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ABSTRACT

Alternative non-homologous end joining (alt-NHEJ)
was originally identified as a backup repair mecha-
nism in the absence of classical NHEJ (c-NHEJ) fac-
tors but recent studies have demonstrated that alt-
NHEJ is active even when c-NHEJ as well as homol-
ogous recombination is available. The functions of
53BP1 in NHEJ processes are not well understood.
Here, we report that 53BP1 promotes DNA double-
strand break (DSB) repair and genomic stability not
only in c-NHEJ-proficient but also -deficient human
G1-phase cells. Using an array of repair substrates
we show that these effects of 53BP1 are correlated
with a promotion of microhomology-mediated end-
joining (MMEJ), a subtype of alt-NHEJ, in G1-phase.
Consistent with a specific role in MMEJ we confirm
that 53BP1 status does not affect c-NHEJ. 53BP1
supports sequence deletion during MMEJ consis-
tent with a putative role in facilitating end-resection.
Interestingly, promotion of MMEJ by 53BP1 in G1-
phase cells is only observed in the presence of func-
tional BRCA1. Depletion of both 53BP1 and BRCA1
increases repair needing microhomology usage and
augments loss of DNA sequence, suggesting that
MMEJ is a highly regulated DSB repair process.
Together, these findings significantly expand our
understanding of the cell-cycle-dependent roles of
53BP1 in DSB repair.

INTRODUCTION

DNA double-strand breaks (DSBs) may cause cell death or
genomic instability if not properly repaired (1,2). Homol-

ogous recombination (HR) and classical non-homologous
end-joining (c-NHEJ) are the two major pathways for the
repair of DSBs. ¢c-NHEJ, which involves direct ligation
of the broken DNA ends with or without limited end-
processing, is the main mechanism for DSB repair in the
Gl-phase of the cell cycle though it can occur in other
cell cycle phases as well (3-5). c-NHEJ is mediated by the
DNA-PK complex, composed of a heterodimer of the Ku
proteins, Ku70 and Ku80, and a catalytic sub-unit, DNA-
PKcs. Religation of ends is achieved by the XRCC4-ligase
IV complex (6). The endonuclease Artemis may be involved
in processing of ends prior to religation, particularly if they
contain complex DNA damage (7,8).

Alternative NHEJ (alt-NHEJ) was initially identified as
a backup mechanism to repair DSBs when c-NHEJ is com-
promised (9,10). However, recent studies indicate that alt-
NHEJ occurs even in cells proficient for c-NHEJ (11-13).
Similar to c-NHEJ deficiency, alt-NHEJ defects confer ra-
diation sensitivity (14,15). XRCCI, DNA ligase III and
PARP-1 have central roles in alt-NHEJ (16-24). Alt-NHEJ
is suppressed by Ku but promoted by CtIP (18,25,26). Alt-
NHE]J typically requires short patches of perfectly matched
sequences known as microhomologies (27,28). This type
of rejoining is commonly referred to as microhomology-
mediated end-joining (MMEYJ) although not all alt-NHEJ
events require microhomology. Alt-NHEJ is associated
with the generation of 3’ single-strand overhangs which in-
volves the MRE11/RADS50/NBS1 (MRN) complex and
CtIP (8,16,18,29-32). This repair process typically relies on
more extensive processing and sequence deletion than seen
with c-NHEJ though the mechanisms and factors involved
remain largely unknown.

53BPl1 is involved in the DNA damage response but has
no or a very limited role in activating cell-cycle checkpoints
(33-36). 53BP1-deficient mice are growth-retarded, immun-
odeficient, predisposed to cancer and hypersensitive to radi-
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ation (33). The dramatic radiation sensitivity suggests that
53BP1 has a role in NHEJ processes but data have been
conflicting (33-35). No obvious function of 53BP1 in c-
NHEJ has been detected (33,35,37). Yet, 53BP1 promotes
re-joining of distal DNA ends during V(D)J recombination,
class switch recombination and the fusion of deprotected
telomeres (38—40). In addition, 53BP1 may be involved in
heterochromatin-associated DSB repair in GO/G1 phase
cells (38,39,41). Importantly, 53BP1~/~ DT40 cells are radi-
ation sensitive in G1-phase but the underlying mechanisms
are unknown (34,35). These findings prompted us to inves-
tigate whether 53BP1 is involved in alt-NHEJ, and specifi-
cally MME]J, in G1-phase cells.

53BP1 is frequently lost in triple-negative breast can-
cers, particularly those with BRCA mutation (42). 53BP1
inhibits HR and protects DNA ends from resection in
BRCA1-deficient cells (42,43). 53BP1 and BRCA1 occupy
associated yet mutually exclusive chromatin subcompart-
ments at sites of DSBs, with 53BP1 exclusion from such sites
occurring in a BRCA1- dependent manner during S phase
(44). 53BP1 was found to promote HR via facilitating ss-
DNA resection in G2 phase cells, whereas it has no obvi-
ous role in HR in S phase cells (45). BRCA1 and 53BP1
oppose each other as further demonstrated by the observa-
tion that deletion of 53BP1 reduces mammary tumorigen-
esis and rescues PARP inhibitor sensitivity and viability of
BRCA I-deficient mice (43,46). Despite extensive studies on
the crosstalk of 53BP1 and BRCAI in HR and DNA resec-
tion, the role of 53BP1 in NHE]J as a function of BRCA1
status has not been addressed.

