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BRCA1 promotes error-free, homologous recombination-mediated
repair (HRR) of DNA double-stranded breaks (DSBs). When exces-
sive and uncontrolled, BRCA1 HRR activity promotes illegitimate
recombination and genome disorder. We and others have ob-
served that the BRCA1-associated protein RAP80 recruits BRCA1 to
postdamage nuclear foci, and these chromatin structures then
restrict the amplitude of BRCA1-driven HRR. What remains unclear
is how this process is regulated. Here we report that both BRCA1
poly-ADP ribosylation (PARsylation) and the presence of BRCA1-
bound RAP80 are critical for the normal interaction of BRCA1 with
some of its partners (e.g., CtIP and BACH1) that are also known
components of the aforementioned focal structures. Surprisingly,
the simultaneous loss of RAP80 and failure therein of BRCA1
PARsylation results in the dysregulated accumulation in these foci
of BRCA1 complexes. This in turn is associated with the intracellular
development of a state of hyper-recombination and gross chromo-
somal disorder. Thus, physiological RAP80-BRCA1 complex for-
mation and BRCA1 PARsylation contribute to the kinetics by
which BRCA1 HRR-sustaining complexes normally concentrate
in nuclear foci. These events likely contribute to aneuploidy
suppression.
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omologous recombination-mediated repair (HRR) is a major
DNA repair process that is required for cell survival and the
suppression of genomic instability after DNA damage. Normally,
HRR is an error-free process in which faithful recombination
occurs between sister chromatids (1, 2). In contrast, illegitimate
recombination between nonallelic sequences can result in delete-
rious genome rearrangements in both germ line and somatic cell
DNA (3). A number of proteins function during the HRR process
or at the interface between HRR and other DNA repair processes
to suppress illegitimate recombination. A number of them, including
BLM (4), FANCM/MPH1 (5), FBH1 (6), PARI (7), RECQLS
(8), and RTEL (9), suppress HRR-induced chromosome instability,
genome rearrangement, and, in some cases, cancer development.
BRCAL is a major HRR support protein (10, 11). Working
together with certain partner proteins, including RADS51, CtIP,
and BACHI (also known as FANCJ/BRIP1), it promotes double-
strand break (DSB) end resection, proper HRR progression, and
recombinational fidelity (12-14). However, BRCA1 HRR func-
tion must be tightly controlled to prevent illegitimate recombi-
nation and genomic instability (15-18). In this regard, RAPS80, a
major BRCA1 partner, functions to maintain normal concentra-
tions of BRCAL in ionizing radiation (IR)-induced foci (IRIF).
This process leads to suppression of excessive DNA end resection,
which can result in a hyper-HRR phenotype (15, 16, 19, 20).
We have also found that PARP1 promotes PARsylation of
the BRCA1 DNA-binding domain and physiologically down-
modulates BRCA1’s DNA binding and HRR activity. This process
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is important for chromosome integrity maintenance after cells
incur IR-induced DNA damage (21).

In light of these findings, we asked how these two HRR reg-
ulatory mechanisms—PARP1-driven BRCA1 PARsylation and
RAP80 complex-mediated suppression of end resection—are
operationally related to one another. Our results show that,
unexpectedly, after a combination of BRCA1 PARsylation fail-
ure and RAP80 depletion, BRCALI persists in IRIF together
with its pro-HRR partners, CtIP and BACH1. This combina-
torial effect was associated with an even greater amplitude of
HRR than arose after either perturbation, alone, as well as the
development of overt chromosomal instability. Thus, BRCA1
PARsylation and normal operation of the RAPS80 complex to-
gether ensure that BRCA1 HRR operates at physiological am-
plitude and thereby contributes to the maintenance of genome
integrity.

Significance

Normally, BRCA1 promotes physiological, error-free homolo-
gous recombination repair (HRR) of damaged DNA and genome
stability. In contrast, excessive, deregulated HRR can lead to
genome instability. The BRCA1-binding protein RAP80 restricts
HRR amplitude and genome instability, at least in part by
manifesting polyubiquitin and poly-ADP-ribose binding activi-
ties in postdamage nuclear foci. Although how these processes
operate in detail remains unknown, we find that simultaneous
defects in RAP80/BRCA1 complex formation and in BRCA1 poly-
ADP-ribosylation result in the persistent accumulation of
BRCA1-containing complexes in nuclear foci that also con-
tain CtIP and BACH1. These effects lead to excessive HRR,
chromosomal hyper-recombination, and gross chromosomal
abnormalities.
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Results and Discussion

