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ABSTRACT

Multifractionated irradiation is the mainstay of radia-
tion treatment in cancer therapy. Yet, little is known
about the cellular DNA repair processes that take
place between radiation fractions, even though un-
derstanding the molecular mechanisms promoting
cancer cell recovery and survival could improve pa-
tient outcome and identify new avenues for targeted
intervention. To address this knowledge gap, we
systematically characterized how cells respond dif-
ferentially to multifractionated and single-dose ra-
diotherapy, using a combination of genetics-based
and functional approaches. We found that both can-
cer cells and normal fibroblasts exhibited enhanced
survival after multifractionated irradiation compared
with an equivalent single dose of irradiation, and this
effect was entirely dependent on 53BP1-mediated
NHEJ. Furthermore, we identified RIF1 as the criti-
cal effector of 53BP1. Inhibiting 53BP1 recruitment
to damaged chromatin completely abolished the sur-
vival advantage after multifractionated irradiation
and could not be reversed by suppressing exces-
sive end resection. Analysis of the TCGA database
revealed lower expression of 53BP1 pathway genes
in prostate cancer, suggesting that multifractionated
radiotherapy might be a favorable option for radio-
oncologic treatment in this tumor type. We propose
that elucidation of DNA repair mechanisms elicited
by different irradiation dosing regimens could im-
prove radiotherapy selection for the individual pa-
tient and maximize the efficacy of radiotherapy.

INTRODUCTION

Radiotherapy, which is usually applied in multiple fractions
over a period of days or weeks, is a key component of can-
cer treatment. Several different irradiation (IR) schedules
with or without systemic therapy are currently in clinical
use. The majority of patients are irradiated with a conven-
tional fractionated schedule consisting of 2-Gy fraction per
day up to a total dose of 60–90 Gy, although for some tu-
mor types there is currently a preference toward the use of
hypofractionation applying one or a few larger fractions (1).
This trend is in part due to technological advances that have
enabled more accurate targeting of malignant tissue, which
allows the application of higher doses without significant
side-effects on normal tissue (1).

In general, both tumor and normal cells show better sur-
vival when radiotherapy is delivered in multiple fractions.
Several factors may contribute to this effect including DNA
repair and repopulation processes between fractions as well
as changes in cell cycle distribution and tissue oxygenation
(2). We have previously demonstrated that IR-induced acti-
vation of pro-survival pathways is affected by the fractiona-
tion regimen of radiotherapy (3,4). In this report, we sought
to address whether cellular DNA repair mechanisms also
differ following a single dose of IR compared to the same
total dose delivered over multiple fractions.

Besides its eponymous role of interacting with the cell cy-
cle regulator p53, tumor suppressor p53 binding protein 1
(53BP1) is a DNA repair protein that is rapidly recruited
to DNA double-strand breaks (DSBs) (5). Localization of
53BP1 to DSBs is dependent on multiple chromatin changes
occurring in the vicinity of DNA lesions. The Tudor domain
of 53BP1 binds to di-methylated histone H4 (H4-K20me2)
(6,7). This interaction is regulated by bromodomain pro-
teins (BET) and therefore can be suppressed by treatment
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with BET inhibitors such as JQ1 (8,9). In addition, histone
ubiquitylation at DSB sites by the RING finger E3 ubiqui-
tin ligases RNF8 and RNF168 are crucial for the recruit-
ment of 53BP1 (10,11).

53BP1 protects DNA ends from nuclease-mediated
5′ end resection, which favors DNA repair by non-
homologous end-joining (NHEJ), such as during im-
munoglobulin class switch recombination (CSR) (12). Re-
cently, Rap1-interacting factor 1 (RIF1) and Pax transac-
tivation domain-interacting protein (PTIP) were identified
as key downstream effectors of 53BP1. RIF1 and PTIP
bind distinct DNA damage- and ATM-inducible phospho-
epitopes on 53BP1 and both factors contribute to limit-
ing end resection at DNA DSB sites (13–15). By contrast,
BRCA1 promotes end resection by antagonizing 53BP1, at
least partly by inducing dephosphorylation of 53BP1 and
thereby shift DNA repair to homologous recombination
(HR) (16–18). Unrestrained 53BP1 activity is highly toxic
in cells lacking BRCA1 and causes profound sensitivity to
chemotherapeutic agents that normally trigger HR, such
as inhibitors of Poly(ADP-ribose) polymerase (PARP) (19).
Conversely, loss of 53BP1 largely restores HR in BRCA1-
deficient cells and represents an important mechanism by
which tumors become resistant to PARP inhibition (20).
While both NHEJ and HR are known to participate in the
repair of DNA lesions produced by radiotherapy, it is un-
clear how each may contribute to the adaptive response ob-
served during multifractionated IR regimens and if mutual
antagonism between these two pathways exists also in this
setting. Here, we demonstrate that 53BP1 and RIF1, but not
BRCA1, are specifically required for the efficient repair of
DNA DSBs that lead to enhanced survival following mul-
tifractionated radiotherapy. Moreover, deleting BRCA1 in
53BP1-deficient cells does not diminish the survival benefit
of fractionation, suggesting that limiting end resection can-
not readily restore NHEJ in the absence of 53BP1.

