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SUMMARY
Carriers of BRCA1 germline mutations are predisposed to breast and ovarian cancers. Accumulated evi-
dence shows that BRCA1 is quickly recruited to DNA lesions and plays an important role in the DNA damage
response. However, the mechanism by which BRCA1 is recruited to DNA damage sites remains elusive.
BRCA1 forms a Ring-domain heterodimer with BARD1, a major partner of BRCA1 that contains tandem
BRCA1 C-terminus (BRCT) motifs. Here, we identify the BRCTs of BARD1 as a poly(ADP-ribose) (PAR)-
binding module. The binding of the BARD1 BRCTs to PAR targets the BRCA1/BARD1 heterodimer to DNA
damage sites. Thus, our study uncovers a PAR-dependent mechanism of rapid recruitment of BRCA1/
BARD1 to DNA damage sites.
INTRODUCTION

Cells encounter numerous environmental and internal hazards

that induce various kinds of DNA damage. To cope with these

threats, cells have developed a DNA damage response system

to sense and repair DNA lesions. Loss of this DNA damage

response leads to the accumulation of DNA lesions, triggers

genomic instability, and ultimately promotes tumorigenesis.

Thus,many DNA damage response proteins are important tumor

suppressors.

BRCA1 is a breast and ovarian cancer suppressor (Miki et al.,

1994). Germline BRCA1 mutation carriers are predisposed to

breast and ovarian cancers (King et al., 2003; Rahman and

Stratton, 1998; Turner et al., 2004; Venkitaraman, 2002).

Accumulated evidence suggests that BRCA1 plays important

roles in several biological events during the DNA damage

response including cell cycle checkpoint activation and repair

of DNA double-strand breaks (DSBs) (Huen et al., 2010; Roy

et al., 2011; Scully et al., 1997; Scully and Livingston, 2000). As

a result, tumor cells bearing BRCA1 mutations are hypersensi-

tive to DSB-inducing agents, such as ionizing radiation (IR)

(Abbott et al., 1999; Shen et al., 1998). In addition to DSB repair,

cells have other pathways to repair different types of DNA
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DNA damage sites (Harper and Elledge, 2007). However, BRCA1

can still be transiently recruited to DNA damage sites in the

absence of gH2AX, although it cannot be stably retained at

DNA damage sites (Celeste et al., 2003), suggesting that H2AX

provides the platform to stabilize BRCA1 at DNA damage sites

instead of directly recruiting it. Recently, it has been shown

that a DNAdamage-induced protein ubiquitination pathway gov-

erns the relocation of BRCA1 to sites of DNA damage via the

RAP80 complex (Kim et al., 2007; Sobhian et al., 2007; Wang

et al., 2007). However, deletion of RAP80 does not completely

abolish the IR-induced foci formation of BRCA1 (Hu et al.,

2011), suggesting that alternative mechanism of recruitment of

BRCA1 to DNA damage sites exists. Since the DNA damage-

induced protein ubiquitination pathway is gH2AX-dependent

(Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007), it is

likely that protein ubiquitination at DNA damage sites, like

gH2AX, only stabilizes BRCA1 foci instead of acting in the initial

recruitment of BRCA1. Thus, in this study, we examined the

molecular mechanism by which BRCA1 is recruited to the sites

of DNA damage.

RESULTS

BARD1 Mediates the Rapid Recruitment of BRCA1
to DNA Damage Sites
To search for the molecular mechanism by which BRCA1 is

recruited to DNA damage sites, we measured the kinetics of

BRCA1’s relocation to sites of DNA damage. Using laser micro-

irradiation and live cell imaging, we found that BRCA1 was

rapidly recruited to sites of DNA damage within 20 s following

laser microirradiation in mouse embryonic fibroblasts (MEFs)

(Figure 1A). In H2AX�/� MEFs, BRCA1 was still recruited to

DNA damage sites within 20 s. However, the majority of the

BRCA1 dissociated from the DNA damage sites within 5 min

following laser microirradiation (Figure 1A). Thus, these results

are in agreement with a previous report that H2AX is important

for BRCA1 retention but not for its initial recruitment to DNA

damage sites (Celeste et al., 2003).

BRCA1 contains an N-terminal Ring domain and tandem

BRCA1 C-terminal motifs (BRCTs), forming a BRCT domain.

We next examined the importance of these two domains to the

recruitment of BRCA1. It is well known that the tandem BRCA1

BRCT motifs recognize phosphoserine (pSer) motifs and are

involved in targeting BRCA1 to DNA damage sites (Manke

et al., 2003; Yu et al., 2003). Either S1655A or K1702A mutation

in the BRCA1 BRCTs abolishes pSer binding (Botuyan et al.,

2004; Clapperton et al., 2004; Williams et al., 2004). Unexpect-

edly, both mutated forms of BRCA1 were still recruited to DNA

damage sites within 20 s after laser microirradiation. However,

neither could be stably accumulated at DNA damage sites,

and both dissociated from the DNA damage sites within 5 min

(Figure 1B). These results suggest that the BRCT domain of

BRCA1 is required for the retention of BRCA1 at DNA damage

sites but not for the initial, rapid recruitment of BRCA1 to sites

of DNA damage. To confirm our conclusion, we expressed the

recombinant BRCT domain of BRCA1 in wild-type (WT) MEFs.

