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In response to DNA double-strand breaks (DSBs), BRCA1 forms biochemically distinct complexes with certain
other DNA damage response proteins. These structures, some of which are required for homologous recombina-
tion (HR)-type DSB repair, concentrate at distinct nuclear foci that demarcate sites of genome breakage.
Polyubiquitin binding by one of these structures, the RAP80/BRCA1 complex, is required for efficient BRCA1
focal recruitment, but the relationship of this process to the execution of HR has been unclear. We found that this
complex actively suppresses otherwise exaggerated, BRCA1-driven HR. By controlling the kinetics by which other
BRCA1-interacting proteins that promote HR concentrate together with BRCA1 in nuclear foci, RAP80/BRCA1
complexes suppress excessive DSB end processing, HR-type DSB repair, and overt chromosomal instability. Since
chromosomal instability emerges when BRCA1 HR function is either unbridled or absent, active tuning of BRCA1
activity, executed in nuclear foci, is important to genome integrity maintenance.
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BRCA1 p220 is a tumor-suppressing protein that, when
functionally inactivated, triggers the development of
familial breast and ovarian cancer. At least a fraction of
its tumor suppression function is linked to its ability to
participate in genome integrity control. In particular, it
supports the repair of double-strand DNA breaks (DSBs) by
error-free homologous recombination (HR), and there are
genetic links between its HR and its breast cancer suppres-
sion functions (Chen et al. 1999; Moynahan et al. 1999;
Scully and Livingston 2000; Walsh and King 2007). Thus,
the ability of BRCA1 to support HR appears to be of high
clinical significance, although why a breakdown in this
function would translate into a markedly increased risk of
breast and ovarian as opposed to other cancers is unknown.

In cells exposed to ionizing radiation (IR), BRCA1
concentrates in distinctive nuclear foci (i.e., IR-induced
foci [IRIF]). These structures, in part, demarcate sites of
genome breakage (Scully et al. 1997a; Chen et al. 1998;
Rogakou et al. 1999; Paull et al. 2000; Stewart et al. 2003).

BRCA1 colocalizes in them together with phospho-H2AX
(gH2AX), MDC1, and several other DNA damage response
(DDR) proteins, some of which interact with BRCA1 to
execute key steps in the HR process (Scully et al. 1997a;
Chen et al. 1998; Cortez et al. 1999; Zhong et al. 1999;
Paull et al. 2000; Goldberg et al. 2003; Xie et al. 2010). IRIF
are composed, in part, of chromatin, and they are suspected
of playing a critical role in a proper IR response (Bekker-
Jensen et al. 2006; Stucki and Jackson 2006). However, how
they operate in this regard is largely unclear.

Multiple groups, including our own, have reported that
a ubiquitin-binding nuclear protein, RAP80/UIMC1, fa-
cilitates the recruitment of BRCA1 to IRIF, at least in
part, by binding to specific K63- or K6-linked polyubiquitin
structures at or near sites of DNA DSBs (Kim et al. 2007a;
Sobhian et al. 2007; Wang et al. 2007; Yan et al. 2007).
RAP80 depletion leads to a loss of most, albeit not all,
BRCA1 at IRIF, a defective G2/M checkpoint, and in-
creased cellular sensitivity to IR (Kim et al. 2007a; Sobhian
et al. 2007; Wang et al. 2007; Yan et al. 2007). Why not all
BRCA1 is concentrated at IRIF as a result of RAP80
function has also been unclear.

BRCA1/BARD1 heterodimers and RAP80 interact, and
these complexes contain additional subunits, including
Abraxas/CCDC98 (which contributes to the tethering of
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BRCA1 to RAP80), BRCC36 (a deubiquitinase), BRCC45/
BRE, and MERIT40/NBA1 (Kim et al. 2007b; Liu et al.
2007; Sobhian et al. 2007; Wang and Elledge 2007; Wang
et al. 2007, 2009; Feng et al. 2009; Shao et al. 2009).
Although this multisubunit complex is clearly engaged in
securing much of the ambient BRCA1 in IRIF, and thereby
in maintaining certain aspects of a proper response to DSB,
how, if at all, it operates with respect to BRCA1-driven
DSB repair (DSBR) has also been unknown.

In this study, we describe the results of experiments
aimed at exploring whether endogenous RAP80 influ-
ences endogenous BRCA1 HR function. Surprisingly, the
data reveal that BRCA1 can elicit normal or excessive
levels of HR function in cells, depending, respectively, on
whether it is a normal component of an intact RAP80
complex, and whether or not this complex has been
rendered functionally defective. Indeed, there is a strong
correlation between the integrity of these complexes;
their localization in IRIF; and the prevention of excessive,
BRCA1-driven HR function. This implies, for the first
time, that RAP80 complexes, likely docked at IRIF, con-
tribute to a process that down-modulates BRCA1 HR
function. Furthermore, overt genomic instability resulted
when cells that had undergone a breakdown in the in-
tegrity of their RAP80 complexes acquired DSBs and
expressed a hyperrecombination phenotype. Thus, either
insufficient BRCA1-dependent HR (Moynahan et al.
1999, 2001; Scully et al. 2000; Thompson and Schild
2001) or, paradoxically, the emergence of excessive,
BRCA1-dependent HR activity—each arising in an ab-
normal physiological setting—is associated with the de-
velopment of overt chromosomal instability.

Results

Effect of RAP80 depletion on the relative concentration
of various BRCA1 partner proteins in IRIF

Besides its interaction with RAP80-Abraxas, BRCA1
forms distinctive biochemical complexes upon interact-
ing with other key proteins; i.e., BACH1 (also known as
BRIP1 or FANCJ), CtIP, and PalB2-BRCA2 (Wong et al.
1998; Yu et al. 1998; Cantor et al. 2001; Greenberg et al.
2006; Xia et al. 2006; Sy et al. 2009; Zhang et al. 2009). In
response to DNA damage, these three BRCA1-containing
complexes join forces with several other proteins—in-
cluding TopBP1, MRE11–RAD50–NBS1, and RAD51—to
participate in the development of HR-type DSBR (Chen
et al. 1999, 2008; Greenberg et al. 2006; Sartori et al. 2007).
Like BRCA1/RAP80 complexes, these three sets of struc-
tures (i.e., complexes) also concentrate in IRIF (Greenberg
et al. 2006; Sobhian et al. 2007; Wang et al. 2007). Thus far,
it has not been possible to dissociate the IRIF localization
of these complexes from their checkpoint/HR-associated
functions, although which comes first after a DSB develops
is unknown (Bekker-Jensen et al. 2006).

We examined the dynamics of nuclear focus (IRIF)
formation by several BRCA1-interacting proteins in re-
sponse to IR in the presence and absence of RAP80. IRIF
were analyzed in cells before and at seven different time

points after exposing them to 5 Gy IR (Fig. 1). Cell cycle
analysis showed that the general distribution of the
various cell cycle populations was not significantly dif-
ferent between cells exposed to control siRNA and those
exposed to RAP80 siRNA within the 16-h experimental
period (Supplemental Fig. S1A). Surprisingly, although
RAP80 was effectively depleted during the entire time
course (Supplemental Fig. S1B), and very few cells were
positive for RAP80 IRIF by immunofluorescence staining
(Fig. 1A–C), we observed comparable fractions of cells
that displayed abundant BRCA1 IRIF 1 h after IR treat-
ment in both control and RAP80-depleted cells (Fig. 1D).
On the other hand, while the percentage of control cells
with >10 BRCA1 IRIF per cell continued to increase and
peaked ;6 h post-IR, in RAP80-depleted cells, a leveling
off followed by significant decreases of BRCA1 IRIF-
positive cells were observed after the first hour (Fig.
1D). Conceivably, the BRCA1 IRIF detected at 1 h reflect
the initial recognition of/interaction with DNA lesions
by BRCA1 (Celeste et al. 2003; Bekker-Jensen et al. 2006).
Indeed, consistent with data in our previous report
(Sobhian et al. 2007), at 1 h after DSB formation, BRCA1
remained weakly associated with the center (as opposed
to the entire gH2AX-staining structure) of laser-induced
DNA damage stripes generated in RAP80-depleted cells
(Supplemental Fig. S1C). This segment is where, as others
have suggested, the damaged DNA is concentrated
(Celeste et al. 2003; Bekker-Jensen et al. 2006; Greenberg
et al. 2006; Mailand et al. 2007). This result would imply
that RAP80 function does not include a major contribu-
tion to the recognition of damaged DNA by BRCA1. We
noted that several earlier studies reported more dramatic
effects on BRCA1 IRIF in cells depleted of RAP80 (Kim
et al. 2007a; Sobhian et al. 2007; Wang et al. 2007). How-
ever, no detailed time-course analysis was reported in
those studies, and IRIF data were analyzed using images
with lower resolution than those employed here.

