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(Background: 53BP1 counteracts BRCA1 in DNA repair.

in regulating BLM chromatin association.
Conclusion: RIF1 is the major downstream effector of 53BP1.
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Results: RIF1 acts downstream of 53BP1 and counteracts BRCA1 in DNA end resection. It also has a 53BP1-independent role

Significance: These results reveal that RIF1 antagonizes BRCA1, functions in DNA end protection, and prevents homologous

N
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BRCA1 promotes homologous recombination repair and
antagonizes 53BP1-dependent nonhomologous end joining
(NHE]) pathway. However, the molecular basis of the competi-
tion between BRCA1 and 53BP1 pathways remains elusive. Here
we report that RIF1 protein translocates to damage sites via
ATM-dependent 53BP1 phosphorylation. Strikingly, loss of
RIF1 rescues initial DNA end resection and checkpoint activa-
tion in BRCA1-depleted cells. Interestingly RIF1 accumulation
at damage sites is antagonized by BRCA1 in S and G, phases.
Conversely, the translocation of BRCA1 to damage sites is inhib-
ited by RIF1 in G, phase. However, loss of RIF1 differs from that
of 53BP1 deficiency, as it cannot fully rescue RAD51 foci forma-
tion, homologous recombination defect, and radio-hypersensi-
tivity in BRCA1-deficient cells. This is likely because RIF1, but
not 53BP1, also regulates the foci formation and chromatin
loading of BLM (the Bloom syndrome helicase). Thus, RIF1 not
only acts downstream of 53BP1 and counteracts BRCA1-medi-
ated end resection but also has a secondary role in promoting
BLM function in DNA repair.

Chromosomal double-strand breaks (DSBs)? are among the
most severe lesions that occur in eukaryotic cells. Proper repair
of chromosomal DSBs is critical for maintaining genome stabil-
ity and preventing tumorigenesis. Two major repair pathways,
homologous recombination (HR) and nonhomologous end
joining (NHE]J), allow the repair of DSBs. The HR repair path-
way requires a homology template and is initiated by DNA end
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resection, which is mediated by MRN complex and facilitated
by CtIP (1, 2). A more extensive end resection is carried out by
Dna2, EXO1, and BLM to generate longer ssDNA stretch (3-5).
Replication protein A (RPA) then binds to ssDNA, protects
ssDNA from nuclease cleavage, and prevents hairpin forma-
tion. After that, the BRCA2/PALB2 complex removes RPA and
loads the recombinase RAD51 onto ssDNA to form a nucleo-
protein filament that catalyzes homologous search and strand
invasion, which leads to strand exchange (6-9). In contrast,
DSB repair by NHE] does not need any homology template;
instead, it promotes a direct ligation of two broken ends.
Besides the different requirement for homology template, HR
and NHE] also differ at the initiation steps. Resection at the 5’
end of DSBs is not only a requirement for the initiation of HR
repair, but it simultaneously blocks KU70/80 complex-medi-
ated classic NHE], as KU cannot bind to resected ssDNA. Thus,
DNA end resection is the key step that controls DSB repair
pathway choice (10, 11).

Different DNA damage response proteins control these two
repair pathways. For example, 53BP1 plays a key role in NHE]J-
dependent rejoining of distant DSBs, including class switch
recombination (12, 13), V(D)] recombination (14), and telom-
ere fusion (15). A critical HR repair protein is BRCA1, which is
encoded by a tumor suppressor gene frequently mutated in
familial breast and ovarian cancers. Deficiency of BRCA1 leads
to impaired HR (16), which may result from inefficient DNA
end resection (2, 17) and the impaired loading of BRCA2-
PALB2 to DSBs (7). BRCA1 and 53BP1 were previously
believed to work independently. However, recent studies using
mouse models demonstrated that BRCA1 and 53BP1 are
involved in a competition between HR and NHE] repair path-
ways. Genetic deletion of 53BP1 rescued embryonic lethality,
HR deficiency, and genome instability associated with BRCA1
loss (18 -20). The detailed mechanism as how 53BP1 partici-
pates in this competition remains largely unexplored.

RIF1 was first identified in yeast. It localizes at the telomere
via its interaction with RAP1 (21) and negatively regulates
telomere length (22). Unlike its yeast ortholog, mammalian
RIF1 is not a telomeric protein and does not associate with
telomere protein RAP1. Instead, mammalian RIF1 translocates
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to double-strand break sites in response to DNA damage via a
53BP1- and ATM-dependent manner (23). Here we report that
RIF1 acts downstream of phosphorylated 53BP1 to limit initial
DNA end resection, which is promoted by BRCA1. In addition,
RIF1 also has a 53BP1-independent function in facilitating
BLM chromatin association and localization at DSB sites.