The BRCA1 BRCTs slowly accumulated at DNA damage sites

and could be visualized there within �10 min following laser

microirradiation (Figure 1C). Moreover, the BRCA1 BRCTs failed
694 Cancer Cell 23, 693–704, May 13, 2013 ª2013 Elsevier Inc.
to be recruited to DNA damage sites in the absence of H2AX

(Figure 1C), suggesting that H2AX is required for the BRCT-

dependent BRCA1 retention at DNA damage sites.

Since the BRCA1 BRCTmotifs do not directly target BRCA1 to

DNA damage sites during the early DNA damage response, we

searched for other possible factors that might facilitate the

relocation of BRCA1. Beside the C-terminal BRCTs, BRCA1

contains an N-terminal Ring domain (Koonin et al., 1996). It has

been reported that the Ring domain of BRCA1 is important for

IR-induced BRCA1 foci formation (Au and Henderson, 2005).

To explore the role of the Ring domain in the recruitment of

BRCA1 to sites of DNA damage, we generated the C61G muta-

tion in BRCA1 that abolishes the structure of the Ring domain. It

is interesting that BRCA1 bearing the C61Gmutation failed to be

rapidly recruited to DNA damage sites following laser microirra-

diation treatment but retained its ability to accumulate at later

times (Figure 1D). These observations suggest that the Ring

domain of BRCA1 is required for its early recruitment to DNA

damage sites. Moreover, the slow accumulation of the C61G

mutant was abolished in H2AX�/� MEFs (Figure 1D), further

suggesting that the H2AX-dependent pathway maintains the

stability of BRCA1 at DNA damage sites.

The Ring domain of BRCA1 associates with the Ring domain

of BARD1, which forms a Ring domain heterodimer and func-

tions as an E3 ubiquitin ligase (Hashizume et al., 2001; Meza

et al., 1999; Wu et al., 1996). However, this Ring domain hetero-

dimer per se could not relocate to DNA damage sites (Au and

Henderson, 2005), suggesting that BARD1, the Ring domain

partner of BRCA1, may target the heterodimer to DNA damage

sites. Like BRCA1, BARD1 quickly relocates to DNA damage

sites regardless of the status of H2AX, and H2AX is also required

for the retention of BARD1 at DNA damage sites (Figure 1E).

Similar to BRCA1, BARD1 has tandem BRCT motifs at its C

terminus. However, unlike the BRCA1 BRCTs, the isolated

BARD1 BRCTs relocated to DNA damage sites within 20 s after

lasermicroirradiation but dissociatedwithin 5min. Moreover, the

relocation of the BARD1 BRCTs to DNA damage sites was inde-

pendent of the status of H2AX (Figure 1F). To rule out the possi-

bility that the relocation kinetics fluctuated based on transfection

efficiency in each experiment, we transfected theH2AX�/�MEFs

with a high concentration (0.6 mg/1.5 cm glass-bottomed dish)

and a low concentration (0.2 mg/1.5 cm glass-bottomed dish)

of plasmids encoding green fluorescent protein (GFP)-BARD1

BRCT domain and then investigated the relocation kinetics of

BARD1 BRCT domain following laser microirradiation. As shown

in Figure S1A available online, different protein expression levels

did not affect the relocation kinetics. These results suggest that

the BARD1 BRCTs might target BRCA1 to DNA damage sites

during the early DNA damage response. Structural analysis of

the BARD1 BRCTs suggests that, similar to the pSer-binding

pocket of the BRCA1 BRCTs, the tandem BARD1 BRCTs fold

together and form a binding pocket with K619 as a key residue

(Birrane et al., 2007). Thus, we generated a K619A mutant of

the BARD1 BRCTs. This mutant form failed to relocate to DNA

damage sites, suggesting that this potential binding pocket is

important for the rapid relocation of BARD1 to DNAdamage sites

(Figure 1F).

Next, we asked whether K619 of BARD1 is also important for

the recruitment of BRCA1 to DNA damage sites. U2OS cells
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Figure 1. The Recruitments of BRCA1 and BARD1 to DNA Damage Sites

(A) The relocation kinetics of BRCA1 to DNA damage sites. GFP-BRCA1 was expressed in WT orH2AX�/�MEFs. The relocation kinetics was monitored in a time

course following laser microirradiation (the same for below).

(B) The relocation kinetics of the S1655A or K1702A mutants of BRCA1 to DNA damage sites. GFP-WT BRCA1, S1655A, or K1702A mutants were expressed in

U2OS cells.

(C) The relocation kinetics of the BRCA1 BRCTs to DNA damage sites. The GFP-BRCA1 BRCT domain was expressed in WT or H2AX�/� MEFs.

(D) The relocation kinetics of the C61G mutant of BRCA1 to DNA damage sites. The GFP-BRCA1 C61G mutant was expressed in WT or H2AX�/� MEFs.

(E) The relocation kinetics of BARD1 to DNA damage sites. GFP-BARD1 was expressed in WT or H2AX�/� MEFs.

(F) The relocation kinetics of the BARD1BRCTs and the K619Amutant to DNA damage sites. GFP-WTBARD1BRCT domain or the K619Amutant was expressed

in WT or H2AX�/� MEFs.