BRCA1 PARsylation and RAP80 Each Support Optimal HRR Regulation
through Nonredundant Mechanisms. Using the I-Scel HRR re-
porter system in U20S cells (22), we and others have shown
that depletion of RAP80 or certain RAP80 partner proteins
(ABRAXAS [also known as ABRA1] and BRCC36) results in an
elevated HRR amplitude and gross chromosomal instability (15,
16, 23, 24). Given that BRCA1 PARsylation is required for
maintaining the normal integrity of RAP80-BRCA1 complexes,
normal HRR amplitude, and chromosome stability (21), we ana-
lyzed the effects of RAPS0 depletion on HRR in cells expressing
either BRCA1-WT or BRCA1-D5 (a stable, full-length BRCA1
mutant except for deletion of an 8-residue sequence that is re-
quired for BRCA1 PARsylation) (21). Consistent with our pre-
vious observations, cells expressing BRCA1-DS5 but not the WT
protein exhibited significantly higher HRR amplitude compared
with BRCA1-WT-expressing cells. The level was comparable to
that detected in RAP80-depleted cells (Fig. 1 4 and B). In addi-
tion, depletion of RAP80 in BRCA1-D5-expressing cells resulted
in even greater HRR activity than was detected following either
perturbation alone (Fig. 14).

Similar HRR effects were also observed when RAP80 was
codepleted in PARP1-depleted cells or in cells exposed to olaparib,
a PARP1/2 inhibitor (25) that has been approved for treating
BRCAL1 or BRCA2 mutated breast, ovarian, and pancreatic can-
cers. It was given at a concentration (30 nM) sufficient to disrupt
both BRCA1 PARsylation and HRR regulation without eliciting
significant cytotoxicity or affecting cell cycling (SI Appendix, Fig. S1
A-C) (21). These results and the aforementioned findings imply
that BRCA1 PARsylation and RAP80 together regulate HRR
function through nonredundant mechanisms, at least when HRR
at a single I-Scel-induced DSB was assessed.

We also measured HRR activity in BRCA1-WT- and BRCA1-
D5—-expressing cells that were codepleted of 53BP1, an important
mediator of nonhomologous end-joining capable of interfering
with BRCA1 HRR activity. Inactivation of 53BP1 leads to in-
creased HRR in part through the activation of CtIP and thereby of
DSB end resection. Moreover, 53BP1 nullizygosity rescues em-
bryonic lethality in BRCA1-null mice, thus highlighting the in-
terplay between 53BP1 and BRCAL in the control of DSB repair
(26, 27). Similar to RAP80 depletion combined with BRCA1-D5
substitution for BRCA1-WT expression, 53BP1 depletion in cells
expressing BRCA1-D5 resulted in elevated HRR activity above
that arising from either single perturbation, thereby emphasizing
the importance of both BRCA1 PARSsylation and 53BP1 function
in the maintenance of physiological BRCAl-driven HRR (87
Appendix, Fig. S2 A and B). Interestingly, RAP80 depletion did
not lead to a further increase of HRR in 53BP1-depleted cells,
suggesting that RAP80 works downstream of 53BP1, as expected
given that 53BP1 prevents the resection of DSBs. However, ex-
pression of BRCA1-D5 did lead to a further increase of HRR in
53BP1-depleted cells, which further implies that BRCA1 PAR-
sylation and RAP80 work nonredundantly to suppress HRR.

We next examined the impact of RAP80 depletion on radiation-
induced chromosome instability in cells expressing BRCA1-WT
and in other cells expressing non-PARsylatable BRCA1-DS in
place of the WT protein. We found that cells expressing BRCA1-
D5 instead of WT accumulated significant numbers of radial
structures and complex chromosome rearrangements (i.e., rear-
rangements involving three or more chromosomes) shortly after
DNA damage. These rearranged chromosomes are largely prod-
ucts of excessive, unregulated HRR activity in these cells (21).
Since RAPS80 depletion in BRCA1-D5-expressing cells resulted
in a further increase in HRR activity (Fig. 14), we expected to
observe a corresponding increase in chromosome instability in
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Fig. 1. BRCA1 PARsylation and RAP80 are required for normal HRR tuning and chromosome integrity control. (A) Results of HRR assays of U20S cells expressing
siRNA-resistant HA-BRCAT-WT or HA-BRCA1-D5 and transfected with control siRNA or siRNA targeting endogenous BRCAT or RAP80. The HRR frequencies of control
samples were normalized to 1. Experiments were performed in triplicate, and error bars indicate SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not
statistically significant. (B) Western blots in cells described in A showing detection of both endogenous and HA-tagged BRCA1, RAP80, and actin. (C and D) Effects of
RAP80 depletion on chromosome stability in cells cotransduced with shLuc, shBRCAT, or shBRCA1 and shRNA-resistant BRCAT-WT or BRCA1-D5. (C) Graph showing the
frequencies of radial structures. (D) A graph showing the frequencies of complex rearrangements. Between 40 and 70 spreads were counted in each category of cells,
and error bars indicate the SEM. *P < 0.05; **P < 0.01; ***P < 0.001. (E) Representative images (60x magnification) of chromosome aberrations (radial structures
and complex rearrangements) in cells expressing siRNA-resistant HA-BRCA1-D5 and transfected with siRNA targeting endogenous BRCAT and RAPS80.
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these cells; however, this was not the case. RAP80 depletion,
alone or combined with BRCA1-D5 expression, led to comparable
levels of radial and complex rearrangements. Moreover, these
levels were comparable to those observed after BRCA1-D5 ex-
pression alone, although they were also significantly higher than
those in control cells (Fig. 1 C-E).