EXPERIMENTAL PROCEDURES

Antibodies—The following antibodies were used in this
study: anti-FLAG (F3165, Sigma), anti-HA (H9658, Sigma),
anti-RPA32 (ab2175, Abcam,), anti-phospho-RPA32 (S4/S8)
(A300-245, Bethyl), anti-GAPDH (MAB374, Millipore), anti-
Histone H3(05-928, Millipore), anti-BRCA1 (D-9, Santa Cruz),
anti-BLM (A310-029A, Bethyl), anti-RIF1(A300-569A, Bethyl),
anti-phospho-CHK1 (S345) (2348S, Cell Signaling), and anti-
phospho-KAP1 (S824) (4127, Cell Signaling). Rabbit antibodies
against BRCA1, RAD51, yH2AX, and 53BP1 were described
previously (1).

Cell Culture, Transfection, and Small Interfering RNAs
(siRNAs)—The culture of human cells has been described pre-
viously (24). The sequence for BRCA1 siRNA is CAGCUAC-
CCUUCCAUCAUAATAT. All siRNAs were synthesized by
Dharmacon, Inc. Oligofectamine was used for transfection.
U20S or HelLa cells were transfected with siRNAs 2 times at
24-h intervals. 24 h after the last transfection, cells were irradi-
ated or collected.

Cell Cycle Synchronization—To enrich HeLa cells in G,
phase, cells were first arrested in M phase with nocodazole (100
ng ml~ ') treatment for 12 h and then released for 8 h. To enrich
cellsin Sand G,/M phases, cells were synchronized with the use
of a double thymidine block as previously described (1). Cells
were blocked in S or G?>/M phase upon release from thymidine
block for 4 or 8 h, respectively. 2 h before the indicated time
points, cells were treated with 5 Gy of y-IR to induce IRIF
formation.

shRNAs—shRNAs targeting RIF1, 53BP1, and BRCA1 were
cloned in pLKO.1 vector (Sigma). Sequences of non-targeting
shRNA: 5'-CCTAAGGTTAAGTCGCCICTCG-3’; three non-
overlapping RIF1 targeting shRNAs (3#, 5'-GCTCTATTGTT-
AGGTCCCATTCT-3'; 4#. 5'-GCTATCTGGAAGGAGCTA-
ATT-3'; 5#, 5'-CGCATTCTGCTGTTGTTGATT-3'); 53BP1
targeting shRNA, 5'-GATACTCCTTGCCTGATAATT-3;
CtIP targeting shRNA, 5'-CAGAAGGATGAAGGACAG-
TTT-3"; BRCA1 targeting shRNA, 5'-ATTCATGCCAGAGG-
TCTTATA-3'". Knockdown cells are generated as previously
described (25).

Immunostaining—Immunostaining was performed similar
to that described previously (25). Of note, pre-extraction was
performed in all RPA2 and BLM immunostaining.

Cell Fractionation and Immunoprecipitation—To separate
soluble and chromatin fractions, cells were lysed in NETN
buffer supplemented with protease and phosphatase inhibitors
(100 mm NaCl, 20 mm Tris-HCI (pH 8.0), 1 mm EDTA, 0.5 mm
DTT, 0.5% Nonidet P-40, 1 ug ml~ ' aprotinin, pepstatin A, 25
mM NaF, and 50 mm -glycerophosphate), and the supernatant
was saved as “soluble fraction.” The pellet was washed twice
with NETN and boiled in 1X SDS loading buffer.
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For co-immunoprecipitation experiments cells were har-
vested and resuspended in low salt buffer (10 mm HEPES (pH
7.4), 10 mm KCl, 1.0 mm CaCl,, 1.5 mm MgCl,, 1 mm DTT, 1%
digitonin, and 10% glycerol) with protease and phosphatases
inhibitor and 50 units/ml TurboNuclease (Abnova) and
homogenized with a Dounce homogenizer (20 strokes). After
high speed centrifugation, the supernatant was collected, and
the concentration of NaCl was adjusted to 100 mm. The lysates
were then incubated with streptavidin-conjugated beads
(Amersham Biosciences) for 1 h at4 °C and washed 3 times with
NETN buffer.