(G) The effect of the BARD1 K619A mutant on the recruitment of BRCA1 to DNA damage sites. U2OS cells stably expressing siRNA-resistant WT BARD1 or the

K619A mutant were transfected with BARD1 siRNA to deplete endogenous BARD1. GFP-BRCA1 was expressed in these stable cell lines. GFP fluorescence at

the laser line was converted into a numerical value (relative fluorescence intensity) using Axiovision software (version 4.5). Normalized fluorescent curves from 20

cells from three independent experiments were averaged. The error bars represent the SD. Scale bar, 10 mm.

See also Figure S1.
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stably expressing either small interfering RNA (siRNA)-resistant

WT BARD1 or siRNA-resistant K619A mutant were treated with

BARD1 siRNA to deplete endogenous BARD1 (Figures S1B

and S1C). When cells were treated with laser microirradiation,

BRCA1 quickly relocated to DNA damage sites in the presence

of WT BARD1 but not the K619A mutant, suggesting that the

BARD1 BRCTs are critical for targeting BRCA1 to DNA lesions

during early DNA damage response (Figure 1G). However, the

BARD1 BRCTs mutation did not impair the slow accumulation

of BRCA1 to DNA damage sites (Figure 1G). We also generated

the L44P mutation in the BARD1 Ring domain, which abolishes
BRCA1/BARD1 heterodimer formation (Morris et al., 2002).

Like the C61G mutation in the BRCA1 Ring domain, the

BARD1 L44P mutant could not facilitate the early recruitment

of BRCA1 to DNA damage site (Figure S1D). Taken together,

these results suggest that the early recruitment of BRCA1 to

DNA damage sites is mediated by the BARD1 BRCTs.

The BARD1 BRCTs Bind PAR In Vitro and In Vivo
Next, we sought the binding partner of the BARD1 BRCTs. Since

the relocation kinetics of the BARD1 BRCTs to DNA damage

sites is very similar to that of PAR at DNA damage sites (Gibson
Cancer Cell 23, 693–704, May 13, 2013 ª2013 Elsevier Inc. 695
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Figure 2. The BARD1 BRCTs Directly Bind PAR

(A) The interaction between GST (negative control), GST-CHFR (positive control), GST-BARD1 BRCTs, GST-BARD1 BRCTs K619A mutant, or GST-BRCA1

BRCTs and PAR was examined by dot blot using anti-PAR antibody. PAR was blotted and shown as the input.

(B) The interaction between the recombinant proteins in (A) and biotin-PAR was examined by the reciprocal pull-down assay with anti-GST antibody.

Recombinant proteins were blotted and shown as the input.

(C) The affinity between GST-BARD1 BRCTs or GST-BRCA1 BRCTs and PAR was measured by ITC. Titration of PAR was injected into a solution containing the

purified protein. The inset shows the fit of the data to an equilibrium-binding isotherm. The fit provides an equilibrium dissociation constant (KD) for the binding of

PAR to the protein.

(legend continued on next page)
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and Kraus, 2012; Kim et al., 2005), we hypothesized that the

BARD1BRCTsmay recognize PAR.We synthesized and purified

PAR from an established in vitro assay (Fahrer et al., 2007;

Kiehlbauch et al., 1993) and generated recombinant BARD1

BRCTs and the K619A mutant. The WT BARD1 BRCTs, but not

the K619A mutant, could directly coimmunoprecipitate PAR

(Figure 2A). Moreover, a reciprocal pull-down further confirmed

the direct interaction between the BARD1 BRCTs and PAR (Fig-

ure 2B). Next, we measured the affinity between the BARD1

BRCTs and PAR using Isothermal Titration Calorimetry (ITC)

(Figure 2C). The dissociation constant, KD, was�0.16 mM, which

is very similar to the affinity between the BRCA1BRCTs and pSer

peptide and the affinity between PAR and its other binding

partners (Karras et al., 2005; Yu et al., 2003). Of note, unlike

the BARD1 BRCTs, the BRCA1 BRCTs did not interact with

PAR (Figures 2A–2C).

Since PAR is a branched polymer of ADP-ribose, we could not

precisely determine the structure of PAR synthesized both

in vitro and in vivo. Thus, the affinity between the BARD1 BRCTs

and PAR might not have been measured accurately by ITC. To

clarify this, we measured the affinity between the BARD1 BRCTs

and ADP-ribose, the basic unit of PAR. This KD was �0.25 mM,

which is again similar to the affinity between other PAR-binding

domains and ADP-ribose (Karras et al., 2005). To further

examine the interaction between the BARD1 BRCTs and PAR,

we performed a competition experiment using excess ADP-

ribose in the pull-down and reciprocal pull-down assays. In these

assays, we used 30- to 50-mer PAR. At a 100:1 M ratio between

free ADP-ribose and PAR, ADP-ribose could significantly

suppress the interaction between the BARD1 BRCTs and PAR

(Figure S2A). The results support our interpretation that the

BARD1 BRCTs bind each ADP-ribose in PAR. Moreover, we

could not detect any interaction between the K619A mutant

and ADP-ribose, suggesting that K619A mutation abolishes the

BARD1 ADP-ribose binding pocket (Figure 2D).