MATERIALS AND METHODS

Antibodies

Antibodies for western blotting included 53BP1 (Cell Sig-
naling), �-actin (Millipore), IRDye 800CW donkey anti-
mouse and IRDye 680RD Donkey anti-rabbit antibodies
(LI-COR). Antibodies for immunofluorescence staining in-
cluded 53BP1 (BD), �H2AX (Millipore), RIF1 (21), Alex-
aFluor 488 anti-rabbit and AlexaFlour 594 anti-mouse an-
tibodies (Invitrogen).

Cell culture and radiation exposure

DU145, PC3 and H1299 were obtained from the NCI
tumor bank and LNCaP and A549 from ATCC. A
passage number of 15 was not exceeded. Atm−/− (22),
Brca1Δ11 (20), 53bp1−/− (23), 53bp1−/− Brca1Δ11 (20),
Rnf8−/− (24), Rnf168−/− (25), Ku80−/− (26), 53BP1 S25A

(15) and Rif1fl/fl (21,27) MEF have been previously de-
scribed. Ptip−/− MEF were a kind gift from Dr Kai
Ge (NIDDK/NIH). Asynchronous exponentially growing
cells were used in all experiments. DU145, PC3, LNCaP
and H1299 were cultured in RPMI 1640 containing Glu-
taMAX (Invitrogen) supplemented with 10% fetal bovine

serum (FBS, Invitrogen); A549 cells in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing GlutaMAX sup-
plemented with 10% FBS, and MEF in DMEM con-
taining GlutaMAX supplemented with 15% FBS and 1%
penicillin/streptomycin (Invitrogen). Irradiation was deliv-
ered at room temperature as a single dose or multiple frac-
tions of 320 kV X-rays (Precision X-Ray Inc., North Bran-
ford, CT, USA). The dose-rate was ∼2.3 Gy/min, and the
total doses ranged from 0 to 10 Gy. Multifractionated irra-
diation was carried out in fractions of 2 Gy per day.

Conditional deletion of Rif1 by Cre-mediated recombination

BOSC23 cells were transfected with pMX-Cre (20) and the
packaging plasmid pCL-Eco (Addgene plasmid #12371)
using Lipofectamine2000 (Invitrogen). After 48 h, filtered
(0.45 �M PVDF syringe filter) viral supernatant was har-
vested and spiked with 8 �g/ml polybrene (Sigma) to trans-
duce Rif1fl/fl MEF. Selection of Cre-expressing cells was ac-
complished with puromycin (Invivogen). Additionally, cells
were sorted two times for GFP expression. RIF1 knockout
was confirmed with immunofluorescence staining and west-
ern blotting.

Ctip shRNA retroviral transduction

BOSC23 cells were transfected with pMX-IRES-GFP
empty vector or pMX-IRES-GFP containing a Ctip
shRNA construct (5′-TGCTGTTGACAGTGAGCGAA
CAGAG AATCTCTTTGGTGATTAGTGAAGCCA CA
GATGTAATCACCAAAGAGATTCTC TGTCTGCCTA
CTGCCTCGGA-3′) using FuGENE 6 (Promega) as pre-
viously described (20). pCL-Eco was used as the packaging
plasmid. WT and Rnf168−/− MEF were incubated with the
viral supernatant spiked with 10 �g/ml polybrene for 48 h.
Successful transduction was confirmed by qPCR.

CRISPR/Cas9 gene editing

Deletion of 53BP1 was accomplished by CRISPR–CAS9
gene editing using an established protocol (3,28). Lenti-
CRISPR v2 was acquired from Addgene (plasmid # 52961).
Design of target-specific oligonucleotides was performed
with the CHOPCHOP algorithm tool (https://chopchop.rc.
fas.harvard.edu/). The oligonucleotides were annealed and
cloned into the linearized LentiCRISPR v2 vector (Fast-
Digest Esp3I; ThermoFisher Scientific). 293T cells were
transfected with the 53BP1-targeting LentiCRISPR plas-
mid along with the psPAX2 and pMD2.VSVG packaging
constructs using Lipofectamine 2000. The virus-containing
media was harvested, filtered and spiked with 8 �g/ml poly-
brene before it was added to PC3 and H1299 cells. Selec-
tion was performed with puromycin. Knockdown of 53BP1
expression was confirmed by Western blotting. Initially,
five different oligonucleotide sequences were used. Con-
struct 1 (F: GCACAAGAACTTATGGAAAG, R: CTTT
CCATAAGTTCTTGTGC) had the highest knockdown
efficiency and was chosen for further experiments.

Colony formation assay

Colony formation assays were performed as previously pub-
lished (29). In brief, cells were trypsinized, counted and
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seeded in six-well plates. Irradiation was started at 24 h af-
ter plating. Cells were treated with the BET inhibitor JQ1
(Selleckchem) 30 min before the start of irradiation. JQ1-
containing media was renewed every 24 h for 3 days. DMSO
treated cells were used as control. Cells were cultured for 7–
14 days depending on the cell line. After fixation and stain-
ing with 0.4% crystal violet, cell clusters with >50 cells were
counted with a stereomicroscope (Cambridge Instruments).
Surviving fractions were calculated as follows: (irradiated
colony number/unirradiated colony number).

Western blotting

Asynchronous exponentially growing cell cultures were har-
vested and lysed in modified RIPA buffer supplemented
with protease inhibitors (Complete; Roche) and phos-
phatase inhibitors as previously described (30). Homog-
enization of lysates was accomplished by four passages
through a 25-gauge needle followed by centrifugation at
16000×g for 20 min. Samples were stored at −80◦C. SDS-
PAGE, transfer of proteins onto nitrocellulose membranes
(BioRad, Hercules, CA, USA) and probing with indicated
primary antibodies was carried by standard procedures. De-
tection was achieved with fluorescently-labeled secondary
antibodies on the Odyssey CLx imager (LI-COR).

