from cells treated with control or RAP80
siRNA and indeed found that cells with RAP80 knockdown had
significantly more spontaneous breaks than cells treated with
control siRNA (supplemental Fig. S2B). Interestingly, we
observed that there was a specific increase in sister chromatid
breaks with RAP80 knockdown when compared with chromo-
somebreaks (Fig. 2A and supplemental Fig. S2C). Chromosome
breaks aremost likely to occur inG1, forming twobroken pieces
ofDNA following replication in S phase. Alternatively, chroma-
tid breaks are generated in S or G2 cell cycle phases after DNA
has been replicated. The BRCA1-RAP80 complex is recruited
to chromatin after the advent of a DSB. Therefore, it is likely
that the absence of BRCA1-RAP80 does not cause more DSBs
but rather disrupts accurate repair of breaks, leading to their
accumulation. Because loss of RAP80 leads to an increase in
detectable chromatid breaks, this suggests that the BRCA1-
RAP80 complex plays a role in specifically maintaining genome
stability in S and G2 phases.
A complementary approach to evaluate DNA repair mecha-

nism utilization is sister chromatid exchange (SCE). SCEs form

as a result of Holliday junction processing during HR (41).
SCEs, therefore, only form as a result of HR repair and not
NHEJ or SSA. Because we observed an increase in HR with
RAP80 or BRCC36 knockdown using the I-SceI reporter assay,
we hypothesized that an increase in SCEs would result from
knockdown of RAP80 or BRCC36. As predicted, cells treated
with either RAP80 or BRCC36 siRNA exhibited a significantly
greater number of spontaneous SCEs (supplemental Fig. S2D).
We next examined SCE formation after treatment with etopo-
side, a topoisomerase II inhibitor that creates DSBs in S and G2
phases of the cell cycle. Consistent with increased HR utiliza-
tion, cells treated with RAP80 or BRCC36 siRNA showed a
significant increase in the number of etoposide-induced SCEs
(Fig. 2,B andC). These results support our findings in Fig. 1 and
are again consistent with an increase in the frequency of HR
after DSB induction with loss of the BRCA1-RAP80 complex.
Should this elevated usage of HR lead to errors in DSB repair, a
prediction would be that RAP80- or BRCC36-deficient cells
would exhibit genomic instability and hypersensitivity to eto-
poside. To test this hypothesis, we treated cells with etoposide
and quantified the number of chromosome breaks per meta-
phase. RAP80 or BRCC36 siRNA caused a significant increase
in the amount chromatid breaks after etoposide treatment
(supplemental Fig. S2E). Furthermore, a clonogenic cell sur-
vival assay revealed that cells treated with RAP80 or BRCC36
siRNA are hypersensitive to etoposide, albeit less sensitive than
BRCA1-deficient cells (Fig. 2D and supplemental Fig. S2F).
Together these results stress the importance of maintaining a

FIGURE 1. RAP80 and BRCC36 affect DSB repair pathway utilization. A, double strand breaks can be repaired by homologous recombination (a), single-
strand annealing (b), or non-homologous end joining (c). Homologous recombination and single strand annealing involve 5�–3� resection of the break and use
of homologous sequences (heavy dashed lines) for repair, whereas non-homologous end joining does not. B, increased HR utilization in cells deficient for either
RAP80 or BRCC36. Cells were treated with the indicated siRNAs and 72 h later were assayed for HR using a DR-GFP reporter cell line. Error bars, S.E. of three
independent experiments. p values were calculated in comparison with control siRNA-treated cells. C, increase in SSA utilization in cells deficient for RAP80 or
BRCC36. Cells were treated with the indicated siRNAs and assayed for SSA using flow cytometry. Data are representative of three independent experiments.
Error bars, S.D. of replicates in one experiment. See supplemental Fig. S1D for an independent replicate experiment. p values were calculated in comparison
with control siRNA-treated cells. D, decreased NHEJ utilization in cells deficient for either RAP80 or BRCC36. Cells were treated with the indicated siRNAs and
assayed for NHEJ 72 h later. Data are representative of three independent experiments. Error bars, S.D. of replicates in one experiment. See supplemental Fig.
S1E for an independent replicate experiment. p values were calculated in comparison with control siRNA-treated cells.
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balance between HR, SSA, and NHEJ to preserve genomic
integrity.
Next, we wished to assess the contribution of BRCA1 to the