A previous study suggests that the BARD1 BRCT may selec-

tively recognize the pSDDE motif (Rodriguez et al., 2003). How-

ever, the affinity between the XXXXpSDDE peptide (‘‘X’’ stands

for random amino acid) and the BARD1 BRCTs was much

weaker than that between PAR and the BARD1 BRCTs (Fig-

ure S2B). Accordingly, the pSer peptide could not compete

away the interaction between PAR and the BARD1 BRCTs in

the same manner as ADP-ribose (Figure S2C).

Germline mutations in the BARD1 BRCTs have been identified

in familial breast cancer patients (Ishitobi et al., 2003; Sauer and

Andrulis, 2005; Thai et al., 1998). We randomly picked two of

these mutations, C645R and V695L, for further study. The

BARD1 BRCTs bearing either mutation failed to bind PAR (Fig-

ure 2D; Figure S2D).

Next, we asked whether BARD1 could interact with PAR

in vivo. Proteins with long PAR chains (>100 ADP-ribose) cannot
(D) The affinity betweenGST-BARD1 BRCTs or GST-BARD1 BRCTs K619Amutan

between the BRCA1 BRCTs, BARD1 BRCTs, or BARD1 BRCTs mutants and AD

(E) The in vivo interaction between BARD1 or the mutants and PAR was measur

(F) The in vivo interaction between BARD1 and PAR with or without the treatmen

(G) The in vivo interaction between BARD1 and PAR with or without the treatme

(H) The in vivo interaction between WT BRCA1, BRCA1 C61G, or WT BRCA1 with

co-IP. Whole cell lysates were blotted and shown as the input in (E) through (H).

See also Figure S2.
easily migrate into the SDS-PAGE because of the size and

phosphate moieties in PAR (Figure S2E). Thus, we used dot

blot to examine PAR binding in vivo, which is a better

approach to recover the long PAR chains during the analysis

(Affar et al., 1998; Fiorillo et al., 2005; Vilchez Larrea et al.,

2011). Following DNA damage, PAR is quickly synthesized at

the DNA damage sites (D’Amours et al., 1999; Kim et al.,

2005). Thus, without DNA damage, we could not detect PAR

in vivo (Figure 2E). Following IR treatment, not only could we

detect PAR, but we also found that PAR interacted with

BARD1 using coimmunoprecipitation (co-IP) assays. The results

were further confirmed by reciprocal co-IP (Figure 2E). More-

over, BARD1 itself was not PARylated (Figure S2F), and the

K619A, C645R, and V695L mutants of BARD1 could not interact

with PAR (Figure 2E), which is consistent with the in vitro anal-

ysis. Next, we treated cells with PJ34, a potent PARP inhibitor,

to suppress PAR synthesis at DNA damage sites. With PJ34

treatment, BARD1 could no longer interact with PAR after IR

treatment (Figure 2F).

Immediately following DNA damage, the PAR that is syn-

thesized in a few seconds by PARPs is hydrolyzed quickly by

PAR glycohydrolase (PARG) (D’Amours et al., 1999; Kim et al.,

2005). Without any treatment, the BARD1/PAR complex is

diminished within 20 min following IR. However, when we

pretreated cells with gallotannin (GLTN), a cell-permeable

PARG inhibitor that suppresses PAR degradation in vivo (Fathers

et al., 2012; Ying et al., 2001), DNA damage-induced PAR

remained elevated. Thus, we could detect the BARD1/PAR com-

plex in a significantly prolonged period following DNA damage

(Figure 2G).

Since BRCA1 forms a stable complex with BARD1, we asked

whether BRCA1 also associates with PAR in vivo. As shown in

Figure 2H, WT BRCA1 did associate with PAR in vivo following

IR treatment. However, the C61G mutation that disrupts the

interaction with BARD1 also abolished the PAR interaction.

Moreover, cells depleted of endogenous BARD1 by siRNA and

reconstituted with the L44P, K619A, C645R, or V659L BARD1

mutants lacked the interaction between BRCA1 and PAR (Fig-

ure 2H). Taken together, these results demonstrate that the

BARD1 BRCTs interact with PAR both in vitro and in vivo and

mediate an association of BRCA1 with PAR in vivo.

PARP Inhibition Suppresses the Early Recruitment
of the BRCA1/BARD1 Complex to DNA Lesions
Accumulated evidence shows that cells bearing BRCA muta-

tions are hypersensitive to PARP inhibitors (Bryant et al., 2005;

Farmer et al., 2005; Rouleau et al., 2010). Since the BARD1

BRCTs bind PAR, we examined the effects of PARP inhibitor

treatment on the recruitment of BRCA1 to DNA damage sites.

As expected, PAR was quickly synthesized at DNA damage

sites, appearing within less than 1 min, and almost degraded
t and ADP-ribose wasmeasured by ITC (left andmiddle, respectively). Affinities

P ribose or PAR are summarized in the table (right).

ed by co-IP and reciprocal co-IP.

t of PJ34 was measured by co-IP and reciprocal co-IP.

nt of GLTN was measured by co-IP and reciprocal co-IP.

the indicated BARD1 mutants and PAR was measured by co-IP and reciprocal

Cancer Cell 23, 693–704, May 13, 2013 ª2013 Elsevier Inc. 697
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Figure 3. The Effect of PARP Inhibitor on the Recruitment of the BRCA1/BARD1 Heterodimer to DNA Lesions during Early DNA Damage
Response

(A) Representative staining of PAR and gH2AX in cells pretreated by PJ34, GLTN, or PARG knockdown at 1 min or 10 min after laser microirradiation (left). Cells

pretreated by PJ34, GLTN, or PARG knockdownwere fixed at the indicated time points after laser microirradiation, and the kinetics of PAR staining was examined

and summarized in the panel graph (right).