Real-time PCR

1 �g of total RNA was reverse transcribed using RT2
First Strand synthesis kit (Qiagen as previously described
(4). qPCR assays were performed using RT2 SYBR Green
ROX qPCR Mastermix and RT2 qPCR Primer Assays (Qi-
agen) for Ctip and Cdkn1a. Actb was used as the normal-
izing gene. Real-time PCR reactions were performed us-
ing an Applied Biosystems’ thermal cycler (Quant Studio
3). PCR steps included a 15-min holding stage at 95◦C,
40 cycles of alternate denaturation at 95◦C for 15 s, and
annealing/extension at 60◦C for 1 min. For specificity con-
trol of the corresponding RT-PCR reactions, a melt curve
analysis was performed. Fold change in gene expression was
calculated using the 2-ddCt method where ddCt = dCt (test)
- dCt (control); dCt = Ct (gene) – Ct (Actb); and Ct is the
threshold cycle number.

Immunofluorescence staining

Immunofluorescence staining was carried out as described
(31). At 24 h after irradiation, cells were fixed with
3% formaldehyde/PBS for 15 min. Permeabilization was
performed with 0.25% Triton X-100/PBS for 10 min.
After washing with PBS, samples were blocked with
3% BSA/PBS for 30 min. Samples were stained with
53BP1, �H2AX or RIF1 antibody overnight at 4◦C.
A 1-h incubation with secondary antibodies was per-
formed after washing with PBS. Samples were mounted
with Vectashield/DAPI mounting medium (Alexis, Farm-
ingdale, NY, USA). Images were acquired using an
AxioImager.Z1/ApoTome microscope (Zeiss, Peabody,
MA, USA). The number of foci per nuclei was quantified
for at least 50 cells. Nuclei showing signs of apoptosis were
excluded from the analysis.

Cell cycle analysis

Cell cycle distribution of MEF and tumor cells was ana-
lyzed as published (4). After cells were incubated with 10
mM BrdU for 10 min, samples were fixed with 80% EtOH
and incubated with 2 N HCl and 0.1 M Na2B4O7. Staining
was performed with anti-BrdU antibody (BD PharMingen)
and anti-mouse AlexaFlour 647 (Invitrogen) overnight at
4◦C. Total DNA staining was carried out with propidium
iodide (PI, Invitrogen) solution containing RNAse (Invit-
rogen). Data for 10000 events were acquired on an LSR
Fortessa flow cytometer (Becton Dickinson) with DIVA
software. Cell cycle distribution was analyzed using the
FlowJo software (Tree Star).

Ex vivo immunoglobulin class switch recombination assay

Resting primary B lymphocytes were isolated from mouse
spleens using anti-CD43 microbeads (Miltenyi Biotec).
One million cells were stimulated to proliferate with a cy-
tokine cocktail containing 25 �g/ml lipopolysaccharide
(LPS, Sigma-Aldrich), 5 ng/ml interleukin-4 (IL-4, Sigma-
Aldrich) and 0.5 �g/ml anti-CD180 (RP105, BD PharMin-
gen). CSR to IgG1 was detected on day 3 using biotinylated
anti-IgG1 followed by PE-conjugated streptavidin (BD Bio-
sciences). Anti-B220 was used to confirm the purity of B cell
samples.

Gene expression analysis in human patient samples

Expression of DDR genes in prostate cancer and normal
prostate was analyzed using the ‘The Cancer Genome At-
las’ (TCGA) database as recently published (3). Normal-
ized mRNA expression data for prostate cancer and nor-
mal prostate tissue and for NSCLC and normal lung tis-
sue were retrieved using the R package ‘TCGAbiolinks’
(32). The following genes were preselected for analysis:
TP53BP1, RNF8, RNF168, RIF1 and KU80. Unpaired,
two-sided Student’s t-test was used to test for significant dif-
ferences in gene expression between cancer and normal tis-
sue.

Data and statistical analysis

Analyses of experimental data were performed with Mi-
crosoft Excel or R. Fold change was calculated by normal-
ization of measured values to the corresponding control. To
test for statistical significance, the unpaired, two-sided Stu-
dent’s t-test was used. Results were considered statistically
significant if a P value of <0.05 was reached.

RESULTS

Efficacy of multifractionated versus single-dose radiotherapy
differs between cancer cell lines

Different types of cancer or even individual tumors of the
same cancer type can differ strongly in their responses
to IR. Therefore, we first determined the clonogenic sur-
vival of three prostate carcinoma cell lines (DU145, PC3,
LNCaP) and two non-small cell lung cancer (NSCLC)
cell lines (A549, H1299) after radiotherapy, given either
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Figure 1. Survival after single-dose and fractionated radiotherapy is cell line-dependent. (A) Clonogenic survival of human prostate (DU145, PC3, LNCaP)
and non-small cell lung carcinoma (NSCLC) cells (A549, H1299) after irradiation with a single dose (SD) of X-ray (2–8 Gy) or with a multifractionated
(MF) regimens (1 fraction of 2 Gy per day, 2–8 Gy total dose). Unirradiated cell cultures were used as control. (B) Efficacy of MF versus SD radiotherapy.
Ratio of MF to SD survival was calculated as follows: surviving fraction after four 2 Gy-fractions (4 × 2 Gy)/surviving fraction after a single dose of 8
Gy. (C) Number of residual �H2AX (green) and 53BP1 (red) foci and (D) representative images in tumor cells at 24 h after the final irradiation dose of
SD and MF radiotherapy. Results show mean ± STDEV (n = 3, *P < 0.05, **P < 0.01, Student’s t-test).

