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ABSTRACT

DNA double strand breaks (DSBs) formed during S
phase are preferentially repaired by homologous re-
combination (HR), whereas G; DSBs, such as those
occurring during immunoglobulin class switch re-
combination (CSR), are repaired by non-homologous
end joining (NHEJ). The DNA damage response pro-
teins 53BP1 and BRCA1 regulate the balance be-
tween NHEJ and HR. 53BP1 promotes CSR in part
by mediating synapsis of distal DNA ends, and in ad-
dition, inhibits 5’ end resection. BRCA1 antagonizes
53BP1 dependent DNA end-blocking activity during
S phase, which would otherwise promote mutagenic
NHEJ and genome instability. Recently, it was shown
that supra-physiological levels of the E3 ubiquitin
ligase RNF168 results in the hyper-accumulation of
53BP1/BRCA1 which accelerates DSB repair. Here,
we ask whether increased expression of RNF168
or 53BP1 impacts physiological versus mutagenic
NHEJ. We find that the anti-resection activities of
53BP1 are rate-limiting for mutagenic NHEJ but not
for physiological CSR. As heterogeneity in the ex-
pression of RNF168 and 53BP1 is found in human
tumors, our results suggest that deregulation of the
RNF168/53BP1 pathway could alter the chemosensi-
tivity of BRCA1 deficient tumors.

INTRODUCTION

DSBs trigger ATM/ATR/DNA-PKcs-dependent phos-
phorylation of histone H2AX over a large chromatin do-
main, which serves as a molecular platform to concentrate
downstream signaling and repair factors (1). Among the
multitude of proteins that home to y H2AX-decorated chro-

matin are two RING-domain E3 ubiquitin ligases, RNF8§
and RNF168 (2-6). Together, RNF8 and RNF168 cat-
alyze a series of ubiquitylation events on substrates such
as H2A and H2AX, with the H2AK!/15 ybiquitylation
being particularly important for subsequent relocation of
53BP1 into foci (7-9). Stable binding of 53BP1 to DNA
ends channels DSB repair into non-homologous end join-
ing (NHEJ) in part by suppressing end resection (10), a pro-
cess that generates long stretches of single stranded DNA
needed for HR. It has been proposed that BRCA1/CtIP ex-
cludes 53BP1 and/or its cofactors RIF1/PTIP from chro-
matin surrounding DSBs specifically in S-G; to allow ex-
tensive end resection, while in Gy, 53BP1 and its cofac-
tor RIF1 blocks end resection (10-18). This ensures that
HR is maximally activated only when sister chromatids
are available to template faithful repair. In the absence of
functional BRCA1, DNA lesions occurring in S-phase that
are normally repaired through error-free HR are instead
channeled into mutagenic NHEJ, resulting in the forma-
tion of highly aberrant end joining products such as chro-
mosomal radials (10). Hence, BRCA1-deficiency confers
exquisite sensitivity toward chemotherapeutic agents that
damage DNA in S-phase cells, such as poly(ADP-ribose)
polymerase inhibitors (PARPi) (10,19-20), whereas com-
bined BRCA1/53BP1 deficiency rescues HR, resulting in
resistance to PARPI.

Immunoglobulin (Ig) class switch recombination (CSR)
is a physiological process in mature B cells that is criti-
cally dependent on the induction and repair of programmed
DSBs in G; (21-23). CSR is initiated by activation-induced
cytidine deaminase (AID), which generates multiple DSBs
at highly repetitive Ig heavy chain switch regions (23-25).
Rejoining of these DSBs requires 53BP1-dependent long-
range NHEJ and replaces Igp with a downstream con-
stant region (Igy, Ige or Iga) (26,27). Unlike mutagenic
NHEJ, which inappropriately joins resected DSBs, physio-
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logical NHEJ reactions in the context of 53BP1-dependent
CSR are typically more accurate wherein the majority of
repair junctions show only minimal nucleotide changes. In
the absence of 53BP1, however, AID-induced DSBs are
resected in an ATM/CtIP-dependent manner and subse-
quently repaired by an alternative homology-driven path-
way that generates non-productive intra-switch recombina-
tion (28-31). Notably, inhibition of ATM or CtIP activity
partially enhanced CSR in 53BP1-deficient B cells, suggest-
ing that end resection is an important negative regulator of
NHEJ that must be suppressed by 53BP1 to enable efficient
CSR (29,30).