(B) The effects of PJ34, GLTN, and PARG knockdown on the recruitment of BARD1 BRCTs to DNA damage sites. GFP-BARD1 BRCT domain was expressed in

U2OS cells pretreated by PJ34, GLTN, or PARG knockdown. The relocation of GFP-BARD1 BRCTs was monitored in a time course following laser micro-

irradiation.

(C) The effects of PJ34, GLTN, and PARG knockdown on the recruitment of BRCA1 to DNA damage sites. GFP-BRCA1 was expressed in U2OS cells pretreated

by PJ34, GLTN, or PARG knockdown. The relocation of BRCA1 to DNA damage sites was monitored in a time course following laser microirradiation. GFP

fluorescence at the laser line was converted into a numerical value (relative fluorescence intensity) using Axiovision software (version 4.5). Normalized fluorescent

curves from 20 cells from three independent experiments were averaged. Error bars represent the SD. Scale bar, 10 mm.

See also Figure S3.
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within 10 min following laser microirradiation (Figure 3A). With

PJ34 treatment to suppress PARP activity, we could not detect

PAR at DNA damage sites (Figure 3A; Figure S3A). However,

PJ34 treatment did not affect the phosphorylation of H2AX at

DNA damage sites (Figure 3A; Figure S3B), suggesting that laser

microirradiation still induced DNA damage when cells were

treated with PJ34. With GLTN treatment or PARG knockdown
698 Cancer Cell 23, 693–704, May 13, 2013 ª2013 Elsevier Inc.
(Figure S1B) to suppress PARG activity, PAR could be detected

at DNA damage sites for a prolonged period (Figure 3A).

We next examined the relocation kinetics of the BARD1

BRCTs to DNA damage sites. Similar to the kinetics of PAR at

DNA damage sites, PJ34 treatment abolished the recruitment

of the BARD1 BRCTs to DNA damage sites (Figure 3B; Fig-

ure S3A), whereas GLTN treatment or PARG knockdown
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Figure 4. The Recruitment of BRCA1/BARD1 Complex to DSB

(A) Schematics of the inducible I-SceI system. TA treatment induces the translocation of RFP-I-SceI-GR fusion protein (red) from the cytoplasm to the nucleus

(left). A time course shows the translocation kinetics of RFP-I-SceI-GR from the cytoplasm to the nucleus after TA addition (right).

(B) The localization of BRCA1 or BARD1 and PAR before and after TA induction. The DSB (focus) was also marked by gH2AX. Magnified boxes denote the

colocalization of BRCA1 or BARD1 with PAR or gH2AX at the DSB.

(C) Real-time images of the recruitments of GFP-BRCA1, GFP-BARD1, and their GFP mutants in the inducible I-SceI system. Magnified boxes denote the GFP

fusion proteins at focus. Error bars represent the SD. Scale bar, 10 mm.
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significantly prolonged the retention (Figure 3B). A similar reloca-

tion kinetics of BRCA1 to DNA damage sites was also observed

with these treatments (Figure 3C). The fast relocation of the

BARD1 BRCTs and BRCA1 to DNA damage sites was also sup-

pressed by the distinct PARP inhibitors olaparib and ABT-888

(Figures S3C and S3D). We further confirmed the results using

Parp1�/� MEFs (Figure S3E), in which the early recruitment of

BARD1, the BARD1 BRCTs, and BRCA1 were all impaired.

Although a small amount of BARD1 and BARD1 BRCTs was still

recruited to DNA lesions during the early DNA damage response

in Parp1�/� MEFs, it is likely due to the small amount PAR

synthesized at DNA lesions in the Parp1�/� cells, since PARP1

synthesizes most but not all of the PAR in response to DNA

damage (Kim et al., 2005; Schreiber et al., 2006). Collectively,

these data suggest that BRCA1 is recruited by PAR during the

early DNA damage response.
BRCA1/BARD1 Is Quickly Recruited to an
I-SceI-Induced DSB
Laser microirradiation not only induces DSBs but might also

generate SSBs. Since BRCA1 mainly participates in HR repair

for DSBs, we wondered whether PAR mediates the recruitment

of BRCA1 to DSBs. We adopted an inducible I-SceI system to

generate a single DSB in vivo (Soutoglou et al., 2007). I-SceI

was fused with glucocorticoid receptor (GR) and red fluorescent

protein (RFP). Through triamcinolone acetonide (TA) induction,

I-SceI translocated into the nucleus between 10 to 20min, and its

location was monitored by RFP fluorescence (Figure 4A). Twenty

minutes following TA induction, we observed a single BRCA1 and

BARD1 focus,whichcolocalizedwithaPARfocus (Figure4B).The

focus of BRCA1 or BARD1 also colocalized with gH2AX, the

surrogate marker of DSB presence. These results suggest that

PAR participates in the DSB-induced DNA damage response.
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Using the I-SceI system, we found that both BRCA1 and

BARD1 relocated to a DSB very quickly. However, the K619A

mutant of BARD1 that disrupts the interaction with PAR could

not relocate to the DSB during early DNA damage response.

