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Abstract

DNA double-strand breaks (DSB) are very harmful lesions that can generate genome rear-

rangements. In this study, we used intrachromosomal reporters to compare both the effi-

ciency and accuracy of end-joining occurring with close (34 bp apart) vs. distant DSBs (3200

bp apart) in human fibroblasts. We showed that a few kb between two intrachromosomal I-

SceI-induced DSBs are sufficient to foster deletions and capture/insertions at the junction

scar. Captured sequences are mostly coupled to deletions and can be partial duplications of

the reporter (i.e., sequences adjacent to the DSB) or insertions of ectopic chromosomal

sequences (ECS). Interestingly, silencing 53BP1 stimulates capture/insertions with distant

but not with close double-strand ends (DSEs), although deletions were stimulated in both

case. This shows that 53BP1 protects both close and distant DSEs from degradation and

that the association of unprotection with distance between DSEs favors ECS capture. Recip-

rocally, silencing CtIP lessens ECS capture both in control and 53BP1-depleted cells. We

propose that close ends are immediately/rapidly tethered and ligated, whereas distant ends

first require synapsis of the distant DSEs prior to ligation. This "spatio-temporal" gap gives

time and space for CtIP to initiate DNA resection, suggesting an involvement of single-

stranded DNA tails for ECS capture. We therefore speculate that the resulting single-

stranded DNA copies ECS through microhomology-mediated template switching.

Author Summary

A DNA double-strand break is a very toxic lesion that can be repaired by rejoining DNA
ends. This repair process can have deleterious consequences on the genome by joining
DNA ends that were not originally fused (translocations) or modifying the DNA sequence
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with deletions or insertions. Here, we show that rejoining distant ends (only a few kb
apart) favors error-prone repair characterized by deletion of the original sequences and
also favors insertions of ectopic chromosomal sequences. These insertions are coupled to
error-prone repair, i.e., deletion of the original sequence, initiated by the nuclease CtIP.
Interestingly, favoring deletions by removal of the protection factor 53BP1 is not sufficient
to efficiently promote insertions of ectopic sequences when the DNA ends are close.
Therefore, the association of both unprotection and distance betweenDNA ends favors
insertion of ectopic chromosomal sequences. The requirement of CtIP that generates sin-
gle-strand DNA suggests that the generation of single-strand DNA favors insertions of
ectopic sequences by microhomology-mediated template switching.

Introduction

DNA double-strand breaks (DSBs) are highly toxic lesion that can cause profound genome
rearrangements and/or cell death. Faithful DSB repair is vital for cell survival and the mainte-
nance of genome stability, but it should also allow for genetic diversity in essential physiological
processes such as, for instance, the establishment of the immune repertoire. Thus, DSB repair
should be tightly controlled. There are two levels of genetic modification through DSB repair:
1- the rearrangement/joining of distant DNA sequences and 2- mutagenesis at the sealed junc-
tion. In this latter case, deletions, DNA capture or complex events, associating different pro-
cesses can alter the structure of the repair junction.

DSBs are repaired by two general processes: the first uses an intact homologous sequence
and is referred to as homologous recombination (HR), and the second process joins the two
DNA double-strand ends (DSE) in a sequence homology-independentmanner [1]. In mam-
malian cells, the end-joining (EJ) of DSEs is a prominent DSB repair pathway. Canonical non-
homologous end-joining (C-NHEJ), which is KU-Ligase 4 dependent, is able to join DSEs in a
conservative way at the repair junction, although it is adaptable to imperfectly cohesive ends
[2–4]. More recently, an alternative end-joining (A-EJ) pathway has been described that does
not require sequence homology, but is initiated by CtIP-dependent single-strand DNA resec-
tion. Therefore, A-EJ is highly mutagenic at the repair junction, typically generating deletions
resulting from the initial resection and frequently using microhomologies distant from the
DSB to join the resectedDNA ends [2–10].