function of the entire BRCA1-RAP80 complex. An Abraxas
S406A phosphodeficient mutant is not phosphorylated and
cannot interact with the BRCT domains of BRCA1, yet it main-
tains interaction with the rest of the core RAP80 complex (31,
42, 43). Consequently, Abraxas S406A expression results in
DSB recruitment of the core RAP80 complex in the absence of
BRCA1.We knocked down endogenous Abraxas and evaluated
etoposide-induced SCEs in cells expressing siRNA-resistant
ectopic Abraxas WT or S406A. We observed a small but con-
sistent increase in SCEs in cells expressing S406A (supplemen-
tal Fig. S3A). Additionally, we observed a small increase inDSBs
in S406A compared with WT cells after etoposide treatment
but saw no detectable sensitivity to etoposide in a clonogenic
survival assay (supplemental Fig. S3, B and C). Because cells
expressing the S406A mutant are not IR-sensitive, it is likely
that there is not a significant impairment of the HR, NHEJ, and
SSA repair pathways. To specifically test this, we utilized the
Isce-I reporter assays in which we analyzed HR or SSA. Cells
expressing S406A showed a slight increase in HR compared
with those expressing WT Abraxas (supplemental Fig. S3D).
These results are consistent with a small increase in SCE with
S406A expression (supplemental Fig. S3A). However, there was
no difference in SSA with expression of Abraxas WT or S406A
(supplemental Fig. S3E).

To evaluate NHEJ in a physiologic setting, we analyzed reso-
lution of�H2AX foci inG1, whereNHEJ is the only formofDSB
repair (supplemental Fig. S3, F and G). G1 cells were identified

by lack of CENPF staining. CENPF is a centromeric binding
protein that is not expressed in G1 but is readily detectable in S
and G2 phase cells (44, 45). Cells were treated with 2 grays of
ionizing radiation and G1 (CENPF-negative) cells with �H2AX
foci were counted 30 min and 8 h after damage. 100% of cells
had �H2AX foci 30 min after irradiation. Conversely, greater
than 75% of control cells had resolved the �H2AX foci at 8 h
after damage, indicating efficient DSB repair had occurred.
Knockdown of either RAP80 or BRCC36 did not delay the
kinetics of �H2AX resolution, further suggesting that their role
in DNA repair primarily occurs in S/G2 phase of the cell cycle.
As a positive control for G1 phase NHEJ repair deficiency,
knockdown of 53BP1 impaired �H2AX resolution in G1 cells.
Finally, expression of Abraxas WT or S406A did not have a
discernable effect on �H2AX resolution, suggesting that dis-
rupting BRCA1-RAP80 interaction does not negate NHEJ
repair in G1.
Loss of RAP80 or BRCC36 Causes an Increase in DSB End

Resection—Given the increase in HR and SSA with loss of
BRCA1-RAP80 (Fig. 1), we hypothesized that RAP80 or
BRCC36 deficiency would cause an increase in DSB end resec-
tion. To test this idea, we used RPA as amarker of end resection
following RAP80 or BRCC36 knockdown in comparison with
control siRNA-treated cells. RPA is an ssDNA-binding protein
that coats theDNAoverhang formed as a result of resection (13,
15). Thus, RPA is not visible at breaks undergoingNHEJ but can
been seen in cells using HR. A 337-nm laser was used to create
a linear array of DSBs and dual color immunofluorescence per-
formed with antibodies directed against RPA and 53BP1.
Knockdown of CtIP, an endonuclease required for end resec-