HR and NHE] Assay—U20S cells containing a single copy of
the DR-GFP reporter (U20S-DR) were employed using exper-
imental procedures that were described previously (6). NHE]
repair was assessed by a cell-based plasmid integration as pre-
viously described (25). IR sensitivity assay was performed as
described previously (24) except 1000 cells were seeded into
10-cm dishes.

RESULTS

ATM-dependent 53BP1 Phosphorylation Recruits RIF1 to
DNA Damage Sites—We and others have shown previously
that the DNA repair function of 53BP1 requires both its local-
ization to DSB sites and its phosphorylation by ATM in
response to DNA damage (26, 27); however, how 53BP1 phos-
phorylation affects DNA repair is unclear. RIF1 is one of the few
proteins that has been shown to act downstream of 53BP1 (23),
and consistent with previous report, the accumulation of RIF1
at DNA damage sites is ATM-dependent, as the ATM inhibitor
abolished IR-induced foci formation (IRIF) of RIF1 (Fig. 1A).
Further genetic studies using murine knock-out embryonic
fibroblasts (MEFs) revealed that RIF1 IRIF depends on the
RNF8-RNF168 -53BP1 pathway but not the RAP80-mediated
BRCA1 pathway (28) (Fig. 1B).

To understand exactly how RIF1 is recruited by 53BP1, we
examined RIF1 IRIF in 53BP1-deficient MEF cells that had been
reconstituted with wild type or various mutants of 53BP1. Cells
reconstituted with wild type or the BRCT deletion mutant of
53BP1 fully restored IRIF of RIF1, but deletion of the 53BP1 N
terminus (A1-1051), which still form foci, failed to support
RIF1 IRIF formation. 53BP1 N terminus contains a cluster of
potential ATM target sites (15 consensus (S/7)Q) (26) (Fig. 1C,
top panel). Thus, we used a 15AQ mutant of 53BP1 in which all
of the 15 conserved (S/T)Q sites were mutated to Ala. This
mutant of 53BP1 also failed to recruit RIF1 to DNA damage
sites (Fig. 1C, bottom panel). Together, these data suggest that
ATM-dependent phosphorylation of 53BP1 facilitates the relo-
calization of RIF1 to DNA damage sites.

These results raised the possibility that phosphorylated
53BP1 might bind to RIF1. Indeed a small amount of RIF1 was
detected in 53BP1 immunocomplex, and this interaction was
increased by 2-fold in response to irradiation (Fig. 1D). There-
fore, RIF1 binds to 53BP1 in a DNA damage-induced, phosphor-
ylation-dependent manner.

RIF1 Inhibits Homologous Recombination—Recent evidence
from yeast implicated a role of yeast RIF1 in inhibiting check-
point activation and RPA loading at dysfunctional telomeres
(29, 30). The anti-checkpoint function of yeast RIF1 is inde-

VOLUME 288+-NUMBER 16+APRIL 19,2013



RIF1 Protein Counteracts BRCA1-mediated End Resection during DNA Repair

A Hela RIF1  yH2Ax  DAPI B RIF1  yH2Ax merge DAPI
DMSO
rapso_/_ .
KU55933 mfg-
(ATMi)
-
mf168
NU7026
(DNA-PKi) "
53bp1
C Tandem BRCT
15 S/TQ (86, $13, S25, $105, $176, S178 J;’g%w (1714-1850;
S302, 452, $523, 543, S625, S784, S892) ( rict! ) 565-1972)
s3Pt [T TTT [T N TN
Dimer  NLS D
[ —
-/- IRIF (1052-1639)
53bp1° MEF + HA-53BP1
Vector SFB-53BP1
FL ATudor ADimer 1-1051 ABRCT A1-1051 15AQ 0
§ -+ - + IR(30Gy, 1h)
RIF1 g‘ B i
2
>
I FLAG
5 4”',] (SFB-53BP1)
HA (53BP1) &
DAPI