Severalmechanisms generate DSBs: DNA-damaging agents, such as ionizing radiation or
reactive oxygen species, and nucleases generate DSBs with two proximal DSEs. Prolonged rep-
lication stress also generates DSBs [11]. Importantly, the arrest of replication forks generates
single-endedDSEs [12,13], and the joining of such structures, which are distant, inevitably gen-
erates rearrangements. Importantly, we have recently reported that the cohesin complex pre-
vents the joining of distant double-strand ends but not of close ends, specifically in the S phase
[14]. Alternatively, single-endedDSEs can initiate DNA copy through template-switching.
Indeed, a model of genetic rearrangements accounting for copy number variation upon replica-
tion stress, which is initiated by microhomology annealing, has been proposed: MMBIR/
FoSTeS (microhomology-mediated break-induced replication/ Fork Stalling and Template
Switching) [15–17]. In yeast, chromosome rearrangements occurring via template switching
between diverged repeated sequences have also been described [18].

On one DSB with two proximal DSEs, it has been proposed that C-NHEJ components tether
the two ends, allowing their immediate ligation [19–22]. Remarkably, C-NHEJ-defective cells
exhibit strong chromosome instability, underlining the fact that C-NHEJ is essential for the
maintenance of genome stability. Consistently, C-NHEJ protects against the mobility of DNA
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ends, thus preventing unscheduled rearrangements [23–25]. Conversely, A-EJ is involved in
chromosome translocation in mouse, drosophila and yeast cells [26–28]. However, the mecha-
nisms leading to genome rearrangements appear to be more complex because C-NHEJ has also
been shown to be involved in genome rearrangement events such as capture of excised chromo-
somal sequences and translocation, in the mammalian genome [2,29]. Moreover, analysis of the
junctions repaired by EJ reveals the occurrenceof complex events in addition to the direct joining
of two DSEs. Indeed, these events frequently associate deletions with capture of DNA sequences.
Moreover, while the genetic control of the end-joining processes per se has been extensively stud-
ied [1], the mechanisms resulting in rearranged end-joining junctions are poorly documented.

Here, we address the question of the impact of the distance between two DSEs on both the
efficiencyand the accuracy of end joining. To analyze these processes at a precise molecular
level in living human cells, and in the chromosomal context, we used several intrachromosomal
substrates monitoring the end joining of DSBs targeted into the substrates by the meganuclease
I-SceI. These substrates have been derived from previously extensively characterized, validated
and discussed substrates monitoring end-joining [2–4,8,10,30–32].We show that a distance of
only a few kb between the two DSEs, which is short at the nucleus scale, is sufficient not only to
significantly reduce joining efficiencybut also to induce error-prone DSB repair associated
with complexly rearranged end-joining junctions. Particularly, a distance between the DSEs
favors the capture of chromosome sequences that can be partial duplications of the EJ reporter
or ectopic chromosomal sequences (ECS). We show here that these captures are promoted by
CtIP and counteracted by 53BP1, suggesting the involvement of single-strand resection at the
initiation of such events. Therefore, according to these data, the junction patterns analyzed
here, the MMBIR/Fostes model [15–17], and analysis of chromosome rearrangement in yeast
[18], we speculate that the chromosomal captures at the end-joining junctions of two distant
DSEs also result from micro-homology-mediated template switching. These complex events
only arise with distant DSEs, thereby indicating a requirement for a "spatio-temporal-gap" that
allows the coupling of the resectionwith chromosomal insertions. These data reveal mecha-
nisms resulting in DNA capture at the joining of two distant DSBs, underlining the complex
possibilities for DNA end processing to alter the accuracy of DSB repair. Importantly, even a
distance of a few kb between two DSBs is sufficient to induce such complex processing, adding
an additional level of risk for genome integrity.

Results

A few kb between two DSBs are sufficient to affect EJ efficiency

We designed several intrachromosomal reporter substrates monitoring non-homologous EJ,
betweenwhich the key difference was the distance between the two DSEs (I-SceI sites), 34 bp
versus 3200 bp (Fig 1A and S1 supplementary information). A 34-bp-gap should allow for
more direct or rapid tethering and ligation of the two DSEs. In contrast, a 3200-bp-gap abso-
lutely requires a synapsis step to bring together the two DSEs prior to ligation. End-joining
events were monitored by the expression of GFP or CD4 reporters (Fig 1B).