To better compare the BRCA1 immunostaining of IRIF
that arise in the presence and absence of RAP80, we per-
formed detailed examinations of BRCA1 IRIF after 5 Gy
IR and assigned cells to five different classes based on the
BRCA1 immunostaining intensity of their IRIF (Fig. 1E).
The results showed that RAP80 depletion was associated
with a major loss of cells that carried larger, more strongly
staining BRCA1 IRIF (class I and II cells, reduced from
61.8% to 20.4%), and equally significant increases in cells
carrying smaller, more weakly staining IRIF (class III and
IV cells, increased from 21.6% to 43.5%). Therefore, our
results show that RAP80 depletion leads to a shift in an
irradiated culture from a predominance of cells containing
more intensely staining BRCA1 foci to a predominance of
cells that contained less intensely staining structures.

We then examined the dynamics of BRCA1-containing
IRIF that also contained CtIP and BACH1—two BRCA1-
interacting proteins, each of which is known to engage in
the performance of HR (Litman et al. 2005; Limbo et al.
2007; Sartori et al. 2007; Takeda et al. 2007). In control
cells, both CtIP and BACH1 were first observed to form
IRIF in significant numbers (;40%) of cells 4 h after IR
(Fig. 2A,C; see also Supplemental Fig. S2A,B). Consistent
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with the recently identified role of CtIP in promoting DSB
end resection during early stages of HR-mediated DSBR
(Sartori et al. 2007; Takeda et al. 2007; Mimitou and
Symington 2008; You et al. 2009), the percentage of CtIP
IRIF-positive cells gradually decreased after the initial
increases (Fig. 2A; Supplemental Fig. S2A). In contrast, in
RAP80-depleted cells, significant numbers of cells were
already positive for CtIP-containing and BACH1-contain-
ing IRIF by 1 and 2 h post-IR, respectively; i.e., earlier
than normal (Fig. 2A,C; see also Supplemental Fig.
S2A,B). Furthermore, in RAP80-depleted cells, many
more cells contained significant numbers of BRCA1 IRIF
that costained with CtIP (58.4% vs. 7.3%) or BACH1
(72.3% vs. 8.6%) antibody within 2 h, and this result
persisted for up to 16 h post-IR (Fig. 2B,D; see also Sup-
plemental Fig. S2A,B). At later time points, although
BRCA1 IRIF in RAP80-depleted cells diminished in
abundance and persisted in fewer of these than in control
cells (Fig. 1D), most of them continued to costain with

CtIP or BACH1 antibody (Fig. 2B,D; see also Supplemen-
tal Fig. S2A,B). The colocalization of CtIP with BRCA1
foci appeared to occur earlier than was observed for
BACH1 foci. Even in nonirradiated cells, CtIP foci were
seen in ;19% of RAP80-depleted cells (Fig. 2A; Supple-
mental S2A, NT), and most of them colocalized with
sporadic BRCA1 foci in these cells (Fig. 2B; Supplemental
S2A, NT). One possible interpretation of the increased
colocalization of sporadic CtIP and BRCA1 foci in the
absence of RAP80 is that more extensive end processing
of spontaneous single-strand breaks and DSBs is ongoing
in these cells (please see below). Such a significant in-
crease was not observed for sporadic BACH1 foci, which
remained low in both control and RAP80-depleted cells
without IR (Fig. 2C,D; Supplemental S2B, NT). Conceiv-
ably, BACH1 is not involved in repairing spontaneous
DNA breaks in this setting, and further studies would be
needed to clarify the particular role of CtIP. Moreover, in
each irradiated cell that contained >10 BRCA1 foci, it

Figure 1. BRCA1 IRIF formation in the
presence and absence of RAP80. U2OS cells
treated with control or RAP80 siRNA were
irradiated with 5 Gy IR or mock-treated
(designated as NT) and released for different
periods of time. (A,B) Representative images
showing BRCA1 and RAP80 IRIF at 2 h (A)
and 8 h (B) post-IR. Nuclei were counter-
stained with DAPI. (C,D) Percentages of
cells, noted above, that contain RAP80 (C)
and BRCA1 (D) IRIF. At the indicated in-
tervals, cells containing at least 10 distinct
foci, as recognized by relevant antibodies in
immunofluorescence experiments, were
denoted and counted. At least 100 cells were
counted for each category of foci at each
time point. The experiment was repeated
three times and error bars indicate standard
deviation. Data in D were analyzed using
two-way ANOVA and, when a significant
difference between control and RAP80-de-
pleted cells was present, the actual signifi-
cance values were marked. (***) P < 0.001.
(E) Distribution of control and RAP80-de-
pleted cells in five distinct categories based
on intensity of BRCA1 IRIF (class I–class V)
at 4 h after 5 Gy IR. A representative cell
is shown for each class. All images were
obtained at the same magnification and
exposure time. During the analysis, each
nucleus in a given culture was characterized
as belonging to one of the above-noted cell
classes. At the completion of the experi-
ment, the distribution of nuclei among these
classes in control and RAP80-depleted cul-
tures was assessed and then compared. Bars,
10 mm. Numbers of cells in each class and
total numbers of cells counted, as well as
their corresponding percentages in control or
RAP80-depleted cells, are summarized in the
table. All images were analyzed in parallel
for each experiment, and the data repre-
sented in the table are that obtained, collec-
tively, from five identical experiments.
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appeared that more of these foci in RAP80-depleted cells
costained with CtIP or BACH1 antibodies than was the
case in control cells (Supplemental Fig. S2A,B). We also
examined the dynamics of RAD51 IRIF in the same
setting. Although the development of RAD51 IRIF fol-
lowed comparable trends in both control and RAP80-
depleted cells (Fig. 2E), RAP80 depletion led to a slightly
higher percentage of BRCA1 IRIF-containing cells in
which RAD51 colocalized in these IRIF at later times in
the experiment (Fig. 2F; see also Supplemental Fig. S2C).

Notably, in RAP80-depleted cells, no significant differ-
ences were observed in the dynamics of gH2AX IRIF

formation (Fig. 2G) and, as expected, nearly all remaining
BRCA1 IRIF still colocalized with gH2AX foci (Fig. 2H),
suggesting that the observed differences in BRCA1/CtIP/
BACH1 IRIF dynamics are not caused by a gross change in
gH2AX-containing chromatin structure at and adjoining
sites of DNA breakage. Moreover, RAP80 depletion did
not affect the abundance of BRCA1, CtIP, BACH1, or
RAD51 as individual proteins in cell extracts (Supple-
mental Fig. S1B), arguing against possible changes in the
availability of these proteins in RAP80-depleted cells.