as a single dose (SD) or in multiple 2-Gy fractions (MF)
amounting to the same total dose (Figure 1A). Addition-
ally, we calculated the survival ratio for each cell line en-
abling a direct comparison between the efficacy of the SD
and MF regimens (Figure 1B). We found that all of the
tested cell lines had a higher survival rate after fraction-
ated irradiation but the MF/SD ratios differed in a cell line-
dependent manner ranging from 114.4 for PC3 to 2.0 for
LNCaP (Figure 1A, B). Consistent with the increased sur-
vival rates, significantly lower numbers of residual �H2AX
and 53BP1 foci were detected in cells after MF than in cells
that had received the corresponding SD irradiation (Figure
1C,D). In general, cells with larger differences in residual
�H2AX/53BP1 foci tended to show higher MF/SD ratios
(Figure 1B–D), suggesting that DNA repair could play a
key role in conferring survival benefits after MF. Indeed,
the 3 × 2-Gy MF regimen produced similar amounts of
residual �H2AX/53BP1 foci as a single 2-Gy dose (Fig-
ure 1C), supporting the notion that efficient repair of DNA
damage occurred between each radiation fraction. Cell cy-
cle analyses revealed G1 arrest in MF-irradiated p53 wild-
type cells (LNCaP, A549) and G2 arrest in p53 deleted or
mutated cells (DU145, PC3, H1299) (Supplementary Fig-
ure S1). Thus, the type of checkpoint engagement alone did

not appear to predict response to MF irradiation. Overall,
these results clearly demonstrated that cancer cells differ
in their susceptibility to SD and MF regimens. Therefore,
identifying the most appropriate dosing schemes (standard
2-Gy MF versus hypofractionation/stereotactic irradiation
with higher single doses) for any individual tumor may sig-
nificantly impact patient survival and outcome.

53BP1 is crucial for efficient DNA DSB repair after multi-
fractionated radiotherapy

Our initial data suggested that DNA damage incurred dur-
ing MF irradiation may be more readily repaired than le-
sions produced by the corresponding SD irradiation. To
clarify the role of DNA damage response (DDR) proteins in
cell survival after multifractionated radiotherapy, we used
different knockout mouse embryonic fibroblast (MEF) lines
and irradiated the cells with single doses of radiation (2,
4, 6 Gy) as well as the corresponding fractionated regi-
mens (2 × 2 Gy, 3 × 2 Gy). Similar to human cancer cells,
wild type (WT) MEF had significantly better survival af-
ter MF irradiation compared to SD irradiation, resulting
in an MF/SD survival ratio of ∼5 (Figure 2A, Supple-
mentary Figure S2A, B). The effect was most pronounced
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Figure 2. 53BP1 is essential for DNA DSB repair after fractionated radiotherapy. (A) Clonogenic survival of wildtype (WT), Atm−/− and 53bp1−/− MEF
after irradiation with single doses (2, 4, 6 Gy) or multiple fractions (2 or 3 fractions of 2 Gy, 1 fraction per day). Cells were plated 24 h prior to irradiation.
Fold change was calculated by normalization to unirradiated controls (0 Gy). (B) Ratio of MF to SD survival was calculated as follows: surviving fraction
after three 2 Gy-fractions (3 × 2 Gy)/surviving fraction after a single dose of 6 Gy. (C) Representative images and numbers of �H2AX (green) and 53BP1
(red) foci in cells irradiated with a single dose of 6 Gy or 3 fractions of 2 Gy. Nuclei were counterstained with DAPI. Cells were fixed at 24 h after the end
of radiotherapy. Results show mean ± STDEV (n = 3, *P < 0.05, **P < 0.01, Student’s t-test).

with a 24-h time interval between fractions but also oc-
curred when fractions were applied at intervals as short
as 30 min (Supplementary Figure S2C). While a signifi-
cant checkpoint response was elicited in WT MEF when
cells were irradiated at a 24-h time interval, no cell cycle
changes were observed when the time interval between frac-
tions was reduced to 2 h (Supplementary Figure S3). Thus,
robust checkpoint-mediated cell cycle arrest between radi-
ation fractions is not strictly required for the enhanced sur-
vival of cells following MF IR. Compared to WT, MEF
deficient in ATM were significantly more radiosensitive to
both SD and MF irradiation. Nevertheless, Atm−/− MEF
still exhibited a significantly higher survival rate after MF
irradiation compared to SD irradiation (Figure 2A, B). By
contrast, loss of 53BP1 completely abolished the survival
benefit from fractionation (Figure 2A, B, Supplementary

Figure S2C) but only moderately sensitized cells to SD irra-
diation (Supplementary Figure S4A). Consistent with this,
residual �H2AX foci in 53bp1−/− MEF were comparable
after MF and SD irradiation (3 × 2-Gy versus 6-Gy), sug-
gesting a key role of 53BP1 in promoting enhanced survival
after MF irradiation (Figure 2C). Notably, loss of 53BP1
resulted in significantly elevated residual �H2AX foci re-
gardless of the IR schedule, suggesting that 53BP1 function
is required for the repair of radiation-induced DNA dam-
age in general (Figure 2C). Although 53BP1 has also been
reported to regulate checkpoint responses (33,34), we found
that differences in cell cycle arrest did not correlate with
MF/SD ratio (Supplementary Figure S4B). Taken together,
our results indicate that 53BP1-mediated DSB repair during
multifractionated radiotherapy is crucial for enhanced cell
survival.
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Decreasing 53BP1 binding to chromatin reduces the survival
benefit from multifractionated radiotherapy