FIGURE 1. Localization of mammalian RIF1 in response to DNA double-strand breaks. A, ATM, but not DNA-PK, mediates IRIF of RIF1. Hela cells were
pretreated with DMSO, ATM inhibitor KU55933 (10 um), or DNA-PK inhibitor NU7026 (2.5 um) and then irradiated (10 Gy). 2 h after irradiation, cells were fixed
and immunostained with anti-RIF1 and anti-yH2AX antibodies. B, RIF1 re-localization after DNA damage in wild-type (WT), rnf8 /= (25), rf168~/~ (49),
53bp1~/~ (50), and rap80 '~ (51) MEF cells is shown. Immunostaining experiments were performed using anti-RIF1 and anti-yH2AX antibodies. C, 53BP1 DSB
localization and N-terminal ATM phosphorylation are both required for targeting RIF1 to DNA damage sites. Top, shown is schematic diagram of domain
organization of human 53BP1. Bottom, shown are 53bp1~/~ MEF cells transfected with HA-tagged wild-type or various mutants of human 53BP1.48 h later cells
were irradiated (10 Gy) and immunostained with anti-RIF1 and anti-HA antibodies. 15AQ is a mutant that abolishes all 15 ATM-phosphorylation sites in 53BP1.
FL, full-length. IR induced RIF1-53BP1 interaction. 293T cells were transiently transfected with empty vector or plasmids encoding S-FLAG-SBP (SFB)-tagged
53BP1.48 h later cells were irradiated (30 Gy) or left untreated, and cell lysates were subjected to pulldown using streptavidin-conjugated beads and blotted

with anti-RIF1 antibody.

pendent of its binding to RAP1 (29, 30). We asked whether this
function of yeast RIF1 is conserved in human RIF1. We
depleted RIF1 expression using lentiviral shRNAs and con-
firmed RIF1 depletion by immunofluorescent staining and
Western blotting analysis (Fig. 2, A and C). RIF1 depletion did
not result in any detectable change in 53BP1 IRIF (Fig. 2A4, top
panel); however, the number of damage-induced HR repair
protein foci, such as BRCA1 and RAD51 foci, increased in RIF1-
deficient cells when compared with those in RIF1-proficient
cells (Fig. 2, A, bottom panel, and B, left panel). Besides, the
percentage of cells forming IR-induced RPA foci, a marker of
resected DSBs (31), was also significantly elevated by the knock-
down of RIF1 (Fig. 2B, right panel). Analysis of soluble and
chromatin-bound fractions also showed that more RAD51 and
RPA proteins were enriched in chromatin fractions in response
to DNA damage in the absence of RIF1 (Fig. 2C). Fractionation
results also revealed that RIF1 tightly associated with chroma-
tin regardless of DNA damage (Fig. 2C). Loss of RIF1 did not
have any major impact on cell cycle distribution. The percent-
ages of cells in G; or S phases were comparable in control and
RIF1-depleted cells. The only noticeable change was the per-
centage of cells in G,/M phase, which was modestly increased
in the absence of RIF1 (Fig. 2D). This minor change in cell cycle
profile suggests that RIF1 depletion did not inhibit the loading
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of HR proteins to DNA damage sites by diminishing the popu-
lation of cells in S and G, phases.

As RIF1 inhibits RPA foci formation (Fig. 2B), we further
explored the role of RIF1 in DNA end resection. We treated
cells with camptothecin, a DNA topoisomerase I inhibitor that
generates single-strand breaks that can be converted to DSBs
during DNA replication to induce robust activation of ATR
pathway (32). Checkpoint kinase-1 (CHK1) and RPA?2 are two
well known substrates for ATR. Although the short ssDNA-
dsDNA junction rapidly activates ATR-CHK1, RPA2 phosphor-
ylation is a relatively slow process and requires the presence of
long stretches of ssDNA (31, 33). We found that RIF1 depletion
led to a robust hyperactivation of CHK1 in all time points after
camptothecin treatment. RPA2 phosphorylation was also
increased at early time points in RIF1-depleted cells; however,
at late time points, RIF1 depletion did not further increase
RPA2 phosphorylation (Fig. 2E). These results indicate that
RIF1 only protects DNA ends from initial processing. Once the
initial end resection starts, RIF1 is probably displaced and,
therefore, is no longer involved in this process.