Here, we have discovered a novel role of 53BP1 in pro-
moting genomic stability and deletion-associated MMEJ in
G1-phase cells. These functions are independent of DNA-
PK but are modulated by BRCA1. Thus, our studies signif-
icantly expand our understanding of the role of 53BP1 in
DSB repair across different phases of the cell cycle.

MATERIALS AND METHODS
Cell lines, infections and transfections

H1299 and U20S cells were cultured in Dulbecco’s mod-
ified Eagle medium (DMEM, Invitrogen) supplemented
with 10% bovine calf serum, 100 U/ml penicillin and
100 pg/ml streptomycin at 37°C, 5% CO,. M059] cells
were grown in a 1:1 mixture of DMEM and Ham’s F-
12 medium (DMEM/F-12, Gibco and Life Technologies),
with 2.5mM L-glutamine adjusted to contain 15 mM
HEPES, 0.5 mM sodium pyruvate and 1.2 g/l sodium
bicarbonate supplemented with 0.05 mM non-essential
amino acids and 10% fetal bovine serum (FBS). BRCAI
short-hairpin RNA (shRNA) has been described previ-
ously (47). The shRNAs targeting 53BP1, Ku70, Mrell,
XRCC1, DNA ligase III, DNA-PKcs and CtIP were
purchased from Sigma. All DNA plasmid transfections
were performed using Lipofectamine 2000 according to
the manufacturer’s recommendations (Invitrogen, Carls-
bad, CA, USA). H1299 cells with chromosomal integration
of the MMEJ reporter were generated according to a stan-
dard protocol (48). In brief, H1299 cells were transfected
with linearized pCMV/cyto/myc/GFP* substrate (also
known as pCAM-1810) (30) or pPHWI1. Stable integrants

were selected and single-copy integration was validated by
Southern blots using standard techniques. The sequences
of primers for probe of H1299-pCAM-1810 are Primer-
F: 5¥-TCCCACTGTCCTTTCCTAATAAAAT-3, Primer-
R: 5-CTCCTCACTACTTCTGGAATAGCTC-3'. The se-
quences of primers for probe of pPPHW1 are Primer-F: 5'-
GTGTCAGTTAGGGTGTGGAAAGT-3/, Primer-R: 5-
GGGATATCAACAACATAGTCATCAA-3'. The aden-
oviral I-Scel endonuclease expression vector, Ad-Scel-NG,
was obtained from Kristoffer Valerie (49).

MMEJ assays with pCMYV /cyto/myc/GFP* and pEJ2-
GFP substrates

Gl-enriched H1299/ pCMYV /cyto/myc/GFP* cells were
infected with Ad-I-Scel-NG. Twenty-four hours later cells
were subjected to flow cytometric analysis. In addition, in-
trachromosomal MMEJ was measured using U20S cell
with pEJ2-GFP (50). Gl-enriched cells were infected with
Ad-I-Sce I-NG, followed by fluorescence-activated cell sort-
ing (FACS) analysis for green fluorescent protein (GFP) ex-
pressing cells 24 h later. For extrachromosomal MMEJ as-
say, Gl-enriched H1299 cells were transfected with I-Scel-
linearized pCMV /cyto/myc/GFP* for 4 h, followed by cul-
ture in serum-free medium for 24 h. End-joining activity
was obtained by comparing GFP expression in cells trans-
fected with linearized DNA relative to cells transfected with
uncut DNA and normalized for transfection efficiency and
expression levels.

Assay of measuring MMEJ and end-resection/deletion using
pGL3-MCS

The assay for NHEJ using circularization of linear plasmid
substrate pGL3-MCS has been described (48). For physi-
cal analysis of repair products, plasmid DNA was extracted
24 h after transfection. DNA treated with alkaline phos-
phatase transformed into chemically competent cells (In-
vitrogen). Colonies were selected by ampicillin resistance.
Mini-prep DNA plasmids were extracted from bacterial
colonies (Qiagen, Hilden, Germany) and subjected to poly-
merase chain reaction (PCR) amplification, restriction frag-
ment analysis and sequencing.

Chromosomal NHEJ assay with pPHW1 reporter

To create DSB within the chromosomally integrated
substrate, [-Scel endonuclease was expressed in GIl-
enriched H1299/pPHW1 cells by infection with Ad-Scel-
NG (48,70). Genomic DNA was extracted from cells us-
ing DNeasy blood and tissue kit (Qiagen). Repair prod-
ucts were subjected to PCR using forward primer pPHW1-
PF4 SYTCTCCGCCCCATGGCTGACTAZ; and reverse
primer pPHW1-PR4 SGTGCATGGATCTGCAACAT?3'.
PCR products were sub-cloned into a pMD20-T vector
(Clontech) for sequencing. The sequencing primer was
M13-F1- YACAGGAAACAGCTATGACCAZ'.

