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SUMMARY

BRCA1promoteshomologous recombination (HR) by
activating DNA-end resection. By contrast, 53BP1
forms a barrier that inhibits DNA-end resection.
Here,weshow thatBRCA1promotesDNA-end resec-
tion by relieving the 53BP1-dependent barrier. We
show that 53BP1 is phosphorylated by ATM in S/G2

phase, promoting RIF1 recruitment, which inhibits
resection. 53BP1 is promptly dephosphorylated and
RIF1 released, despite remaining unrepaired DNA
double-strand breaks (DSBs). When resection is
impaired by CtIP/MRE11 endonuclease inhibition,
53BP1 phosphorylation and RIF1 are sustained due
to ongoing ATMsignaling. BRCA1 depletion also sus-
tains 53BP1 phosphorylation and RIF1 recruitment.
We identify the phosphatase PP4C as having a major
role in 53BP1 dephosphorylation and RIF1 release.
BRCA1 or PP4C depletion impairs 53BP1 reposition-
ing, EXO1 recruitment, and HR progression. 53BP1
or RIF1 depletion restores resection, RAD51 loading,
and HR in PP4C-depleted cells. Our findings suggest
that BRCA1 promotes PP4C-dependent 53BP1
dephosphorylation and RIF1 release, directing repair
toward HR.
INTRODUCTION

DNA double-strand breaks (DSBs) represent the most toxic DNA

lesion, which, if unrepaired, causes cell death and triggers

genomic instability (Jeggo et al., 2011). DSBs are repaired by

two major pathways: non-homologous end joining (NHEJ) and
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homologous recombination (HR). NHEJ occurs throughout the

cell cycle in mammalian cells, whereas HR repairs DSBs in

S/G2 phase in a CDK-dependent manner (Chapman et al.,

2012b). The DNA-end structure of DSBs is also a critical factor

in determining pathway choice (Shibata et al., 2011). One-ended

DSBs at stalled/collapsed replication forks are the preferred sub-

strate for HR (Arnaudeau et al., 2001). Despite a pro-HR environ-

ment in S/G2, currentmodels suggest that Ku70/80 heterodimers

bind rapidly to DSBs, allowing NHEJ to make the first attempt at

repair (Chanut et al., 2016; Chapman et al., 2012b; Shibata et al.,

2011, 2014). However, if NHEJ does not ensue, repair switches to

HR. This switch is triggered by CtIP-dependent stimulation of

MRE11 endonuclease activity (Sartori et al., 2007; Shibata

et al., 2014), which makes an initial single-strand (ss) nick 50 to
the DNA end (Garcia et al., 2011; Shibata et al., 2014). Subse-

quently, exonucleases such asMRE11, EXD2, and EXO1 expand

resection by digesting DNA bidirectionally to produce a sufficient

length of ssDNA (Broderick et al., 2016; Garcia et al., 2011).

Following DNA-end resection, ssDNA is coated by replication

protein A (RPA), which is replaced by RAD51 to facilitate homol-

ogy searching and the subsequent steps of HR.

BRCA1playsmultiple roles that include controlling DNA repair,

signaling, chromatin organization, and transcription (Huen et al.,

2010). Among these functions, its role in HR is critically important

for maintaining genomic stability and suppressing tumorigenesis

(Venkitaraman, 2004). BRCA1 promotes HR by activating DNA-

end resection (Schlegel et al., 2006). In contrast, 53BP1, a key

player in DNA repair and signaling, forms a barrier that prevents

excessive resection (Panier and Boulton, 2014). Importantly, an

antagonistic relationship between BRCA1 and 53BP1 has been

described; embryonic lethality, tumor predisposition, andHRde-

fects in BRCA1-defective cells are restored by depletion of

53BP1 (Bouwman et al., 2010; Bunting et al., 2010). Furthermore,

53BP1 relocates to the foci periphery and vacates the central

core as HR ensues in a BRCA1-dependent manner (Chapman
).
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et al., 2012a; Kakarougkas et al., 2013). RPA forms foci that

reflect active resection at the site of DSBs. RPA foci form

following 53BP1 repositioning and localize to the center of

enlarged 53BP1 foci (Kakarougkas et al., 2013). This suggests

that resection progresses following 53BP1 repositioning. Thus,

the current model is that the major role of BRCA1 is to overcome

the barrier against DNA-end resection posed by 53BP1.

Multiple Ser/Thr-Gln (S/T-Q) sites in 53BP1 are phosphory-

lated by the ataxia-telangiectasia mutated (ATM) kinase in

response to DNA damage. Phosphorylation of 53BP1 recruits

RIF1 and PTIP (Callen et al., 2013; Chapman et al., 2013; Escri-

bano-Dı́az et al., 2013; Feng et al., 2013; Zimmermann et al.,

2013). Seven of the S/T-Q phosphorylation sites (9–15 S/T-Q

sites) are required for interaction between RIF1 and 53BP1,

whereas PTIP binds directly to the first eight S/T-Q sites in the

N-terminal region. Loss of either RIF1 or PTIP partially alleviates

HR defects in BRCA1-deficient cells, suggesting that 53BP1

phosphorylation influences resection in a BRCA1-dependent

manner. However, the functional significance of 53BP1 phos-

phorylation in S/G2 phase, especially in the context of switching

from NHEJ to HR, remains unexplored.

In this study, we found that 53BP1 can be phosphorylated in

S/G2 phase, and that RIF1 is transiently recruited to DSB sites.

This finding supports the notion that establishment of the 53BP1

barrier allows NHEJ to be the first choice pathway even in S/G2

phase. Next, we dissected the role of BRCA1 and CtIP/MRE11

nuclease in resection, showing that impaired resection by CtIP

depletion or MRE11 endonuclease inhibition sustains RIF1 at

DSB sites due to ongoing ATM signaling. In contrast, depletion

of BRCA1 attenuates 53BP1 dephosphorylation, resulting in

RIF1 accumulation. Furthermore, a small interfering RNA (siRNA)

screen of protein phosphatases identified PP4C/PP4R2 as a

major phosphatase responsible for dephosphorylating 53BP1

and releasing RIF1. Finally, we demonstrate that BRCA1 and

PP4C promote resection by removing RIF1 from DSBs, leading

to 53BP1 repositioning, EXO1 recruitment, and extensive resec-

tion in HR. Collectively, our findings show that RIF1 retention in

BRCA1-depleted cells is the cause of the resection defect rather

than theconsequenceof it. Thus,wehaveuncoveredakey role for

BRCA1 indirectingDSBrepairpathway fromNHEJ toHRbycoor-

dinating 53BP1 phosphorylation status in S/G2 phase.