A number of these proteins are known to form dis-
tinct protein complexes with BRCA1 and BARD1, the

Figure 2. Dynamics of IRIF formation.
U2OS cells were treated as described in
Figure 1. At the indicated intervals, cells
containing at least 10 distinct foci, as rec-
ognized by relevant antibodies in immuno-
fluorescence assays, were identified and
counted. Experiments were repeated three
times, and 80–150 cells were counted for
each category of foci at each time point for
each experiment. (A) Percentages of cells
containing CtIP foci. (B) Percentages of
cells containing BRCA1 foci with colocal-
ized CtIP. (C) Percentages of cells contain-
ing BACH1 foci. (D) Percentages of cells
containing BRCA1 foci with colocalized
BACH1. (E) Percentages of cells con-
taining RAD51 foci. (F) Percentages of cells
containing BRCA1 foci with colocalized
RAD51. (G) Percentages of cells containing
gH2AX foci. (H) Percentages of cells con-
taining BRCA1 foci with colocalized
gH2AX foci. Data were analyzed using
two-way ANOVA and, when a significant
difference between control and RAP80-de-
pleted cells was present, the actual signif-
icance values were marked. (***) P < 0.001;
(**) P < 0.01; (*) P < 0.5. Please see also
Supplemental Figure S2.
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heterodimeric, nuclear partner of BRCA1 (Scully et al.
1997b; Wong et al. 1998; Yu et al. 1998; Cantor et al. 2001;
Greenberg et al. 2006). Thus, the question of whether
RAP80 controls the extent and/or stability of BRCA1
complex formation with CtIP, BACH1, or RAD51 was
raised. When anti-BRCA1 coimmunoprecipitates were
generated using extracts of control and RAP80 shRNA-
expressing cells, it was clear that these coimmunopreci-
pitates retained endogenous BRCA1, CtIP, and BACH1 in
normal amounts compared with control cells (Supple-
mental Fig. S3). We were not able to determine the
amount of RAD51 in these coimmunoprecipitation ex-
periments using antibodies against endogenous proteins
due to a high background. But when coimmunoprecipi-
tations were performed using cells expressing epitope-
tagged BARD1 (eBARD1), it was apparent that compara-
ble amounts of RAD51 were associated with eBARD1/
BRCA1 regardless of the levels of RAP80 (data not
shown). Thus, the RAP80 depletion-associated changes
in the kinetics and extent of concentration of these pro-
teins in, and the dynamics and extent of their colocaliza-
tion with, BRCA1 in IRIF were not a product of concom-
itant alterations in either their intracellular abundance or
their ability to form complexes with BRCA1.

Taken together, these analyses revealed that (1) RAP80
is required for the long-term maintenance of BRCA1 IRIF,
but not for the initial concentration of BRCA1 at sites of
DNA damage; (2) loss of RAP80 leads to a shift in the
predominance of cells, from those containing more
strongly staining BRCA1 IRIF to those containing weakly
staining BRCA1 IRIF; and (3) RAP80 actively regulates the
timing and extent of the accumulation of CtIP, BACH1,
and RAD51 in BRCA1-containing IRIF through a mecha-
nism affecting neither the intracellular concentrations of
these proteins nor their ability to interact with BRCA1.

Effect of RAP80 and its associated proteins
on homology-mediated DSBR

Since RAP80 appeared to suppress premature concentra-
tions of CtIP and BACH1—and, to a less extent, RAD51—in
BRCA1-containing IRIF, all of which are involved in HR-
mediated DSBR (HR), we asked whether RAP80 plays a
role in regulating HR. U2OS-DR cells containing an
integrated, single-copy HR reporter with an I-SceI recog-
nition site were employed to measure HR activity (Pierce
et al. 1999; Xia et al. 2006). HR-mediated repair of the
single DSB induced by I-SceI endonuclease restores a
functional eGFP gene. The cells that have undergone
HR are green and can be scored by flow cytometry (Fig.
3A). As expected, treating cells with siRNAs that target
BRCA1, BACH1, or CtIP led to a marked decrease of GFP-
positive cells compared with the control (Fig. 3B). How-
ever, RAP80 depletion using four different, nonoverlap-
ping siRNAs or a lentiviral shRNA consistently led to a
significant increase in GFP-positive cells, implying that
there had been an increased frequency of HR in this
setting (Fig. 3B; see also Supplemental Fig. S4). siRNA
directed at another member of the RAP80–BRCA1 com-
plex—i.e., Abraxas or BRCC36—gave similar results (Fig.

3B), and analogous results were obtained in mouse em-
bryonic stem (ES) cells following Rap80 depletion (data
not shown). Transient expression of exogenous RAP80
from an siRNA-resistant cDNA restored near-normal
levels of HR in cells depleted of endogenous RAP80
(Fig. 3C,D), reinforcing the notion that the hyperrecom-
bination phenotype was specifically due to RAP80 de-
pletion. These data suggest that the integrity of RAP80
complexes normally contributes to measurable suppres-
sion of HR function. Since the enhanced HR effect that
was observed in this setting proved to be BRCA1- and
RAD51-dependent (Fig. 3E,F), one can further argue that
these RAP80-containing structures normally suppress
excessive, BRCA1-dependent HR activity.

To test whether cell proliferation or viability effects
underlie the apparent enhancement in HR activity, cell
cycle and apoptosis assays were performed on control and
RAP80-depleted cells. RAP80 depletion failed to elicit a
change in overall cell cycle distribution or an altered
apoptotic cell population within the experimental time
frame (Supplemental Fig. S1A; data not shown). These
results argue against an increase in the S/G2 cell pop-
ulation or a change in cell death frequency indirectly
contributing to the increased HR activity, described
above. Moreover, in keeping with the notion that the
RAP80-enhanced DSBR effect is executed primarily at
the level of HR, RAP80 depletion did not appear to affect
the abundance of a nonhomologous end-joining (NHEJ)-
derived product that was assessed using a PCR-based as-
say (Supplemental Fig. S5; Nakanishi et al. 2005). These
results aside, it is conceivable that other forms of error-
prone DSBR, even some forms of NHEJ, could have been
perturbed in this setting (please see the Discussion).

RAP80 suppresses excessive DSB end processing

Several recent studies showed that CtIP, in conjunction
with the MRE11 complex, is required for the DSB end
processing reactions that generate ssDNA regions to sup-
port subsequent HR-mediated DSBR (Limbo et al. 2007;
Sartori et al. 2007). Since we observed that CtIP formed
IRIF earlier in the time course of a DSB response in the
absence of RAP80 than in control cells (Fig. 2; Supple-
mental Fig. S2), one of the possible mechanisms by which
RAP80 suppresses HR is to limit the extent of DSB end
processing that generates substrates for homology-depen-
dent DNA repair. To test whether there was ssDNA gen-
erated by DSB end processing, we searched for 5-bromo-
2-deoxyuridine (BrdU)-containing IRIF that were detected
under nondenaturing conditions. This method detects
only BrdU that is incorporated into ssDNA (Raderschall
et al. 1999; Sartori et al. 2007). Indeed, RAP80 depletion
led to a significantly higher percentage of nuclei, each
containing >10 BrdU foci, at 2 h after 5 Gy IR (Fig. 4A,B;
see also Supplemental Fig. S6). Depletion of Abraxas or
BRCC36 (a component of the RAP80 complex) led to a
similar increase in BrdU foci-positive nuclei after IR
(Fig. 4A,B). There were also significantly more BrdU IRIF
in these nuclei in RAP80- or Abraxas-depleted cells than
were observed in controls (Fig. 4A,C). In contrast, in
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parallel experiments, CtIP siRNA resulted in suppres-
sion of such BrdU foci (Fig. 4A,B; see also Supplemental
Fig. S6). As negative controls, few or no foci were seen in
the nuclei of nonirradiated cells either before or after

RAP80, Abraxas, BRCC36, or CtIP depletion (data not
shown).