RNF168 is a key upstream regulator of 53BP1 and was
reported to be critical for the HR defects caused by BRCA1
deficiency (32-34), suggesting that RNF168 inhibits re-
section by controlling 53BP1 recruitment to DNA dam-
age sites. In addition, RNF168 promotes CSR (35,36).
Recently, it was found that RNF168 stabilization led to
augmented 53BP1 spreading and accelerated repair of
clastogen-induced DSBs (37). This raises the possibility that
DSB repair during mutagenic NHEJ in S phase and/or
physiological CSR in G can be similarly enhanced by in-
creasing the expression of RNF168 and/or 53BP1. Here,
we demonstrate that amplification of 53BP1 spreading has
deleterious consequences for genome stability during S
phase yet does not influence NHEJ during CSR. Thus, the
requirements for DNA damage-induced histone ubiquityla-
tion during NHEJ-mediated CSR and misrepair of PARPi-
induced DNA damage are distinct. Finally, given the het-
erogeneous expression of RNF168 and 53BP1 in BRCAI-
deficient tumors, our data may have therapeutic implica-
tions for PARPI treatment and predicting tumor responses.

MATERIALS AND METHODS
Mice

BRCAVAID/f(AIL) - (NCI  mouse repository) and
BRCAVAID/(AIL) ;53BPT=/= (10) mice have been de-
scribed. All experiments with mice followed protocols
approved by the National Institutes of Health Institutional
Animal Care and Use Committee.

Cell cultures, retroviral infection and flow cytometry

Wild-type, BRCA1AN/ALL 53BP17/~ and
BRCA1211/A1153BP1~/~ mouse embryonic fibroblasts
(MEFs) have been described (10). Resting B cells were
isolated from spleen using anti-CD43 microbeads (Miltenyi
Biotec) and stimulated to proliferate with 25 pwg/ml LPS,
5 ng/ml IL-4 (both Sigma-Aldrich) and 0.5 wg/ml RP105
(BD PharMingen) (10). To overexpress RNF168, con-
structs encoding human RNF168%T or RNF168R>P (9)
were subcloned into the pMX-PIE-IRES-GFP retroviral
vector and used to transfect BOSC23 cells along with
the pCL-Eco helper virus. Retroviral supernatant was
collected 4048 h later for infection of MEFs and B cells as
previously described (38). pMX-PIE-based retroviruses en-
coding 53BP1P® and 53BP1PN have been described (11,28).
Class switch recombination was assayed on days 3 and 4
using biotinylated anti-IgG| and fluorochrome-conjugated
anti-B220 antibodies (BD PharMingen).
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FISH analysis

Stimulated B cells and MEFs were arrested at mitosis
with colcemid (Invitrogen) treatment and harvested for
metaphase spreads as described (38). Images were captured
with an automated fluorescence microscope (Axio Imager
Metasystems; Zeiss). One hundred metaphases were scored
for the presence of chromosomal aberrations.

Cell cycle analysis

Cells were fixed in 70% ethanol and stained with propid-
ium iodide for flow cytometric analysis. ModFit LT (Verity
Software House) was used to assign cell cycle distribution.