Chromatin modifications promote 53BP1 accumulation at
DSB sites. Stable binding of 53BP1 to nucleosomes ne-
cessitates dual recognition of ubiquitylated H2A (H2A-
K13/K15) and di-methylated H4 (H4-K20me2). In re-
sponse to DSBs, the E3 ubiquitin ligases RNF8 and
RNF168 catalyze H2A ubiquitylation while the bromod-
omain (BET) protein BRD2 facilitates access to H4-
K20me2 (8,9). Corroborating the key role of 53BP1 in pro-
moting enhanced survival after MF irradiation, we found
that loss of RNF8 or RNF168 strongly decreased the sur-
vival benefit of fractionation and in parallel diminished the
difference in residual �H2AX foci after SD and MF irradi-
ation (Figure 3A, B). Similarly, inhibition of BET proteins
by JQ1 resulted in concentration-dependent reductions in
both 53BP1 foci formation and survival benefit after MF,
such that identical survival rates were observed when cells
were irradiated in the presence of 0.5 �M JQ1 (Figure 3C).
Consistent with this, co-treatment with 0.5 �M JQ1 resulted
in comparably high levels of residual �H2AX foci following
both MF and SD irradiation (Figure 3D), which was remi-
niscent of the effect seen upon 53BP1 deletion (Figure 2C).
Thus, 53BP1 chromatin binding is essential for enhanced
cell survival after multifractionated radiotherapy.

53BP1 uses RIF1 to channel DNA repair into NHEJ after
multifractionated radiotherapy

53BP1 engages its downstream effectors PTIP and RIF1
through phosphorylation-mediated binding (15). The
phospho-epitope for PTIP interaction has been unequiv-
ocally mapped to serine 25, while no single phospho-site
has been assigned for RIF1 (15,35). Unlike complete loss
of 53BP1, mutating 53BP1 serine 25 to alanine (S25A)
did not abolish the survival benefit after multifractionated
radiotherapy (Figure 4A, B). Similar observations were
made in PTIP-deficient MEF (Figure 4A, B). By con-
trast, conditional deletion of RIF1 by Cre recombinase
completely abolished the survival benefit of fractionation
(Figure 4C, D) and increased residual �H2AX foci after
MF to levels similar to SD irradiation (Figure 4E). MF
irradiation-induced G2 accumulation at the expense of
S-phase in both Rif1fl/fl and Rif1fl/fl+Cre MEF (Supple-
mentary Figure S5), suggesting that cell cycle redistribution
alone is not sufficient to explain why loss of RIF1 negated
the survival benefit seen in MF irradiated RIF1-proficient
cells. Importantly, survival benefit after MF irradiation
was also absent in cells lacking Ku80 (Figure 4F). Thus,
53BP1-dependent survival after multifractionated radio-
therapy is mediated through RIF1 and utilizes NHEJ as
the predominant DSB repair mechanism.

Inhibiting end resection in 53BP1-deficient cells does not re-
store survival benefit after multifractionated radiotherapy

53BP1 and BRCA1 have been shown to reciprocally modu-
late end resection (12,20). While deletion of 53BP1 largely
rescues end resection and HR in BRCA1 deficient cells, it
is not clear whether loss of BRCA1 function would restore
NHEJ in cells lacking 53BP1. As shown in Figure 5A, al-

though MEF expressing mutant BRCA1 (Brca1Δ11) ex-
hibited a general increase in radiosensitivity, their survival
after MF irradiation was nevertheless elevated compared
to SD irradiation, with an MF/SD ratio even higher than
WT MEF (Figure 5A, B). This is likely due to increased
53BP1-dependent DNA repair in cells lacking functional
BRCA1 (20). Interestingly, cells deficient in both BRCA1
and 53BP1 showed no survival benefit after MF irradia-
tion, behaving identically to 53bp1−/− MEF (Figure 5A–
C). To note, Brca1Δ11 and 53bp1−/− MEF showed simi-
lar cell cycle profiles after MF irradiation (Supplementary
Figure S6A), which were quite different from either WT
or 53bp1−/−Brca1Δ11 MEF (Supplementary Figures S4B,
S6B). These data reinforced the notion that cell cycle con-
trol likely played no major role in the observed survival ef-
fects. Abolition of 53BP1/RIF1 function enables enhanced
end resection driven by CtIP (36). However, depletion of
CtIP also failed to restore survival benefit cells with im-
paired 53BP1 signaling after MF irradiation, although it
did increase cellular radiosensitivity to both MF and SD
irradiation (Figure 5D). Finally, we found that inactivat-
ing BRCA1 did not ameliorate the severe CSR defect in
53bp1−/− and Rnf168−/− B cells (Supplementary Figure
S6C). Thus, reducing end resection, cannot rescue 53BP1-
dependent NHEJ.