Immunofluorescence analysis

Immunofluorescence assays were performed as published
(51,52). Mouse anti-y-H2AX (Ser139, clone JBW301, Mil-



lipore) was used at 1:500 dilution. The monoclonal anti-
BrdU antibody (BD Biosciences) was used at 1:200 con-
centration. The secondary antibody, goat—-anti-mouse im-
munoglobulin G (IgG) Alexa fluor 594 or fluorescein
isothiocyanate-conjugated anti-mouse secondary antibody
(sigma) was used at 1:500 dilution. The slides were viewed
at 1000 x magnification on an NIKON 90i fluorescence mi-
croscope (photometric cooled mono CCD camera).

Cell-cycle analysis

Cells were collected and fixed with cold 70% ethanol. Ap-
proximately 10°/ml cells were incubated for 30 min with
staining solution containing RNase A (10 pg/ml, Sigma),
propidium iodide (20 wg/ml, Sigma) for 30 min. DNA con-
tent was measured by flow cytometry.

Comet assay

MO059]J cells were G1 enriched by culture in medium con-
taining 0.5 mM L-mimosine (Sigma) for 24 h. G1-enriched
MO059]J cells were analyzed by the Comet assay under neu-
tral conditions (Trevigen, Gaithersburg, MD, USA) as de-
scribed (53). Comets were analyzed using CometScore soft-
ware (TriTek, Sumerduck, VA, USA). Radiation was deliv-
ered to cultured cells using a cesium-137 gamma ray at a
dose rate of 3.1 Gray /min.

Real-time quantitative reverse transcription-PCR (qRT-
PCR)

Total RNA was isolated using the RNeasy Kit (Qiagen).
DNA PKcs forward primer: CTGTGCAACTTCACTA
AGTCCA. DNA PKcs reverse primer CAATCTGAGG
ACGAATTGCCT.

Ku70 forward primer: GCTAGAAGACCTGTTGCG
GAA. Ku70 reverse primer TGTTGAGCTTCAGCTTTA
ACCTG. LIG3 forward primer: TCACTGGCGTGATG
TAAGACA.

LIG3 reverse primer: CCTGGAATGATAGAACAG
GCTTT. XRCC1 forward primer: TCAAGGCAGACA
CTTACCGAA. XRCCI1 reverse primer: TCCAACTGTA
GGACCACAGAG. Experiments were carried out in trip-
licate for each data point. Reactions were performed using
SYBR Green mix and MyiQ real-time PCR detection sys-
tem (Bio-Rad). Relative mR NA levels were calculated using
the comparative Ct method (A C¥).

Immunoblotting

Cell extracts were prepared and proteins were resolved by
sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis as described previously (47,54). Rabbit anti-53BP1 were
purchased from Novus and used at 1:1000 dilution. Mouse
anti-BRCA1 (D-9, Santa Cruz) was used at 1:100 for west-
ern blotting. HA.11 clone 16B12 from Covance was used at
1:1000 for western blotting. Mrell was used at 1:1000 for
western blotting (Novus Biologicals). Secondary antibod-
ies used were goat-anti-mouse IgG—horseradish peroxidase
(HRP) conjugated, goat-anti-rabbit [gG-HRP conjugated
at 1:2000 dilutions.
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Fluorescence in situ hybridization (FISH) for chromosome
aberration analysis

FISH was performed using pan-telomeric peptide nucleic
acid probes (47,55). The cells were irradiated (2Gy) and pro-
cessed with FISH analysis 15 h after IR as published (55).

RESULTS

53BP1 is required for repairing IR-induced DSBs in the G1
phase of the cell cycle

We set out to study the role of 53BP1 in DSB repair in the
G1-phase of the cell cycle. H1299 cells were serum-starved
for 48 h, which led to an enrichment of cells in the G1-phase
and a pronounced reduction in S-phase cells (Figure 1A and
B). Studies have indicated that there is a correlation between
the number of foci of phosphorylated H2AX (y-H2AX)
and the number of DSBs induced by IR and that the rate of
disappearance of foci reflects DSB repair, especially in G1-
arrested cells (56). Thus, we next determined the effect of
53BP1 depletion on IR-induced y-H2AX foci. 53BP1 was
depleted by RNA interference (Figure 1C). Depletion of
53BP1 resulted in a statistically significant increase in the
percentage of Gl-enriched H1299 cells with residual IR-
induced y-H2AX foci at both 8 and 24 h time points (Figure
1D). To determine the consequences of S3BP1 depletion at
the chromosomal level, we examined metaphase spreads of
cells using FISH. In this assay, cells with IR-induced DSB
in Gl-phase can traverse S-phase and progress to the first
mitosis (57). Cell collection is done at different times af-
ter irradiation, which will yield breaks originating from dif-
ferent cell-cycle phases (58). Here, exponentially growing
cells with or without 53BP1 knockdown were irradiated and
harvested after 15 h, which produced mainly cells that had
been in G1-phase at the time of IR exposure. We observed
a significant increase in the frequency of chromosome-type
breaks, in addition to chromatid-type breaks (Figure 1E,
left panel). Representative IR-induced chromosome- and
chromatid-type breaks in 53BPI1-depleted cells are shown
in Figure 1E (right panel). Together, Figure 1 suggests that
53BP1 is important for the repair of DSBs in G1 phase cells.