Colony formation and growth competition assays

MEFs were treated with 1 wM PARPi (KU-0058948, Axon
Medchem) either continuously for 10 days (wild-type,
53BP1~/7) or for 24 h followed by a 9-day post-incubation
in drug-free medium (BRCA12!'1/A11) Thereafter, culture
dishes were stained with 0.5% crystal violet and colonies
containing >50 cells were counted. Due to poor colony
forming ability of BRCA124!/A1153BP1~/~ MEFs, a
growth competition assay was used instead. To this end,
BRCA12!11/A1153BP] =/~ MEFs stably transduced with
retroviral vectors encoding RNF168WT or RNF168R3D
(GFP-positive) were mixed with non-transduced
BRCA12!11/A1153BP1~/= MEFs (GFP-negative) at a
1:1 ratio. Alternatively BRCA14!!/A1153BP1~/~ MEFs sta-
bly transduced with retroviral vectors encoding 53BP1PB
(GFP-negative) were mixed with BRCA12!1/21153BP]~/~
MEFs stably transduced with the empty vector (GFP-
positive). Cells were treated or not with 1 wM PARPi
continuously for 9 days. Samples were collected before (day
0) as well as after PARPi treatment on days 1, 3, 5, 7 and
9 for flow cytometric analysis. Relative proliferation was
calculated by normalizing the fraction of GFP-positive
cells in PARPi-treated versus untreated samples collected
on the same day.

Immunofluorescence

For standard immunofluorescence studies, MEFs grown on
coverslips were subjected to vy-irradiation (cesium-137) or
treated with PARPi. At the indicated times post-treatment,
cells were first pre-extracted (20 mM HEPES, pH 7.0, 50
mM NaCl, 3 mM MgCl,, 0.3 M sucrose, 0.2% Triton X-
100) for 5 min on ice to remove nucleoplasmic proteins and
then sequentially fixed (4% paraformaldehyde), permeabi-
lized (0.5% Triton X-100) and blocked (2% BSA). Samples
were incubated with primary antibodies recognizing HA-
tag (Santa Cruz Biotechnology), RNF168 (Millipore), con-
jugated ubiquitin (FK2, Sigma-Aldrich), 53BP1 (Novus Bi-
ologicals), RIF1 (14), RPA2 (Cell Signaling Technologies),
RADSI1 (H-92; Santa Cruz Biotechnology) followed by ap-
propriate fluorochrome-conjugated secondary antibodies
(Invitrogen). DNA was counterstained with DAPI. Foci im-
ages were captured with a fluorescence microscope at 63 x
magnification, unless otherwise stated. High-throughput
automated imaging was used to captured chromatin-bound
RPA at 20x magnification. Integrated nuclear RPA inten-
sity was quantified using CellProfiler 2.0.
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Figure 1. The RNF168/53BP1 pathway is altered in a subset of BRCA1-deficient tumors. Mutation data for two TCGA studies were extracted from
cBioPortal (www.cbioportal.org) and used to generate oncoprints showing examples of RNF168/53BP1 pathway heterogeneity in BRCA1-deficient tumors
(39-58). Asterisks denote tumors where BRCA is mutated in one allele and deleted in the other. All other BRCA1-mutated tumors contain heterozygous

germline mutations.

Immunoblotting

Whole cell extract (WCE) was resolved by SDS-PAGE
(NuPAGE, Invitrogen) and transferred onto nitrocellulose
membranes. Samples were incubated with primary antibod-
ies recognizing RNF168 (Millipore), 53BP1 (Novus Bio-
logicals), phospho-RPA2 (5S4, S8), phospho-CHK1 (S317;
all from Bethyl Laboratories), RPA2 (Cell Signaling Tech-
nologies) and a-tubulin (Sigma—Aldrich). Following incu-
bation with the appropriate horseradish peroxidase-linked
secondary antibodies (GE Healthcare), bands were visual-
ized using enhanced chemiluminescence (GE Healthcare).

RESULTS

RNF168 and 53BP1 levels modulate PARP inhibitor-induced
genome instability in BRCA1 deficient cells

53BP1 has been shown to promote mutagenic NHEJ in
BRCA-deficient cells by blocking end resection, which
leads to PARPi hypersensitivity and tumorigenesis (10). For
both 53BP1 and its immediate upstream regulator RNF168
we found copy number variations, genetic mutations and/or
heterogeneous mRNA expression changes in a subset of
BRCA-deficient ovarian and breast tumors within the
TCGA database (39-42(Figure 1). We therefore sought to
determine whether modulating the chromatin loading of
RNF168 and/or 53BP1 would alter PARPI sensitivity. To
this end, we established mouse embryonic fibroblast (MEF)
cell lines transduced with retroviral vectors encoding ei-
ther wild-type RNF168 (RNF168%T) or a RNF168 mu-
tant (RNF168R57P) that is incapable of 53BP1 recruitment
(9) (Figure 2, Supplementary Figures S1A and Supple-
mentary Figure S2). Since efficient transduction of MEFs
with wild-type 53BP1 proved to be difficult due to its large
size, we chose instead to overexpress 53BP1PB, a construct
that lacks the extreme C-terminal BRCT domain but be-
haves like wild-type 53BP1 in terms of DSB end-protection
(28), or a dominant negative fragment of 53BP1 (53BP1PN)
(43) (Supplementary Figure S1B and C). As reported by