We established several independent clones bearing one or two substrates in SV40-trans-
formed human fibroblasts (Fig 2). Note that, for a given type of substrate, the frequency of
I-SceI–inducedEJ did not significantly vary between different clones with the same reporter
type, suggesting the absence of position effect (Fig 2). Remarkably, the efficiencyof EJ was con-
sistently 3.5-fold higher in reporters containing a 34-bp-gap than in those containing a
3200-bp-gap (Fig 2). This shows that even a few kilobases of separation betweenDSEs, which
is short at the genome-scale level, reduce EJ efficiency;this effect is therefore not restricted to
large-scale genomic rearrangements [33].
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A few kb between two DSBs affect the accuracy of EJ

In previous studies, we defined two classes of EJ repair events: conservative EJ (C-NHEJ), which
is KU/XRCC4-dependant and uses the annealing of at least one of the 3’ protruding nucleotides
(3’Pnt) generated by I-SceI cleavage, which are eventually associatedwith insertions at the repair
junctions; and non-conservative alternative EJ (A-EJ), which is KU/XRCC4-independant and

Fig 1. End-joining substrates. A. CD4-3200bp and GFP-34bp have previously been validated [10,34–36,48] and discussed in [4]. To analyze

DSB repair with comparable substrate backbones, we constructed hybrid substrates, CD4-34bp and GFP-3200bp interchanging the internal

sequences flanked by the two I-SceI sites (red arrows). After I-SceI cleavage, the end-joining leads to expression of the reporters (see details in

S1 Supplementary information). B. Example of GFP and CD4 monitoring by fluorescence microscopy (upper panel) or flow cytometry (lower

panel), in a given cell line (GCS5).

doi:10.1371/journal.pgen.1006230.g001
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deletes at least all four 3’-Pnt (see S1 supplementary information and [4,10,34–36]). Again, dele-
tions in A-EJ can be associatedwith insertions at the repair junction. DSEs separated by 34 bp
produced a higher proportion of conservative rejoining events (64% conservative repair: 57%
HiFi (High Fidelity events, i.e. error-free) + 7% insertions in GCK20 cells) than in each of the
two cell lines (GC92 and GC49) with DSEs separated by 3200 bp (40% conservative repair: 36%
HiFi+4% insertions in GC92 cells, and 33% conservative repair: 23% HiFi+ 10% insertions in
GC49 cells) (GC92 vs. GCK20,p = 0.007; GC49 vs. GCK20, p = 0.005 by t-test; Table 1 and S2
Supplementary information), suggesting that distance betweenDSEs fosters error-prone repair,
likely by A-EJ.

Fig 2. The distance between DSB affects the efficiency of end joining. A. Frequency of end joining in cell lines

bearing one or two substrates: 12 independent clones contained one or two of the substrates. Values represent the

average ± SEM of at least 5 independent experiments.

doi:10.1371/journal.pgen.1006230.g002

Table 1. Accuracy of End Joining on distal or close DSEs.

DISTANT DSEs CD4-3200bp DISTANT DSEs CD4-3200bp CLOSE DSEs CD4-34bp

GC92 cells GC49 cells GCK20 cells

Number of sequences 190 80 135

HiFi (High Fidelity) 36% 23% 57%

(69/190) (18/80) (77/135)

Insertion�1bp 4% 10% 7%

(7/190) (8/80) (9/135)

Deletion�1bp 46% 47% 26%

(87/190) (38/80) (35/135)

Deletion with insertion 14% 20% 10%

(27/190) (16/80) (14/135)

HiFi (High Fidelity) is the direct ligation of 1 to 4 of the 3’protruding nucleotides generated by the I-SceI cleavage. Insertions are all reported even as small as

1bp. Deletions include deletions of nucleotides located on the double-stranded side of the DSE. Values are calculated from the total of at least 3

independent experiments and sequencing of 80 to 190 junction sequences. (T-test of the use of 3’Pnt (HiFi+ insertions): GC92 vs. GCK20: p = 0.0034;

GC49 vs. GCK20: p = 0.0068).

doi:10.1371/journal.pgen.1006230.t001
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We previously showed that CtIP promotes non-conservative rejoining of DSEs separated by
3200 bp and that 53BP1 antagonizes CtIP in this process [36]. Here, we reproduced these
results (Table 2), and in addition, we showed that silencing CtIP (Fig 3A) also increases conser-
vative events (HiFi) with DSEs separated by 34 bp (Table 2). Silencing 53BP1 (Fig 3A), which
protects against CtIP-induced resection [37], increased the percentage of non-conservative
events with distant ends (Table 2) and significantly increased the size of deletions (Fig 3B).