FIGURE 2. Genomic instability and sister chromatid exchange in cells with BRCA1-RAP80 deficiency. A, metaphases were collected from cells treated with
RAP80 siRNA and analyzed for chromosome and chromatid breaks. Cells treated with RAP80 siRNA show an increase in chromatid breaks. Data are represen-
tative of three independent experiments. See supplemental Fig. S2C for an independent replicate experiment. B, representative images of SCE following
knockdown of RAP80 or BRCC36 and subsequent etoposide treatment. C, quantification of images as in B. Cells treated with RAP80 or BRCC36 siRNA show a
significant increase in etoposide-induced SCE formation. Error bars, S.E. from three independent experiments. p values were calculated in comparison with
control siRNA-treated cells. D, clonogenic survival assay of cells treated with the indicated siRNAs after exposure to different doses of etoposide. Error bars, S.D.
See supplemental Fig. S2F for an independent replicate experiment.
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tion, caused a significant decrease in RPA recruitment to dam-
age as previously shown (15). Alternatively, BRCC36 or RAP80
knockdown resulted in an increase in RPA fluorescence at sites
of damage (Fig. 3, A and B). Knockdown of RAP80 provided
similar results (supplemental Fig. S4A). These results indicated

that BRCC36 and RAP80 negatively regulate the process of end
resection and that its absence leads to an aberrant elevation of
this process.
To independently assess these findings, we utilized a U2OS

cell line that contains a stably integrated reporter containing

FIGURE 3. Increased end resection in cells with loss of RAP80 or BRCC36. A, cells were treated with the indicated siRNAs, and IF was performed for the
indicated proteins 30 min after laser microirradiation. B, quantification of RPA mean fluorescence intensity from images as in A using ImageJ software. Loss of
BRCC36 resulted in an increase in RPA fluorescence at breaks. Error bars, S.E. from three independent experiments. p values were calculated in comparison with
control siRNA-treated cells. C, schematic of U2OS reporter containing Lac operator repeats and a downstream transgene. Expression of a mCherryFokILacI
results in binding of lacI to the operator where the FokI endonuclease creates double strand breaks. D, U2OS reporter cells were treated with control or RAP80
siRNA 24 h prior to transduction with FokI. RPA accumulation was analyzed at the locus by immunofluorescence �60 h after siRNA transfection. RPA intensity
from these experiments was quantified using ImageJ. Error bars, S.E. from three independent experiments. p values were calculated in comparison with control
siRNA-treated cells. E, HeLa cells containing control, RAP80, or CtIP shRNA were untreated (�) or treated with 100 �M etoposide for 30 or 90 min. Nuclear
extracts were analyzed for pRPA formation by immunoblot. Cells expressing the RAP80 shRNA show an increase in pRPA in comparison with controls, which is
most prominent at the 30 min time point.
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several hundred repeats of the Lac operator and a downstream
transgene (46). Expression of anmCherry-tagged FokI nuclease
domain fused to the lac repressor (mCherryFokILacI) results in
the binding of lacI to the lac operator where the nonspecific
FokI endonuclease domain creates DSBs (Fig. 3C) (47).
Reporter cells were treated with control or RAP80 siRNA,
transduced with the FokI construct, and subsequently analyzed
for RPAaccumulation at the site of damage. RAP80 knockdown
resulted in an increase in RPA recruitment to sites of DNA
damage, again indicating an increase in the process of end
resection (Fig. 3D). Additionally, knockdown of BRCC36 also
resulted in an increase in RPA recruitment to damage, whereas
knockdown of CtIP abrogated this response (supplemental Fig.
S4B). Once RPA is loaded onto the ssDNA at a DSB, it is phos-
phorylated (pRPA), making it a convenient marker of end
resection (48). In further support of our immunofluorescence
data, loss of RAP80 caused an increase in pRPA after etoposide
treatment compared with controls (Fig. 3E). Conversely, CtIP
deficiency resulted in impaired pRPA formation after DNA
damage as reported previously (20). Interestingly, the increase
in pRPA with RAP80 knockdown was more pronounced at the
early 30min time point after damage. These results suggest that
loss of RAP80 affects the initial, early processing of the break.