The S1655A mutant of BRCA1 that associates with BARD1 but

disrupts the interaction with its phosphoprotein binding partners

was recruited to, but not stabilized at, the DSB. Moreover, PJ34

pretreatment abolished the rapid recruitment of BARD1 (Fig-

ure 4C). These results are consistent with the relocation kinetics

seen with laser microirradiation. It further confirms that the inter-

action between PAR and BARD1 mediates the early recruitment

of the BRCA1/BARD1 complex to DNA damage sites and that

the intact BRCA1 BRCTs are critical for the retention (or the

slow accumulation) of the BRCA1/BARD1 complex at DNA

damage sites.

Efficacies of PARP Inhibition on Cancer-Associated
BRCA1 and BARD1 Mutants
Since PAR targets the BRCA1/BARD1 complex to DNA damage

sites, we examined the effects of PARP inhibition on the recruit-

ments of cancer-associatedBRCA1 andBARD1mutants to DNA

damage sites. We first selected several cancer-associated

BRCA1 and BARD1 mutants and categorized them into three

groups: the BRCA1 BRCT mutants (P1749R and M1775R), the

BRCA1 Ring domain mutant (C61G), and the BARD1 BRCT

mutants (C645R and V695L). As shown in Figures 5A and 5B,

without PJ34 treatment, only the BRCA1 BRCT mutants could

rapidly relocate to DNA damage sites. Both the BRCA1 Ring

domain mutant and the BARD1 BRCT mutants failed to quickly

relocate to DNA damage sites. The BRCA1 Ring domain mutant

abolishes the interaction with BARD1; thus, this mutant could

only slowly accumulate at DNA damage sites through the intact

BRCA1 BRCTs. The BARD1 BRCT mutants abolished the

interaction with PAR. Thus, these BARD1 BRCT mutants could

only slowly accumulate at DNA damage sites since they asso-

ciate with WT BRCA1 and the interaction between the BRCA1

BRCTs and pSer motifs is intact. Although the BRCA1 BRCT

mutants could quickly relocate to DNA damage sites, they could

not stably exist there since these mutations abolish the interac-

tion with the pSer motifs. With PJ34 treatment, which sup-

presses PAR synthesis at DNA damage sites, the relocation of

the BRCA1 BRCT mutants to DNA damage sites was abolished.

However, PJ34 treatment affected neither the slow accumula-

tion of the BRCA1 Ring domain mutant nor the BARD1 BRCT

mutants.

We then explored the sensitivities of cells with the different

BRCA1 and BARD1 mutations to PJ34 during DNA damage.

The siRNA-resistant complementary DNA of these mutants

was generated. U2OS cells stably expressing these constructs

were transfected with siRNA to deplete endogenous BRCA1 or

BARD1 (Figures S1B and S1C). Cells were treated with or

without PJ34 followed by a low dose of IR. We found that the

recruitment to DNA damage sites correlated well with the sensi-

tivity of these cancer-associated BRCA1 and BARD1 mutants to

PARP inhibition. Since PARP inhibitor treatment only suppresses

the quick recruitment of the BRCA1 BRCT mutants to DNA

damage sites, but not the slow accumulation of the BRCA1

Ring domain mutant and the BARD1 BRCT mutants at DNA

damage sites, only cells expressing the BRCA1 BRCT mutants
700 Cancer Cell 23, 693–704, May 13, 2013 ª2013 Elsevier Inc.
were hypersensitive to PARP inhibitor treatment and IR (Fig-

ure 5C). Moreover, we treated cells bearing the P1749Rmutation

with different doses of PJ34. Only a higher dose of PJ34 that

suppressed the relocation of BRCA1 to DNA damage sites could

sensitize the cells to IR treatment (Figure 5D). Taken together,

these results suggest that PARP inhibition sensitizes cells with

BRCA1 BRCT mutant to IR treatment.

DISCUSSION

In this study, we identified the BARD1 BRCTs as a PAR-binding

motif. DNA damage induces massive PAR synthesis in a very

short period of time at DNA lesions (D’Amours et al., 1999; Kim

et al., 2005). Previous results suggest that protein PARylation

is involved in SSB repair. However, recent structural analysis

of PARP1, one of the major PAR polymerases in the DNA

damage response, shows that it can recognize DSBs (Ali et al.,

2012; Langelier et al., 2012). Our results show that DSBs also

induce protein PARylation. Protein PARylation functions as a

signal to recruit DNA damage repair proteins like the BRCA1/

BARD1 complex to repair DSBs. Suppression of protein

PARylation in turn impairs BRCA1/BARD1 recruitment. Our

findings also explain the molecular mechanism by which

BRCA1/BARD1 is rapidly recruited to DNA damage sites even

in the H2AX-deficient cells. Following DSB formation, the

BARD1 BRCTs first recognize PAR at DNA lesions, which

mediates the rapid recruitment of BRCA1. The retention of

BRCA1 is mediated by the BRCA1 BRCTs and is H2AX depen-

dent (Figure S3F). Since SSBs also induce PAR synthesis, it is

likely that the BRCA1/BARD1 complex is recruited to SSBs.

However, without DNA damage-induced H2AX phosphorylation,

the BRCA1/BARD1 complex would be quickly released from

DNA damage sites following rapid PAR degradation. Thus,

H2AX phosphorylation is still a key factor in facilitating BRCA1

function in DNA damage response.