Gudjonsson et al. (37), we found that overexpression of
RNF168%T in BRCA14!/A1l MEFs promoted the forma-
tion of conjugated ubiquitin and 53BP1 as well as RIF1 foci
upon DNA damage caused by PARP inhibition or ioniz-
ing radiation (Figure 3A and Supplementary Figure S2).
Interestingly, enlarged 53BP1 foci were also observed in
BRCA121/AI MEFs overexpressing 53BP1PB (Figure 4B).
Thus, overexpression of 53BP1 itself can bypass the control
of its spreading on damaged chromatin, which is normally
limited by the availability of RNF168.

While PARPi treatment already caused substantial
genome instability in BRCA12!/211 control cells (MEFs
infected with an empty vector), PARPi-induced genome
instability was further increased by 1.5-2-fold following
overexpression of RNF168WT or 53BP1P® (Figure 3B
and C). Conversely, BRCA12!/A1l MEFs overexpressing
RNF168R>P or 53BP1PN had less PARPi-induced chro-
mosomal aberrations than control cells, although in the case
of RNF168R57P the difference did not reach statistical sig-
nificance (Figure 3B and C). Consistent with these observa-
tions, overexpression of RNF168WT or 53BP1PB conferred
PARPi hypersensitivity in BRCA14!!/A1 MEFs in a colony
formation assay whereas overexpression of RNF168R>7P or
53BP1PN partially rescued long-term clonogenic survival
(Figure 3D). Taken together, these data show that the level
of chromatin-bound RNF168 and 53BP1 dictates the extent
of PARPi-induced genome instability and long-term sur-
vival in BRCA1-deficient cells. Therefore, we propose that
excessive spreading of either endogenous S3BP1 brought on
by increased RNF168-mediated H2A ubiquitylation or its
exogenously overexpressed counterpart 53BP1PB, impedes
HR.

RNF168 and S3BP1 antagonize long-range end resection and
RPA phosphorylation in BRCA1-deficient cells

BRCA1-mediated removal of 53BP1 is thought to be an
essential prerequisite for end resection and RADSI-
dependent HR (12,14-16,18). In agreement with
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Figure 2. Schematic depiction of the retroviral vectors used in this study. (A) The RNF168WT and RNF168R57P differ in their ability to specifically
interact with and ubiquitylate histone H2A due to a point mutation in the RING domain. MIU, motif interacting with ubiquitin. (B) 53BP1PB lacks
the C-terminal BRCT domain present in full-length 53BP1 while S3BP1PN consists only of the minimal region required for foci formation. S3BP1PB is
functionally wild-type with respect to end-protection and CSR (28), whereas S3BP1PN acts as a dominant negative mutant. OD, oligomerization domain;

UDR, ubiquitylation-dependent recruitment.

this, 53BP1PB suppressed RADS51 foci formation in
BRCA14!/A1l MEFs (Supplementary Figure S3A). End
resection enables RPA to form foci along progressively
longer stretches of single-stranded DNA (ssDNA) before it
is actively displaced by RADS51 (44). A recent report found
that end resection can occur in the absence of functional
BRCAI but the process is slower and less efficient (45).
Notably, overexpression of either RNF168WT or 53BP1PB