53BP1 promotes DSB repair independently of DNA-PKcs

The functional interaction between S3BP1 and DNA-PKcs
has been incompletely studied (8). To address if 53BP1 pro-
motes DSBs repair via DNA-Pkcs in our system, we first
knocked down DNA-PKcs in H1299 cells (Figure 2A). Ad-
ditional depletion of 53BP1 led to an increase in the frac-
tion of cells with residual y-H2AX foci (Figure 2B), sim-
ilar to the effect seen in DNA-PKcs-proficient cells (Fig-
ure 1D). We confirmed the independence of 53BP1 from
DNA-PKcs function by knocking down 53BP1 in M059]
cells which lack the catalytic subunit of DNA-PKcs (Fig-
ure 2C). An increase in residual DSB upon 53BP1 deple-
tion using y-H2AX foci and Comet assays was seen in both
asynchronous (Figure 2D) and Gl-enriched cell popula-
tions (Figure 2E, Supplementary Figure S1). Next, we de-
termined chromosome aberrations in M059J cells. Similar
to the results described in Figure 1E, 53BP1 knockdown in
these cells led to a significant increase in chromosome-type
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Figure 1. 53BPI promotes DNA DSB repair and genomic stability in G1-phase enriched cells. (A) Cell-cycle distribution of H1299 cells following incuba-
tion in serum-free medium for 48 h. Number of cells is plotted against DNA content determined by PI staining. (B) Percentage of cells with BrdU labeling
in cells with or without starvation. (C) Transfection of H1299 cells with shRNA against 53BP1 (53BP1sh) or a control (consh). B-Actin antibody was used
as a protein loading control. (D) Percentage of cells with >10 y-H2AX foci in Gl-enriched H1299 cells with or without 53BP1 depletion. P-values were
calculated with the Student’s 7-test. Error bars represent the SD of three independent experiments. (E) 53BP1 depletion increases the frequency of both
chromosome-type (Chme) and chromatid-type (Chid) breaks in cells collected at 15 h after 2 Gy IR. Histogram showing the frequencies of chromosome-
and chromatid-type breaks (left panel). Exponentially growing H1299 cells with or without 53BP1 depletion were irradiated with 2 Gy (IR) and harvested
after 15 h. At least 50 metaphases for each sample were analyzed using FISH, and at least 2000 chromosomes were counted. P-values were calculated with
the z-test. Representative breaks are indicated by arrowheads (right panel). FISH using telomeric probe is indicated in pink color.

breaks as well as chromatid-type breaks (Figure 2F), indi-
cating that 53BP1 maintains genomic stability independent
of DNA-PKcs in G1 phase cells.

To further confirm that the function of 53BP1 is indepen-
dent of DNA-PK, we assessed the impact of 53BP1 deple-
tion on accurate NHEJ in an extrachromosomal reporter
substrate, pGL3-MCS, according to our previous publica-
tion (59) (Supplementary Figure S2A). After transfection of
the EcoRV-linearized substrate in Gl-enriched cells, plas-
mids were extracted and analyzed after 24 h. Substrates un-
dergoing accurate rejoining retained the EcoRV restriction
site as determined by PCR with primers flanking the break
site. Representative NHEJ products derived from cells with
or without 53BP1 shRNA transfection are displayed in Fig-
ure 2G, upper panel. Quantification of products showed
similar frequencies of accurate NHEJ with or without func-
tional 53BP1 (Figure 2G, lower panel). Similar results were
obtained with a second reporter, pCMV /myc/cyto/GFP,
in the asychronized and Gl-enriched cells (Supplementary
Figure S2B-D). This reporter was assayed extrachromos-
mally as a Bmtl-linearized substrate, and was previously
utilized to similarly detect accurate NHEJ (Supplementary

Figure S2B) (30). Altogether, from the data in Figure 2,
we conclude that 53BP1 promotes DSB repair in G1-phase
cells independently of DNA-PKcs.