In our study, the BARD1 BRCTs bind ADP-ribose, the basic

unit of PAR, but not phosphoproteins. Although previous peptide

library screening showed that the BARD1 BRCT domain prefer-

entially recognizes the pSDDE motif (Rodriguez et al., 2003), the

protein-binding partner of the BARD1 BRCTs has not yet been

identified. Of note, there are two phosphate groups in one

ADP-ribose. The phosphate group of Ser and negatively charged

residues following pSer in the pSDDE motif might mimic the

negatively charged phosphate groups in ADP-ribose, potentially

explaining why pSDDE was identified in library screening. Future

structural analysis of the BARD1 BRCTs/ADP-ribose complex

should reveal the molecular details of the interaction.

Since the BARD1 BRCTs bind ADP-ribose, free ADP-ribose

competed with the BARD1-PAR interaction in vitro. Such com-

petition could not occur in vivo because a high level of free

ADP-ribose in vivo is toxic to cells (Dunn et al., 1999; Hassa

et al., 2006). The intracellular concentration of ADP-ribose

in mammals is maintained below 100 mM (Gasser and

Guse, 2005) and is tightly controlled by specific ADP-ribose

hydrolases/pyrophosphatases, which act as protective factors

that limit free ADP-ribose accumulation and protein glycation

(D’Amours et al., 1999; Fernández et al., 1996; Hassa et al.,

2006; Miró et al., 1989; Ribeiro et al., 1995, 2001). The con-

centration of NAD+ in undamaged mammalian cells is around



A C

B

D

Figure 5. Efficacy of PARP Inhibitor on Cancer-Associated BRCA1 and BARD1 Mutants
(A) The effect of PJ34 on the recruitment of the P1749R and M1775R mutants of BRCA1 to DNA damage sites. GFP-BRCA1 mutants were expressed in U2OS

cells with or without the treatment of PJ34. The relocation of BRCA1 mutants to DNA damage sites was monitored in a time course following laser micro-

irradiation.

(B) The effect of PJ34 on the recruitment of the C645R and V695L mutants of BARD1 to DNA damage sites. GFP-BARD1 mutants were expressed in U2OS cells

with or without the treatment of PJ34. The relocation of BARD1 mutants to DNA damage sites was monitored in a time course following laser microirradiation.

Scale bar, 10 mm.

(C) The sensitivities of cells bearing cancer-associated BRCA1 or BARD1 mutants to a low dose of IR in the presence or absence of PJ34.

(D) The effect of different doses of PJ34 on the cells bearing the P1749R mutant treated by IR. Error bars represent the SD.
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400–500 mM, with 65%–75% of NAD+ utilized to synthesize PAR

in response to DNA damage (D’Amours et al., 1999; Hassa et al.,

2006). Thus, free ADP-ribose cannot reach a sufficient concen-

tration to compete away PAR in vivo.

The recruitment of the BRCA1/BARD1 complex to DNA

damage sites by PAR is important for cells during the DNA

damage response. This process ensures that cells that lose

certain phosphorylation-dependent pathways could still repair

DNA lesions. It might increase cell viability when cells bear germ-

line or somatic mutations of BRCA1. In particular, the most
frequent cancer-associated BRCA1mutations are hypomorphic

mutations that lose the C-terminal BRCT domain, which is

required to bind to functional partners with pSer motifs. Cells

with mutations that abolish the interaction between the BRCA1

BRCTs and pSer motifs could be hypersensitive to PARP inhib-

itor treatment in part because, in the absence of PAR synthesis,

the BRCA1/BARD1 complex could neither quickly relocate to nor

slowly accumulate at DNA damage sites. This ‘‘double hit’’ might

induce tumor cell lethality. This model also provides an explana-

tion for a recent observation that disrupting the interaction
Cancer Cell 23, 693–704, May 13, 2013 ª2013 Elsevier Inc. 701
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between the BRCA1 BRCTs and phosphoproteins enhances the

cytotoxic effect of PARP inhibitors in cancer cells (Langelier

et al., 2012).

Notably, PARP inhibitors also kill BRCA1 null cells for which

the aforementioned double-hit model is irrelevant (Drost et al.,

2011). It has been shown that impairment of base excision repair

by PARP inhibitors aggravates the DNA damage repair defi-

ciency in BRCA1-deficient cells and promotes synthetic lethality

(Kummar et al., 2012; Rios and Puhalla, 2011). Moreover, PARP

inhibitors can trap PARP1 at DNA damage sites (Murai et al.,

2012), blocking normal DNA repair. Together with our data, these

observations indicate that there are multiple mechanisms by

which PARP inhibition can kill breast cancer cells.

EXPERIMENTAL PROCEDURES

All other experimental procedures can be found in the Supplemental

Experimental Procedures.

Generation and Purification of PAR

PAR (or biotin-labeled PAR) was synthesized and purified in vitro according to

previous work (Fahrer et al., 2007), with some modifications. Briefly, PAR was

synthesized in a 15ml incubationmixture comprising 100mMTris-HCl, pH 7.8,

10 mM MgCl2, 1 mM NAD+, 10 mM dithiothreitol, 60 mg/ml histone H1,

60 mg/ml histone type IIa, 50 mg/ml octameric oligonucleotide GGAATTCC,

and 150 nM human PARP1. The reaction was stopped after 60 min by addition

of 20 ml ice-cold 20% trichloroacetic acid. Following precipitation, the pellet

was washed with ice-cold 99.8% ethanol. Polymer was detached using

0.5 M KOH/50 mM EDTA and was purified by phenol-chloroform extraction

and isopropanol precipitation. For the ITC assay, PAR was diluted to the indi-

cated concentrations by the buffer containing 10 mM Na2HPO4 (pH 7.5),

100 mM NaCl.