RESULTS

53BP1 Is Phosphorylated by ATM in S/G2 Phase,
Followed by Transient RIF1 Recruitment
ATM-dependent 53BP1 phosphorylation recruits RIF1, forming

a barrier against resection in G1 phase (Escribano-Dı́az et al.,

2013). Therefore, it was expected that 53BP1 phosphorylation

would be suppressed in S/G2 phase, where HR functions to

repair DSBs. However, because ATM contributes to checkpoint

activation throughout the cell cycle and is required for resection

in HR, ATM activation occurs even in S/G2 phase (Jeggo and Lö-

brich, 2006; Shibata et al., 2011). To resolve this paradoxical

observation, we examined 53BP1 phosphorylation and RIF1

recruitment to DSBs in G2 phase by quantifying 53BP1-pT543

(a phosphorylation site required for RIF1 recruitment), RIF1,

RPA (a resection marker), and gH2AX/53BP1 (a DSB marker)
foci in irradiated G2 cells (Figures 1A–1C and S1). G2 cells were

identified by CENPF staining (Shibata et al., 2011, 2014). The re-

sults revealed a transient increase in the number of 53BP1-

pT543 and RIF1 foci 5–30 min in G2 after ionizing radiation (IR).

However, the number of 53BP1-pT543 foci then decreased for

up to 2 hr post-IR. RIF1 foci persisted slightly longer than

53BP1-pT543 foci, but most had disappeared by 2 hr, a time

when gH2AX/53BP1 foci remain. Importantly, loss of 53BP1-

pT543 and RIF1 foci was associated with RPA foci formation,

indicating the onset of resection (Shibata et al., 2011). To deter-

mine whether loss of 53BP1-pT543 and RIF1 was specific to G2

cells, we examined irradiated G1 cells (Figure 1D). The disap-

pearance of 53BP1-pT543 and RIF1 foci in cells in G1 occurred

at later times concomitant with the decrease in gH2AX/53BP1

foci. These data suggest that ATM phosphorylates 53BP1 in

both G1 and G2 phases; however, 53BP1 phosphorylation and

RIF1 recruitment rapidly decrease in G2, whereas they are sus-

tained in G1 phase (Figure 1E). To extend these findings to S

phase, we treated cells with camptothecin (CPT), which causes

replication damage. After CPT treatment, RPA-pS4/8 (a marker

of resection) increased with time in S-phase cells (Figure 1F).

Importantly, the transient increase in 53BP1-pT543 and RIF1

recruitment was observed immediately after CPT release (Fig-

ures 1F and 1G). Together, these results demonstrate that

53BP1 can be phosphorylated by ATM in S/G2 phase, followed

by RIF1 recruitment, which occurs transiently. Subsequently,

loss of 53BP1-pT543 and RIF1 foci occurs concomitantly with

the progression of resection in HR.

Impaired Initiation of Resection by CtIP Depletion
or MRE11 Endonuclease Inhibition Sustains RIF1
at DSB Sites
DNA-end resection is orchestrated by several nucleases (Sy-

mington and Gautier, 2011). MRE11 endonuclease activity initi-

ates resection and the exonuclease activities of MRE11, EXD2,

and EXO1/BLM digest DNA for extensive resection (Broderick

et al., 2016; Garcia et al., 2011; Shibata et al., 2014; Zhu et al.,

2008). To ask whether the DNA nuclease activities are involved

in RIF1 release, we examined RIF1 foci in G2 following treatment

with MRE11 inhibitors. We confirmed that depletion of BRCA1 or

CtIP impairedRIF1 release in irradiatedG2 cells but not inG1 cells

(Figure 2A). At 4 hr after IR, no RIF1 and 53BP1-pT543 foci were

observed in control cells, whereas RIF1 and 53BP1-pT543 foci

were sustained in cells treated with a specific MRE11 endonu-

clease inhibitor (Figure 2B). Inhibition of MRE11 exonuclease ac-

tivity had no effect on RIF1, although there is a marginal increase

in 53BP1-pT543 foci (Figures 2B and S2). Depletion of EXO1/

BLMcausesRIF1 and 53BP1-pT543 foci to be partially sustained

(Figures 2B and S2). However, combined EXO1/BLM depletion

andMRE11 exonuclease inhibition, which fully inhibits resection,

reduced RIF1 release to a degree similar to that of CtIP depletion

(Figures 2B–2D and S2) (Shibata et al., 2014). Thus, RIF1 release

requires resection. Next, to addresswhether the resection defect

caused by CtIP/MRE11/EXO1 inhibition/depletion or BRCA1

depletion causes RIF1 retention or is a consequence of RIF1

presence, we examined whether RIF1 depletion alleviates the

resection defect in these cells. Importantly, depletion of RIF1

rescued resection in BRCA1 siRNA cells but not in CtIP siRNA,
Cell Reports 18, 520–532, January 10, 2017 521
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Figure 1. 53BP1 Is Phosphorylated by ATM in S/G2 Phase, Followed by Transient RIF1 Recruitment

(A–C) Loss of 53BP1-pT543 and RIF1 foci is associated with progression of DNA-end resection in irradiated cells in G2. 1BR (WT) hTERT cells were fixed and

stained with gH2AX, 53BP1, 53BP1-pT543, RIF1, or RPA at the indicated time points after irradiation with 2 Gy. Aphidicolin (APH) was added 30min prior to IR, to

prevent the progression of irradiated cells from S to G2 (Shibata et al., 2011). G2 cells were identified by CENPF staining (full images and ATM-dependent 53BP1-

pT543 and RIF1 foci formation are shown in Figure S1). Specificity of the 53BP1-pT543 antibody was verified in 53BP1 T543Amutant cells (Figure S1). Earlier time

points in the experiment of (B) are enlarged in (C).

(D) gH2AX, 53BP1, 53BP1-pT543, RIF1, or RPA foci were analyzed in 1BR (WT) hTERT G1 cells.

(E) The percentage of RIF1/gH2AX foci in cells in G2 and G1 is shown.

(F) Loss of 53BP1-pT543 is associated with progression of resection after treatment with CPT. 53BP1-pT543, ATM-pS1981, RPA-pS4/8, and gH2AX were

examined in A549 cells following treatment with 2 mM CPT for 30 min.

(G) Transient 53BP1-pT543 and RIF1 recruitment in gH2AX-positive 1BR hTERT cells was detected by immunofluorescence staining after treatment with CPT.

The percentage of 53BP1-pT543- or RIF1-positive cells as a percentage of gH2AX-positive cells is shown in the right panel.