in irradiated BRCA12!/A1l MEFs further suppressed the
chromatin loading of RPA compared to control cells (Fig-
ure 4A, B and Supplementary Figure S3B). Importantly,
the cycling of BRCA12!/A11 MEFs was not affected by
overexpression of RNF168 or 53BP1, thus ruling out the
possibility that differences in cell cycle progression con-
tributed to the observed differences in RPA foci formation
(Supplementary Figure S4). DNA-PK-dependent RPA2
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Figure 3. Overexpression of RNF168 or 53BP1 exacerbates PARP inhibitor-induced genomic instability and cytotoxicity. (A) BRCATAT/AL cells were
treated with 1 wM PARPI for 24 h and processed for standard immunofluorescence. Left panel: cells were stained for 53BP1 (red) and imaged at 63x
magnification. A representative experiment is shown. Right panel: the percentage of cells that contain >5 foci of 53BP1 from two independent experiments.
At least 200 cells were scored for each sample and treatment condition. (B) BRCA1211/A11 MEFs stably transduced with retroviral vectors encoding
RNF168WT or RNF168R57D were treated with 1 .M PARPi (24 h) and harvested for preparation of metaphase spreads. Left panel: dot plots indicating
the total amount of aberrations per cell in four independent experiments. At least 100 metaphases were analyzed for each condition. Right panel: histograms
depicting PARPi-induced chromosomal aberration load relative to empty vector-transduced cells for the same experiments as shown in the corresponding
left panels. (C) Similar to (B), except in BRCA121/A1 MEFs stably transduced with retroviral vectors encoding 53BP1PB or 53BP1PN_ (D) Cells were
treated with 1 wM PARPi for 24 h and then incubated in drug-free medium to allow formation of colonies. After 9 days, culture dishes were stained
with crystal violet and colonies containing >50 cells were counted. Results are mean + SD of three independent experiments. For (A)—(D), Statistical
significance was determined with two-tailed unpaired Student’s 7-test; *, P < 0.05 compared to empty vector-transduced cells.
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Figure 4. RNF168 and 53BP1 block RPA foci formation and RPA2 phosphorylation. (A) BRCA1211/A11 MEFs stably transduced with retroviral vectors
encoding RNF168WT or RNF168R37P were irradiated with 10 Gy and fixed 4 h later. Samples were processed for standard immunofluorescence. Left
panel: cells were co-stained for RNF168 (green) and RPA2 (red) and imaged at 63 x magnification. Note that the polyclonal anti-RNF168 antibody used
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contain >10 RPA2 foci. (B) BRCA1211/A11 MEFs stably transduced with retroviral vectors encoding 53BP1PB or 53BP1PN were irradiated and processed
for standard immunofluorescence as in (A). Left panel: cells were co-stained for 53BP1 (green) and RPA2 (red) and imaged at 63x magnification. A
representative experiment is shown. Right panel: the percentage of cells that contain >10 RPA2 foci. The right panels in A and B show mean + SD of three
independent experiments. At least 200 cells were scored for each sample and treatment condition. (C) Similar to (A), except cells were harvested at the
indicated post-irradiation time points for western blot analysis. (D) Similar to (B), except cells were harvested at the indicated post-irradiation time points
for western blot analysis. A representative blot is shown in (C) and (D). Experiments were repeated three times. For (A) and (B), statistical significance was
determined with two-tailed unpaired Student’s z-test; *, P < 0.05 compared to empty vector-transduced cells.
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transduced cells for two-three independent experiments. At least 100 metaphases were analyzed for each condition. (C) BRCA1211/A1153BP1 /= MEFs
stably transduced with retroviral vectors encoding RNF168WT or RNF168R57P (GFP-positive) were plated with non-transduced BRCA1411/A1153p]—/~
MEFs (GFP-negative) at a 1:1 ratio. Alternatively BRCA141/A1153BP1~/~ MEFs stably transduced with retroviral vectors encoding 53BP1PB (GFP-
negative) were mixed 1:1 with BRCA1211/241153BP1 =/~ MEFs stably transduced with the empty vector (GFP-positive). Cells were treated or not with 1
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analysis. Relative proliferation is calculated by normalizing the fraction of GFP-positive cells in PARPi-treated versus untreated samples collected on the
same day. Data shown represents mean & SD of three independent experiments.