With close ends, silencing 53BP1 (Fig 3A) also impaired conservative events (64%: 57% HiFi +
7% insertions in control cells vs. 56%: 52% HiFi + 4% insertions in 53BP1-depleted cells, Table 2);
however, the size of deletions was not affected by 53BP1 depletion (Fig 3B). Therefore, 53BP1 is
necessary to protect distant DSEs from extensive degradation. For close DSEs, unprotection by
53BP1 silencing is compensated by the tethering and rapid ligation of the two close ends, thus
avoiding the attack of the DSE by nucleases and generation of long resections.

A few kb between two DSBs favors the capture of ectopic chromosome

sequences

Remarkably, rejoining 3200-bp-distant DSEs seems to significantly favor long insertions (� 45
bp and even>200 bp) compared to rejoining close 34-bp-distant ends (Fig 4A and 4B, and S2
supplementary information). Strikingly, silencing 53BP1 2.5-fold increased the frequency of
these long insertions at the rejoining junction of 3200-bp-distant DSEs (Fig 4B, Tables 3 and 4,
and S2 and S3 supplementary information). Interestingly, CtIP depletion decreased the fre-
quency of long insertions in control cells but, more specifically, abolished the increased stimu-
lation of long insertions resulting from 53BP1 depletion (Fig 4A and 4B and Table 3, S2 and S3
Supplementary information). In contrast, in the repair of 34-bp-separated DSEs, 53BP1 deple-
tion had no impact on insertion size and frequency (Fig 4A and 4B and S3 Supplementary
information). Collectively, the data show that deprotection of DSEs is not sufficient to effi-
ciently promote insertions and that the distance betweenDSEs also matters.

Sequencing of the insertional rejoining events of distant DSEs revealed that insertions could
be classified into two main categories (Tables 3 and 4, S4 Supplementary information).

The first category entailed partial duplication of sequences adjacent (either in 5’ or in 3’) to
the I-SceI cleavage site (31 sequences over 63 insertions�45 bp total). Among these events,

Table 2. Accuracy of End Joining on distant or close DSEs, upon 53BP1 and/or CtIP depletion.

DISTANT DSEs DISTANT DSEs CLOSE DSEs

CD4-3200bp CD4-3200bp CD4-34 bp

GC92 cells GC49 cells GCK20 cells

siControl si53BP1 siCtIP si53BP1 siControl si53BP1 siControl si53BP1 siCtIP si53BP1

+siCtIP +siCtIP

Number of sequences 190 163 165 95 80 123 135 120 86 78

HiFi 36% 29% 57% 42% 23% 16% 57% 52% 69% 58%

(69/190) (48/163) (94/165) (40/95) (18/80) (20/123) (77/135) (63/120) (59/86) (45/79)

Insertion�1bp 4% 3% 2% 0% 10% 2% 7% 4% 5% 1%

(7/190) (5/163) (4/165) (0/95) (8/80) (3/123) (9/135) (5/120) (4/86) (1/78)

Deletion�1bp 46% 45% 32% 44% 47% 58% 26% 31% 17% 29%

(87/190) (73/163) (52/165) (42/95) (38/80) (71/123) (35/135) (37/120) (15/86) (23/79)

Deletion with insertion 14% 23% 9% 14% 20% 24% 10% 13% 9% 12%

(27/190) (37/163) (15/165) (13/95) (16/80) (29/123) (14/135) (15/120) (8/86) (9/78)

Values are calculated from the total of 2 to 5 independent experiments and sequencing of 78 to 190 junction sequences.

doi:10.1371/journal.pgen.1006230.t002
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four sequences implicated sequence homology at one border and copying of a part of the inter-
vening sequence between the two I-SceI sites. Therefore, these rare events might be attributed
to an HR-dependent process involving the sister chromatid. However, the vast majority (27/31
events of partial duplication of the EJ reporter) did not exhibit sequence homology at the bor-
ders nor copy of the intervening sequence immediately downstream from the I-SceI site.
Therefore, for these latter cases, we exclude a process initiated by HR, and we propose that they

Fig 3. 53BP1 protects against non-conservative end-joining on both distant and close ends but counteracts CtIP mediated

resection only on distant ends. A. Protein expression in cells transfected with control siRNA and/ or 53BP1 and/or CtIP siRNAs. B.