As an independent assay to investigate the role of
RAP80 in regulating DSB end processing, chromatin

Figure 3. RAP80 depletion leads to an
increased frequency of homology-mediated
DSBR. (A) A schematic diagram summariz-
ing the I-SceI-inducible DSBR reporter in
U2OS-DR cells and the relevant HR mea-
surement procedure. (B) A histogram show-
ing the relative change in GFP-positive
cells after I-SceI induction in cells trans-
fected with control siRNA or siRNA target-
ing BRCA1, BACH1, CtIP, RAP80 (siRAP80-
1), Abraxas, or BRCC36. The percentage of
GFP-positive cells after I-SceI expression in
control siRNA-treated samples was normal-
ized to 1. Data were collected from three
independent experiments. Error bars indicate
standard deviation. (C,D) Rescue of increased
HR in RAP80-depleted cells by expression of
an siRNA-resistant RAP80 cDNA. (C) Histo-
gram showing the relative change of I-SceI-
induced HR in cells treated with control
or RAP80 siRNA and cotransfected with
an siRNA-resistant RAP80 cDNA (Res
cDNA) or the vector DNA. The levels of
GFP-positive cells in vector + control siRNA
cotransfected cells were normalized to 1.
Experiments were performed in triplicate,
and error bars indicate standard deviation.
(D) Western blots showing the efficiency of
endogenous RAP80 depletion by siRNA and
expression of a Myc-tagged RAP80 cDNA
resistant to siRNA. Actin served as a loading
control for Western blots, and the expression
of a Myc-tagged GFP cDNA (cloned in the
same vector) in parallel cell cultures served
as controls for transfection efficiency. Please
note the total amounts of protein loaded in
lanes 3 and 4 (cf. actin bands) were less than
those in lanes 1 and 2 in order to distinguish
endogenous and tagged RAP80 using the
same RAP80 antibody. (E,F) The excessive
HR-mediated DSBR in RAP80-depleted cells
is BRCA1- and RAD51-dependent. (E) HR-
mediated repair of I-SceI-induced DSB. Ex-
periments were performed as described in
A. Specifically, U2OS-DR cells expressing
an shRNA that targets luciferase (shLuc) or
RAP80 (shRAP80) were transfected with
control siRNA or an siRNA directed at
BRCA1 or RAD51. The histogram shows
the relative increase in GFP-positive cells
of each category. The levels of GFP-positive
cells in shLuc-expressing cells were normal-
ized to 1. Experiments were performed in
triplicate, and error bars indicate standard
deviation. (F) Western blots reveal the effi-
ciency of protein depletion by RAP80
shRNA and/or siRNA directed at BRCA1
or RAD51. Fifteen micrograms of protein
was loaded in each lane, and actin (detected
by blotting) served as a loading control.
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immunoprecipitation (ChIP) was used to determine
whether RAP80 influences the association of RPA or
RAD51 with chromatin at and near a DSB that is actively
generated at a unique I-SceI site (Fig. 4D). According to

the current view of HR-mediated DSBR, RPA binds to
ssDNA generated by end processing complexes (i.e., CtIP/
MRE11-containing complexes, etc.) at DSBs, and this is
an early event in the activation of homology-dependent

Figure 4. RAP80/BRCA1 complexes are required to suppress excessive DSB end processing. (A) Representative images showing IR-
induced ssDNA foci in control, RAP80, Abraxas, or CtIP siRNA-treated U2OS cells. Cells were immunostained with an anti-BrdU
antibody under nondenaturing conditions 2 h after 5 Gy IR treatment. Nuclei were counterstained with DAPI. Bars, 10 mm. (B) A
histogram showing the percentage of cells containing >10 nuclear BrdU/ssDNA foci. Experiments were performed in triplicate, and at
least 100 cells were counted in each experiment for each treatment. Error bars indicate standard deviation. (C) A histogram showing the
average number of nuclear BrdU/ssDNA foci in cells containing 10 or more such foci. At least 120 nuclei were counted for each
treatment. Error bars indicate standard deviation. (D) A schematic diagram showing the locations of four sets of primers used in the
ChIP assays (marked as P1, P2, P3, or P4). The associated numbers correspond to the numbers of base pairs (bp) from the I-SceI
recognition site to the position of a relevant 59 primer. The genomic region that contains the sequences in which HR is expected is
marked in green. (E) Results of RPA ChIP assays. (F) Results of RAD51 ChIP assays. The extent of RPA or RAD51 antibody binding at
each location was calculated by comparing each antibody binding results with binding results obtained at the same DNA location with
irrelevant IgG and normalized with the amounts of input DNA. Levels of RPA or RAD51 binding were all normalized to that obtained
at position P1 in control cells (i.e., in the absence of RAP80 knockdown and I-SceI expression). (G) Representative images showing the
recruitment/accumulation of RAD51 to UV laser-induced DSB stripes in cells treated with control or RAP80 siRNA. Bars, 10 mm. (H,I)
Histograms showing the percentage of g-H2AX-positive stripes in control siRNA or RAP80 siRNA-treated cells that were stained with
RAD51 (H) or RAP80 (I) antibody, respectively. Data were collected from two independent experiments with at least 60 stripes scored in
each experiment. Error bars indicate standard deviation.
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DNA repair (Raderschall et al. 1999; Limbo et al. 2007;
Sartori et al. 2007; Takeda et al. 2007; Mimitou and
Symington 2009; You et al. 2009). RAD51 then replaces
RPA on ssDNA to promote recombination with homolo-
gous DNA (Sung and Robberson 1995; Sugiyama et al.
1997; Golub et al. 1998; McIlwraith et al. 2000; Sigurdsson
et al. 2001). Thus, localization of RPA and RAD51 at and
near such a DSB would reflect the performance of two
major early steps in the HR process. Results of a ChIP
assay performed on the GFP HR reporter after I-SceI
expression showed that RAP80 depletion (by siRNA or
shRNA) was accompanied by a dramatic increase in the
abundance of RPA (Fig. 4E) and RAD51 (Fig. 4F) localized
at and near the I-SceI cutting site compared with control
cells. The controls here included cells stably transduced
with control shRNA (directed against luciferase) that
were or were not treated with I-SceI. Of note, the levels
of RPA or RAD51 binding to this DNA region were
comparably low at position P4, which is ;2.3 kb away
from the DSB and ;1.2 kb distal to the homology region
(Fig. 4D, green section), suggesting that RPA or RAD51
coating did not spread beyond a certain distance from the
DSB in RAP80-depleted cells. This is in keeping with
what happens at DSBs in both yeast and mammalian cells
(Sugawara et al. 2003; Rodrigue et al. 2006).

In addition, ;63% of UV laser-induced DSB-containing
stripes were strongly positive for RAD51 immunostain-
ing in cells treated with RAP80 siRNA, compared with
;37% of stripes in control cells (Fig. 4G–I). The laser
stripe results are also consistent with the BrdU-labeled
ssDNA foci and the ChIP results, and, together, these
data are likely reflections of the existence of more robust
DSB end processing/resection and HR activity than that
observed in control cells.