(S4, S8) phosphorylation was also significantly attenuated
in BRCA121/A11 MEFs overexpressing RNF168WT or
53BP1P® (Figure 4C). In contrast the phosphorylation
of KAP-1, an ATM substrate that responds to DSBs,
remained unchanged (Figure 4C). Interestingly, ATR-
mediated phosphorylation of CHK1 was not perturbed by
RNF168WVT or 53BP1PB overexpression (Figure 4D). Since
CHKI1 activation by ATR requires only minimal resection
(46,47), these results suggest that RNF168 regulates 53BP1
chromatin binding to antagonize long-range DSB end
resection in BRCAT1-deficient cells. Consistent with this
notion, RNF168WVT failed to block RPA loading (Figure
5A) or to enhance PARPi sensitivity in BRCA14!1/All

MEFs when 53BP1 was co-deleted (Figure 5B and C). By
contrast, 53BP1P® overexpression re-imparted susceptibil-
ity to PARPi-induced genome instability and decreased the
survival of BRCA14!/A1153BP1 /= MEFs (Figure 5B and
).

In wild-type and 53BP1~/~ MEFs, where BRCAL is fully
operational, ectopic expression of 53BP1P® also led to in-
creased genome instability in response to PARPi treatment
(Figure 6A and Supplementary Figure S1D). Moreover,
53BP1PB suppressed RADS5]1 loading in wild-type MEFs,
as evidenced by the reduced numbers and smaller sizes of
RADS1 foci (Supplementary Figure S3C), although this ef-
fect was milder than in BRCA1-deficient MEFs. As a re-
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100 metaphases were scored for chromosomal aberrations for each condition. Results are mean + SD of two (A) and four (B) independent experiments,
respectively. (C, D) Cells were treated with 1 puM PARPi continuously for 10 days, after which culture dishes were stained with crystal violet and colonies
containing >50 cells were counted. Results are mean + SD of three independent experiments. For (B), (C) and (D), statistical significance was determined
with two-tailed unpaired and paired Student’s 7-test, respectively; *P < 0.05 compared to empty vector-transduced cells.

sult, 53BP1P® overexpression partially enhanced the tox-
icity of PARPi in wild-type MEFs (Figure 6A and C).
Similarly, overexpression of RNF168WT increased PARPi-
induced genome instability and cytotoxicity in wild-type
MEFs (Figure 6B and D). Taken altogether, our data sug-
gest that while a functional BRCA1 pathway can fully coun-
teract endogenous RNF168/53BP1 during a normal S-
phase DNA damage response, increased levels of RNF168
and 53BP1 can still suppress HR, increase toxicity and limit
long-range end resection in BRCA 1-proficient cells.

RNF168 and 53BP1 are not limiting factors during im-
munoglobulin class switch recombination

53BP1 promotes productive long-range NHEJ during
CSR and VDJ recombination at least in part by block-
ing end resection (11,26-28,31,48). A recent study found
that increased 53BP1 spreading caused by stabilization
of RNF168 accelerates NHEJ (37); we therefore asked
whether overexpression of exogenous RNF168 and/or
53BP1 might augment CSR. However, overexpression of
RNF168 or 53BP1 did not affect CSR in wild-type B cells
(Supplementary Figure S5). Next, we tested whether ex-
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ogenous RNF168 and/or 53BP1 might augment CSR in
the context of a resection defect imparted by BRCAT1 de-
ficiency. As expected (37), retroviral-mediated overexpres-
sion of RNF168"T led to enhanced chromatin loading
of 53BP1 (Figure 7A). Despite this, however, overexpres-
sion of RNF168WT or 53BP1P® did not significantly en-
hance CSR in BRCA1-deficient B cells (Figure 7B and C).
Conversely, CSR was not reduced by enforced expression
of RNF168R>P (Figure 7B and C). Together, these data
demonstrate that levels of chromatin-bound 53BP1 are not
rate-limiting for physiological NHEJ during CSR (Figure
7D).