Values in (B)–(E) and (G) are means ± SEM from three independent experiments. In (A) and (F), a similar result is obtained from more than two independent

experiments.
MRE11 endonuclease-inhibited, and EXO1/BLM siRNA plus

MRE11 exonuclease inhibitor-treated cells (Figure 2C). These

data demonstrate that CtIP and the nucleases have direct roles

in promoting resection irrespective of whether RIF1 is present

or absent as expected,whereasBRCA1has adistinct andunique

role in promoting release of RIF1, which impacts downstream of

the initiation of resection.

BRCA1 Promotes Dephosphorylation of 53BP1 and
Release of RIF1 from DSB Sites
Because 53BP1-pT543 foci in G2 rapidly disappear at 30–60 min

post-IR (Figures 1A–1C), we speculated that 53BP1 phosphory-
522 Cell Reports 18, 520–532, January 10, 2017
lation may be sustained by ongoing ATM signaling from DSB

ends with rapid turnover. To test this, we treated cells with an

ATM inhibitor (ATMi) at the peak of 53BP1-pT543 foci formation,

i.e., 15 min post-IR (hereafter called ATMi post-IR), enabling the

initiation of resection to take place but not ongoing ATM

signaling (Figure 3A). Strikingly, 53BP1-pT543 was drastically

reduced by ATMi post-IR (Figure 3B). To examine whether

ongoing ATM signaling influences 53BP1-pT543 and RIF1 main-

tenance at DSB sites, 53BP1-pT543 and RIF1 foci were scored

following ATMi treatment post-IR (Figures 3C and S3A). Inhibi-

tion of ATM signaling rapidly diminished 53BP1-pT543 and

RIF1 foci, although gH2AX foci were not significantly affected,
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Figure 2. Impaired Resection by CtIP Depletion or MRE11 Endonuclease Inhibition Sustains RIF1 at DSB Sites

(A) Depletion of BRCA1 or CtIP attenuates RIF1 release in irradiated G2, but not in G1. The ratio of RIF1/gH2AX foci at each time point was examined in A549 cells

following depletion of BRCA1 or CtIP.

(B) Impaired resection by CtIP depletion or MRE11 endonuclease inhibition sustains RIF1 and 53BP1-pT543 foci at DSB sites. RIF1 or 53BP1-pT543 foci in A549

cells following depletion of BRCA1 or CtIP, or treatment with MRE11 inhibitors and/or EXO1/BLM depletion was examined in G2 cells 4 hr after 2 Gy. PFM01 and

PFM39 were used as MRE11 endonuclease or exonuclease inhibitors, respectively. Representative images are shown in Figure S2.

(C) RIF1 depletion rescued the resection defect observed following BRCA1 depletion but not following CtIP depletion, inhibition of MRE11 endonuclease activity,

or EXO1/BLM depletion combined with inhibition of MRE11 exonuclease activity. RPA foci in A549 G2 cells were scored at 2 hr after 1 Gy.

(D) Knockdown efficiency in A549 cells is shown. Asterisk indicates non-specific bands.

Values in (A) are means ± SEM from three independent experiments. In (B) and (C), a similar result is obtained frommore than two independent experiments. The

p values were derived from Student’s two-tailed t test or Mann-Whitney U test.
likely due to redundant phosphorylation by DNA-PKcs (Stiff

et al., 2004).

Depletion/inhibition of CtIP/MRE11 endonuclease activity,

which precludes the initiation of resection, causes sustained

RIF1 at DSB sites (Figures 2B and 2C). However, depletion of

RIF1 did not rescue resection. By contrast, depletion of RIF1

did allow resection in BRCA1-depleted cells (Figure 2C) (Escri-

bano-Dı́az et al., 2013). We therefore hypothesized that BRCA1

functions to promote 53BP1 dephosphorylation to remove the

RIF1 barrier to resection, rather than having a direct role in resec-

tion itself. To examine whether BRCA1 influences 53BP1-pT543

in the absence of ongoing ATM signaling, we treated BRCA1-

depleted cells with ATMi post-IR, and monitored the stability of

53BP1-pT543 and RIF1 foci in irradiated G2 cells. Strikingly, after

ATMi post-IR, 53BP1-pT543 and RIF1 foci were sustained in
BRCA1-depleted cells, whereas they rapidly disappeared in

control, CtIP siRNA, MRE11 endo-inhibition, or EXO1/BLM

siRNA plus MRE11 exo-inhibition cells (Figures 3D–3F and

S3B). This result shows that the maintained 53BP1-pT543 (and

hence RIF1 foci) observed in CtIP-depleted cells arises as a

consequence of ongoing ATM signaling. We propose that this

occurs at unresected DNA ends in CtIP-depleted cells (Shiotani

and Zou, 2009). Next, we considered that the phosphorylation of

the CtIP S327 residue might be required for the function of

BRCA1 in RIF1 release. However, RIF1 foci rapidly disappeared

in cells expressing a CtIP-siRNA-resistant CtIP S327A mutant

plus ATMi post-IR, suggesting that the phosphorylation of

S327 in CtIP is dispensable for RIF1 retention (Figure S3C).

Furthermore, depletion of RIF1 did not significantly affect

53BP1-pT543 foci, even though an interaction between RIF1
Cell Reports 18, 520–532, January 10, 2017 523



and the protein phosphatase PP1 has been reported (Figure 3F)

(Davé et al., 2014). To confirm the persistence of 53BP1-pT543

foci in BRCA1-depleted cells, we developed a fluorescence-

activated cell sorting (FACS) assay to monitor 53BP1-pT543

in irradiated S/G2 cells. 53BP1-pT543 was lost in control S/G2

cells but sustained in S/G2 BRCA1-depleted cells (Figures 3G

and S3D).

Together, our data demonstrate that BRCA1 promotes 53BP1

dephosphorylation, resulting in RIF1 release. Conversely, deple-

tion/inhibition of CtIP/MRE11 endonuclease activity results in

sustained 53BP1 phosphorylation and RIF1 due to ongoing

ATM signaling (i.e., it is inhibited by ATMi post-IR). We propose

that ATM signaling is ongoing at un-resected DSB ends due to

the lack of initiation of resection.

PP4C Dephosphorylates 53BP1, Promoting RIF1
Release from DSB Sites
Next, to identify the protein phosphatase involved in dephos-

phorylation of 53BP1 and subsequent RIF1 release, we per-

formed an siRNA screen by monitoring RIF1 foci in cells in G2

(Figures 4A and S4A). The screen revealed that PP4C depletion

causes substantial inhibition of RIF1 release, suggesting that

PP4C is a major phosphatase for 53BP1 in the context of RIF1

release (Figures 4B, 4C, and S4B). Similar results were obtained

using a different siRNA oligo for PP4C (Figures S4C–S4E).