End resection to generate ssDNA is also required for
other types of homology-dependent DSBR, such as single-
strand annealing (SSA) (Ivanov et al. 1996; Paques and
Haber 1999; Stark et al. 2004; Mimitou and Symington
2009). We tested whether increased DSB end processing
observed in RAP80-depleted cells might have an effect on
SSA using a previously described chromosome transloca-
tion assay (Elliott et al. 2005; Weinstock et al. 2006). The
reporter murine ES cells that were used here contain two
I-SceI sites located on chromosomes 17 and 14, each of
which was flanked by two short, homologous sequences
(290 base pairs [bp] and 265 bp, respectively, one of which
was derived from a human Alu repeat). Repair of I-SceI-
induced DSBs may lead to translocation events between
the two chromosomes, which renders cells harboring
such events resistant to G418 and/or puromycin (Fig.
5A). We found that knockdown of Rap80 using two
different siRNA reagents led, in each case, to an approxi-
mately twofold increase in drug-resistant colonies recov-
ered after repair of I-SceI-induced DSBs (Fig. 5B,C). Consis-
tent with a previous study (Elliott et al. 2005), SSA was the
predominant repair mechanism that generated drug-
resistant clones (Fig. 5D; data not shown). These obser-
vations suggest that RAP80 may suppress end processing
not only during DSBR for canonical HR, but also during a
different, homology-dependent repair mechanism (i.e., SSA).

Thus, RAP80 contributes to the suppression of exag-
gerated, BRCA1-dependent HR activity, and its failure to
do so is accompanied by marked enrichment at DSBs of
an end processing factor, CtIP; of ssDNA binding of RPA;
and of a vital HR recombinase, RAD51.

Effect of RAP80 depletion on chromosome structure

To investigate whether the RAP80 depletion/hyperre-
combination phenotype is accompanied by gross chro-
mosomal abnormalities, rates of sister chromatid ex-
change (SCE) were examined before and after treating
cells with etoposide, a potent DSB inducer and anti-
cancer drug (Nitiss 2002). Although the rates of SCE were
comparably low before DNA damage in control and
RAP80-depleted cells, etoposide treatment led to higher
rates of SCEs in control siRNA-treated cells and even
higher rates in RAP80 (P < 0.001) or BRCC36 (P < 0.01)
knockdown cells (Fig. 6A,B).

HR is a primary mechanism for repairing DSBs in
mammalian cells, and it typically repairs DSBs with high
fidelity, since the undamaged sister chromatid is prefer-
entially used as the repair template (Johnson and Jasin
2000). However, recombination between inappropriate
homologous sequences may occur if HR fidelity is compro-
mised. This could result in interhomolog recombination
and even deleterious genome rearrangements (Moynahan
and Jasin 1997; Richardson et al. 1998; Vilenchik and
Knudson 2003). One manifestation of illegitimate recom-
bination is the formation of multiradial chromosome
structures. Indeed, treating cells with RAP80 siRNA
followed by 2 Gy IR resulted in a 4.4-fold increase over
control cells in the number of spreads containing multi-
radial chromosome formations (Fig. 6C,D). Elevated SSA
activity, as became apparent in RAP80-depleted cells (cf.
Fig. 5), is known to contribute to interchromosome re-
combination and/or translocations (Deininger et al. 2003;
Elliott et al. 2005; Weinstock et al. 2006), and seems
a likely contributor to the multiradial chromosome de-
velopment described here (Fig. 6C,D).

We also considered the possibility that RAP80–BRCA1
complexes are more abundant in G1 as part of a mecha-
nism aimed at suppressing BRCA1-driven HR in G1 when
illegitimate recombination might well lead to chromo-
some rearrangement. We analyzed endogenous BRCA1
complexes in synchronized T98G cells by coimmunopre-
cipitation. T98G cells were arrested in G0/G1 by serum
starvation (since other synchronization protocols can
induce significant DNA damage) and then released into
media containing 10% serum. After release, a large per-
centage of cells progressed through the cell cycle in a
synchronous manner for ;28 h (Supplemental Fig. S7A).
The results derived from endogenous/endogenous coim-
munoprecipitation analysis showed that, although there
was indeed less CtIP and BACH1 associated with BRCA1
in G0/G1 than in S/G2, the levels of BRCA1-interacting
RAP80 remained constant throughout the cell cycle
(Supplemental Fig. S7B). These results argue against the
notion that RAP80–BRCA1 complexes are more prom-
inent in G1 as part of a process aimed at suppressing
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G1-based illegitimate recombination. Instead, a possible
mechanism that might limit end resection and recombi-
nation in G1 is that CtIP–BRCA1 and BACH1–BRCA1
complexes, both of which promote HR, are less abundant
in G0/G1 than in S/G2 (Supplemental Fig. S7B). Indeed,
others have suggested the existence of cell cycle-dependent
regulation of CtIP activity (Chen et al. 2008; Huertas and
Jackson 2009; Yun and Hiom 2009). It remains unclear
whether a similar mechanism also regulates BACH1
activity. Parenthetically, it was shown recently that an

interaction between BACH1 and BRCA1 is important for
BACH1 pro-HR function (Xie et al. 2010).

Taken together, these data suggest that RAP80 plays an
unexpected role in suppressing not only exaggerated, but
even illegitimate recombination in response to DSBs. They
also imply that a functional deficit of RAP80 in cells that
have sustained DSBs and manifest an excessive, BRCA1-
dependent HR phenotype also renders these cells more
likely to develop certain gross chromosomal rearrange-
ments than cells that exhibit normal control of HR activity.

Figure 5. Rap80 depletion results in increased frequencies of chromosomal translocations. (A) A schematic diagram showing the Alu
translocation reporter in HomAlu mouse ES cells and the relevant experimental procedure. The centromere of mouse chromosome 17
or 14 is indicated as a black dot. (Hygro) Hygromycin resistance gene; (Hprt) hypoxanthine phosphoribosyltransferase gene; (Alu) two
identical Alu elements derived from the MLL gene; (Neo-SD and SA-Neo) two portions of the neomycin/G418 resistance gene with
splice donor and splice acceptor; (39 Puro and 59 Puro) 39 and 59 portions of the puromycin resistance gene. Gray boxes adjacent to 59 and
39 Puro indicate homologous sequences from the puromycin cassette. Locations of PCR primers for analyzing translocation products
and the predicted sizes of such PCR products are also indicated. (B) A histogram showing the results of Alu recombination/
translocation assays. Relative frequencies of translocations after I-SceI expression were compared with that of control siRNA-treated
samples (normalized to 1). Translocations in vector transfected (i.e., no I-SceI) samples were undetectable (i.e., frequency <5 3 10�7) and
are not shown in the histogram. Data were collected from two independent experiments in which each assay was performed in
triplicate. (C) Results of quantitative RT–PCR showing the efficiency of Rap80 siRNA treatment. The amount of Rap80 mRNA in
control siRNA-treated cells was normalized to 100. (D) A partial gel image of PCR analysis on translocation products in genomic DNA
derived from G418-resistant clones. The size of PCR products correspondent to NHEJ- or SSA-mediated translocation is indicated. At
least 100 clones were analyzed each for cells treated with control, siRap80-1, or siRap80-2 siRNA. Only 12 PCR results are shown for
control (lanes 1–6) and siRap80-1-treated (lanes 7–12) cells.
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Discussion