GST Fusion Protein Expression and Dot Blot

Glutathione S-transferase (GST) fusion proteins were expressed in Escherichia

coli or using the Bac-to-Bac Baculovirus expression system (Invitrogen, for

CHFR) and purified under standard procedures. Purified GST fusion proteins

(10 pmol) were conjugated to the glutathione beads and incubated with PAR

(100 pmol, calculated as the ADP-ribose unit) for 2 hr at 4�C. For the com-

petition assays, 30- to 50-mer PAR was fractionated by anion exchange

high-performance liquid chromatography (HPLC) protocol as described previ-

ously (Fahrer et al., 2007; Kiehlbauch et al., 1993) and used in the experiments.

GST-BARD1 BRCTs (10 pmol) were conjugated to the glutathione beads and

incubated with PAR (100 pmol, calculated as the ADP-ribose unit) plus 0.1, 1,

or 10 nmol ADP-ribose or pSer peptide, respectively, for 2 hr at 4�C. The beads
were washed with NETN-100 buffer (0.5% Nonidet P-40, 2 mM EDTA, 50 mM

Tris-HCl, pH 8.0, 100 mM NaCl) four times. GST fusion proteins were eluted

from beads by glutathione and spotted on to a nitrocellulose membrane.

The membrane was blocked with TBST buffer (50 mM Tris-HCl, pH 8.0,

150 mM NaCl, 0.05% Tween 20) supplemented with 5% milk and extensively

washed with TBST. After drying in the air, the membrane was examined by

anti-PAR antibody.

Pull-Down Assay

Purified GST fusion proteins (1 pmol) were incubated with biotin-labeled PAR

(5 pmol) and streptavidin beads for 2 hr at 4�C; For the competition assays, 30-

to 50-mer biotin-PAR was fractionated by anion exchange HPLC protocol and

used in the experiments. GST-BARD1 BRCTs (1 pmol) were incubated with

biotin- PAR (5 pmol) and streptavidin beads plus 5, 50, or 500 pmol ADR-ribose

or pSer peptide, respectively, for 2 hr at 4�C. After washing with NETN-100

buffer four times, the samples were boiled in the SDS sample buffer. The

eluates were analyzed by western blot with anti-GST antibody.

ITC

ITC was carried out at 16�Cwith an ITC 200Microcalorimeter (GE Healthcare).

Proteins were dialyzed extensively into the buffer containing 10 mMNa2HPO4,
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pH 7.5, 100 mM NaCl at the final concentrations of 20–60 mM. Ligands (PAR,

ADP-ribose, or pSer peptide) in the injection syringe were also diluted by the

same buffer at the final concentration of 150–750 mM (the concentration of

PAR was calculated as the ADP-ribose unit). A typical titration consisted

of 19 consecutive 2-ml injections of ligands following a 0.4 ml preinjection of

ligands into the protein solution at time intervals of 120 s while stirring at

1,000 rpm. Binding isothermswere integrated and analyzed using the software

Origin 7.0 (OriginLab) provided by the manufacturer.

Laser Microirradiation and Live Cell Imaging

U2OS cells or MEFs transfected with the indicated plasmids were plated on

glass-bottomed culture dishes (Mat Tek Corporation). Laser microirradiation

was performed using an IX 71 microscope (Olympus) coupled with the

MicroPoint Laser Illumination and Ablation System (Photonic Instruments). A

337.1 nm laser diode (3.4 mW) transmits through a specific dye cell and

then yields a 365 nm wavelength laser beam that is focused through a 603

UPlanSApo/1.35 oil objective to yield a spot size of 0.5–1 mm. The time of

cell exposure to the laser beam was around 3.5 ns. The pulse energy is

170 mJ at 10 Hz. Images were taken by the samemicroscope with the CellSens

software (Olympus). GFP fluorescence at the laser line was converted into a

numerical value (relative fluorescence intensity) using Axiovision software

(version 4.5). Normalized fluorescent curves from 20 cells from three indepen-

dent experiments were averaged. The error bars represent the SD.

Inducible DSB System

U2OS cells stably expressing RFP-I-SceI-GR were used in this system. The

synthetic glucocorticoid ligand TA (Sigma) was added (0.1 mM) to induce the

translocation of RFP-I-SceI-GR from cytoplasm into nucleus (Zeitlin et al.,

2009). Images were taken using the same microscope of laser microirradiation

with the CellSens software (Olympus).

IR Treatment and Colony Formation Assay

Cells were cultured and irradiated 16 hr later with a 137Cs source at a dose of

10 Gy. After irradiation, cells were lysed at the indicated time points for immu-

noprecipitation or western blot. For colony formation assay, cells were split

into six-well plates and then treated by various doses of IR with or without

PJ34. After a 7-day culture, the viable cells were fixed and stained with crystal

violet. The number of colonies (more than 50 cells for each colony) was

calculated.
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