A combination of RAP80 depletion and BRCA1-D5 sub-
stitution for endogenous BRCA1-WT conceivably has the po-
tential to engender additional chromosome instability in at least
some targeted cells while at the same time blocking their cell
cycle progression. This could result in a failure to detect a more
extreme chromosomal phenotype when the two perturbations
coexist. Alternatively, there may be a limit to the amount of
chromosomal instability that can be tolerated by elevating HRR
activity, which might lead to cell death if sufficiently elevated.
These considerations notwithstanding, the aforementioned re-
sults indicate that both RAP80 and normal BRCA1 PARsylation
are required for optimal HRR control, possibly operating by
different mechanisms given their different innate biochemical
functions.

Dynamics of BRCA1 PARsylation in Response to DNA Damage and
RAP80 Function. To further delineate the tempo of BRCA1
PARsylation, we also examined the dynamics of this modification
over time following the introduction of DNA damage via IR.
More specifically, this was accomplished in cells incubated in the
absence versus the presence of the PARP inhibitor olaparib and
with or without RAP80 depletion (SI Appendix, Fig. S3 A and B).
The data revealed the existence of two periods of significant
BRCAI1 PARsylating activity: an earlier period that peaked be-
tween 15 and 30 min post-IR and a later one that peaked at ~2 h
post-IR and persisted for up to 8 h. Both were suppressed by
olaparib (SI Appendix, Fig. S3 A and B).

Interestingly, RAP80 depletion led to a diminution of the
earlier period of BRCA1 PARsylating activity but not of the later
period, suggesting that different BRCA1 PARsylation-regulating
mechanisms operate during these different postdamage intervals
(SI Appendix, Fig. S3 A and B). The later RAP80- independent
BRCAL1 PARsylation interval is particularly interesting, since the
majority of DNA damage-associated poly-ADP-ribosylation is
known to occur within seconds to minutes after DNA damage and
to be short-lived due to rapid de-PARsylation (28). Thus, in one
model these results are consistent with the possibility that BRCA1
PARsylation and de-PARsylation contribute to the respective
assembly and dissociation of BRCA1-containing complexes in
IRIF in a finely organized temporal order following the onset of
DNA damage (see the model in Fig. 5).

Inhibition of BRCA1 PARsylation “Reverses” the Loss of BRCA1 from
IRIF in the Absence of RAP80. An earlier model depicted RAP80
complexes recruiting BRCA1 to focal sites of DNA damage (i.e.,
IRIF) (11, 29-31). However, we and others were unable to show
that RAPS80 recruits a majority of the ambient BRCAL1 to IRIF
per se (15, 16, 21, 32). Furthermore, RAPS80 loss resulted in only
a gradual diminution of BRCA1 from IRIF rather than its acute
and complete loss, and this loss occurred primarily at late time
points (i.e., hours) after the onset of DNA damage (15, 23, 32).

There were fewer BRCAl-immunostained IRIF in these RAPS80-
depleted cells compared with control cells (15). However, a ma-
jority of these IRIF contained BRCA1-bound CtIP or BACHI,
despite being RAP80-free. This observation implies that ongoing
HRR activity, perhaps even excessive HRR activity, such as might
occur following inappropriate end resection, is afoot in these
structures (15).

Since BRCA1 PARsylation is required to maintain the stability
of BRCA1-RAP80 complexes (21), we asked whether inhibiting
this modification perturbs the formation and/or retention of
BRCAI-containing complexes in IRIF. Specifically, we incubated
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cells in medium containing olaparib vs. drug-free medium. Olaparib
failed to alter the kinetics of BRCA1-containing IRIF formation
or the colocalization in these structures of BRCA1 and RAP80
(Fig. 2 A and B, compare black and blue lines). Thus, inhibiting
PARSsylation with olaparib alone did not alter the recruitment and
maintenance of BRCA1 in IRIF.