Distribution of the size of deletion at the repair sites of distant ends (upper panel, GC92 cells) vs. close ends (lower panel, GCK20 cells) in

cells transfected with 53BP1 siRNA and/or CtIP siRNA. Values represent the mean +/- SEM of 2 to 5 experiments and analysis of 78 to

190 sequences. C. The p values (Mann and Whitney test) from Fig 3B.

doi:10.1371/journal.pgen.1006230.g003
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occur through microhomologies-mediatedunequal sister chromatid exchange, involving non-
homologous sequences (see below). These events are similar to some of the translocation junc-
tions observed in Ewing sarcoma [38]. The second category entailed capture of ectopic chro-
mosomal sequences (ECS). In this latter category, there were also no sequence homologies
between the donor and recipient DNA molecules observed, excluding the involvement of
homologous recombination in the promotion of such events. Note that DNA capture has been
described at translocation junctions involving two different chromosomes [39]. Importantly,
for 3200-bp-separated DSEs, CtIP depletion abolished ECS capture (Table 3). Silencing 53BP1
stimulated the occurrence of long insertions (�45 bp) in the two different cell lines we used
here to monitor rejoining of distant ends, but the pattern differed between them. Indeed,
silencing 53BP1 in the GC92 cell line stimulated both the partial duplication of the EJ reporter
and ECS capture, whereas silencing 53BP1 only stimulated partial duplication of the reporter
sequence in the GC49 cell line (Tables 3 and 4 and S4 Supplementary information). These dif-
ferences may reflect a position effect and differences in chromatin conformation between the
two different cell lines. However, the data conclude that ablation of 53BP1 leads to insertions at

Fig 4. Long insertions are favored at the repair junction of unprotected distant DSEs. A. Impact of 53BP1 and/or CtIP depletion on the size

of insertions at the repair sites of distant ends (GC92 cells) or close ends (GCK20 cells) in cells transfected with control siRNA and/ or 53BP1 and/

or CtIP siRNAs. For each sample, each dot represents one insertion and the red line represents the median (*: p<0.03, Mann-Whitney test). The

green line indicates the threshold of 45 bp that was chosen for sequence BLAST. B. Impact of 53BP1 and CtIP on the frequency of long insertions

(�45 bp). Histograms represent insertions coupled to a deletion event and insertions not coupled to a deletion event. Values represent the mean

+/- SEM of at least 3 independent experiments and sequencing of 78 to 190 junction sequences. (*: p = 0.02; **: p<0.005, Mann-Whitney test).

doi:10.1371/journal.pgen.1006230.g004
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the seal junction of distant DSEs. For 34-bp-separated DSEs, the number of long insertions was
very small in spite of the large number of repair events sequenced (only 2 and 3 insertions�45
bp among 135 and 120 sequences in control or 53BP1-depleted cells, respectively), but impor-
tantly, depletion of 53BP1 did not stimulate ECS capture, in contrast with 3200-bp-separated
DSEs (Fig 4B, S5 Supplementary information). Intriguingly, captured ECS and partial duplica-
tions of the EJ reporter were frequently flanked by stretches of unidentified sequences (N-addi-
tions). Because these sequences are unidentified it is not possible to determine whether micro-
homologies are involved; however, among the remaining events, which do not present uniden-
tified sequences at the borders of the inserted sequence, approximately two-thirds exhibited
micro-homologies (�2 bp) at the junction borders (S4 Supplementary information).

Discussion

Altogether, these data show that distance betweenDSEs not only decreases the efficiencyof EJ
but also its accuracy, favoring complex association/competitionof different DNA end process-
ing mechanisms (DNA degradation, synthesis, N-additions, and insertions) at the repair junc-
tion. Remarkably, although 3200 bp is a short distance at the whole genome scale, it is
sufficient to generate such rearrangements. Determining the minimal distance requiring syn-
apsis and the impact of longer distances on the efficiency and accuracy of joining represents an

Table 3. Origin of large insertions (>45 bp) monitored in the repair of distant DSEs (CD4-3200bp) upon 53BP1 and/or CtIP depletion, in the GC92

cell line.