To confirm a role of RIF1 in inhibiting HR repair, we used
U20S-DR cells, which have a single, stably integrated copy of
HR reporter (6). Depletion of RIF1 in U20S-DR cells resulted in
a 30~40% increase in GFP-positive cells (Fig. 2F, top panel),
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FIGURE 2. Impact of RIF1 on accumulation of DNA repair proteins at sites of DNA damage. A, Hela cells depleted of endogenous RIF1 were irradiated (5 Gy)
and recovered for 4 h before fixation and permeabilization. Immunostaining experiments were performed as described under “Experimental Procedures.”
Three different, non-overlapping lentiviral shRNAs for RIF1 were used, and similar results were obtained. B, left, a histogram shows the percentage of cells
shown in A containing low (<20) or high (>20) levels of RAD51 or BRCAT1 foci. Right, shown is quantification of cells that show RPA foci. At least 300 cells were
counted in each experiment. C, Hela cells as described in A were irradiated or left untreated and harvested at the indicated time points. Cells were lysed, and
soluble and chromatin fractions were prepared as described under “Experimental Procedures.” Samples were immunoblotted with antibodies as indicated. D,
a cell cycle profile of RIF1-proficient and -deficient HeLa cells is shown. E, HeLa cells were infected with lentivirus carrying non-target or RIF1-specific ShRNA.
Cells were either left untreated or treated with 0.5 um camptothecin (CPT) for the indicated times and then harvested and immunoblotted with the indicated
antibodies. F, top, increased HR repair efficiency was observed in RIF1-depleted cells. DR-U20S cells were infected with non-target or RIF1-specific lentiviral
shRNAs and then transfected with I-Scel expression plasmid (pCBASce); the latter induced double-strand breaks. Successful repair by HR resulted in the
appearance of GFP™ cells. The relative HR frequencies in RIF 1-depleted cells are shown in comparison to those in control cells. Results are the means (+S.D.) of
three independent experiments. Bottom, loss of RIF1 decreased NHEJ repair. Hela cells infected with non-targeting shRNA or RIF1-specific lentiviral sShRNA
were transfected with linearized plasmid pcDNA3.1/hygro. Cells were incubated in selective media containing 100 pg ml~" hygromycin for 14 days, and the

numbers of colonies were determined. Results are the means (=5.D.) of three independent experiments.

implying RIF1 inhibited HR in this setting. Conversely, loss of
RIF1 led to a significant reduction in NHE] repair (Fig. 2F, bot-
tom panel), supporting a role of RIF1 in favoring NHE] and
repressing HR.

RIF1 and BRCA1 Accumulate at DNA Damage Sites in a
Mutually Exclusive Manner—We noticed that RIF1 formed IR-
induced foci in a subpopulation of asynchronous cells in which
the BRCA1 foci were absent (Fig. 34). To further dissect the
localization of RIF1 in response to double-strand breaks in dif-
ferent cell cycle phases, we synchronized cells in G;, S, and G,
phases. The focus formation of RIF1 mainly took place in G,
phase (Fig. 3B), was diminished to a few dots in S phase, which
did not co-localized with BRCA1 (Fig. 3C) and were not
induced by DNA damage (data not shown), and were absent in
G, phase (Fig. 3D). This damage-induced, cell cycle-dependent
regulation of RIF1 foci formation is completely contrary to the
pattern of damage-induced BRCALI foci formation (Fig. 3,
B-D). More strikingly, depletion of RIF1 as well as that of
53BP1 enabled BRCAL1 to translocate to DNA damage sites in
G, phase (Fig. 3B). Conversely, knockdown of BRCA1 led to
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RIF1 IRIF formation in S and G, cells (Fig. 3, Cand D). This cell
cycle-dependent antagonistic effect is quite specific to RIF1 and
BRCA1 because 53BP1, the upstream regulator of RIF1, formed
damage-induced foci throughout the cell cycle (Fig. 3E), and
CtIP, a binding partner of BRCA1, only had minimal inhibitory
effect on RIF1 IRIF in S phase (Fig. 3C) and showed modest
inhibition on RIF1 foci formation in G, phase (Fig. 3D), which
agrees with our previous observation that CtIP-BRCA1 com-
plex mainly acts in G, phase (1). These data provide the molec-
ular basis for the competition between RIF1 and BRCA1 in
regulating the balance of NHE] and HR; the former is a domi-
nant repair pathway in G; cells, and the latter is mainly active in
S and G, phases.

Loss of RIF1 Rescues an End Resection Defect Caused by
BRCAI Deficiency—It has been shown recently that loss of
53BP1 reverses the HR defects in brcal-null cells (19). As RIF1
works downstream of 53BP1 (Fig. 1), we would like to further
explore whether or not RIF1 depletion could also restore HR
defects in BRCA1-deficient cells. As previously reported, abro-
gating BRCA1 diminished RAD51 foci formation after IR (Fig.