Also consistent with previous findings (15), RAP80 depletion
led to a significant loss of BRCA1 IRIF, but mostly at late time
points after IR (Fig. 2B, 6 to 16 h, green line). In contrast, when
RAPS80-depleted cells were simultaneously exposed to olaparib,
distinct intensely staining BRCA1 IRIF were unexpectedly de-
tected in the majority of cells, and the percentage of these
BRCAL IRIF-positive cells reached a level comparable to that of
unperturbed control cells (Fig. 2 A and B). Therefore, the loss of
BRCAL from IRIF in the absence of RAP80 was reversed by
inhibiting PARSsylation. These “restored” BRCA1 foci persisted
for up to 16 h post-IR, comparable to the kinetics of IRIF de-
tected in untreated cells (Fig. 2B).

Given these findings, one might speculate that olaparib-induced
trapping of PARP1 on DNA (33, 34) results in DNA damage that
leads to BRCAL1 chromatin recruitment independent of RAPS0.
Therefore, we compared the functionality of BRCA1-WT and the
non-PARsylatable mutant, BRCA1-D5 (21), in IRIF. At 8 h after
IR treatment of otherwise unperturbed cells, both proteins
(BRCAI1-WT and BRCA1-D5) had concentrated in distinct foci
that also contained RAP80 (SI Appendix, Fig. S44). In contrast, at
the same time point in RAP80-depleted cells, BRCA1-WT had
already largely dispersed from IRIF, while BRCA1-D5 was still
concentrated in these foci in most of the cells (SI Appendix, Fig.
S4 A and B). Again, BRCAl-containing foci were seemingly
“restored” in the BRCA1-D5 mutant cells by these combined
perturbations.

These findings imply that BRCA1 PARsylation is required for
the exit of BRCA1 from the majority of IRIF in the absence of
RAPS0 at late time points after DNA damage. However, if
RAP80 were depleted from cells and the BRCA1 PARsylation
process were defective, BRCA1 could persist abnormally in IRIF
in a setting conducive to the induction of genome instability.
These results reinforce the view that RAP80 is required to
support the physiological maintenance over time of BRCAL1 in
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Fig. 2. PARsylation inhibition restores BRCA1 to RAP80-free IRIF. (A) Repre-
sentative images showing RAP80 and BRCA1 focus (i.e., IRIF) formation. U20S
cells were transfected with control siRNA + DMSO, control siRNA + 30 nM
olaparib, RAP80 siRNA + DMSO, or RAP80 siRNA + 30 nM olaparib for 48 h, then
irradiated and allowed to recover for 8 h before being processed for RAP80 or
BRCA1 immunostaining. (Scale bars, 10 um.) (B) Effects of PARP1 inhibition and
RAP80 depletion on the kinetics of BRCA1 focus formation. At least 100 cells
were counted at each time point. Data were collected from four independent
experiments. Error bars represent SEM. **P < 0.01; ****P < 0.0001.
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IRIF, and that BRCA1 PARsylation contributes to the proper
dynamics of this process (see the model in Fig. 5).

Non-PARsylated BRCA1 Persists Together with CtIP and BACH1 in IRIF
when RAP80 Is Depleted. We have previously shown that the re-
sidual BRCA1 in RAP80-free IRIF colocalizes with the now
more abundant HRR-promoting BRCA1-binding proteins CtIP
and BACHLI in these cells (15). We, therefore, asked whether
inhibiting BRCA1 PARSsylation also affects the concentration of
CtIP or BACHL1 in IRIF. In this regard, BRCA1-D5 appears to
bind CtIP more strongly compared with BRCA1-WT, especially
after IR-induced DNA damage, possibly through its higher
binding affinity for chromatin, in keeping with its failed PAR-
sylation (SI Appendix, Fig. S54). That said, neither exposing cells
to olaparib nor expressing non-PARsylated BRCA1-D5 in cells
depleted of endogenous BRCAL altered the pattern of CtIP or
BACHI1 concentration in IRIF (Fig. 3 A-D and SI Appendix, Fig.
S5 B-F) (21). However, when inhibition of BRCA1 PARsylation
with olaparib was combined with RAP80 depletion, the majority
of the seemingly “restored” or retained BRCAL1 foci contained
colocalized CtIP or BACHI1 (Fig. 3 A and B and SI Appendix,
Fig. S5 B and C).