Depletion of PP1CB also resulted in reduced RIF1 release;

however, 53BP1-pT543 levels were only modestly increased

compared to PP4C-depleted cells (Figures 4B, 4C, and S4B–

S4E). Depletion of PP3CB or PP3CC also showed delayed

RIF1 release in the first screen. However, this was not repro-

duced using other siRNA oligos (Figure S4F). Attenuation

of 53BP1 dephosphorylation in PP4C-depleted cells was

confirmed by FACS analysis (Figure 4D). To confirm the require-

ment of PP4C phosphatase activity for RIF1 release, we exoge-

nously expressed PP4C in U2OS cells (Figure 4E). Expression of

wild-type (WT) PP4C, but not the phosphatase-inactive R86A

mutant (Nakada et al., 2008), impaired transient RIF1 foci forma-

tion in cells in G2. To exclude any potential off-target effects of

the siRNA, we reintroduced siRNA-resistant forms of PP4C

into PP4C-depleted cells (Figure 4F). Re-expression of wild-

type PP4C restored RIF1 release in PP4C-siRNA cells, but the

PP4C phosphatase-inactive mutant did not, demonstrating

that PP4C phosphatase activity is required for RIF1 release.

Furthermore, to identify which regulatory subunit of PP4 is

required for 53BP1-pT543 dephosphorylation, we analyzed

RIF1 and 53BP1-pT543 foci in G2 cells following siRNA targeting

of all PP4 regulatory subunits (Figure S4G). This analysis

revealed that PP4R2 is required for 53BP1-pT543 dephosphor-

ylation (Figure 4G). RIF1 also failed to be released in PP4R2-

depleted cells. Next, we performed co-immunoprecipitation

between BRCA1 and PP4C but could not detect any interaction

with or without DNAdamage (Figure S5A). To gain insight into the

spatial interaction between BRCA1 and PP4C in G2, we per-

formed an in situ proximity ligation assay (PLA) and observed

an increase in the BRCA1-PP4C PLA signal after IR (Söderberg

et al., 2006) (Figures S5B–S5E: control experiments are shown

in Figures S5B and S5C). Next, we utilized the PLA assay to

examine whether 53BP1-pT543 and PP4C interact in G2. Signif-
524 Cell Reports 18, 520–532, January 10, 2017
icantly, the PLA signal from 53BP1-pT543 and PP4C was

increased at 10–20 min after IR, which is consistent with the

timing of disappearance of 53BP1-pT543 and RIF1 foci in G2

(Figures 1A–1C, S5F, and S5G). However, the spatial proximity

was not significantly affected by depletion of BRCA1, suggesting

that BRCA1 is not directly mediating the interaction between

53BP1-pT543 and PP4C (Figure S5H).

Collectively, our observations suggest that that PP4C activity

is required for dephosphorylation of 53BP1-pT543 and RIF1

release in G2 phase and that this is promoted in the presence

of BRCA1.

53BP1 Phosphorylation Is Required to Maintain RIF1 in
the BRCA1-PP4C Pathway
RIF1 recruitment on chromatin is dependent on the phosphory-

lation of the N-terminal 53BP1 7S/TQ sites (Callen et al., 2013;

Chapman et al., 2013). To verify the requirement for phosphory-

lation of 53BP1 in RIF1 retention in BRCA1- or PP4C-depleted

cells, we examined RIF1 foci in G2 cells expressing siRNA-resis-

tant 53BP1 phosphor mutants following 53BP1 siRNA (Figures

5A–5C). In control G2 cells, RIF1 foci were not observed at 4 hr

post-IR. As expected, no RIF1 foci were observed at 4 hr post-

IR in cells expressing the 7A mutant following BRCA1 or PP4C

depletion consistent with the previous conclusion that these

seven phosphorylation sites are required for RIF1 recruitment

(Figure 5C). Throughout this study, we have used a 53BP1-

pT543 antibody to assess the phosphorylation status within

the 7S/TQ sites. To assess whether phosphorylation of T543

affects RIF1 retention in BRCA1- or PP4C-depleted cells, we

examined RIF1 foci in cells expressing a T543A mutant (6 S/TQ

sites are wild type) and a 6A mutant (in which only T543 is wild

type). Unlike the 7A mutant, the T543A mutant (six S/TQ sites

are wild type) formed and retained RIF1 foci at 4 hr post-IR in

BRCA1- or PP4C-depleted cells (Figure 5C). This result suggests

that phosphorylation of the six S/TQ sites (i.e., excluding T543) is

sufficient to retain RIF1 on chromatin. In contrast, surprisingly,

the 6A mutant (T543 wild type) also retained RIF1 in BRCA1- or

PP4C-depleted cells (Figure 5C), suggesting that phosphoryla-

tion of T543 alone is sufficient to sustain RIF1. Taken together,

these data support the notion that phosphorylation of T543 alone

can tether RIF1 on chromatin but in its absence the other sites

can suffice, i.e., phosphorylation of the seven S/TQ sites redun-

dantly contributes to RIF1 retention. Thus, although T543 phos-

phorylation may not be essential for RIF1 recruitment, loss of its

phosphorylation (i.e., dephosphorylation) is essential for RIF1

loss. Thus, our 53BP1-pT543 antibody is a valid readout to

monitor a phosphorylation event required for RIF1 loss following

its initial recruitment in G2 cells.

RIF1 Release Relieves the 53BP1 Barrier to Recruit
EXO1 at Damage Sites
Recent studies revealed that BRCA1-dependent 53BP1 reposi-

tioning occurs prior to resection because a defect in 53BP1 re-

positioning in BRCA1- or POH1-depleted cells attenuates resec-

tion (Chapman et al., 2012a; Kakarougkas et al., 2013). Similar to

the situation in BRCA1-depleted cells, we found that 53BP1 foci

enlargement was impaired by depletion of PP4C (Figures 6A,

6B, and S6A). Moreover, depletion of RIF1 restored 53BP1 foci
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Figure 3. BRCA1 Promotes Dephosphorylation of 53BP1, Resulting in Release of RIF1 from DSB Sites

(A and B) Phosphorylation of 53BP1 at T543 rapidly disappeared when ATM signaling was inhibited. ATMi, which shuts down ATM activity within a few minutes

(Lee et al., 2012), was added 15 min after IR to prevent ongoing ATM signaling after the initial recruitment of RIF1, but not inhibit the initiation of resection. The

experimental scheme is shown in (A). Turnover of phosphorylated proteins was examined in A549 cells with or without post-ATMi after irradiation with 6 Gy.