RS
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FIGURE 3.RIF1 and BRCA1 accumulate at DNA damage sites in a mutually exclusive manner. A, shown is IR-induced RIF1 and BRCA1 foci formation in asynchro-
nous cells. Arrows indicate the cells with RIF1 but no BRCAT1 foci. B, depletion of RIF1 or 53BP1 promoted BRCA1 localization to DNA damage sites in G, cells. HeLa cells
infected with lentiviral particles carrying the indicated shRNAs were enriched in G, phase by treating cells with nocodazole and then released for 8 h. 2 h before the
desired time point, cells were irradiated with 5 Gy of IR. Quantification of BRCA1 foci formation is shown in the bottom panel, and the data are represented as the
mean = S.E. (n = 3). C, BRCA1 deficiency enabled RIF1 foci formation in S phase cells. HeLa cells were manipulated as described in B except that they were enriched in
S phase by double thymidine block and released for 4 h. Quantification of RIF1 foci formation is shown in the right panel, and data are represented as the mean =+ S.E.
(n = 3). Please note that the majority of S phase RIF1 foci did not co-localize with BRCA1, and they form independent of DNA damage. D, HeLa cells were manipulated
asdescribed in Cexcept they were enriched in G, phase by a double thymidine block and released for 8 h. Quantification of RIF foci formation was shown in the bottom
panel, and results are presented as the means (£5.D.) of three independent experiments. Cell cycle distributions were analyzed by flow cytometry and summarized in
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4, A and B). In addition, RPA foci formation, a marker for DNA
end resection and ssDNA region, was also greatly reduced in
BRCA1-depleted cells (Fig. 4, A and B), confirming that BRCA1
acts by promoting end resection at early stages of DSB repair.
Strikingly, co-depletion of RIF1 and BRCA1 restored RPA foci
formation, comparable with that of control-depleted cells (Fig.
4, A and B). However, it only partially rescued RAD51 loading at
DSB sites (Fig. 4, A and B). In contrary, co-depletion of 53BP1
and BRCA1 largely recovered both RPA and RAD51 foci for-
mation (Fig. 4, A and B).

Double knockdown of RIF1 and BRCA1 also rescued CHK1
phosphorylation to a level similar to those in control cells (Fig.
4C). Because CHK1 phosphorylation requires RPA-ssDNA for
the activation of its upstream kinase ATR (31, 34), this result
further supports that RIF1 inhibits BRCA1-dependent DNA
end processing. Because RIF1 and BRCA1l have opposing
effects on HR, we then tested the efficiency of HR in RIF1 and
BRCA1 double knockdown cells. Single depletion of RIF1
increased HR as shown in Fig. 2E; however, double depletion of
RIF1 and BRCA1 only slightly rescues HR deficiency caused by
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BRCAL1 loss (Fig. 4D), which agrees with the partial restoration
of RAD51 IRIF observed in RIF1 and BRCA1 double knock-
down cells (Fig. 4, A and B). This rescue of end resection defect
by RIF1 loss is specific to BRCA1 deficiency, as knockdown of
RIF1 or 53BP1 was unable to rescue impaired RPA loading in
CtIP-depleted cells (data not shown). Finally we tested the
effect of RIF1 in IR sensitivity. Single depletion of either RIF1 or
BRCALI resulted in increased sensitivity to IR. However, con-
sistent with RAD51 foci formation and HR activity shown in
Fig. 44, B and D, depletion of RIF1 only slightly alleviated
hypersensitivity of BRCA1-deficient cells to IR (Fig. 4E) while
abrogating 53BP1 in BRCA1-deficient cells desensitized cells to
IR treatment, which is consistent with previous reports (18—
20). These data indicate that although knockdown of RIF1
could rescue the loading of RPA to ssDNAs, it could not effi-
ciently restore the subsequent HR events in BRCA1-deficient
cells.

RIF1 Regulates Nuclear Foci Formation and Chromatin Asso-
ciation of BLM—Unlike 53BP1, loss of RIF1 could not fully
restore HR repair in BRCA1-deficient cells (Fig. 4). This obser-
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experiments.

vation suggests that RIF1 may have a role in HR repair that is
independent of 53BP1. Vertebrate RIF1 was shown to interact
with BLM helicase (35). We thus explored whether RIF1 would
affect BLM function in response to DSBs. BLM translocalizes to
DSB sites after IR (36). We found that the formation of BLM
foci was severely impaired after RIF1 depletion but not so in
53BP1-depleted cells (Fig. 5a). Moreover, knockdown RIF1 also
led to impaired loading of BLM onto chromatin as shown by
fractionation assay (Fig. 50), indicating that compromised BLM
foci formation may reflect reduced presence of BLM on chro-
matin. Consistently, 53BP1 depletion did not have any impact
on BLM chromatin loading (Fig. 5b).

As shown in Fig. 2C, RIF1 tightly associates with chromatin
regardless of DNA damage, which is similar to that of 53BP1
and BLM. Although RIF1 IRIF formation depends on the pres-
ence of 53BP1 (Fig. 1), its chromatin loading was not affected by
53BP1 depletion (Fig. 50). These results suggest that RIF1 is
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important for maintaining chromatin association of BLM. This
function of RIF1 does not require its recruitment of DSB sites,
which is mediated by 53BP1.