53BP1 promotes MMEJ in G1-enriched cells

Because the repair of IR-induced DSBs predominately de-
pends on Alt-NHEJ in DNA-PKcs-deficient M059] cells
(9,10), we hypothesized that S3BP1 promotes Alt-NHEJ.
Although it is not clear whether microhomology is abso-
lutely required for AIt-NHEJ, microhomology sequences
are frequenctly observed at the junction sites. Therefore,
we wished to specifically examine the role of 53BP1 in
MME]J, which is dependent on Mrell and CtIP among
other factors (8,16,18,29-32). We, therefore, established
H1299 clones with a single chromosomally integrated copy
of the pCMV/myc/cyto/GFP* reporter. The reporter is
modified by inserting a 28-bp oligonucleotide containing an
I-Scel recognition site flanked by 7-bp microhomology into
the GFP sequence as described previously (30,48). This in-
sertion introduces two stop codons and a frame shift pre-
venting GFP translation. Functional GFP is only gener-
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Figure 2. 53BP1 promotes DNA DSB repair and genomic stability in cells with deficient DNA-PKcs. (A) Relative DNA-PKcs mRNA levels from H1299
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ated after I-Scel cleavage and subsequent repair by MME]J
with 26 bp depletion (Figure 3A). This reporter was pre-
viously used to describe the role of CtIP in MMEJ Gl1-
phase cells (30). The protocol for MMEJ measurement in
Gl-enriched cells is presented in Figure 3B. In this assay,
shRNA-transfected cells are first enriched in G1 phase by
starvation followed by infection with an adenoviral I-Scel
expression vector and FACS analysis of GFP-expressing
cells. MMEJ was detected 24 hours after I-Scel is intro-
duced into the cells. Brdu labeling is also monitored right
prior to MMEJ detection in order to ensure that G1 enrich-
ment is efficient throughout the experiment (Supplementary
Figure S3).

Depletion of DNA ligase 111 and XRCCI1 as well as
Mrell led to an expected decrease in the percentage of
MME]J products, confirming that the reporter is an appro-
priate endpoint to study the involvement of 53BP1 in this
pathway (Figure 3C-E). The observed smaller magnitude of
effect in ligase III and XRCC1 depleted cells may be caused
by functional redundancy as has been reported for ligase |
and ligase III in alt-NHEJ (60,61). We found depletion of
53BP1 led to a decrease in MMEJ frequency that was of
similar magnitude as Mrell depletion (Figure 3F) and seen
extrachromosomally as well (Supplementary Figure S4A).
The expression of I-Scel was monitored by western blot us-
ing antibody against the HA tag in cells with or without
53BP1 knockdown. shRNA transfection did not affect ex-
pression of I-Scel protein levels (Figure 3G).

The role of 53BP1 in promoting MMEJ appeared to be
G1-phase specific and was not observed in asynchronous
cells (Supplementary Figure S4B). The eftect of 53BP1 ap-
pear to be epistatic with Mrel1 (Figure 3H) as well as CtIP
(Figure 3I), thereby demonstrating that 53BP1 acts in the
genetically defined MMEJ pathway. Importantly, knock-
down of the c-NHEJ protein Ku70 resulted in increased
MME]J levels, which is consistent with previous observa-
tions that the MMEJ pathway is suppressed by Ku (18)
(Figure 3J). In the setting of Ku70 knockdown, additional
depletion of 53BP1 again resulted in a decrease in MMEJ
frequency in Gl-enriched cells (Figure 3K). Importantly,
we also found that depletion of 53BP1 reduced the fre-
quency of MMEJ in Gl-enriched cells with a DNA-PKcs
deficiency (Figure 3L). This result is consistent with the data
in Figure 2 which demonstrates a DNA-PKcs-independent
DSB repair function of 53BP1. Finally, in order to com-
pare our data with others, we utilized a second chroma-
tinized MMEJ reporter, pEJ2-GFP, which has been used to
study the role of 53BP1 in Alt-NHEJ in asynchronous cells
(50) (Supplementary Figure S5A). In this system, a 35 or
140-350 bp deletion is required during the MMEJ process
(18,50). Similar to the results observed in H1299 cells with
the pPCMV /myc/cyto/GFP* reporter (Figure 3F), 53BP1
knockdown impaired MMEJ in Gl-enriched U20S cells
harboring the pEJ2-GFP reporter (Figure 3M, Supplemen-
tary Figure S5B). In addition, consistent with a previous
publication (50), 53BP1 knockdown caused a slight increase
in MMEJ in asynchronous cells using the same reporter
(Supplementary Figure S5C). Altogether, the data in Fig-
ure 3 indicates that 53BP1 promotes MMEJ specifically in
G1 phase.