(C) 53BP1-pT543 and RIF1 foci in G2 cells are more persistent under conditions of continuous ATM signaling. 53BP1-pT543 or RIF1 foci at the indicated time

points were normalized to the number of gH2AX foci 15 min after irradiation with 2 Gy. 1BR (WT) hTERT cells were irradiated with 2 Gy and treated with ATMi

15 min post-IR. The numbers of 53BP1-pT543, RIF1, and gH2AX foci are shown in Figure S3A.

(D) Representative images of RIF1 foci in siControl, siBRCA1, or siCtIP cells ± ATMi are shown. ATMi was added 15 min after 2 Gy.

(legend continued on next page)
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enlargement in BRCA1- and PP4C-depleted cells (Figures 6A,

6B, and S6A–S6D). Depletion of RIF1 accelerated the speed of

resection, indicating that RIF1 may function to protect DNA

ends early in DSB repair, i.e., during NHEJ (Feng et al., 2013)

(Figure 6C). We therefore examined whether the role of RIF1

foci formation at early times after IR might be to prevent

53BP1 repositioning to generate pro-NHEJ environment. To

address this question, we examined 53BP1 foci size in RIF1-

depleted G2 cells at 30 min after IR, a time at which control cells

do not show 53BP1 foci enlargement and resection is not pro-

gressed (Kakarougkas et al., 2013). Importantly, we observed

that RIF1 depletion caused substantial enlargement of 53BP1

foci even at this early time (Figures 6D and S6E). Next, we spec-

ulated that 53BP1 repositioning following RIF1 releasemay allow

EXO1 recruitment for the second step of resection. To examine

the kinetics of EXO1 recruitment at DNA damage sites, we

measured the intensity of recruited GFP-EXO1 at UV laser tracks

(Figures 6E and S7). Importantly, EXO1 recruitment was signifi-

cantly reduced by depletion of BRCA1 or PP4C and the reduc-

tion was rescued by 53BP1 depletion (Figure 6E). These data

suggest that 53BP1 repositioning is restricted or precluded by

the presence of RIF1, but following the recruitment of BRCA1

with time, PP4C-dependent 53BP1 dephosphorylation releases

RIF1, causing 53BP1 repositioning to facilitate the EXO1-depen-

dent second step resection. This consolidates the notion that the

initial recruitment of RIF1 delays resection, which, we propose,

allows the possibility for NHEJ to take place.

PP4C Promotes DNA-End Resection and HR in the
53BP1-BRCA1 Axis
To address whether PP4C-dependent RIF1 release contributes

to resection, we analyzed RPA/RAD51 foci formation after IR.

Depletion of PP4C reduced RPA/RAD51 foci formation in irradi-

ated G2 cells (Figure 7A). Importantly, these defects were

restored by RIF1 depletion (Figure 7A). Furthermore, to examine

whether resection is impacted by 53BP1 phosphorylation status,

we monitored RPA foci formation in 53BP1 phosphor mutants

with or without BRCA1 or PP4C siRNA. Consistent with the re-

sults assessing RIF1 release (Figure 5), the 7A mutant restored

resection in BRCA1- or PP4C-depleted cells, whereas neither

the 6A nor the T543A mutant alleviated the resection defect in

BRCA1- or PP4C-depleted cells (Figure 7B). To assess HR activ-

ity in PP4C-depleted cells, we exploited an HR reporter assay

using cells with chromosomally integrated I-SceI-inducible

DSBs and observed a decrease in HR in PP4C-depeleted cells

(Figure 7C). This defect was restored by depletion of 53BP1 or

RIF1. Together, these results suggest that PP4C promotes
(E) Depletion of BRCA1 attenuates RIF1 release following inhibition of ongoing A

siControl, siBRCA1, siCtIP, MRE11 endonuclease inhibitor or siEXO1/BLM plus

15 min after 2 Gy. PFM01 and PFM39 were used as MRE11 endonuclease and e

normalized by foci at 15 min.

(F) 53BP1-pT543 foci were examined in 1BR (WT) hTERT cells. ATMi was added

(G) Depletion of BRCA1 sustains IR-induced 53BP1-pT543 in S/G2. IR-induced 5

Control or BRCA1 siRNA were fixed 0.5 and 8 hr after irradiation with 10 Gy. Cell

shown in Figure S3D.

Values in (C) and (E)–(G) are means ± SEM from three independent experiment

experiments.
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DNA-end resection and HR in the 53BP1/RIF1-BRCA1 axis.

Finally, clonogenic survival analysis showed that PP4C depletion

resulted in hypersensitivity to CPT, which could be reversed

by 53BP1 depletion (Figure 7D). Together, these results suggest

that transient 53BP1 phosphorylation and RIF1 recruitment in

S/G2 phase play a role in maintaining and regulating the 53BP1

barrier, which inhibits excessive resection (Figure 7E).

DISCUSSION

Previous studies showed that RIF1 is recruited to DSBs in G1

phase to restrict resection and promote NHEJ (Escribano-Dı́az

et al., 2013). Here, we show that RIF1 is also recruited to DSBs

in S/G2 phase but only transiently, with its loss being essential

for the progression of HR. Thus, whereas in G1 phase, RIF1

foci loss correlates with DSB repair assessed by gH2AX foci, in

G2 phase, RIF1 foci are lost earlier than gH2AX foci. Additionally,

we show that BRCA1 is dispensable for the recruitment of RIF1 in

G2 cells but is required for its timely release. Timely release of

RIF1 can, in a 6A mutant, be regulated by phosphorylation/

dephosphorylation of 53BP1-T543, allowing us to use phos-

phor-specific antibodies for this site to assess the process.

Resection during HR has been separated into a CtIP/MRE11

endonuclease-dependent initiation step and an elongation step

involving the exonucleases, MRE11, EXO1, and EXD2 (Broderick

et al., 2016; Shibata et al., 2014). Failure to initiate resection does

not cause a repair defect because DSBs can undergo repair by

NHEJ, whereas failure to elongate resection precludes the use

of NHEJ and HR, conferring a repair defect (Kakarougkas

et al., 2013; Shibata et al., 2014). Depletion of BRCA1 causes

HR defects due to a block at the stage of extending resection

in G2 (Kakarougkas et al., 2013). Although a role for BRCA1 in

promoting resection is well accepted, its precise function is

unclear. Here, we show that BRCA1 promotes RIF1 release

from 53BP1 via a process involving PP4C. Although loss of

RIF1 does not rescue resection in nuclease-defective cells,

resection in siBRCA1 cells is rescued by RIF1 depletion, demon-

strating that BRCA1 is dispensable for the nuclease activities but

is required to relieve the RIF1 block, which is consistent with the

accepted finding that BRCA1 relieves the block to resection

posed by 53BP1, the factor required for RIF1 recruitment.