The data reported here point to unexpected conclusions.
Intact RAP80 complexes support the localization in IRIF
of much of the BRCA1 seen in these structures in a time-
dependent manner. They operate in this regard without
altering cell cycle progression. However, during the
course of an IR-driven DDR, RAP80 complexes appear
to suppress the premature and prolonged colocalization at
IRIF of BRCA1 and three known partner proteins (CtIP,
BACH1, and RAD51), each of which is a component of a
distinct, BRCA1-containing complex engaged in support-
ing HR (Chen et al. 1998, 1999; Cantor et al. 2001; Litman
et al. 2005; Greenberg et al. 2006; Sartori et al. 2007; Yun
and Hiom 2009). CtIP is known to be involved in end
processing at DSBs that are subsequently repaired by HR
(Sartori et al. 2007; Takeda et al. 2007; Mimitou and
Symington 2008; You et al. 2009). BACH1-containing
complexes likely also contribute to the excessive HR
response in RAP80-depleted cells, but how they do so is
unclear (Litman et al. 2005; Peng et al. 2006; Xie et al.
2010). RAD51, as the mammalian recombinase, plays a
central role in supporting HR-mediated DSBR. Since
the overall abundance in cells of BRCA1/BARD1–CtIP,
BRCA1/BARD1–BACH1, and BRCA1/BARD1–RAD51
complexes, or of these specific protein subunits, per se,
was not altered before or after RAP80 depletion, the
relative representation of the various complexes in IRIF
is not a result of a RAP80 effect on their overall intra-
cellular concentration. Perhaps these foci can accommo-
date only a limited amount of complex protein, and, in
that context, BRCA1–RAP80 complexes gain preferred
access to these structures through recognition of K6/K63-
linked polyubiquitin chains by RAP80’s UIM motifs. If
this were the case—and if, in this setting, the foci lack
sufficient BRCA1-containing, HR-promoting complexes

to trigger HR at excessive amplitude—this might favor
suppression of otherwise unbridled BRCA1-dependent
HR. Viewed in this manner, RAP80 complexes perform
a BRCA1 HR-tuning function that, when properly exe-
cuted, contributes to a physiologically measured response
to DSBs (Fig. 7).

Previous studies showed that IRIF formation of both
RAP80 and BRCA1 depends on the upstream DDR factors
MDC1 and RNF8 (Sobhian et al. 2007; Wang and Elledge
2007). However, multiple data sets also show that MDC1
and RNF8 promote HR (Zhang et al. 2005; Xie et al. 2007;
Huang et al. 2009; data not shown). Therefore, the
RAP80-dependent, IRIF-based HR-tuning mechanism
likely acts downstream from the above-mentioned fac-
tors. Indeed, Xie et al. (2007) showed previously that the
HR-supporting function of MDC1 could be separated
from its role in supporting BRCA1 or 53BP1 focal re-
cruitment, leaving open the possibility that the role of
MDC1 in regulating RAP80 function is a product of a
function other than its HR-promoting activity. Whether
RNF8 functions in a similar, variegated manner remains
to be investigated. In this regard, we noted that it is not
uncommon that multiple, sometimes antagonistic, path-
ways are controlled by the same factor. For example, in
response to stalled replication forks, different modes of
ubiquitin or SUMO modification of PCNA seem to deter-
mine whether to activate translesional synthesis, HR, or
other replication bypass pathways (Hoege et al. 2002;
Stelter and Ulrich 2003; Papouli et al. 2005; Branzei et al.
2008). Given the presence of multiple functional domains
in the key factors MDC1, RNF8, BRCA1, and RAP80—and
of several, active, protein-modifying enzymes in the
MDC1–RNF8–RAP80 cascade—a similar scenario might
exist in this complex pathway.

Irradiation after depletion of RAP80 (or other compo-
nents of the RAP80–BRCA1 complex) also triggered the

Figure 6. Increased chromosomal insta-
bility after DNA damage in RAP80-de-
pleted cells. (A) Representative metaphase
spreads showing SCEs from U2OS cells
transfected with control or RAP80 siRNA.
Cells were treated with 200 nM etoposide
(ETO) or DMSO for 24 h. Bars, 5 mm. (B) A
dot graph depicting the number of SCEs
in cells treated with control, RAP80, or
BRCC36 siRNA. Each data point repre-
sents the total number of SCEs in an in-
dividual cell. Horizontal lines indicate the
mean number of SCEs in each category of
cells. (C) Representative metaphase spreads
from cells treated with control or RAP80
siRNA. Arrows point to multiradial chro-
mosomal structures. (D) A histogram sum-
marizing percentages of spreads containing
multiradial chromosomal structures 24 h
after cells were exposed to 2 Gy IR or
mock-treated.
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development of excessive numbers of ssDNA-containing
IRIF (visualized as BrdU foci under nondenaturing condi-
tions). The exaggerated HR effect arising after RAP80 de-
pletion was also accompanied by a marked enhancement
in accumulation of RPA and RAD51 at and near a defined
DSB. Thus, the failure of RAP80 to elicit a normal level of
control of HR activity in this setting, at least in part, is
played out at an initial step in the HR process; i.e., DSB
end processing. Such an increased end processing activity
is correlated with the premature concentration of CtIP in
IRIF observed in RAP80-depleted cells. Specifically, this
premature concentration effect likely triggered enhanced
end processing at DSB that, in turn, amplified the abun-
dance of ssDNA-containing ends at DSB, the enhanced
binding at these sites of an ssDNA-binding protein, and
the subsequent increase in binding to these regions of
a vital strand insertion recombinase (Gupta et al. 2005;
Litman et al. 2005; Sartori et al. 2007; Chen et al. 2008).
RAP80 depletion also led to a premature accumulation of
BACH1 in IRIF. The exact function of BACH1 in HR-
mediated DSBR remains unclear, and it is conceivable
that RAP80 suppresses HR at a BACH1-dependent step in
addition to its effect on DSB end processing. Future
studies that elucidate the mechanistic nature of BACH1
functions in HR will lead to a better understanding of
such a possibility.

Furthermore, despite an increased accumulation of
RAD51 at/near DSBs in RAP80-depleted cells, as mea-
sured by ChIP assay or laser stripe analysis, we observed
no dramatic changes in the kinetics of formation or the

abundance of RAD51-containing IRIF, per se, at various
time points in these experiments. Although RAD51 is
clearly a central participant in HR, it is currently unclear
what particular aspects of RAD51 function are reflected
by its concentration in IRIF as opposed to at stripes or on
a specific DNA sequence after a vicinal DSB is generated.
For example, it is not fully known when during an HR
response RAD51 appears in these higher-order structures
(i.e., foci) as opposed to on damaged chromatin, as as-
sessed by the two methods noted above. In this regard,
others have reported that the formation of RAD51 foci,
observed at a given time point after IR, although a phe-
nomenon related to the HR process, does not necessarily
provide a quantitative indication of the amplitude or rate
of HR-mediated DSBR in response to IR (Haaf et al. 1999;
Raderschall et al. 1999; Sy et al. 2009). The fact that
RAD51 is regulated by other factors (e.g., BRCA2, RAD51
paralogs, RecQ helicases, etc.) in addition to BRCA1 may
contribute to the complex pattern of RAD51 IRIF forma-
tion (Chen et al. 1998; Davies et al. 2001; Wu et al. 2001;
Yonetani et al. 2005; Bugreev et al. 2007; Hu et al. 2007;
Wu 2008).

The results described here also point to a new RAP80-
associated cellular function—one that is focused on
preventing exaggerated, BRCA1-driven HR and certain
manifestations of genome disorder. Whether any ele-
ments that contribute to exaggerated, BRCA1-dependent
HR, per se, represent direct triggers of the radial chromo-
some/illegitimate recombination effect that accompa-
nied them is unclear. However, it is well known that re-
combination between homologous sequences dispersed
throughout the genome can lead to deleterious—some-
times cancer-promoting—chromosome rearrangements,
and SSA and HR are likely contributors to these events
(for review, see Radman et al. 1982; Kolomietz et al. 2002;
Thompson and Schild 2002; Griffin and Thacker 2004;
Sung and Klein 2006; Reliene et al. 2007; cf. below). A
case could also be made for the existence of a link
between enhanced SCE that occurs in this setting and
enhanced HR, given the sense that SCEs can be a re-
flection of enhanced recombination activity (Sonoda et al.
1999; Helleday 2003; Wu and Hickson 2003). Neverthe-
less, the formal possibility remains that RAP80 could also
prevent chromosome instability through mechanisms
that might not require BRCA1; for example, by suppress-
ing other error-prone repair pathways such as a CtIP-
dependent alternative end-joining (Bennardo et al. 2008;
Yun and Hiom 2009; Lee-Theilen et al. 2011; Zhang and
Jasin 2011), or by removing covalently bound polypep-
tides at DNA breaks (Iijima et al. 2010).