Consistent with excessive end resection driving an increase
in HR rather than simply a persistence of RPA on ssDNA,
Rad51 levels were also increased following depletion of RAP80
by either of two different siRNAs (supplemental Fig. S4C).
Because Rad51 polymers displace RPA on ssDNA in a BRCA1-
and BRCA2-dependent manner, these results suggest that
RAP80/BRCC36 deficiency increases end resection to allow
elevated coating of ssDNAbyRPAandRad51 and an increase in
the use of HDR mechanisms.
Loss of BRCA1-RAP80 Leads to an Increase in End Resection

in S/G2—End resection is normally restricted to S andG2 phas-
es; however, it is also possible that breaks could be aberrantly
resected in G1. To distinguish between these possibilities, we
used the centromeric protein CENPF as a cell cycle marker.
CENPF is not expressed in G1, is detectable in S phase, and
shows strong pan-nuclear staining inG2 (44, 45). Therefore, the
presence of RPA at breaks exclusively in CENPF-positive cells
would indicate resection in S/G2. HeLa cells were treated with
IR and stained for RPA foci and CENPF expression. As
expected, RPA foci only formed in CENPF-positive cells (Fig.
4A). Next, we examined the relationship between RPA focus
formation and CENPF expression in HeLa cells that stably
express hairpins to a control sequence or RAP80. RAP80

FIGURE 4. Loss of RAP80 causes an increase in DSB resection in S/G2 phase of the cell cycle. A, cells were irradiated with 10 grays and fixed after 3 h. Cells
were stained for RPA and CENPF to demonstrate CENPF cell cycle specificity. B, cells stably expressing hairpins to luciferase or RAP80 were irradiated and
stained for RPA and CENPF 30 min and 3 h later. Cells treated with RAP80 shRNA showed an increase in RPA focus formation in CENPF (S/G2)-positive cells. Error
bars, S.E. of three independent experiments. p values were calculated in comparison with control siRNA-treated cells. C, cells expressing the indicated shRNAs
were irradiated and subsequently fixed at 30 min, 3 h, or 6 h after DNA damage. Cells were stained for RPA and CENPF. Cells containing RPA foci were scored
for CENPF positivity. D, HCC1937 cells, expressing a truncated BRCA1 protein that does not interact with RAP80 or accumulate at DSBs, were treated with
control or RAP80 siRNA and analyzed for RPA focus formation after ionizing radiation. Loss of RAP80 resulted in an increase in RPA focus formation in
BRCA1-mutated cells. Error bars, S.E. from two independent experiments. p values were calculated in comparison with control siRNA-treated cells.
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knockdown caused an increase in the number of CENPF-posi-
tive cells with RPA foci, indicating that the previously observed
increases in end resection are primarily occurring in S/G2 (Fig.
4B). Interestingly, we found that the increase in cells with RPA
foci was more pronounced at earlier time points after damage
(30 min) as opposed to later time points (3 h) (Fig. 4B). This
strongly suggests that a difference in the initial processing of the
break accounts for the increased RPA localization in RAP80
knockdown cells as opposed to an accumulation of unrepaired
breaks at later time points. Finally, to determine if RAP80 loss
led to end resection in G1, we identified cells with RPA foci and
analyzed whether they were CENPF-negative (G1) or CENPF-
positive (S/G2). RAP80 knockdown had no effect on RPA for-
mation in G1 cells (Fig. 4C). RPA foci were rarely, if ever, found
in CENPF-negative cells at multiple time points after damage,
indicating that G1 cells are not undergoing aberrant resection
by detectable RPA focus formation in the absence of
BRCA1-RAP80.
Next, we evaluated the role of the RAP80 complex in limiting