Similarly, compared with controls, there was significant
colocalization of CtIP and HA-BRCA1-D5 staining in the IRIF
of RAP80-depleted cells that expressed HA-BRCA1-DS5 and had
been depleted of endogenous BRCA1-WT (Fig. 3 C and D). A
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similar phenotype was observed for colocalization of HA-BRCA1-
D5 and BACH1 (SI Appendix, Fig. S5 D and E).

IRIF Localization of BRCA1, RAP80, and CtIP in Human Breast Cancer
Cell Lines. We previously reported that most of 13 breast cancer
cell lines examined contained robust levels of RAPS80 and
PARsylated BRCAL, including T47D, MCF7, and SKBR-3 (21).
However, some, such as HCC1143 and MDA-MB231, revealed
diminished or undetectable PARsylated BRCAL1 despite the
presence of comparable levels of unmodified BRCA1. Importantly,
one cell line, HCC38, which was derived from a triple-negative
breast carcinoma, was deficient in both BRCA1 PARsylation
and RAPS80 expression (21). Consistent with these observations,
many BRCA1-positive, RAP80-free IRIF were present in HCC38
cells (Fig. 4 A and B, where T47D cells serve as a RAP80- and
BRCA1 PARsylation-positive control). A significant portion of
these HCC38 cells also contained colocalized CtIP (Fig. 4 C and
D). Interestingly, HCC1143, another triple-negative carcinoma-
derived cell line, while exhibiting moderate RAP80 expression
(21), revealed relatively few cells with RAP80-positive IRIF (Fig. 4
A and B). However, these cells included fewer BRCA1/CtIP-
positive cells than HCC38 (Fig. 4 C and D). This can be explained
by the fact that RAP80, while less abundant in HCC1143 than in
several other breast cancer lines, may still bind BRCA1 through
the ABRA1 present in these cells and remains biochemically active
(21). Thus, despite the absence of proper BRCA1 PARsylation,
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Fig. 3. PARsylation inhibition and RAP80 depletion result in co-concentration of CtIP with BRCA1 in IRIF. (A) Representative images showing CtIP and BRCA1
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of RAP80. Cells were immunostained with antibodies directed against CtIP or BRCA1. (Scale bars, 10 um.) (D) Quantitation of results shown in C. The figure
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each category of foci in each experiment. Data were collected from 3 independent experiments, and error bars indicate SD.
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Formation of BRCA1, RAP80, and CtIP IRIF in T47D and HCC38 cells. (A) Representative images showing RAP80 and BRCA1 IRIF formation in T47D or

HCC38 cells. The average percentage of cells containing at least 10 RAP80, 10 BRCA1, or colocalized foci is indicated below each respective image. At least 100
cells were counted for each cell line. (Scale bars: 10 um.) (B) Graph showing percentages of cells containing at least 10 RAP80, 10 BRCA1, or RAP80:BRCA1
colocalized foci in 6 breast cancer cell lines. At least 100 cells were counted for each cell line. (C) Representative images showing CtIP and BRCA1 IRIF for-
mation in T47D or HCC38 cells. The average percentage of cells containing at least 10 CtIP, 10 BRCA1, or colocalized foci is indicated below each respective
image. At least 100 cells were counted for each cell line. (Scale bars: 10 um.) (D) Graph showing the percentages of cells containing at least 10 CtIP, 10 BRCA1,
or colocalized foci in 6 human breast cancer cell lines. Data were collected from 2 independent experiments, and error bars indicate SD.

excessive IRIF accumulation of BRCA1-CtIP and BRCAI-
BACH1 complexes did not occur, as discussed below.

These results imply that disorderly RAP80- and PARP1-driven
BRCAI1 HRR regulation can be a clinically relevant phenotype
during the development of genomic instability in certain non-
familial breast cancers and thus may be an authentic pathophysi-
ological manifestation of breast cancer development.

BRCA1 Overexpression Is Associated with Aneuploidy and Poor
Prognosis in Breast Cancers. In a previous paper, we reported
that failed BRCA1 PARsylation at a designated residue in its
DNA-binding domain led to failed BRCA1 release from chro-
matin and from IRIF, resulting in the development of high and
apparently deregulated HRR activity, which, as we independently
found, leads to marked genome instability, multichromosomal
structural disorder, and evidence of aneuploidy (21).