53BP1 loss reduces the survival of cancer cells after multifrac-
tionated radiotherapy independently of cellular p53 status

53BP1 was originally identified as a cellular factor that
binds to the master tumor suppressor p53 (37). While the
precise functional significance of 53BP1/p53 interaction
is debated, it is widely thought that 53BP1 can modu-
late apoptosis through p53 (38). Since p53 mutations and
deletion are frequently found in cancer, we next evaluated
whether loss of 53BP1 also diminishes the survival bene-
fit from radiation fractionation in cells with impaired p53
function. Using CRISPR/Cas9-mediated gene editing, we
deleted TP53BP1 in PC3 and H1299 (both p53-deficient)
cells (Figure 6A, B). Similar to our observations in MEF,
which are p53-proficient (Supplementary Figure S7A, B),
loss of 53BP1 in cells lacking functional p53 preferentially
reduced survival after MF irradiation and significantly de-
creased MF/SD ratios (Figure 6C, D). Further, the num-
ber of residual �H2AX foci after MF irradiation increased
strongly to levels similar to those produced by SD irradia-
tion (Figure 6E). Thus, the impact of 53BP1 on DNA repair
and survival after multifractionated radiotherapy is not me-
diated by p53.

Expression of 53BP1 pathway genes is altered in human can-
cer

The importance of 53BP1 to cell survival following MF ir-
radiation suggested that any tumor-associated alterations
in this pathway may significantly impact the efficacy of
multifractionated radiotherapy. To evaluate the expression
of DDR genes in human cancer and normal tissues, we
queried the TCGA database. As shown in Figure 7A, ex-
pression of TP53BP1, RNF8, RNF168 and RIF1, all of
which have been shown to promote survival after fraction-
ated irradiation, were significantly lower in prostate cancer
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Figure 3. Inhibition of 53BP1 recruitment to damaged chromatin diminishes the survival benefit of multifractionated radiotherapy. (A) Clonogenic survival
of Rnf8−/− and Rnf168−/− MEF irradiated with different single doses (2, 4, or 6 Gy) or with multiple fractions (2 × 2 Gy or 3 × 2 Gy). Wild type cells
(WT) served as control. (B) Number of residual �H2AX and 53BP1 foci in MEF 24 h after irradiation with 6 Gy or 3 × 2 Gy. (C) Clonogenic survival
in wild type MEF (WT) treated with different concentrations (0.05–0.5 �M) of the BET inhibitor JQ1. DMSO was used as control. Inhibitor or DMSO
was applied 30 min before the start of irradiation and was renewed daily. After a total treatment time of 72 h (24 h after the last irradiation dose of the
multifractionated regimen), the inhibitor was removed, and the cells were cultured for an additional 4 days. (D) Residual �H2AX and 53BP1 foci numbers
and representative images at 24 h after irradiation in WT MEF treated with indicated concentrations of JQ1 or DMSO. DAPI was used to stain the nucleus.
Results show mean ± STDEV (n = 3, *P < 0.05, **P < 0.01, Student’s t-test).

than in normal prostate epithelium. In contrast, NSCLC
tumors showed increased expression of 53BP1-associated
genes (Figure 7A). Although for both prostate cancer and
NSCLC, multifractionated irradiation is the standard ra-
diotherapy regimen, some patients receive stereotactic body
radiotherapy (SBRT) in which an ablative radiation dose of
one or few fractions is applied. Our data suggest that appli-
cation of multifractionated irradiation regimens could be
beneficial for the treatment of prostate cancer but may be
less effective against NSCLC. Overall, we propose that dif-
ferential expression of DDR genes in cancer and normal
tissues can be exploited to select the most effective fraction-
ation regimen for individual tumors.

DISCUSSION

Radiotherapy can be administered as a single large dose
or in a few high-dose fractions (hypofractionation) as
well as over multiple lower dose fractions (multifraction-
ation). Both tumor and normal cells generally survive
better when radiotherapy is delivered in multiple frac-
tions. Thus, MF radiotherapy regimens may reduce col-
lateral damages to healthy tissues, but this could come at
the expense of anti-tumor efficacy. Several processes have
been proposed to contribute to enhanced cellular toler-
ance to MF irradiation, including cell cycle checkpoint
responses and activation of pro-survival signaling path-
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Figure 4. RIF1 but not PTIP is the downstream effector of 53BP1 responsible for promoting DNA repair after multifractionated radiotherapy. (A) Colony
formation assays of WT, 53bp1−/−, 53BP1 serine-25 phospho-mutant (53BP1 S25A) and Ptip−/− MEFs. (B) Ratio of MF to SD survival was calculated as
follows: surviving fraction after three 2 Gy-fractions (3 × 2 Gy)/surviving fraction after a single dose of 6 Gy. (C) Immunofluorescence staining of RIF1
at 2 h after irradiation and clonogenic survival of RIF1 knockout (Rif1fl/fl+Cre) versus control MEF (Rif1fl/fl) after SD or MF irradiation. (D) Ratio of
MF to SD survival was calculated as in (B). (E) Number of �H2AX and 53BP1 foci in Rif1fl/fl and Rif1fl/fl+Cre MEF after irradiation with SD (6 Gy) or
MF (3 × 2 Gy) radiotherapy. Nuclei were counterstained with DAPI. (F) Clonogenic survival of Ku80−/− MEF after SD (0.5–2 Gy) or MF (1–4 fractions
of 0.5 Gy) irradiation. Results show mean ± STDEV (n = 3, * P < 0.05, ** P < 0.01, Student’s t-test).

ways (2). Nevertheless, how mammalian cells repair DNA
damage in response to MF irradiation remains largely
unexplored.