end resection independent of its interaction with BRCA1. We
examined RPA focus formation following RAP80 knockdown
in the breast cancer HCC1937 cell line, which harbors a germ
line frameshift at codon 1755 in one BRCA1 allele and has
deleted the other wild typeBRCA1 gene. The truncated BRCA1
protein expressed in these cells does not interact with RAP80
(30) and does not efficiently accumulate at DSBs (2). Loss of
RAP80 caused an increase in RPA foci 30 min after damage in
BRCA1-mutated HCC1937 cells (Fig. 4D), indicating that
RAP80 limits end resection even in the absence of interaction
with BRCA1.
Mre11 and CtIP Are Required for Increased DSB End Resec-

tion in the Absence of RAP80—We next asked whether Mre11
and CtIP were required for the increase in resection seen in the
absence of RAP80 or BRCC36. Mre11-mutated ataxia telangi-
ectasia-like disorder cells are compromised in RPA focus for-
mation (50, 51). RAP80 knockdown did not restore RPA focus
formation in ataxia telangiectasia-like disorder cells, indicating
a requirement for Mre11 (data not shown). To investigate the
dependence of increased end resection onCtIP, cells expressing
control or RAP80 shRNAwere transfectedwith siRNA targeted
to CtIP and then evaluated for RPA focus formation 30 min
after damage. CtIP deficiency reduced RPA focus formation
with similar efficacy in cells expressing either control or RAP80
shRNA (Fig. 5A). Together, these results indicate that the
increase in end resection seen with loss of BRCA1-RAP80 is
dependent on both Mre11 and CtIP.
These results suggested that loss of BRCA1-RAP80 could

result in increased access of Mre11 or CtIP to damage sites.
Cells expressing RAP80 shRNA were assessed for Mre11 focus
formation kinetics comparedwith controls.We found that, like
RPA, Mre11 recruitment to IRIF was increased in cells with
RAP80 knockdown (Fig. 5B). This increase wasmost striking at
early time points (30 min), indicating an effect on the initial
recruitment of Mre11 to DSBs after onset of damage. By 3 h,
both control cells and cells with RAP80 knockdown showed
similar levels of Mre11 foci (supplemental Fig. S4D). Concord-
ant results were obtained using reporter cells and the FokI
endonuclease. Cells were treated with RAP80 siRNA and eval-

uated forMre11 accumulation at the site of damage. Again, loss
of RAP80 resulted in a significant increase in Mre11 recruit-
ment to DSBs (supplemental Fig. S4E). Additionally, we exam-
inedCtIP accrual atDSBswithRAP80 knockdown. RAP80defi-
ciency caused an increase in CtIP recruitment to sites of
damage (Fig. 5C), consistent with the previous results involving
Mre11 DSB recruitment.
BRCA1 is present in four distinct biochemical complexes,

one of which contains CtIP. Due to an increase in CtIP recruit-
ment in the absence of RAP80, we asked if loss of RAP80 led to
an increase in BRCA1-CtIP complex formation. We treated
cells with control or RAP80 siRNA and performed FLAG
immunoprecipitation of HA-FLAG-tagged BARD1, the consti-
tutive binding partner of BRCA1. We then examined the
BRCA1-CtIP interaction by immunoblot for CtIP. Interest-
ingly, knockdown of RAP80 with two different siRNAs resulted
in increased interaction between BRCA1 and CtIP (Fig. 5D).
We propose a model in which the BRCA1-RAP80 complex

protects DSBs from excessive resection by Mre11 and CtIP,
favoring repair by NHEJ (Fig. 6A). Excessive end resection
occurs in a largely BRCA1-independent manner, as evidenced
by enhanced single-strandedDNA formation atDSBs following
RAP80 knockdown in BRCA1-mutated cells (Fig. 4D). A
smaller contribution to this phenomenon may be due to
BRCA1-RAP80 preventing elevated formation of the BRCA1-
CtIP complex, again limiting end resection. Collectively,
RAP80 deficiency is predicted to drive a greater percentage of
S/G2 breaks into homology-directed repair pathways (Fig. 6B).