DISCUSSION

In this study we demonstrate that RIF1 plays a role in early
processing of double-strand beaks. RIF1 acts downstream of
53BP1 and contributes to the capacity of 53BP1 in limiting
DNA end resection after DNA damage. Correspondingly,
depletion of RIF1 rescues DNA end resection defects caused by
BRCA1 deficiency. On the other hand, RIF1 fine-tunes HR by
promoting BLM localization to chromatin and to DSB sites.
Together, our results provide a new player, RIF1, that partici-
pates in the competition between BRCA1 and 53BP1 and sug-
gests a complex regulation of NHE] and HR in DSB repair.

The requirement of ATM-dependent phosphorylation of
53BP1 in DNA damage response and DNA repair was estab-
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FIGURE 5. RIF1 regulates BLM DSB recruitment and chromatin loading. g,
defective BLM IRIF formation in RIF1-depleted cells is shown. HelLa cells were
infected with shRNAs as indicated. 4 h after irradiation, cells were fixed and
immunostained with anti-BLM and anti-yH2Ax antibodies. Three different,
nonoverlapping lentiviral shRNAs for RIF1 were used, and the same results
were obtained. b, depletion of RIF1 reduces the amount of chromatin-associ-
ated BLM. RIF1 and 53BP1 knockdown cells were mocked-treated or treated
with ionizing radiation. 1 h after IR, the cells were harvested, and soluble and
chromatin fractions of cell lysates were analyzed by immunoblotting using
the indicated antibodies.

Chromatin

lished a while ago (10, 11). Interestingly, we showed here that
RIF1 is recruited to DNA damage sites via ATM-dependent
phosphorylation of 53BP1 (Fig. 1). Mammalian RIF1 contains
HEAT repeats at its N terminus and a DNA binding domain at
its C terminus (23, 35), but RIF1 does not have any known
phosphopeptide binding domains. Therefore, we assume that
either RIF1 has a previously unrecognized phosphoprotein
binding motif or a yet-to-be-identified bridging protein that
may mediate the phosphorylated 53BP1-dependent recruit-
ment of RIF1 to DSB sites. Among all known 53BP1-interacting
proteins, PTIP is the only protein that contains BRCT domains
and associates with the ATM-phosphorylated form of 53BP1
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(37). However, using PTIP-deficient cells, we showed that PTIP
is not required for RIF1 IRIF formation (data not shown).

Loss of RIF1 phenocopies 53BP1 deficiency in terms of
heightened DNA end resection (27, 38), increased RPA loading
(39), and the recovery of BRCA1 IRIF in G, phase (Fig. 3). RIF1
inhibits the loading of HR proteins to DNA damage sites (Fig. 2)
and antagonizes BRCA1 and BRCA1-mediated resection of
DNA ends (Figs. 3 and 4). The molecular basis for the end pro-
cessing-inhibitory role of RIF1 may be the existence of its C-ter-
minal DNA binding domain, which strongly binds to dsDNA
but not ssDNA in vitro (35). Upon DNA damage, the short
ssDNA-dsDNA junctions generated at the newly formed DSBs
may provide loading sites for RIF1 and, therefore, prevents RPA
loading and the following excessive end resection. However,
when the ssDNA stretch becomes longer, RIF1 can no longer
inhibit RPA loading because its ssDNA binding activity is weak
and cannot compete with RPA. Therefore, it is conceivable that
RIF1 functions as a shield against initial DNA end resection at
DSBs and thus commits cells to undergo NHE]-mediated, but
not HR-mediated, DNA repair. This notion is supported by
studies in vyeast. Chromatin immunoprecipitation assay
revealed that yeast Rifl caps at short, but not long, ssDNAs to
block accumulation of RPA (29, 30). In this study performed in
mammalian cells, we found that RIF1 affects the initial, but not
the sustained, RPA phosphorylation (Fig. 2E), suggesting that it
constrains DNA ends from initial processing rather than inhib-
its further excessive DNA end resection. It may also explain
why RIF1 IRIF only occurs in G, cells (Fig. 3), in which the DNA
end resection activity is low. When extensive end processing
occurred in S and G, phases, RIF1 is released from DNA break
sites due to its inability to bind to ssDNA (35); as a result more
BRCAL1 translocate to DSB sites to facilitate HR repair. During
the preparation of this manuscript, several studies reported the
function of RIF1 in DNA end protection (40 —43). Our findings
largely agree with these very recent reports. Although RIF1
works downstream of phosphorylated 53BP1 to prevent DNA
end resection, the function of RIF1 and 53BP1 may not com-
pletely overlap. For example, the class switching defect is much
milder in rifI '~ B cells than that observed in 53bp1~'" cells
(41). RIF1 is also not required for the mobility of dysfunctional
telomeres, as does 53BP1 (40). Furthermore, unlike 53BP1
depletion, loss of RIF1 only partially suppressed sensitivity of
BRCA1-deficient cells to PARP inhibitor (40, 43).