Origin of insertions >45 bp in the repair of DISTANT ends

CD4-3200bp

GC92 cells

% of insertions

>45 bp

% of insertions >45 bp

coupled to a deletion >100

bp

Partial duplication of

the EJ reporter

Ectopic chromosomal

sequences (ECS)

Other Insertions >45 bp bordered

by unidentified nucleotides

siControl 6.3% (12/190) 5.3% (10/190) 2.1% (4/190) 4.2% (8/190) - 83.3% (10/12)

si53BP1 14.7% (24/163) 9.8% (16/163) 6.1% (10/163) 7.4% (12/163) 1.2% (2/

163)*
83.3% (20/24)

siCtIP 3.0% (5/165) 1.2% (2/165) 2.4% (4/165) 0.6% (1/165) - 40.0% (2/5)

si53BP1

+siCtIP

3.1% (3/96) 1.0% (1/96) 1.0% (1/96) 0.0% (0/96) 2.1% (2/

96)**
66.7% (2/3)

Values are calculated from 2 to 5 independent experiments and sequencing of 96 to 190 junction sequences

* Bacterial DNA

** I-SceI expression vector DNA

doi:10.1371/journal.pgen.1006230.t003

Table 4. Origin of large insertions (>45 bp) monitored in the repair of distant DSEs (CD4-3200bp) upon 53BP1 depletion in a second cell line

(GC49).

Origin of insertions >45 bp in the repair of DISTANT

ends CD4-3200bp

GC49 cells

% of insertions

>45 bp

% of insertions >45 bp

coupled to a deletion >100

bp

Partial duplication of

the EJ reporter

Ectopic chromosomal

sequences (ECS)

Other Insertions >45 bp bordered by

unidentified nucleotides

siControl 2.4% (2/81) 0.0% (0/81) 1.2% (1/81) 1.2% (1/81) - 0.0% (0/2)

si53BP1 6.5% (8/123) 3.3% (4/123) 5.7% (7/123) 0.8% (1/123) - 75.0% (6/8)

Values are calculated from 3 independent experiments and sequencing of 81 to 123 junction sequences

doi:10.1371/journal.pgen.1006230.t004
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exciting challenge for future studies. Importantly, here, we identified genetic control of such
events. Indeed, they are mainly CtIP-dependent and counteracted by 53BP1, suggesting a role
for the single-stranded tails generated by resection of the DSEs. In yeast, increasedmobility of
DSBs has been associated with DNA end resection, thus favoring the search for homology dur-
ing homologous recombination [40,41]. Moreover, in human cells, inhibition of MRE11 that
initiates resectionwith CtIP in A-EJ [7,30], reduces DNA end mobility and ability to pair
before the formation of a translocation [42]. Therefore, factors implicated in resection also
affect DNA end mobility, which is a prerequisite for the ligation of distant ends.

The "spatio-temporal" gap model for DSB repair

The present data can be unified in the model shown in Fig 5A. Partial duplication of the EJ
reporter and ECS capture requires the association of both DSE resection and distance. Indeed,
distance creates a “spatiotemporal gap," giving time and space for CtIP to initiate DNA end
resection. Both 53BP1 and KU have been proposed to protect DNA ends from degradation.
Indeed, with the substrate used here, the absence of KU also increased non-conservative end-
joining and long deletions [2,3]. In addition, ablation of the KU70-KU80 heterodimer, which is
involved in the tethering of the two DSEs of one DSB, consistently leads to increasedmobility
of the DSE and genome rearrangement [43]. Therefore, both 53BP1 and KU should protect
DSEs. However, for close ends, the absence of 53BP1 should be compensated by the proximity
of the two ends, which should permit rapid joining. In addition, close ends favor the tethering
of the two ends by KU. This situation does not provide enough time and space for nucleases to
attack the DNA extremities, even in the absence of 53BP1. With distant DSEs, the synapsis of
the two ends is first required, even with such a short distance as 3.2 kb. In this situation, the
tethering of the two ends prior to ligation cannot pre-exist, even in the presence of KU. There-
fore, the synapsis step provides space and time for CtIP to initiate resection, resulting in com-
plex sealing patterns. The absence of 53BP1, which counteracts CtIP, increases such events.