DISCUSSION

The choice between DSB repair pathways is strongly influ-
enced by end processing of the break. AlthoughNHEJ predom-
inates in G1, CDK1-driven end resection in S and G2 permits
cells to use either HR or NHEJ. How this choice is governed has
yet to be determined, although end resection appears to be a
pivotal step in dictating this choice. Here, we demonstrate a
role for the BRCA1-RAP80 complex as a negative regulator of
DSB end resection in S/G2. Loss of RAP80 leads to an increase
in the homology-mediated processes of HR and SSA and a
resultant decrease in NHEJ. The BRCA1-RAP80 complex is
therefore instrumental in maintaining the balance between
homology- and non-homology-directed repair processes by
limiting extensive end resection in S/G2. Disruption of this bal-
ance leads to genomic instability and sensitivity to DNA-dam-
aging agents.
It is intriguing that an increase in the potentially error-free

process of HR leads to an increase in genome instability. How-
ever, there are several possible explanations for this occurrence.
In response to IR, a biphasic DSB repair response has been
documentedwithNHEJ dominating the fast component ofDSB
repair (30 min) and HR contributing to the slower phase (up to
7 h) (52). Loss of HR-specific proteins does not substantially
affect the percentage of breaks that are normally repaired in the
fast phase but rather delays the slow component of repair. Con-
ceivably, disruption of the BRCA1-RAP80 complex would
cause persistent breaks by reducing NHEJ efficiency, resulting
in the accumulation of more slowly repaired lesions by HDR.
Indeed, it has been shown that cells lacking the BRCA1-RAP80
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complex component, BRCC36, have slower resolution of
�H2AX foci after IR (34). Alternatively, excessive end resection
may lead to an increase in genomic deletions fromSSA repair or
the use of homologous sequences as a template during HR in
repetitive regions of the genome. The inability to accurately
repair a break due to extensive resection may account for the
increase in sister chromatid breaks and etoposide sensitivity
seen with the loss of the BRCA1-RAP80 complex.
BRCA-RAP80 deficiency results in an increase in the accu-

mulation of Mre11 and CtIP at DSBs at early time points after
damage, suggesting increased accessibility of nucleases acutely
after damage in S/G2. Because these factors accumulate at early
time points after damage, this indicates that there is a difference
in the initial processing of the break. Although it is not entirely
clear how the BRCA1-RAP80 complex protects DSB ends, it is
intriguing that �H2AX deficiency also results in an increase in
the HDR process of SSA (53). Considering that BRCA1-RAP80
complexes depend on �H2AX for DSB recruitment, this raises

the possibility that �H2AX recruits BRCA1-RAP80 and RAP80
complexes not bound to BRCA1 to limit access of resecting
nucleases. Due to the increase inMre11 observed with BRCA1-
RAP80 complex deficiency, it is tempting to speculate that
there is a competition for DSB binding between these two
complexes.
The intense interest in understanding howBRCA1maintains

genome integrity to suppress malignancy leads one to wonder
about the clinical implications of disrupting the BRCA1-RAP80
complex in vivo. Indeed, rare instances of RAP80 alleles defi-
cient in ubiquitin binding and IR focus formation have been
discovered in breast cancer patients (54). Additionally, recent
reports reveal that single nucleotide polymorphisms present in
theMERIT40 gene, which encodes an essential member of the
BRCA1-RAP80 complex (55–57), confer susceptibility to
breast and ovarian cancer (58, 59). Moreover, mutations to
unique members of the other three BRCA1-containing com-
plexes show that each of these complexes is involved in tumor