Paradoxically, markedly enhanced radial formation
also occurred within 72 h after Brca1 elimination in
mouse cells (Silver et al. 2007), which, based on recent
findings (Bunting et al. 2010; Kass et al. 2010), might be
the result of aberrant end-joining of spontaneous DSBs
that have accumulated in these BRCA1-null cells. In the
above-referenced studies, 53BP1, another primary factor
involved in DDRs, was shown to inhibit DSB end resec-
tion and subsequent HR in the absence of BRCA1. How-
ever, whether 53BP1-mediated blockade of end resection

Figure 7. A model for HR-tuning function by RAP80/BRCA1-
containing complexes present in IRIF. The main subunits of the
RAP80 complex (i.e., RAP80, Abraxas, BRCC36, and BRCA1)
are designated. Symbols for polyubiquitin and a generic P-Ser/
Thr residue bound at the BRCA1 BRCT motifs are also included.
The three HR-supporting BRCA1 complexes are also depicted,
along with the hypothesized suppression by RAP80 complexes
of their concentration in IRIF and their contribution to HR. The
hatched circle symbolizes IRIF.
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imposes some direct measure of control on BRCA1-
driven HR in a normal setting is not clear (Xie et al.
2007). One recent study (Mok and Henderson 2010) and
our own observations (Y Hu and DM Livingston, unpubl.)
showed that 53BP1 and BRCA1 largely exist in non-
overlapping sets of IRIF in wild-type cells. 53BP1 IRIF
formation and dynamics were not affected by RAP80
depletion, and 53BP1 was not found in the RAP80/
BRCA1-containing nuclear complex (Y Hu and DM
Livingston, unpubl.). Therefore, the available data do
not yet show that 53BP1 and RAP80 are involved in the
same pathway to suppress HR, although this remains a
formal possibility. Further studies are needed to address
these questions more precisely.

RAP80 depletion from cells is also associated with their
hypersensitivity to IR (Kim et al. 2007a; Sobhian et al.
2007; Wang et al. 2007; Yan et al. 2007). IR hypersensi-
tivity, in principle, could arise from the development of
either a weak/absent or an exaggerated and inappropriate
HR response to DSB formation. In an example of the for-
mer case, mammary epithelial cells that have lost BRCA1
function experience defective HR activity and associated
genomic instability. This set of events, over time, is sus-
pected of fueling breast carcinoma development (Moynahan
et al. 1999; Scully et al. 2000; Moynahan et al. 2001;
Thompson and Schild 2001). In an example of the latter
case, when RAP80 complex function was rendered de-
fective in cells that retain wild-type BRCA1 expression
and experience DSBs, it was associated with exaggerated
HR function, increased SCEs, and signs of SSA and il-
legitimate recombination—again, clear manifestations of
genomic instability. One wonders whether such a sce-
nario actually develops in humans that lack a BRCA1 mu-
tation. If so, perhaps over time it is associated with a
neoplastic outcome. Viewed in another way, one wonders
whether, when BRCA1 function is chronically exagger-
ated because its ability to operate under the control of the
RAP80 complex has been perturbed, its ability to func-
tion as a tumor suppressor is also compromised.

Materials and methods

Plasmids, antibodies, and cells

HeLa cells expressing Flag/HA-tagged RAP80 or BARD1 were
described previously (Greenberg et al. 2006; Sobhian et al. 2007).
Myc-tagged RAP80 was ligated into a pcDNA3-based expression
vector. Flag/HA-tagged RAP80 mutants in pOZC vectors were
generated using a QuickChange XL mutagenesis kit (Stratagene)
or by PCR. Cells overexpressing these mutants were selected
magnetically using IL-2Ra antibody-conjugated Dynabeads (In-
vitrogen). shRNA sequences were cloned into a pLKO.1 lenti-
viral vector (Moffat et al. 2006).

The following antibodies were used in immunoprecipitation,
Western blot, and immunofluorescence experiments: rabbit
polyclonal anti-RAP80 (Bethyl Laboratory; 1:1000 for Western
blot and immunofluorescence), rabbit polyclonal anti-RAP80
(1:100 for immunofluorescence) (Sobhian et al. 2007), mouse
monoclonal anti-ubiquitin conjugates (Fk2, BioMol; 1:4000 for
Western blot), rabbit polyclonal anti-BRCA1 (Millipore; 1:2500
for Western blot and immunofluorescence), mouse monoclonal
anti-BRCA1 (MS110; 1:50 for Western blot), mouse monoclonal

anti-BRCA1 (D9, Santa Cruz Biotechnology; 1:50 for immuno-
fluorescence and 1:100 for immunoprecipitation), monoclonal
anti-mouse BRCA1 (GH118; 1:50 for Western blot) (Ganesan
et al. 2002), rabbit polyclonal anti-gH2AX (phospho-S139,
Abcam; 1:1000 for Western blot and immunofluorescence),
mouse monoclonal anti-gH2AX (JBW301, Millipore; 1:1000 for
Western blot and immunofluorescence), rabbit polyclonal anti-
RAD51 (H-92, Santa Cruz Biotechnology; 1:2000 for Western
blot and 1:250 for immunofluorescence), rabbit polyclonal anti-
BACH1 (Sigma; 1:1000 for Western blot), mouse monoclonal
anti-BACH1 (1:20 for immunofluorescence) (Cantor et al. 2001),
rabbit polyclonal anti-CtIP (Bethyl Laboratory; 1:1000 for West-
ern blot), mouse monoclonal anti-CtIP (1:40 for immunofluores-
cence) (Yu and Baer 2000), rabbit polyclonal anti-BRCC36 (Bethyl
Laboratory; 1:2000 for Western blot), mouse monoclonal anti-
BrdU (GE Healthcare; 1:100 for immunofluorescence), mouse
monoclonal anti-IL-2Ra (7G7/B6, Millipore), and mouse mono-
clonal anti-HA (HA.11, Covance; 1:1000 for Western blot). A
rabbit polyclonal anti-Abraxas (N2) antibody was raised against
a GST-Abraxas fusion protein.

U2OS, U2OS-DR, HeLa, 293T, 293, and T98G cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS). All cells were
cultivated at 37°C in a humidified incubator in an atmosphere
containing 10% CO2. HeLa S3 cells were grown in Joklik’s
Minimum Essential Medium (Sigma) supplemented with 7%
newborn calf serum at 37°C. Mouse ES cells were grown in ES
medium (Invitrogen) on either mouse embryonic fibroblast
(MEF) feeder cells or gelatinized plates supplemented with
leukemia inhibitory factor (LIF), and were cultured at 37°C in a
humidified incubator in an atmosphere containing 5% CO2.