The maintenance of RIF1 foci requires ongoing ATM signaling

(i.e., from 5 to 15 min post-IR). The number of RIF1/53BP1-

pT543 foci at these time points in G2 is similar to gH2AX foci.

Thus, we propose a working model that ATM activation at all

the DSBs leads to N-terminal 53BP1 phosphorylation and RIF1

recruitment. In G2 cells, �70% DSBs are rapidly repaired by
TM signaling. RIF1 foci were examined in 1BR (WT) hTERT cells treated with

MRE11 exonuclease inhibitor. Cells were fixed at 30 min with or without ATMi

xonuclease inhibitor. The percentage of foci at 45 min with or without ATMi is

15 min after 2 Gy.

3BP1-pT543 in S/G2 cells was analyzed by FACS. A549 cells transfected with

s were labeled with Alexa Fluor 488 and propidium iodide (PI). FACS plots are

s. In (B) and (D), a similar result is obtained with more than two independent
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Figure 4. PP4C Dephosphorylates 53BP1, Promoting RIF1 Release from DSB Sites

(A) Screen of protein phosphatases against 53BP1-pT543 was performed using a phosphatase siRNA library in A549 cells. The list of genes is shown in Fig-

ure S4A. RIF1 foci in G2 were enumerated 2 hr after irradiation with 2 Gy.

(B) RIF1 foci in G2 were scored in PP1CB- and/or PP4C-depleted A549 cells at 4 hr after irradiation with 2 Gy. Degree of knockdown is shown in Figure S4B.

A similar result was obtained using a second set of siRNAs (Figures S4C–S4E).

(C) 53BP1-pT543 foci in G2 were scored in PP1CB- and/or PP4C-depleted A549 cells at 4 hr after irradiation with 2 Gy.

(D) 53BP1-pT543 is sustained by depletion of PP4C. A549 cells were collected at 30min and 8 hr after irradiation with 10Gywith or without siPP4C. 53BP1-pT543

levels in cells in S/G2 phase were measured by FACS.

(E) Expression of exogenous PP4C promotes RIF1 release. U2OS cells were transfected with FLAG-empty, FLAG-wild-type PP4C (WT) or FLAG-catalytically

inactive PP4C mutant (R86A) expression vectors. Flag-PP4C expression levels are shown in the right panel.

(F) siRNA-resistant PP4C expression restores the phenotype of control cells. U2OS cells transfectedwith PP4C siRNAwere transfectedwith FLAG-empty, FLAG-

PP4C WT, or FLAG-PP4C R86A mutant expression vectors.

(G) Depletion of PP4R2 sustained RIF1 and 53BP1-pT543 foci in G2. PP4R2 siRNA-treated A549 cells were fixed at 4 hr post 2 Gy. Knockdown efficiency is shown

in the right panel.

Values in (D)–(F) are means ± SEM from three independent experiments. In (B), (C), and (G), a similar result is obtained from more than two independent

experiments.
�1–2 hr post-IR. Subsequent BRCA1 recruitment, which takes

longer than RIF1 foci, then promotes PP4C-dependent dephos-

phorylation of 53BP1, ultimately leading to RIF1 release at DSBs

undergoing repair by HR. As resection progresses, it is known

that the active kinase shifts from ATM to ATR, and to date, the

significance of this switch has not been appreciated (Shiotani

and Zou, 2009). The decrease in RIF1 and 53BP1-pT543

foci following ATM inhibition post-IR strongly suggests that

ATR does not phosphorylate 53BP1 at the sites required for

RIF1 recruitment. Importantly, although attenuation of ATM
enhances RIF1 loss, the process additionally requires BRCA1

and the dephosphorylation activity of PP4C. Thus, we propose

a competitive feedback loop with ATM phosphorylation

competing with PP4C dephosphorylation. As resection pro-

gresses, ATM activity is diminished until PP4C activity out-com-

petes ATM phosphorylation activity at the 53BP1 sites and RIF1

is finally lost.

RIF1was previously identified as another antagonist of BRCA1

and previous studies have suggested a role in DNA-end protec-

tion (Callen et al., 2013; Chapman et al., 2013; Escribano-Dı́az
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Figure 5. Analysis of RIF1 Foci in 53BP1 Phosphor Mutants

(A) Schematic representation of siRNA-resistant 53BP1 phosphor mutants. 7A mutant: T302A, S452A, S523A, T543A, S625A, S784A, and S892A. 6A mutant:

T302A, S452A, S523A, S625A, S784A, and S892A.

(B) siRNA-resistant FLAG-53BP1 WT or phosphor mutants were expressed efficiently in A549 cells.

(C) Analysis of RIF1 foci formation in 53BP1 phosphor mutants. RIF1 foci at 4 hr post 2 Gy was analyzed in A549 cells expressing siRNA-resistant FLAG-53BP1

WT, 7A, 6A, or T543A following 53BP1 siRNA with or without Control, BRCA1, or PP4C siRNA.

In (B) and (C), a similar result is obtained with more than two independent experiments. The p values were derived from Student’s two-tailed t test or Mann-

Whitney U test.
et al., 2013; Zimmermann et al., 2013). Similar to previous find-

ings, we showed that resection is mildly increased at early time

points in RIF1-depleted cells (Feng et al., 2013). Interestingly,

we reveal that depletion of RIF1 accelerates 53BP1 reposition-

ing. This observation supports a model that RIF1 regulates the

53BP1 barrier. The rapid repositioning in the absence of RIF1

may accelerate the speed and/or length of resection at DSBs

undergoing HR. 53BP1 forms oligomers and the tudor domains

of 53BP1 bind the histone H4 K20me2 (Zimmermann and de

Lange, 2014). The role of 53BP1 may be to stabilize the chro-

matin structure in close proximity to DSB sites to limit access

by nucleases. Indeed, depletion of BRCA1 or PP4C, which

impede 53BP1 repositioning, reduced EXO1 recruitment at

DNA damage sites. This supports the notion that the 53BP1 bar-

rier limits the access of nucleases to prevent extensive resection

until the repair pathway is directed toward HR. Additionally, PTIP

has been reported to regulate resection, and it is possible that a

similar mechanism of phosphorylation/dephosphorylation regu-
528 Cell Reports 18, 520–532, January 10, 2017
lates its recruitment. Our data do not exclude this possibility, but

analysis of 7A/6A mutants shows clearly that 53BP1-T543 un-

dergoes phosphorylation and must be dephosphorylated to

allow RIF1 release and the progression of HR.