In this context, we analyzed the invasive breast cancer cohort
in The Cancer Genome Atlas (TCGA) database using a recently
developed algorithm for calculating aneuploidy score (35) and
found that tumors with higher BRCA1 RNA expression are as-
sociated with higher aneuploidy scores (SI Appendix, Fig. S64),
implying the existence of more prevalent genomic instability in
these tumors. Furthermore, in three large analyses of patients
with spontaneous, noninherited breast cancer, tumor-based
BRCALI tissue RNA expression was measured and tested for a
correlation with relapse-free survival (S Appendix, Fig. S6 B-D).
In these analyses, it turned out that a higher level of BRCA1
RNA expression, detected in approximately one-half of these
patients, was associated with lower relapse-free, overall, and
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distant metastasis-free survival than was observed in comparable
numbers of patients whose tumors expressed significantly less
BRCA1 RNA (SI Appendix, Fig. S6 B-D). These results imply that
abnormally elevated BRCAI expression can be associated with
a poorer clinical outcome.

In summary, these data reflect correlations between higher-
level as opposed to lower-level BRCA1 gene expression and
greater tumor-based aneuploidy and a poorer clinical prognosis.
One possible explanation for this relationship is that, as sug-
gested in SI Appendix, Fig. S6, elevated BRCA1 gene expression,
being cell cycle-controlled and normally maximal in S/G2, may
well reflect heightened tumor cell proliferation, which is not
uncommonly associated with a relatively poor clinical outcome.
This notwithstanding, since BRCA1 p220 protein expression and
p220 function data were not available in these TCGA datasets, it
is difficult to know which, if any, detailed BRCA1 biochemical
properties may have contributed to such a negative outcome.

Given that a loss of BRCA1 function is also linked to aberrant
biological outcomes, including tumorigenesis, the same amplitude
of certain p220 functions may trigger either tumor-suppressing or
tumor-promoting outcomes depending on the tissue/organ-based
and/or biochemical environment in which it is encountered. Indeed,
in this report, we have shown that loss of RAP80 and dysregulation
of BRCA1 PARsylation can trigger aneuploidy and genome
instability, akin to that associated with tumorigenesis. Thus,
these findings represent yet another potential route to tumori-
genesis driven, at least in part, by deregulated/hyperactive
BRCAL. Interestingly, the results of additional RAP80 analysis,
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including a structural study, strongly suggest that it too is a tumor
suppressor (36).

Interestingly, recent findings reported by Balmus et al. (37)
suggest that excessive HRR activity with end resection, mediated
by inactivation of the BRCA1-A complex, is beneficial for ATM-
deficient cells, which become resistant to Topoisomerase I and
PARP1 inhibitors. These findings, along with the results pre-
sented here, provide insight into possible mechanisms by which
certain ATM- or BRCAl-mutated cancer cells become resistant
to therapeutic agents, the actions of which rely on a normally
functioning HRR pathway.

A Model Depicting the Coordinated Functions of the RAP80 Complex
and BRCA1 PARsylation in IRIF. PARsylation is a unique post-
translational modification induced in response to DNA damage.
It is a product of members of a large PARP family, among which
PARP1 is the most widely studied. PARP1 is responsible for
90% of DNA damage-induced PARsylation and is first recruited
to sites of DNA damage within seconds of damage development,
promoting rapid and extensive recruitment of DNA damage
response factors to DNA lesions (38).

Among the three best-characterized BRCAl-containing com-
plexes, BRCA1-B (TopBP1/BACH1) and -C (MRN/CtIP) com-
plexes localize to sites of DNA damage mainly through pathways
involving PARP1-mediated PARsylation (28) to promote end re-
section, which can activate HRR (15, 16, 20, 39). On the other
hand, the BRCA1-A complex (Abraxas/RAP80), which is phospho-
H2AX-dependent, likely accumulates at these DNA damage
sites, where it can inhibit end resection (29-31, 40), conceivably
via a process mediated by precise protein ubiquitination and
deubiquitination (23, 41, 42). Interestingly, we previously showed
that BRCAL1 is also modified by PARP1, which is required for the
stable formation of BRCA1-A (Abraxas/RAP80) complex (21).
Nonetheless, how PARP1 and BRCA1 PARsylation operate in
balancing these two seemingly counteracting processes remains
unclear.

Interestingly, the PARsylated region of BRCALI does not re-
semble any of the known PAR-containing modules, such as the
PBZ, WWE, FHA, OB-fold, RRM, and PIN domains (43), sug-
gesting that it might operate differently, at least in part. In this
regard, others have reported that the BRCT domains of the major
BRCAL partner, BARDI, can bind poly-ADP-ribose, which fa-
cilitates the early recruitment of BRCA1/BARD1 heterodimers to
DSBs (10, 40).