53BP1 specifically promotes MMEJ with extensive
resection/deletion

The pGL3-MCS reporter allows us to assay not only accu-
rate NHEJ events by analyzing repair products that have
retained the EcoRV-site but also MMEJ and the size of se-
quence deletion around the cleavage site (Supplementary
Figure S2A, Figure 2G). To further analyze the effect of
53BP1 on sequence deletion during the MMEJ process, we
sequenced repair products of pGL3-MCS that could not
be cleaved by EcoRV endonuclease. The reporter allows
for two types of end-joining, proximal MMEJ (P-MME)J),
which microhomology sequence is flanking the DBS site
and involves sequence deletion of only 2 bp prior to re-
ligation, and distal MMEJ (D-MMEJ), which can be medi-
ated by microhomologies that are located 4-2364 bp away
from the break site yielding 26 different repair products
(Figure 4A and B). In cells with 53BP1 knockdown, there
was a significant decrease in the fraction of products repre-
senting distal MMEJ, but not proximal MMEJ (Figure 4B).
Since a length of microhomology that would clearly distin-
guish c-NHEJ and alt-NHEJ is not defined, we acknowl-
edge that P-MMEJ may also be carried out by c-NHEJ.
However, even if this were the case, it would no alter our
conclusion that 53BP1 promotes MMEJ (Figure 4B). We
next categorized the deletions into three arbitrary classes,
i.e. <418 bp versus 418-1000 bp versus >1000 bp. In the
presence of 53BP1, almost 60% of deletions were <418 bp,
whereas in 25% of products the deletion size exceeded 1000
bp (Figure 4C). Conversely, S3BP1 depletion was associated
with a higher percentage of <418 bp deletions (85%) and a
lower percentage of large deletions (10%). In summary, the
data indicate that the promotion of MMEJ by 53BP1 is as-
sociated with extended deletions and thus is error-prone, in
contrast to c-NHEJ.

Loss of MMEJ promotion by 53BP1 when BRCAL1 is defec-
tive

BRCAT1 and 53BP1 have opposing functions in the regula-
tion of HR. We thus wished to examine whether 53BP1’s
role in MMEJ promotion is affected by BRCAT status. We
used the pPCMV /myc/cyto/GFP* reporter according to the
protocol described in Figure 3B. 53BP1 depletion did not
result in reduced but rather increased MMEJ frequencies
in Gl-enriched populations in which BRCA1 was depleted
compared to control cells (Figure SA—C), contrasting the re-
sults of 53BP1 depletion in the context of proficient BRCA1
(Figures 3 and 4B). We next analyzed the deletion profile
of repair products using the extrachromosomal pGL3-MCS
reporter analogously to Figure 4. Interestingly, the propor-
tion of the junction products with a larger deletion (>1000)
was higher in cells with double knockdown of 53BP1 and
BRCA1 compared to cells with BRCA1 depletion alone
(Figure 5D), contrasting the results of 53BP1 depletion in a
BRCA 1 -proficient background (Figure 4C).

To confirm these findings at a chromosomal level, we gen-
erated H1299 cells in which a single copy of the I-Scel-based
NHEJ substrate pPHW1 was stably chromosomally inte-
grated (see Materials and Methods). This repair substrate
was described previously (62,63) and is depicted in Supple-
mentary Figure S6. Following I-Scel break induction, we
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Figure 3. 53BP1 knockdown led to a reduction in MMEJ in G1-enriched cells. (A) Schematic maps of reporter plasmid. The vector pPCMV /myc/cyto/ GFP*
was modified by inserting a 28-bp oligonucleotide containing an I-Scel site flanked by 7 bp microhomology (underlined) inside the GFP sequence. This
insertion introduces two stop codons and a frameshift, preventing GFP translation. Functional GFP is only generated after I-Scel cutting and subsequent
repair by MMEJ. (B) Illustration of the chromosomal MMEJ assay. (C-E) The effect of knockdown of the individual proteins as indicated on MMEJ
in Gl-enriched H1299 cells. (F) 5S3BP1 knockdown led to a reduction in MMEJ frequency in Gl-enriched cells. (G) Expression of HA-tagged I-Scel
endonuclease was monitored by western blot using anti-HA antibody. H1299-pCMV /myc/cyto/GFP* cells with and without 53BP1 knockdown were
infected with Ad-I-Scel-NG, and whole cell lysates were prepared at 24 h after infection. (H) 53BP1 promotes MMEJ in a manner that depends on Mrel 1.
(I) CtIP was knocked down by shRNA targeting CtIP (CtIPsh) (left panel). The role of 53BP1 in MMEJ depends on CtIP (right panel). (J) Ku70 depletion
by shRNA (Ku70sh) in H1299 cells. (K) The effect of knockdown of 53BP1 on MMEJ frequency in G1-enriched H1299 cells with additional Ku depletion.
(L) The effect of knockdown of 53BP1 on MMEJ frequency in G1-enriched H1299 cells with additional DNA-pkcs depletion. (M) 53BP1 depletion results
in a decreased frequency of MMEJ in Gl-enriched U20S-EJ2-GFP cells. All P-values were calculated by Student’s #-test. Error bars represent the SD of

at least three independent experiments.
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Figure 4. 53BP1 is required for distal MMEJ with extensive end resection/deletion. (A) Schema of reporter substrate and illustration of microhomology
usage. Representative microhomologies used during proximal MMEJ (p-MMEJ) and distal MMEJ (d-MMEJ) were marked in red and yellow/gray colors,
respectively. (B) Levels of MMEJ determined by sequencing analysis of individual re-circularized pGL3-MCS products. P-MMEIJ represents repair adjacent
to the EcoRV cleavage site. D-MMEJ represents repair distant to the EcoRV site with extensive end resection/deletion. (C) Quantitative analysis of deletion
products by sequence analysis of individual re-circularized pGL3-MCS products. P-values were calculated by Chi-square test.