A previous study has shown that PP4C also dephosphorylates

pT1609andpS1618of53BP1 toallow the recruitmentof53BP1 to

chromatin in G1 phase (Lee et al., 2014). PP4C also dephosphor-

ylates other damage response proteins, e.g., RPA and H2AX, in

response to DNA damage (Chowdhury et al., 2008; Lee et al.,

2010; Nakada et al., 2008). Thus, PP4C is one of the important

phosphatases to facilitate DNA damage responses including

HR. Phosphatase specificity for targets is regulated by multiple

factors, including regulatory subunits. In this study, we identified

the requirement of PP4R2 for RIF1 release. We identified IR-

induced PLA signals between BRCA1-PP4C and between

53BP1-PP4C, supporting the notion that BRCA1 participates in

the process of 53BP1 dephosphorylation by PP4C. However,

BRCA1 depletion does not affect 53BP1-PP4C interaction nor
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Figure 6. RIF1 Maintains the 53BP1 Barrier by Preventing 53BP1 Repositioning

(A) Representative images of 53BP1 foci enlargement in BRCA1- or PP4C-depleted cells ± siRIF1 are shown. The original images are shown in Figure S6A.

(B) Defective 53BP1 foci enlargement in BRCA1- or PP4C-depeleted cells was rescued by RIF1 siRNA. 53BP1 foci enlargement in 1BR (WT) hTERT G2 cells was

examined 4 hr after irradiation with 1 Gy. Knockdown efficiencies are shown in Figures S6B–S6D.

(C) Depletion of RIF1 accelerates timing of resection. Resection was examined by RPA-pS4/8 in A549 cells following treatment with 2 mM CPT.

(D) Depletion of RIF1 causes rapid 53BP1 foci enlargement in cells in G2. 53BP1 foci were examined in 1BR (WT) hTERT cells 30 min after exposure to 1 Gy.

Representative images are shown in Figure S6E.

(E) Impaired EXO1 recruitment in BRCA1- or PP4C-depleted cells is alleviated by 53BP1 depletion. Localized DNA damage was induced by laser irradiation in

U2OS cells expressing GFP-tagged EXO1 and mKO-tagged Geminin following Control, BRCA1, or PP4C siRNA with or without 53BP1 siRNA treatment.

Representative images up to 160 s post-laser irradiation are shown in Figure S7. GFP signal intensity was monitored and quantified for 160 s post-irradiation.

Knockdown efficiency is shown in the right panel.

In (B)–(E), a similar result is obtained with more than two independent experiments. The p values were derived from Student’s two-tailed t test or Mann-Whitney

U test.
PP4C recruitment todamagesites. Thus,BRCA1doesnotappear

to directly mediate PP4C recruitment; rather, its function appears

to be indirect, for example, by recruiting further PP4C regulatory

subunits or an environment allowing PP4C to dephosphorylate

53BP1. In addition to PP4C, we found that PP1CB also contrib-

utes to dephosphorylation of 53BP1-pT543 and RIF1 loss,

although the impact on pT543 foci loss is modest. Because

PP1C knockdown was not additive with PP4C knockdown, it is

possible that PP1Chasa distinct role in determiningRIF1 release.

The analysis of RIF1 in 7A, 6A (T543 is WT), and T543A (6WT)

mutant supports the notion that PP4Chas amajor role in dephos-
phorylationof thesevenS/TQsites (sixS/TQplusT543).However,

the contribution of other phosphatases cannot be excluded.

Although we observed no redundancy between PP4C and

PP1CB, further studies are required to define the role played

by PP1CB. A recent report showed that RIF1 is polyubiquitinated

by UHRF1 in a BRCA1-dependent manner, raising the possibility

that BRCA1 could have a role via posttranslational modifica-

tion (Zhang et al., 2016). This report proposes a further model

that dephosphorylation of 53BP1 by phosphatases may be

required to phosphorylate UHRF1, followed by RIF1 ubiquitina-

tion and subsequent RIF1 release. Whether RIF1 ubiquitination
Cell Reports 18, 520–532, January 10, 2017 529
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Figure 7. PP4C Promotes DNA-End Resection and HR in the 53BP1-BRCA1 Axis

(A) Depletion of PP4C reduces IR-induced RPA/RAD51 foci formation in cells in G2. The defect is rescued by depletion of RIF1. RPA/RAD51 foci in A549 cells were

examined 2 hr after irradiation with 1 Gy.

(B) Analysis of RPA foci formation in 53BP1 phosphor mutants. RPA foci at 2 hr post 1 Gy was examined in A549 cells expressing siRNA-resistant FLAG-53BP1

WT, 7A, 6A, or T543A mutants with or without Control, BRCA1, or PP4C siRNA.

(C) HR deficiency in PP4C-depeleted cells is rescued by RIF1 or 53BP1 deficiency. DR-GFP U2OS cells were transfectedwith 53BP1, RIF1, and/or PP4C siRNAs.

The fraction of GFP-positive cells was measured by FACS.

(D) PP4C-depleted cells after CPT treatment exhibit hypersensitivity compared to control cells. Depletion of 53BP1 rescues this hypersensitivity in PP4C-

depleted cells. The sensitivity in U2OS cells transfected with PP4C with or without 53BP1 siRNAs was examined by colony formation assay.

(E) A model for the role of BRCA1 in promoting DNA-end resection in control cells. Following the induction of DSBs, ATM phosphorylates 53BP1, even in S/G2

phase, at all the DSB sites followed by the transient recruitment of RIF1, which generates a pro-NHEJ environment. In G2, NHEJ factors rapidly repair�70%of the

DSBs. The remaining DSBs are not excessively resected due to the 53BP1 barrier in the presence of RIF1 from�0.5–1 hr post-IR. MRE11 endonuclease initiates

resection.When timely repair by NHEJ does not ensue, BRCA1 promotes 53BP1 dephosphorylation. PP4Cplays amajor role in 53BP1 dephosphorylation, which

promotes RIF1 release. However, a contribution of other phosphatases cannot be excluded. Although BRCA1-PP4C interact, the function of BRCA1 is not simply

to recruit PP4C. As resection proceeds, ATM activity is diminished. Thus, the failure to rephosphorylate 53BP1 combined with its dephosphorylation results in the

release of RIF1. Removal of RIF1 allows 53BP1 repositioning. After removing the 53BP1 barrier, EXO1 can progress the elongation of resection required for HR.