This process might correspond to the earlier (as opposed to
the later) period of BRCA1 PARSylation described in SI Ap-
pendix, Fig. S3. Conceivably, with its distinctive kinetics, it oper-
ates differently from BRCALI that is parsylated later on. Indeed,
despite the fact that BRCAL is parsylated and there is a possible
contribution of these modifications to the integrity of BRCA1/
BARD1 heterodimers, non-PARsylated BRCA1-D5 appeared to
interact normally with BARD1 (SI Appendix, Fig. S54). Thus, it is
possible that multiple, temporally nonoverlapping PARsylation
events that target BARD1/BRCA1-containing complexes af-
fect their efficient recruitment to sites of DNA damage and
the quantity and/or quality of BRCA1 function once bound at
these sites.

Based on these considerations, we propose a model centered
around the coordinated regulation of BRCA1 PARsylation and
the localization of BRCA1 complexes in IRIF. The model is
depicted and annotated in Fig. 5. In response to DNA damage,
BRCAL and its pro-HRR partners (i.e., CtIP and BACH1) are
recruited to DSB through an RAP80-independent process, as
described previously (20, 40). As homologous recombination-
mediated DSB repair, supported by pro-HRR BRCA1 complexes
(i.e., complexes B and C), is initiated, RAP80 also concentrates in
IRIF, where it binds to specific K6- and/or K63-linked polyubiquitin
structures located near DSBs (11, 29-31). Conceivably, it exerts its
HRR modulation function in this setting.

When present in these multicomponent structures, BRCA1
becomes PARsylated by PARP1 in a process that is likely dy-
namic. In such a context, PARsylation results in timely BRCA1
release from DNA, at least in part by modifying the BRCA1
DNA-binding domain (21). Moreover, PARsylated BRCA1 is
recognized by the RAP80 PAR-interacting domain (PID), which,
along with ABRAI, supports the formation of stable BRCA1-A
complexes (21). When localized in IRIF, these elements might
be viewed, at least in part, as HRR- modulating or anti-HRR
structures (15, 19, 20, 23, 44). Therefore, when BRCA1 complex
binding to and release from chromatin is accomplished in proper
order, physiological loading and unloading of pro- and anti-HRR
complexes likely occurs in IRIF to insure HRR regulation without
a breakdown in chromosomal integrity. In this model, BRCA1
would remain in IRIF, despite a change in its major partner
protein repertoire (from CtIP/BACH1 to RAPS80/ABRA1) (Fig. 5,
first box).

In RAP80-depleted cells, BRCA1 can still be PARsylated by
PARPI1. However, PARsylated BRCALI cannot interact with the

Time after IR/DSB

HRR

( BRCAL Localized in IRIF with different partners
RAPBO (as BRCA1-A complex) Suppresses excessive end resection
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CHIP (as BRCAL-C complex) resection
Normal end resection rearrangements
BRCAL Normal BRCAI PARsylation
HRR Normal HRR activity
a BRCAL Released from IRIF after being PARsylated Y
RARSD (35 BRCAL-A complan)
RAPs0 nsinIRIF?  BACH1 (as BRCAL-B complex) Promotes HRR romosol
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BRCA1 PARsylation Late BRCA1 PARsylation
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Fig. 5. Model depicting the HRR tuning process in which BRCA1 PARsylation and RAP80 function together to regulate the normal presence of BRCA1 and its
partner proteins in IRIF and to suppress chromosome instability. The substance of this figure is described and analyzed in the text.
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now-absent RAPS80, allowing a gradual loss of BRCA1 from chro-
matin (see below). In addition, it is likely that after forced depletion,
RAPS0 is lost from core IRIF segments, thereby allowing DNA
end resection to occur at DSBs concentrated therein beyond the
normal boundary (19, 20, 23). This likely results in excessive HRR.

Thus, the gradual loss of BRCA1 after IR from most foci in
the absence of RAPS0 is not a result of BRCA1 recruitment
failure, but rather is a manifestation of a defective HRR tuning
process that occurs when RAPS80 is absent but the later com-
ponent of BRCA1 PARsylation remains intact (Fig. 5, second
box). Similarly, in cells treated with olaparib or expressing the
non-PARsylatable BRCA1-D5 mutant despite the normal locali-
zation of BRCA1 and RAPS0 in IRIF, without proper BRCA1
PARsylation, stable BRCA1-A complex fails to form, as we
reported previously (21). As a result, excessive end resection
and HRR also occur (Fig. 5, third box).