Upon replication stress, micro-homology-mediatedrearrangements have been proposed in
a process called MMBIR/FoSTeS [16]. In yeast, template switching between repeat sequences
also generates rearrangements [18]. Associating the present data with the above models, an
additional attractive hypothetical model speculates that single-strandedDNA tails generated
by CtIP favor microhomology-mediated template switching (MMts), initiating copying of
ECSs (Fig 5B). 53BP1 protects against such events. Unidentified N-additions, by increasing
ssDNA tail length, can enhance the probability of finding micro-homology to anneal. Different
polymerases are able to promote non-template N-additions; for example, in the course of V(D)
J recombination [44]. Alternatively, unidentified sequences might result from several succes-
sive rounds of annealing/copying of few nucleotides on different templates. In addition, the
two aforementioned processes might also cooperate to generate unidentified sequences at the
DNA capture borders. Then, similarly to SDSA (synthesis dependent strand annealing) (see
[1])), flip back to the recipient molecule by micro-homology annealing with the acceptor mole-
cule, results in ECS capture (Fig 5B). In one particular case of this model, MMts with a mis-
aligned sister chromatid should result in partial duplication of the reporter sequence through
sequence homology-independentmicrohomologies-mediated unequal sister-chromatid
exchanges (Fig 5C).

Physiological joining of distant DSEs occurs in V(D)J and class switch recombination and
therefore should be highly controlled. For instance, in V(D)J recombination, the cleavage hap-
pens after the synapsis has brought the involved sequences close together, thus protecting
against potential genome instability generated by the synapsis of distant broken ends. In con-
trast, replication stress generates unscheduled single-endedDSBs. Consequently, EJ of
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Fig 5. The “spatiotemporal gap” favors ectopic chromosomal sequences. A. Close DSEs are immediately tethered and then ligated. Distant DSBs

require synapsis to give space and time for dissociation of KU and 53BP1 from DNA ends and for CtIP to intrude and act during this “spatiotemporal gap”.
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replication-stress-inducedDSEs necessarily involves distant DSEs. Importantly, replication
stress has been proposed to act during early stages of malignancy [45,46]. Interestingly, using
the substrates describedhere, we have reported that the cohesin complex protects against the
joining of distant ends (but does not inhibit the joining of close ends), specifically in the S
phase, thus preventing genetic rearrangements generated by the joining of replication stress-
induced double-strand ends [14]. Consistent with the present data, we have previously
reported that DNA end mobility generated by cohesin complex ablation also increases the
occurrence of long insertions at sites of distant DSE rejoining (3.1% in control cells vs. 9.7% in
RAD21-depleted cells) [14]. Thus, these data suggest that the substrate used here with distant
I-SceI-inducedDSBs mimics, at least in part, some features of the joining of distant single-
ended DSBs generated by replication stress. The present data show that unscheduled EJ of dis-
tant DSEs can yield potentially deleterious genome rearrangements at the repair junction,
involving a complex mix/cooperationof different DNA processes. CtIP is required at the initia-
tion of homologous recombination and sister-chromatid exchanges [36], which allows for the
restart of arrested replication forks, thereby promoting genome stability maintenance. How-
ever, we show here that CtIP is a two-edge sword, jeopardizing genome stability at the joining
of distant DSEs. Therefore, by counteracting CtIP, 53BP1 plays a pivotal role in genome stabil-
ity maintenance of unscheduledDSBs.

Materials and Methods

DNA manipulations

All DNA manipulations were performed as previously described [47].

Cells

The cell lines were derived from SV40-transformed GM639 human fibroblasts and were cul-
tured in DMEM supplemented with 10% fetal calf serum (FCS) and 2 mM glutamine and were
incubated at 37°C in 5% CO2. LinearizedNHEJ reporters were electroporated into the cells,
and individual clones were selected using blasticidin (5 μg/mL) or neomycin (500 μg/ml).

Transfection

The meganuclease I-SceIwas expressed by transient transfection of the expression plasmid
pCMV-HA-I-SceI (47) with Jet-PEI, following the manufacturer’s instructions (Polyplus trans-
fection, Illkirch, France). The expression of HA-tagged I-SceIwas verified by Western blotting.
For silencing experiments, 50,000 cells were seeded 1 day before transfection, which was carried
out using 20 nmol of onTarget plus SMARTpool for human TP53BP1 (Dharmacon, Chicago, IL,
USA), CtIP siRNA (5'- GCUAAAACAGGAACGAAUC -3') and/or control siRNA (SR-CL000-
005, Eurogentec, Angers, France; 5’ AUGAACGUGAAUUGCUCAA -3’, #019317273, Eurofins,
Ebersberg,Germany) and INTERFERin following the manufacturer’s instructions (Polyplus
Transfection, Illkirch, France). Forty-eight hours later, the cells were transfectedwith the
pCMV-HA-I-SceI expression plasmid.