Values in (C) and (D) are means ± SEM from three independent experiments. In (A) and (B), a similar result is obtained with more than two independent

experiments. The p values were derived from Student’s two-tailed t test or Mann-Whitney U test.
occurs prior to or after dephosphorylation remains to be deter-

mined. Alternatively, BRCA1 may promote SMARCAD1-depen-

dent chromatin remodeling to aid 53BP1/PP4C interaction for

53BP1 dephosphorylation (Densham et al., 2016).

There ismountingevidence that, even inS/G2, NHEJmakes the

first attempt to repair DSBs prior to a switch to HR (Chanut et al.,
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2016; Shibata et al., 2011, 2014). Here, we propose that ATM is

initially activated at unresected DSBs, i.e., at all the DSB ends in

G2 phase causing RIF1 recruitment. At this early stage, either

BRCA1-PP4C is not functional or robust ATM activity out-com-

petes PP4C activity. If timely repair by NHEJ does not ensue,

then resection is initiated, promoting the switch to ATR signaling,



which does not phosphorylate 53BP1 for RIF1 recruitment. How-

ever, BRCA1plays a critical role in regulatingRIF1 release via aid-

ing the dephosphorylation of 53BP1 by PP4C. Collectively, we

demonstrate that 53BP1 dephosphorylation by BRCA1-PP4C

promotes the repair pathway switch towardHR in S/G2 after tran-

sient 53BP1 phosphorylation and RIF1 recruitment (Figure 7E).

Although the pathway choice between NHEJ and HR has been

discussed by regulation of cell-cycle phase, the findings in this

study help to understand how the repair pathway switch from

NHEJ to HR is coordinated by BRCA1 in S/G2 phase.

EXPERIMENTAL PROCEDURES

Cell Culture and Irradiation

1BR human fibroblasts (WT) hTERT cells were cultured in the Alpha modifica-

tion of minimum essential medium (MEM) with 10% fetal calf serum (FCS).

A549 and U2OS cells were cultured in MEM with 10% FCS. The procedure

of irradiation, drug treatment, and siRNA/vector transfection are described

in Supplemental Experimental Procedures.

Analysis of Immunofluorescence Images

The procedure of immunofluorescence staining and immunoblotting are

described in Supplemental Experimental Procedures (Shibata et al., 2011).

Microscopic images were taken by an Applied Precision DeltaVision OMX mi-

croscopewith a 603 objective. Z stackswere taken over 2- to 3-mmareas (sec-

tions taken every 0.25 mm), and individual nuclei were imaged. Deconvolution

was performed by softWoRx software. 3D images of 53BP1 foci were obtained

by using the Applied Precision DeltaVision OMXmicroscope, and the maximal

53BP1 width was measured following polygon rendering by Imaris 8.2.1. Box-

plots were constructed with SigmaPlot 12.0with 100–200 foci from at least two

independent experiments. Scoring of IR-induced foci and statistical analysis

are described in Supplemental Experimental Procedures.

Quantification of 53BP1-pT543 Using Fluorescence-Activated Cell

Sorting

Cells were irradiated 48 hr post-siRNA transfection. Irradiated cells were

trypsinized and washed three times, and suspended cells were fixed with

3% PFA-2% sucrose, followed by permeabilization of cells with 0.2% Triton

in PBS for 2.5 min. Cells were incubated with primary 53BP1-pT543 rabbit

antibody, followed by Alexa Fluor 488-conjugated secondary antibody. Cells

were then washed and resuspended in propidium iodide (PI) with RNase A

(Sigma-Aldrich). Cells were analyzed using a fluorescence-activated cell sorter

(Attune NxT Cytometer). S/G2 cells were identified based on DNA content as

assessed by PI staining.

EXO1 Laser Experiment

U2OS cells expressing green fluorescence protein (GFP)-tagged EXO1 and

mKusabira-Orange2 (KO2)-tagged Geminin were transfected with Control,

BRCA1, or PP4C siRNA. Following siRNA transfection, cells were seeded on

glass-bottom dishes (Matsunami) and incubated in the presence of 10 mM

BrdU (Sigma) until the laser experiment. Geminin-positive S/G2 cells were irra-

diated with 405-nm UV laser using the TURF mode in the Applied Precision

DeltaVision OMX microscope. GFP signal was monitored through 603 objec-

tive lens every 20 s up to 160 s post-laser irradiation. The signal intensity was

quantified with ImageJ software.

HR Assay

Direct repeat (DR)-GFP U2OS (3 3 105 cells) were transfected with siRNAs

using HiPerFect transfection reagent (QIAGEN). After 24 hr, cells were trypsi-

nized and transfected with siRNAs again and plated into 60-mm dishes. At

24 hr after the second siRNA transfection, either EGFP-empty or I-SceI vector

was transfected by Lipofectamine 3000 (Thermo Fisher Scientific). Medium

was refreshed 3 hr after transfection. GFP-positive cells were measured by

Attune acoustic focusing cytometer (Thermo Fisher Scientific) at 48 hr after

the I-SceI transfection.
Survival Analysis

At 48 hr after siRNA transfection, U2OS cells were reseeded and allowed to

adhere for 12 hr before treatment with 10 or 40 nM CPT for 1 hr. The cells

were then washed three times with PBS, and fresh medium was added. Cells

were incubated for 10 days at 37�C to allow colony formation. Colonies were

fixed with 2% PFA, and then stained with 0.3% crystal violet in PBS and

counted. The results were normalized to the plating efficiencies.

Scoring of IR-Induced Foci and Statistical Analysis

Foci scoring was carried out blindly with >30 cells/samples or 800 foci/sample

being scored (Shibata et al., 2011). Unless stated otherwise, all foci analyses

represent the mean and SD of three experiments. To examine IR-induced

foci in G2 cells, 4 mM aphidicolin (APH) was added after irradiation. APH alone

does not affect DSB repair kinetics in G2 and G1 cells (Shibata et al., 2011).

APH was added immediately after IR to block S-to-G2 progression and to

enhance pan-nuclear signals due to replication stress in S phase. All data

were derived from three to four independent experiments unless stated

otherwise. Boxplots and dot density plots from >100 samples were created

by SigmaPlot 12.0. Statistical significance was determined using Student’s

two-tailed t test or Mann-Whitney U test by SigmaPlot 12.0.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2016.12.042.
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