Indeed, when cells are both deprived of RAP80 and cannot
PARsylate BRCA1, un-PARsylated BRCAL1 cannot depart the
DNA with the same kinetics as when it is properly PARsylated.
In the absence of RAPS0, pro-HRR BRCA1 complexes are much
more visually prominent in IRIF where they can be retained for
longer than normal periods. These effects and the absence of a
RAP80-driven limitation of DSB end resection are associated with a
marked hyper-HRR phenotype, which we propose to be a result of
a major failure of the HRR tuning mechanism (Fig. 5, fourth box).

Conceivably, excessive accumulation of active BRCA1-B and
-C complexes in IRIF trigger excessive DNA end resection, a
CtIP-dependent process (45), along with nonallelic recombina-
tion and/or the formation of irresolvable recombination inter-
mediates (44, 46, 47). It might also interfere with the activation
of BRCA1- mediated S/G2 checkpoints (20). These developments
could lead to additional DNA breakage, chromosomal rear-
rangements, and overt genomic instability reminiscent of al-
terations that contribute to carcinogenesis.

Methods

Plasmids, DNA Constructs and Antibodies. All plasmids and recombinant
plasmids used in this study have been described previously (15, 21). The
following antibodies were used in immunoprecipitation, Western blot (WB),
and immunofluorescence (IF) experiments: rabbit polyclonal anti-RAP80
(Bethyl Laboratories; 1:1,000 for WB and IF), rabbit polyclonal anti-RAP80
(H-260; Santa Cruz Biotechnology), mouse monoclonal anti-PARP1 (clone C2-10;
Trevigen and BD Pharmingen; 1:1,000 for WB), mouse monoclonal anti-PARP1
(clone 4C10-5; BD Pharmingen; 1:500 for WB), rabbit polyclonal anti-BRCA1
(EMD Millipore; 1:2,500 for WB and IF), mouse monoclonal anti-BRCA1
(MS110, Millipore OP92, 1:50 for WB), mouse monoclonal anti-BRCA1 (D9;
Santa Cruz Biotechnology; 1:50 for IF), rabbit polyclonal anti-BRCA1
(A300-000; Bethyl Laboratories), mouse monoclonal anti-mouse BRCA1
(GH118, made in house, 1:50 for WB) (48), rabbit polyclonal anti-BACH1
(Sigma-Aldrich; 1:1,000 for WB), mouse monoclonal anti-BACH1 (1:10 for
IF, kind gift from Sharon Cantor, University of Massachusetts Medical School,
Worcester, MA) (49), rabbit polyclonal anti-CtIP (Bethyl Laboratories; 1:1,000
for WB), mouse monoclonal anti-CtIP (1:40 for IF, kind gift from Richard
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Baer, Columbia University, New York, NY) (50), mouse monoclonal anti-HA
(HA.11; Covance; 1:1,000 for WB), and rabbit polyclonal anti-Abraxas (N2;
made in house, 1:2,000 for WB) (15).

I-Scel Recombination Assay. U20S cells containing a single copy of the DR-GFP
reporter (U20S-DR) were used following a previously described methodology (51).

Cell Culture. All cells were cultivated at 37 °C in a humidified incubator in an
atmosphere containing 10% CO,. U20S cells were grown in DMEM sup-
plemented with 10% FBS. Breast cancer cell lines were cultured according to
the guidelines provided by American Type Culture Collection or the suppliers.

RNA Interference. The following siRNA or shRNA sequences were used in this
study:

siBRCA1-1: AGAUAGUUCUACCAGUAAA
siBRCA1-2: GAAUCCUAGAGAUACUGAA
siPARP1-1: CCAAAGGAAUUCCGAGAAA
siPARP1-2: CCGAGAAAUCUCUUACCUCAA
siPARP1-3: ACGGUGAUCGGUAGCAACAAA
siTP53BP1: GGACUCCAGUGUUGUCAUU
shLuciferase: GTGCGCTGCTGGTGCCAAC
shBRCA1-1: AGAATCCTAGAGATACTGAA
shBRCA1-2: TATAAGACCTCTGGCATGAAT
shPARP1: AAGGTGGTTGACAGAGATTCT

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 manufacturer’s instructions.

Chromosome Analysis. U20S cells were exposed to the indicated siRNA or
drugs or were transfected with an indicated cDNA for 48 h and then exposed
to 150 rads of IR. At 5 h after IR, 30 ng/mL colcemid was added to each culture,
and cells were incubated for an additional 3 h, collected, and then prepared
for an analysis of metaphase spreads. Spreads were stained with DAPI.

Immunofluorescence. Immunofluorescence following irradiation was performed
as described previously (31, 52).

Data Availability. All of the data supporting the findings of this study are
available within the paper and S/ Appendix.
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