analyzed profiles of the repair junctions by direct sequenc-
ing of unselected products from Gl-enriched populations.
Equivalent expressions of HA-tagged I-Scel meganuclease
and BRCA1/53BP1 knockdown were monitored in paral-
lel by western blotting (Figure SE). Without 53BP1 silenc-
ing, we could not detect any deletion among 129 clones
in the presence of BRCA1 depletion (Figure 5F). In con-
trast, double depletion of BRCA1 and 53BP1 revealed 6
deletions out of 154 clones, with a deletion size of 4-26
bp. Therefore, BRCA1 modulates 53BP1’s role in regulat-
ing deletional MMEJ in G1-phase cells.

DISCUSSION
53BP1 promotes MMEJ in G1-phase cells

In this report, we have demonstrated a novel role of 53BP1
in promoting MMEJ and sequence resection/deletion in
G1-phase cells. Our results provide a mechanistic basis for
prior observations showing that S3BP1 is important for cell
survival following irradiation of Gl-phase cells in a Ku-
independent manner (34,35). A previous report suggested
that 53BP1 may promote DSB repair in late G1-phase via
promotion of heterochromatin relaxation (41). Our resutly

imply a role of 53BP1 in MMEIJ. In addition, we found
that 53BP1 promotes deletion of sequence flanking bro-
ken ends, raising the possibility that 53BP1 promotes DNA
end-resection during MMEJ. 53BP1 contains interaction
surfaces for numerous DSB-responsive proteins although it
does not possess any identified nuclease enzymatic activi-
ties. Thus, the effect of 53BP1 on ssDNA resection could
be indirect via association with its partner(s) which play a
direct role in ssSDNA resection. Given that 53BP1 directly
interacts with and regulates the activity and recruitment of
Mrell (41,64), it is conceivable that 53BP1 promotes end-
resection/degradation via regulation of Mrell. In support
of this hypothesis, using shRNA knockdown approach we
found that promotion of MMEJ by 53BP1 was dependent
on Mrell and CtIP which promotes ssDNA resection via
Mrell (Figure 3H and I) (64,65).

Previously, a role of 53BP1 in inhibition of end-
resection/degradation in class switch recombination (CSR)
has been observed (66). In addition, 53BP1 was found
to promote end-resection/degradation during long-range
V(D)J recombination (38). The authors proposed a model
in which the long-range synapsis mediated by 53BP1 is crit-
ical for protecting DNA ends during V(D)J recombination
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FigureS. 53BP1 inhibits MMEJ and end-resection/deletion in the BRCA 1-deficient cells. (A) Protein levels of 53BP1in H1299 cells with or without BRCA1
depletion were detected by western blot using an anti-BRCA1/53BP1 antibody or B-actin as a protein loading control. (B and C) MMEJ measured by
the extrachromosomal or chromatinized reporter pCMV/myc/cyto/GFP* in Gl-enriched cells, according to the protocol described in Figure 3A, P-
values were calculated by Student’s z-test. Error bars represent the SD of three independent experiments. (D) Quantitative analysis of deletion products by
sequence analysis of individual re-circularized pGL3-MCS in cells depleted of the indicated genes. (E) HA-I-Scel expression and BRCA1/53BP1 expression
are monitored by western blot. (F) Quantitation of changes in NHEJ events. A cell clone with a single copy of pPPHW1 (H1299-pPHW 1) was enriched in
G1 phase using starvation as described in Figure 3A. To avoid selection bias, colonies did not undergo XHATM selection for gpt expression. P < 0.05,

P-values were calculated by Chi-square test.

and CSR (38). Currently, it is not clear if 53BP1 acts on
synaptic steps during repair of DSBs induced by IR or other
exogenous sources. It is possible that 53BP1 has a simi-
lar role in long-range synapsis of DSBs caused by IR or
other sources. On one hand, 53BPI could hold the long
ranged DSB ends together directly or indirectly to protect
extensive degradation during synapsis. On the other hand,
the internal regions can be subsequently resected /degraded
via 53BP1-mediated regulation of Mrell/CtIP. In this sce-
nario, this could allow for controlled end-resection in-
duced by Mrel1/CtIP. Although 53BP1 may promotes end-
resection/degradation during MMEJ, the magnitude of se-
quence deletion may be limited because ssDNA resection
activity is generally low in G1 phase due to the lower CDK
activity and/or the restriction by H2AX (67).