DISCUSSION

End resection is a key determinant of DSB repair choice
in mammalian cells (44). It peaks in the S-G; phase of the
cell cycle, when sister chromatids are available to template
error-free repair by HR, but is actively suppressed by 53BP1
in G, where HR would be harmful (49-51). A critical func-
tion of BRCAT1 during S phase is to exclude 53BP1 and its
cofactors from chromatin surrounding DSBs allowing long-
range resection by nucleases (12-13,15). Loss of BRCAI,
which occurs in a significant proportion of human ovar-
ian and breast cancers, allows 53BP1 to aberrantly accumu-
late at DSB sites in S-G; and block resection, thereby im-
pairing HR and shifting the repair of replication-associated
DSBs into error-prone NHEJ, leading to the formation of
toxic repair intermediates and tumorigenesis (10,52). As
such, BRCA1-deficient tumors are exquisitely sensitive to
treatment with drugs that induce DSBs in S-phase, such
as PARPi (19). Conversely, loss of 53BP1 expression has
been implicated as a potential mechanism of acquired re-
sistance to PARPi in BRCA1-deficient tumors (53-55). We
found that a subset of BRCA1-deficient tumors within the
TCGA database show copy number variation, mutation
and/or mRNA expression changes in RNF168 or 53BP1
(Figure 1). Moreover, we have shown that overexpression
of RNF168 or 53BP1P® confers PARPi hypersensitivity in
BRCA1A/AIL cells by promoting 53BP1 spreading and
further suppressing the already sub-optimal resection ma-
chinery (Figures 3 and 4). These data indicate that hetero-
geneity in the RNF168/53BP1 pathway can be an impor-
tant and therapeutically relevant modifier of chemosensi-
tivity in BRCA1-deficient tumors.

Deregulation of the RNF168/53BP1 pathway is not lim-
ited to BRCA1-deficient tumors. For ovarian and breast
cancers that are wild-type for BRCAI, elevated expression
of 53BP1 is associated with decreased survival and lymph
node metastasis, respectively (56,57). A possible scenario is
that increased expression of S3BP1 per se promotes genome
instability by compromising the ability of HR to overcome
replication stress in rapidly cycling tumor cells. Consistent
with this, we found that overexpression of 53BP1 enhanced
the accumulation of chromosomal aberrations in wild-type
MEFs and led to a mild decrease in colony formation af-
ter PARPi treatment (Figure 6). However, PARPi-induced
cytotoxicity was more severe in BRCA 1-deficient cells rela-
tive to wild-type when 53BP1 was overexpressed (compare
Figures 3D and 6C). This is presumably because the extent
of damage in absolute terms is still relatively low and can
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thereby be tolerated in wild-type cells. Our data therefore
suggest that tumors with functional BRCA1 and elevated
RNF168/53BP1 levels may derive only limited benefit from
PARPi-based therapy. Nevertheless, 53BP1 overexpression
can increase mutagenic NHEJ by suppressing HR in both
WT and BRCA 1-deficient cells.

We found that the requirements of 53BP1 in mutagenic
repair of PARPi-induced DNA damage and physiological
NHEJ during CSR are dissimilar (Figure 7D). As it has
been proposed that the anti-resection function of 53BP1
is critical for CSR (28-29,31), we reasoned that further
inhibiting end resection with exogenously overexpressed
53BP1 might lead to enhanced CSR. To our surprise, how-
ever, neither RNF168 nor 53BP1 had any significant im-
pact on CSR efficiency when overexpressed. Therefore, the
expression levels of RNF168 or 53BP1 proteins are clearly
more than sufficient to handle all AID-generated breaks un-
der physiological conditions. Since the levels of RNF168
render ubiquitin signaling rate-limiting when the number of
DSBs exceeds 20-40 (37), one possible explanation for these
findings is that PARPi-induced DSBs in BRCA 1-deficient
cells may far exceed the number of DSBs generated by
AID during CSR. The increased DSBs in PARPi-treated
cells, in contrast to the fewer number of CSR-associated
breaks could saturate histone ubiquitylation. To date, the
only known limiting factor for CSR is AID itself (58), which
when overexpressed causes supra-physiological accumula-
tion of cleavage events at Ig switch regions, additional sub-
strates for 53BP1-dependent NHEJ and increased CSR.
Taken together, these data showed that the anti-resection
activity of 53BP1 is limiting during mutagenic but not phys-
iological NHEJ.
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