Radiotherapy produces potentially lethal DNA DSBs,
which can be repaired by either NHEJ or HR. These two
pathways normally counteract each other through the mu-
tual antagonism between 53BP1-mediated end protection
and BRCA1-facilitated end resection. Our results revealed
that HR-associated repair factors such as BRCA1 and CtIP
were equally important for cell survival after both MF
and SD irradiation. On the contrary, we now provide evi-
dence supporting 53BP1-dependent NHEJ as a key path-
way cells utilize to efficiently repair DSBs during an MF
irradiation regimen, leading to enhanced cell survival com-
pared to SD irradiation (Figure 7B). We further demon-
strated that 53BP1 mediates this effect through RIF1, but
not its other known binding partners PTIP or p53. Sur-
prisingly, we found that while loss of ATM resulted in pro-
nounced radiosensitization to either irradiation regimens,
it did not specifically affect the enhanced ability of cells to

survive MF irradiation. This was in contrast to previous
findings in human ataxia–telangiectasia (A–T) fibroblasts,
which were shown to exhibit no or very limited split-dose
recovery when two irradiation doses were applied 12 h apart
(39). In addition, it may seem counterintuitive that cells
rely on 53BP1 and RIF1, but not ATM, to enhance their
survival after MF irradiation given that ATM is known to
promote 53BP1–RIF1 interaction by phosphorylation (40).
Several factors may cause these seemingly discrepant re-
sults. First, human A-T fibroblasts are significantly more
radiosensitive than their Atm−/− MEF counterparts (39).
Second, the current study used a much longer 24 h inter-
val to mimic clinically relevant irradiation schedules, which
might have allowed A–T cells sufficient time to repair po-
tentially lethal damages between fractions. In this regard,
we note that ATM has been reported to be specifically re-
quired for cellular response to DSBs within heterochro-
matin, which are generally repaired much more slowly than
euchromatic DSBs (41). Finally, redundancy between ATM
and DNA-PK could allow the latter to functionally com-
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Figure 5. Inhibition of end resection in 53BP1 deficient cells fails to restore survival benefit after multifractionated radiotherapy. (A) Clonogenic survival
of WT, BRCA1-deficient (Brca1Δ11), 53BP1-deficient (53bp1−/−) and 53BP1/BRCA1 doubly deficient (53bp1−/−Brca1Δ11) MEF after single-dose (SD)
and multifractionated (MF) radiotherapy. Unirradiated cells were used as control. (B) Ratio of MF to SD survival was calculated as follows: surviving
fraction after three 2 Gy-fractions (3 × 2 Gy)/surviving fraction after a single dose of 6 Gy. (C) Number of residual �H2AX foci in 53bp1−/− and
53bp1−/− Brca1Δ11 at 24 h after SD (6 Gy) or MF (3 × 2 Gy) irradiation. (D) Ctip transcript levels and clonogenic survival of WT and Rnf168−/− MEF
after shRNA-mediated knockdown of Ctip. An empty vector was used as control. Results show mean ± STDEV (n = 3, *P < 0.05, **P < 0.01, Student’s
t-test).

pensate (42). Additional experiments will be needed to ad-
dress these questions.

In general, our findings agree well with the observations
of Somaiah et al., who reported that NHEJ-deficient Chi-
nese hamster ovary (CHO) cells are equally susceptible to a
few large doses of radiation (hypofractionation) compared
to a multifractionated regimen of 1 Gy per fraction (43). By
contrast, CHO cells deficient in HR exhibited higher tol-
erance to multifractionated irradiation. However, it should
be pointed out that NHEJ-deficient CHO cells eventually
became resistant after about seven fractions of irradiation,
while their HR-deficient counterparts never became fully
resistant. These data therefore suggested that HR could also
contribute to split-dose recovery, albeit at a later point in

time. In line with this idea, split-dose recovery in the chicken
B-cell lymphoma line DT40 has been shown to be highly de-
pendent on the HR-associated gene RAD54 (44,45). A pos-
sible caveat here is that HR is known to be hyperactive in
DT40 owing to its participation in avian immunoglobulin
gene conversion (46). In the same vein, we note that PTIP
was reported to facilitate HR in DT40 (47), while in mam-
mals it was clearly shown to promote 53BP1-dependent
NHEJ (15). As such, differences in repair pathway usage
could be biased by cell-intrinsic properties. Moreover, un-
like RAD54, which acts very late during HR (48), loss of
factors that function at earlier steps during HR, including
RAD52, XRCC2, XRCC3, RAD51C and RAD51D, did
not abolish the split-dose recovery of the DT40 lympho-
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Figure 6. 53BP1 gene ablation decreases cancer cell survival after multifractionated radiotherapy independently of p53. (A) Western blot and (B) im-
munofluorescence staining of 53BP1 in PC3 (p53-deleted) and H1299 (p53-mutated) cells after CRISPR/Cas9-mediated 53BP1 gene knockout (cr53BP1).
A non-targeting sequence (NTS) was used as control. �-Actin expression was evaluated to ensure equal sample loading. (C) Clonogenic survival of PC3
and H1299 NTS or cr53BP1 cells after single-dose (SD) or multifractionated (MF) irradiation with fractions of 2 Gy per day. Cells were plated 24 h prior
to the start of radiotherapy. (D) Ratio of MF to SD survival was calculated as follows: surviving fraction after three 2 Gy-fractions (3 × 2 Gy)/surviving
fraction after according single dose (6 Gy). (E) Staining of �H2AX (green) and 53BP1 (red) in cells irradiated with a single dose of 6 Gy or three fractions
of 2 Gy. Nuclei were counterstained with DAPI. Cells were fixed at 24 h after the end of radiotherapy. Results show mean ± STDEV (n = 3, *P < 0.05,
**P < 0.01, Student’s t-test).

cytes (45). Similarly, we found that MEF lacking upstream
HR factors such as BRCA1 or CtIP still exhibited enhanced
survival after MF compared to SD irradiation. These re-
sults indicated that while loss of 53BP1 can restore CtIP-
dependent end resection and HR in BRCA1-deficient cells
and represents a known mechanism for acquired resistance
to PARP inhibition, suppression of end resection generally
cannot rescue NHEJ when the 53BP1 pathway is impaired.
Thus, 53BP1 likely has specialized functions during NHEJ
that go beyond simply suppressing end resection.