53BP1 is required for maintenance of genomic stability in G1-
phase cells with a deficiency in DNA-PK

We found that 53BP1 depletion caused an increase in
chromosome-type breaks in Gl-phase cells with or with-
out DNA-Pkcs deficiency (Figures 1E and 2F). These re-

sults suggest that 53BP1 is required for maintenance of ge-
nomic stability via promotion of DSB repair in G1-phase
cells with a deficiency in the c-NHEJ pathway. In addition,
we observed that IR-induced chromatid-type breaks were
also more common in 53BP1-depleted cells. We speculate
that this observation may reflect a role of 53BP1 in the re-
pair of secondary DSBs that are generated after replication
blockage caused by IR though we did not pursue this fur-
ther (68). The role of 53BP1 in MMEJ may be important
for the genomic stability of G1-phase cells due to the fol-
lowing reasons. First, no role of 53BP1 in precise error-free
end-joining, which reflects C-NHEJ was observed. Second,
53BP1 was found to be important for repairing of DSBs in
DNA-PKcs-deficient G1 cells (Figure 2). Thus, it is tempt-
ing to speculate that the role of 53BP1 in alt-NHEJ/MMEJ
is required for repair of DSBs in G1 phase cells in response
to IR. We note that our data do not rule out the possibility
that some DSBs may be repaired by S3BP1 in concert with
DNA-PKcs, particularly complex lesions that require some
degree of end-processing.
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Upregulation of MMEJ with deletion formation when both
53BP1 and BRCAL1 functions are impaired

Interestingly, the MMEJ-promoting role of 53BP1 in G1-
phase cells was lost when BRCA1 was depleted (Figure 5).
We speculate that this could reflect an active suppression
of end-resection by 53BP1 in the absence of BRCA1. Such
a scenario would mirror 53BP1’s inhibitory role in ssDNA
resection that is required for HR (42,43). MMEJ shares the
initial resection step with HR (13) but it differs from HR
because it requires neither extended resection nor extended
sequence homology. The potential mechanisms by which
53BP1 may actively suppress ssDNA deletion/resection re-
quired for MMEJ in Gl-phase cells with BRCA1 defi-
ciency are far from clear. Several studies have suggested
that the blockage of DNA-end-resection required for HR
in BRCA -deficient cells involves preventing the phospho-
rylation of RPA and/or the action of ATM-dependent
CtIP (42,43). In addition, 53BP1 blocks 5'-end-resection
that involves CtIP, BLM and Exol at telomeres deprived
of both TRF1 and TRF2 (69). Further, 53BP1 counter-
acts BRCALI in suppressing ssDNA resection via associ-
ation with RIF1 (70-73). It would be very interesting to
determine if the mechanisms inhibiting ssSDNA resection
by 53BP1 during HR repair, telomeres maintenance and
class switch reocmbination/long-ranged V(D)J recombina-
tion are also utilized during the process of MMEJ. In addi-
tion, the question of how 53BP1 acts differently in MMEJ
in presence and absence of BRCA1 need to be addressed in
future.

One remaining question is how 53BP1 acts differently in
ssDNA resection and DSB repair in cells with or without
BRCAI. In BRCATl-proficient S-phase cells, 53BP1 has no
role in ssSDNA resection required for HR (45), but 53BP1
has an inhibitory impact on resection/HR in BRCAI-
deficient cells (42,43). In G2-phase cells, there is a HR-
promoting role of 53BP1, which may be a reflection of relax-
ation of heterochromatin. Nonetheless, S3BP1 still retains
its inhibitory impact on HR. Thus, in G2-phase cells, 53BP1
has both an inhibitory and a promoting role for HR (45).
We hypothesize that a similar scenario may also exist for
the MMEJ pathway in G1-phase cells where 53BP1 may be
both a negative and positive regulator of ssDNA resection
and MMEJ. However, the suppression of ssDNA resection
by 53BP1 in G1-phase cells is relieved upon loss of BRCA1
which exceeds the positive regulation by 53BP1. Thus, the
net effect of 53BP1 on MMEJ in G1-phase cells is inhibitory
when BRCAL is lost. This model needs to be tested in fu-
ture studies. Together, the current literature and our results
strongly suggest that 53BP1’s role in DSB repair is highly
regulated, and depends on the stages of cell cycle and state
of BRCAL.

Notably, despite the hypersensitivity to IR caused by
53BP1 loss in several, diverse cell and animal models radia-
tion resistance was paradoxically observed in breast cancer
patients with low 53BP1 expression (74). It is conceivable
that cancers with low 53BP1 expression have a co-existing
defect in the BRCA1 pathway given that 53BP1 loss is fre-
quently observed in BRCA-deficient cells (42). Given that
MME] is important for resistance to IR (14), increased
MME] levels in BRCA1-deficient cells due to lower 53BP1

expression could contribute to radiation resistance. Thus,
the possibility of resistance to IR treatment may have to be
considered when breast cancer patients with a deficiency in
both BRCAI and 53BP1 are treated with IR in the clinic.

In conclusion, our data indicate that 53BP1 controls se-
quence deletion which may reflect ssDNA resection dur-
ing MME]J in the G1 phase. Importantly, 53BP1 appears
to suppress deletion formation when BRCAT is deficient.
MME], therefore, is a highly regulated DSB repair pathway
and is differentially regulated in the presence or absence of
BRCAL.
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