RNAi

siRNA or shRNA sequences used in this study (synthesized by
Dharmacon or Qiagen) were as follows: siRAP80-1, GUAUUG
ACUCGGAGACAAA; siRAP80-2, CCAGUUGGAGGUUUAU
CAA; siRAP80-3, GCACAAAGACUUCAGAUGCA; siRAP80-4,
CUAGUUCAUUGUUGAGCAA; siRAP80-5, GGGUGGGCC
AUGUUCAUUA; siRap80-1 (mouse), GAAGCGUAGACUUGA
GGAC; siRap80-2 smartpool (mouse), GAAGAUCAGACUAGU
GACA, AAGCAGUUGUGUCAGUAUA, GCAUAGGACCAC
AGGUGUA, and CAAAUUGCUUAGUGGACUU; siBRCA1,
AGAUAGUUCUACCAGUAAA; siCtIP, GCUAAAACAGGAAC
GAAUC; siBACH1, AGCUUACCCGUCACAGCUU; siRAD51,
CUAAUCAGGUGGUAGCUCA; siAbraxas, CAGGGUACCU
UUAGUGGUU; siBRCC36, GAGGAAGGACCGAGUAGAA;
shLuciferase, GTGCGCTGCTGGTGCCAAC; shRAP80-1, GC
TCACATATCAGTCAGGGAA; shRAP80-2, AAACTTTTGTT
GGAGGAAGAA.

Nontargeting siRNA pools from Dharmacon were used as
siRNA controls, and shRNA targeting luciferase was used as an
shRNA control in all experiments. siRNA transfections were
performed using HiPerFect (Qiagen) or Lipofectamine RNAiMax
(Invitrogen) according to the manufacturers’ instructions.

I-SceI recombination assay

U2OS cells containing a single copy of the DR-GFP reporter
(U2OS-DR) were employed using experimental procedures that
were described previously (Xia et al. 2006). Experiments using
mouse ES cell lines containing HR/SCR reporter were performed
as described in Xie et al. (2004).

For Alu recombination/translocation assays, 6 3 106 HomAlu
ES cells (Elliott et al. 2005) were cotransfected with siRNA and
pCBASce/vector using Lipofectamine 2000 (Invitrogen) and then
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selected for G418- or puromycin-resistant colonies. Briefly, cells
were trypsinized and resuspended at 1 3 106 cells per milliliter in
ES cell culture medium, and then prepared transfection mixtures
were added. After incubating for 10 min at 37°C, cells were plated
on neomycin–hygromycin–puromycin triple-resistant feeder
plates in triplicates. In parallel, 2 3 103 cells from suspension
of each treatment were plated to determine plating efficiency,
and 2 3 105 cells cotransfected with siRNA + an eGFP expression
vector (instead of pCBASce/vector) were plated to determine
transfection and knockdown efficiency. Drug selection (G418:
200 mg/mL; puromycin: 2 mg/mL) started 48 h after transfection
and was maintained for 8–12 d (no drug selection was imposed in
plates used for determining plating or transfection efficiency)
until well-defined colonies were observed. Sixty colonies from
each treatment were picked and transferred to 96-well feeder
plates for further analyses. Plates were then fixed and stained
with 0.1% crystal violet/20% ethanol solution for colony count-
ing. Relative frequencies of translocation were calculated based
on numbers of colonies after normalization with plating/trans-
fection efficiency of each treatment.

SCE assay and chromosome analysis

The SCE analysis was carried out using a classical BrdU-labeling
protocol (German and Alhadeff 2001) with minor modifications:
Cells were incubated with 10 mM BrdU for 48 h after treatment
with DNA-damaging agents (IR: 0.5–1 Gy; etoposide: 200 nM),
collected, and then prepared for analysis of metaphase spreads.
Sister chromatids were visualized by staining with acridine
orange (Sigma) solution (0.0125 mg/mL). For chromosome anal-
ysis, spreads were stained with 49,6-diamidino-2-phenylindole,
dihydrochloride (DAPI).

ChIP assay

U2OS cells were incubated with 1% formaldehyde in culture
medium for 15 min at room temperature, and then washed with
cold PBS/BSA (5 mg/mL) to inactivate residual formaldehyde.
Cells were resuspended in lysis buffer (1% SDS, 10 mM EDTA,
0.5 mM EGTA, 50 mM Tris-HCl at pH 7.5, 0.25% Triton X-100,
protease inhibitors) and sonicated to fragment chromatin to the
desired extent. Cell lysate was diluted in immunoprecipitation
dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl,
20 mM Tris-HCl at pH 7.5, protease inhibitors), and immuno-
precipitations were performed with anti-RPA or anti-RAD51
antibody or IgG control overnight at 4°C. Beads were washed six
times with SDS-free RIPA/LiCl buffer (50 mM HEPES at pH 7.5,
1 mM EDTA, 0.7% sodium deoxycholate, 1% NP-40, 0.5 M LiCl,
protease inhibitors) and then twice with TE buffer. Immunopre-
cipitated chromatin was eluted with elution buffer (1% SDS, 0.1
M NaHCO3) and incubated for 16 h at 65°C to reverse the cross-
links. DNA was purified using a PCR purification kit (Qiagen)
and prepared for quantitative PCRs.

Primers used in ChIP assays were as follow: ChIP-P1F, GAGC
AAGGGCGAGGAGCTGT; ChIP-P1R, CCGTAGGTCAGGGT
GGTCAC; ChIP-P2F, TCTTCTTCAAGGACGACGGCAACT;
ChIP-P2R, TTGTAGTTGTACTCCAGCTTGTGC; ChIP-P3F, A
CGAGAGATCTATAGATCTATAGATCATGA; ChIP-P3R, CTC
TTTACTGAAGGCTCTTTA; ChIP-P4F, CCGCGACGTCTGT
CGAGAAG; ChIP-P4R, GCCGATGCAAAGTGCCGATA.

Detecting BrdU incorporation in ssDNA

The experiment was performed essentially as described
(Raderschall et al. 1999). Briefly, U2OS cells on glass coverslips

were grown in culture medium containing 10 mM BrdU (Sigma-
Aldrich) for 48 h. Cells were irradiated with 5 Gy IR and, after
2 h, coverslips were fixed in absolute methanol for 20 min at
�20°C. Coverslips were then rinsed briefly in ice-cold acetone
and washed three times with PBS before being exposed to im-
munofluorescence staining with an anti-BrdU antibody (GE
Healthcare).

Immunofluorescence

Immunofluorescence following irradiation or the generation of UV
laser stripes was performed as described previously (Greenberg
et al. 2006; Sobhian et al. 2007).

Laser-generated DNA stripes

Laser-induced DNA DSB-containing stripes were generated
using a P.A.L.M. MicroBeam laser microdissection system (Carl
Zeiss MicroImaging, Inc.) as described previously (Greenberg
et al. 2006; Sobhian et al. 2007). Cells grown on coverslips were
incubated for 24 h in medium containing 10 mM BrdU (Sigma-
Aldrich). Coverslips were transferred to CO2-independent me-
dium (Invitrogen) prior to laser treatment. Laser stripes were
generated in 70–100 cells per coverslip with the above-noted laser
(l, 337 nm) using the 403 objective at 63% power. Cells were
returned to a cell culture incubator at 37°C and fixed 1 h later
following the aforementioned immunofluorescence protocol.

Immunoprecipitation

Immunoprecipitations were performed by incubating cell lysate
in NET-N 400 (400 mM NaCl, 0.5 mM EDTA, 20 mM Tris-HCl
at pH 7.5, 0.5% NP-40, 1.5 mM MgCl2, 10% glycerol, 5 mM
NEM, protease inhibitors) or NET-N150 (the same buffer now
containing 150 mM NaCl) in the presence of a primary antibody
for 4–16 h at 4°C. This was followed by incubating the reaction
mixture with protein A- or G-conjugated beads for an additional
hour. Beads were washed four to six times with buffer used in the
immunoprecipitation, and immunoprecipitated proteins were
eluted with Flag peptide solution (0.2 mg/mL) or 0.1 M glycine
(pH 2.5) solution, or by incubating in Laemmli sample buffer for
5 min at 95°C.
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Note added in proof

Findings on the role of RAP80 and its associated proteins in
regulating homology-directed DSBR through the suppression of
excessive end resection were also reported by Dr. Roger Greenberg’s
group (Coleman and Greenberg 2011).
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