The cellular DNA repair systems appear to have a finite
capacity. While the exact capacity may vary between cell
lines, exceeding this capacity could lead to repair factor ex-
haustion and system failure, as was demonstrated for RPA
(49). One possible explanation for how 53BP1 augments
survival after MF irradiation may be that 53BP1-dependent
DNA repair between fractions helps keep the overall dam-
age level below the exhaustion limit, whereas a single large
dose of irradiation may overwhelm the cellular repair sys-
tem. Indeed, a finite capacity for 53BP1-mediated end pro-

tection has been suggested (50). Nevertheless, while it is
possible that this mechanism could potentially contribute
to loss of survival benefit after MF irradiation in 53BP1-
deficient cells, it is important to note that NHEJ-deficient
Ku80-/- MEF are hypersensitive to MF irradiation com-
pared to SD irradiation. These findings instead indicate a
more prominent role for NHEJ in DSB repair after MF ir-
radiation.

Besides its function in DNA repair, 53BP1 modu-
lates radiation-induced cell cycle checkpoint responses and
apoptosis through its interactions with the tumor suppres-
sor p53 and the ubiquitin-specific protease USP28 (38,51).
Recently, it was reported that 53BP1 compartmentalizes at
DNA damage sites through phase separation, which is im-
portant not only to shield DNA ends against resection but
also for p53 stabilization (52). However, the current study
showed that 53BP1-dependent survival after MF irradia-
tion can be separated from its roles in stimulating p53 func-
tion. In general, our data indicated that enhanced cell sur-
vival after MF irradiation is not associated with any partic-
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Figure 7. TP53BP1 and associated genes are downregulated in prostate cancer. (A) Expression of indicated 53BP1 pathway genes in 52 normal prostate
gland and 497 prostate cancer samples and in 110 normal lung tissue and 1018 non-small cell lung cancer samples (NSCLC; including squamous cell
carcinoma: 501 samples and adenocarcinoma: 517 samples) obtained from the TCGA data bank and shown as box plots. For statistical analysis, the
Student’s t-test was used (*P < 0.05, **P < 0.01, ***P < 0.001). (B) Schematic depicting how 53BP1 pathway activation contributes to efficient DNA
repair and enhanced cell survival after multifractionated radiotherapy.

ular type of cell cycle checkpoint response. Moreover, de-
creasing the time between fractions eliminated cell cycle re-
distribution but not the survival benefit from fractionation.
These results support the notion that 53BP1-mediated sur-
vival after MF irradiation cannot be adequately explained
by its role in regulating checkpoint or pro-apoptotic sig-
naling. Nevertheless, even with an enhanced survival rate,
the number of colonies formed after MF irradiation repre-
sented only a subset of the original cells (typically 10–50%).
As such, the possibility that any MF irradiation-induced
cell cycle change within this subpopulation might be ob-
scured in the bulk analysis cannot be completely excluded.

From a therapeutic point of view, the instrumental role of
53BP1 in the adaptive response to MF irradiation suggests
that pharmacological targeting of the 53BP1 pathway can
potentially augment the efficacy of fractionated radiother-
apy. Indeed, we demonstrated that abrogating 53BP1 chro-
matin recruitment by deleting RNF8/RNF168 or treating

cells with the BET inhibitor JQ1 phenocopied 53BP1 loss
and abolished the survival benefit after fractionation. No-
tably, RNF8/RNF168 activity can also be effectively sup-
pressed with clinically approved proteasome inhibitors (e.g.
bortezomib) while multiple BET inhibitors are currently be-
ing tested in clinical trials (53). This approach of target-
ing factors upstream of 53BP1 recruitment may therefore
hold considerable promise, but additional studies are nec-
essary to test whether normal and malignant tissues would
respond differently to the inhibition of 53BP1 signaling.

In summary, our study provides strong evidence that
different DNA repair mechanisms are activated by MF
and SD irradiation and that enhanced cellular sur-
vival after multifractionated radiotherapy is dependent on
53BP1/RIF1 signaling and NHEJ. These findings are clin-
ically highly relevant for two main reasons. First, analyz-
ing the expression status of the 53BP1 pathway in tumors
can aid physicians in choosing the most effective radio-
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therapy regimen and thereby maximize therapeutic ben-
efits while minimizing collateral damages to normal tis-
sue. Second, suppression of 53BP1 pathway activation with
proteasome- and/or BET inhibitors offers a tantalizing op-
portunity to augment the efficacy of multifractionated ra-
diotherapy. These possibilities, if strengthened by further
evidence, may ultimately enable clinicians to tailor radio-
therapy to the tumor genotype and individualize treatment
to optimize cancer therapy outcomes.
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