This favors non-conservative events, among them ectopic sequence capture (red). B. Hypothetical model for chromosome sequence capture through

micro-homology-mediated template switching (MMts). Upper panel: synapsis of distant DSEs. Lower panels: 1- micro-homology template switching

(MMts) without unidentified sequences leading to ectopic chromosomal sequence (ECS) capture (in blue); 2- N-additions (in red) by non-template

polymerases 3- successive round of MMTS resulting in unidentified sequences (in red and green) at the borders of inserted sequence. C. Sequence

homology-independent microhomologies-mediated unequal sister chromatid exchange through MMts. Blue lines: reporter sequences. Grey sphere:

centromere.

doi:10.1371/journal.pgen.1006230.g005
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Measure of End Joining efficiency by FACS

After transfection with the pCMV-HA-I-SceI plasmid and incubation for 72 hours, the cells
were collected in PBS and 50 mM EDTA, pelleted and fixed with 2% paraformaldehyde for 20
minutes. The percentage of GFP-expressing cells was scored by FACS analysis using a BD
Accuri C6 flow cytometer (BD, Franklin Lakes, NJ, USA). The percentage of CD4-expressing
cells was measured after incubation for 10 minutes with 1 μl of anti-CD4 antibody coupled to
Alexa 647 (rat isotype, RM4-5, Pharmingen, San Diego, CA, USA). For each cell line, at least 3
independent experiments were performed, and HA-I-SceI expression and efficiencyof silenc-
ing was verified each time by Western blot.

Western blotting

For western blot analysis, the cells were lysed in buffer containing 20 mM Tris HCl (pH 7.5), 1
mM Na2EDTA, 1 mM EGTA, 150 mM NaCl, 1% (w/v) NP40, 1% sodium deoxycholate, 2.5
sodiumpyrophosphate, 1 mM β-glycerophosphate, 1 mM NA3VO4 and 1 μg/ml leupeptin sup-
plemented with complete mini protease inhibitor (Roche, Mannheim, Germany). Denatured
proteins (20–40 μg) were electrophoresed in 9% SDS-PAGE gels, transferred onto a nitrocellu-
lose membrane and probed with the specific antibodies anti-HA (MMS-101R, Covance, Berke-
ley, CA), anti-53BP1 (#4937, Cell Signaling, Danvers, MA, USA), anti-CtIP (rabbit, courtesy of
Dr. R. Baer), and anti αTubulin (#T5168, Sigma Aldrich, Munich, Germany). Immunoreactiv-
ity was visualized using an enhanced chemiluminescence detection kit (ECL, Pierce).

Junction sequence analysis

We amplified the junction sequences by PCR of genomic DNA using the primers CMV-6 (5'-
TGGTGATGCGGTTTTGGC-3’) and CD4-int (5'-GCTGCCCCAGAATCTTCCTCT-3'). The
PCR products were cloned with a TOPO PCR cloning kit (Invitrogen Life Technologies) and
sequenced (GATC Biotech, Konstanz, Germany and Eurofins, Ebersberg,Germany). For each
sample, 2 to 5 experiments were pooled in the sequencing data. In each of these experiments,
HA-I-SceI expression, and efficiencyof silencing were verified by Western blot.

Identification of insertions

Insertions were blasted using the BLAST program of the National Centre of Biotechnology
Information (National Institutes of Health, BethesdaMD, USA). Insertions were blasted to the
end joining reporter, the I-SceI expression plasmid, the mitochondrion genome, the human
genome (Homo sapiens, taxid: 9606), human ALU repeat elements and the nucleotide collec-
tion using megablast and discontinuous megablast. Sequences identified as “non-templated
nucleotides” were identified by neither of these searches.

Statistical Analysis

Statistical analyses (Mann-Whitney tests for the size of insertions and t-test for the frequency
of insertions and the ratio of conservative vs. non-conservative repair) were performed using
GraphPad Prism 3.0 (GraphPad Software).
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