FIGURE 5. Loss of RAP80 results in increased accumulation of Mre11- and CtIP-dependent nuclease activity at breaks. A, cells expressing control or
RAP80 shRNA were treated with control or CtIP siRNA, analyzed for RPA focus formation in CENPF-positive cells. CtIP is necessary for the increase in RPA focus
formation observed following RAP80 knockdown. Error bars, S.E. of two independent experiments. p values were calculated in comparison with control
siRNA-treated cells. B, cells expressing control or RAP80 shRNA were irradiated, fixed after 30 min, and evaluated for Mre11 focus formation following IF. Cells
treated with RAP80 knockdown showed an increase in Mre11 focus formation. C, U2OS reporter cells were treated with control or RAP80 siRNA, transduced
with FokI, and analyzed for CtIP recruitment to FokI-induced DSBs. Loss of RAP80 led to an increase in CtIP accumulation at damage sites, quantified on the
right. Error bars, S.E. of two independent experiments. D, S3 cells expressing FLAG- and HA-tagged BARD1 were transfected with control or RAP80 siRNA. Cell
lysates were subjected to FLAG immunoprecipitation (IP) and immunoblotted for CtIP to analyze the BRCA1-CtIP interaction. Loss of RAP80 resulted in
increased BRCA1-CtIP complex formation.
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suppression (60–63). Deficiency in BACH1, CtIP, or PalB2
impairs HR (8, 9, 15, 64, 65). In stark contrast, RAP80 or
BRCC36 deficiency promotes HR. These differences may be
accounted for by residency of each of these complexes at differ-
ent locales along a DSB. The BRCA1 complexes containing
BACH1, CtIP, and PalB2 are predicted to act directly on DNA
near the actual DSB. Conversely, BRCA1-RAP80 instead forms
larger DSB foci along the length of ubiquitinated chromatin. It
thus appears that characteristic IR-induced BRCA1 foci mod-
ulate the repair mechanism by limiting resection and are not
essential for all BRCA1-dependent repair function.
Although the RAP80 complex plays a role in delivering

BRCA1 to sites of DSBs, we have demonstrated here that it also
has BRCA1-independent functions. First, expression of an
Abraxas mutant that no longer binds BRCA1 has less substan-
tial effects on DSB repair than RAP80 deficiency, indicating
that the RAP80 complex still facilitatesDSB repair independent
of BRCA1 interaction. Additionally, knockdown of RAP80 in
BRCA1-mutated cells continues to cause an increase in RPA
focus formation. These results indicate that loss of RAP80 com-
plex proteins in a BRCA1 mutant background may have addi-
tional effects on tumorigenesis (58). Finally, it has been recently
published that the combined loss of RAP80 and BRCA1 in
chicken DT40 cells results in increased sensitivity to etoposide
compared with singular loss of either gene (66). These results
support a model where RAP80 binding to ubiquitinated chro-
matin limits excessive end resection. In the absence of BRCA1,
the core RAP80 complex can continue to prevent access of
nucleases to DNA.
The simultaneous presence ofmultiple distinct BRCA1 com-

plexes at damage sites also suggests the potential for coopera-
tive DNA repair activities or cross-talk between complexes.We
have demonstrated that the BRCA1-RAP80 complex mitigates
excessive resection by Mre11 and CtIP, revealing that at some
level, these complexes influence the outcome of repair in a

coordinated manner. Aberrant resection and loss of NHEJ may
have detrimental effects on genomic stability by introducing
deletions and mutations into the genome. Alternatively, recent
literature has demonstrated potentially clinically relevant ben-
efits to disrupting the balance of repair pathways. Loss of 53BP1
has been shown to rescue the embryonic lethality and cancer
susceptibility of BRCA1�/� mice by allowing resection of DSBs
and HDR repair (67, 68). Additionally, disruption of NHEJ
through deletion of Ku70 rescues cross-linking sensitivity in
Fanconi anemia cells by allowingHR to perform accurate repair
(69, 70). Therefore, insights into the maintenance of DNA
mechanism utilization are critical for understanding both the
causes of genome instability and potential means to exploit
these processes for clinical purposes.
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BRCC36 serve to limit excessive Mre11/CtIP-dependent end resec-
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