In this study we provide additional evidence to reveal the
differences between RIF1 and 53BP1. First, the localization of
RIF1 to DSB sites is restricted in G, phase and is suppressed by
BRCA1in S and G, phases, whereas 53BP1 accumulates at DSB
sites in all stages of cell cycle regardless of BRCA1 status (Fig. 3).
It is unlikely that the phosphorylation of 53BP1 by ATM is
absentin S and G, phases because the activation of ATM kinase
is not cell cycle-dependent (44). These cell cycle-dependent
regulations of BRCA1 and RIF1 foci formation indicate that
RIF1 and BRCA1 may directly counteract each other at DSBs.
Exactly how BRCA1 competes with RIF1 for accumulation at
DSB sites is currently unknown. One possibility is that the
BRCT domain of BRCA1 may interact with cell cycle-regulated
phosphorylation of 53BP1 to mask the binding surface for RIF1.
Another possibility is that RIF1 may not be able to recognize
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ubiquitinated chromatin structure modified by BRCA1. Sec-
ond, we found that depletion of RIF1 recovers RPA-ssDNA fil-
ament formation in BRCA1-deficient cells but cannot rescue
the entire HR repair defects conferred by BRCA1 loss, which
are different from a recent report (43). On the contrary, 53BP1
depletion rescues both RPA and RAD51 IRIF in BRCA1-defi-
cient cells (Fig. 4). These different phenotypes observed after
RIF1 or 53BP1 depletion may be explained by the fact that a
substantial portion of RIF1 associates with BLM helicase (35)
and regulates BLM stability at chromatin in a 53BP1-independ-
ent manner (Fig. 5). Because BLM works together with EXO1
and Dna2 to promote extensive DNA end processing (3-5), it is
conceivable that RIF1 deficiency on one hand facilitates
BRCA1-mediated initial DNA end processing and on the other
hand impairs the following extensive DNA end resection car-
ried out by BLM-EXO1 complex, although the latter is less
prominent as a significant portion of BLM still associates with
chromatin in the absence of RIF1 (Fig. 5b). As a result, knock-
down of RIF1 promotes the initial, but not the extensive, DNA
end resection (Fig. 2E) despite the fact that the initial DNA end
resection stimulates extensive end resection (10). We hope that
future studies using purified RIF1 and resection machinery may
lead to a better understanding of the roles of RIF1 in end resec-
tion and DSB repair. As for 53BP1, it may also have other down-
stream factors besides RIF1 that contribute to its competition
with BRCA1 in HR repair, in particular, the displacement of
RPA-ssDNA filament and the conversion to RAD51 filament
catalyzed by BRCA1-PLAB2-BRCA2 complex (6 -9).

Although CtIP is the only known BRCA1-binding protein
implicated in DNA end processing (1, 2, 45), depletion of RIF1
is unable to rescue end resection defect in CtIP-deficient cells
(data not shown), suggesting that the role of CtIP in DNA end
resection is not completely dependent on its association with
BRCAL, an idea that is supported by fact that the chicken DT
cells expressing Ct/P5**> mutant that fail to bind to BRCAL1 are
still proficient in HR repair (46). On the other hand, unlike
BRCA1, which is implicated in both CHK1 (47) and RPA phos-
phorylation (19), CtIP only controls RPA phosphorylation but
has little impact on ATR-CHK1 activation (48).

RIF1 inhibits CHK1 activation and initial RPA phosphoryla-
tion (Fig. 2E); this feature is distinct from CtIP loss but partly
reconcile with BRCA1 deficiency. In addition, contrary to a
recent study (43), we found that depletion of BRCA1, but not
CtIP, enables RIF1 forming IRIF in S phase (Fig. 3C), further
supporting the idea that RIF1 specifically opposes BRCA1 at
DSBs. However, exactly how BRCA1 functions in DNA end
resection beyond its association with CtIP, especially in S phase
cells, remains a mystery that needs to be solved in near future.
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