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ABSTRACT

In mammalian cells, ionizing radiation (IR)-induced
DNA double-strand breaks (DSBs) are repaired in all
phases of the cell cycle predominantly by classical,
DNA-PK-dependent nonhomologous end joining (D-
NHEJ). Homologous recombination repair (HRR) is
functional during the S- and G2-phases, when a sis-
ter chromatid becomes available. An error-prone, al-
ternative form of end joining, operating as backup
(B-NHEJ) functions robustly throughout the cell cy-
cle and particularly in the G2-phase and is thought to
backup predominantly D-NHEJ. Parp-1, DNA-ligases
1 (Lig1) and 3 (Lig3), and Xrcc1 are implicated in
B-NHEJ. Chromosome and chromatid translocations
are manifestations of erroneous DSB repair and are
crucial culprits in malignant transformation and IR-
induced cell lethality. We analyzed shifts in translo-
cation formation deriving from defects in D-NHEJ or
HRR in cells irradiated in the G2-phase and identify
B-NHEJ as the main DSB repair pathway backing up
both of these defects at the cost of a large increase
in translocation formation. Our results identify Parp-
1 and Lig1 and 3 as factors involved in translocation
formation and show that Xrcc1 reinforces the func-
tion of Lig3 in the process without being required
for it. Finally, we demonstrate intriguing connections
between B-NHEJ and DNA end resection in translo-
cation formation and show that, as for D-NHEJ and
HRR, the function of B-NHEJ facilitates the recov-
ery from the G2-checkpoint. These observations ad-
vance our understanding of chromosome aberration
formation and have implications for the mechanism
of action of Parp inhibitors.

INTRODUCTION

Chromosomal translocations are a hallmark of cancer (1,2)
and a key contributor to ionizing radiation (IR)-induced
cell lethality (3). Double-strand breaks (DSBs) are precur-
sor lesions for translocations and their formation implies er-
ror prone DSB processing. Higher eukaryotes have evolved
several mechanisms for processing DSBs and for maintain-
ing genomic stability. The two main pathways for DSB pro-
cessing in higher eukaryotes are the classical, DNA-PK-
dependent nonhomologous end joining (D-NHEJ) (fre-
quently also termed classical or canonical C-NHEJ) (4-6),
and homologous recombination repair (HRR) (7). An al-
ternative end joining pathway is reported to become active
when D-NHEJ (and as we show here also HRR) fails and s,
therefore, considered to operate as backup, hence the term
backup nonhomologous end joining (B-NHEJ) (8) (but fre-
quently also called A-EJ).

Failure of D-NHEJ (or HRR) can be caused by a global
loss of an essential factor through mutation in the encoding
gene. However, D-NHEJ (or HRR) failures can also occur
in a cell genetically proficient in D-NHEJ (or HRR) as a re-
sult of local failures in the processing of individual DSBs.
Such local failures can be caused, for example, by errors
during the assembly of the repair machinery, by local limi-
tations in the availability of key factors, by the location of
the DSB in the genome, by the compaction of neighboring
chromatin or repair-unrelated compaction changes and last
but not the least by the complexity of the DSB (9). B-NHEJ
utilizes Parp-1 (10-12), DNA Ligase 3 (Lig3) and possibly
its interacting partner Xrccl (10), as well as DNA Ligase |
(Ligl) (13-15). Furthermore, Mrell (16-18) and CtIP (19)
are also implicated in this form of alternative end joining.

Information on the relative contribution of the above
DSB repair pathways to the formation or suppression of
translocations is of great importance for our understanding
of genomic stability, the development of cancer and of IR-
induced cell death. It is likely to also be useful in the design
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of advanced targeted therapies for the treatment of human
cancer. The structural characteristics of leukemic translo-
cation junctions indicate that key players in their formation
are end joining events, mediated by one of the NHEJ repair
pathways (5,20). Indeed, HRR does not seem to contribute
to translocation formation (21,22).

While D-NHEJ is, in principle, capable of generating
translocations, it appears to do so infrequently. Notably,
D-NHEJ abrogation causes an increase in translocation
formation suggesting that the pathway actually suppresses
their formation (23-25). These observations leave B-NHE]
as the main culprit in translocation formation. In line with
this expectation, Lig3 and CtIP contribute to chromosomal
translocations generated by the error-prone processing of
restriction endonuclease (RE)-generated DSBs (26,27). On
the other hand, Xrccl, the interacting partner of Lig3, ap-
pears dispensable for translocations forming during class
switch recombination in B cells (28), although it is im-
portant for alternative end joining in a biochemical sys-
tem (10). Although some of these reports provide hints on
the mechanisms underpinning translocation formation af-
ter site-specific DSB induction, they do not address mech-
anisms underpinning translocations following miss-repair
of stochastically induced DSBs and leave several questions
unanswered regarding factors involved.

One key protein of B-NHEJ is Parp-1, thought to com-
pete with Ku for DNA ends (29). Parp-1 has received spe-
cial attention in recent years based on the clinical poten-
tial of its inhibitors, which exert synthetic lethality in tu-
mors with defects in Brcal, Brca2 and other HRR proteins
(30,31). Evidence for the involvement of Parp-1 in translo-
cation formation is only now starting to emerge. Parp in-
hibitors reduce the frequency of translocations in G1 cells
from site-directed DSBs, as well from DSBs induced by rel-
atively high doses of IR (32). Whether Parp-1 contributes
to translocation formation at lower doses of radiation and
most importantly in other phases of the cell cycle remains
unknown despite the potential relevance of the informa-
tion to our mechanistic understanding of DSB processing
in general and the consequences of Parp-1 inhibition in
particular. Also, it remains unknown whether other com-
ponents of B-NHEJ contribute to translocation formation,
as well as whether interdependencies and interactions exist
between B-NHEJ and checkpoint response, or between B-
NHEJ and D-NHEJ or HRR.

Here, we investigate the mechanism of translocation for-
mation and the contribution of B-NHEJ in this process us-
ing wild type (wt), as well as D-NHEJ- and HRR-deficient
cells exposed during the G2-phase of the cell cycle to low,
biologically and clinically relevant doses of IR (1 Gy). This
is highly relevant to the mechanism of action of Parp-1
inhibitors in HRR-deficient cells, and important for un-
derstanding the response of tumors curatively treated with
IR, which typically have growing cell fractions larger than
the surrounding normal tissue and, thus, more G2-phase
cells. Indeed, previous work shows that B-NHEJ activity
is markedly increased in the G2-phase (33,34). We analyze
shifts in translocation formation deriving from defects in
D-NHEJ and/or HRR and identify B-NHEJ as the main
repair pathway backing up both of these defects at the cost
of a large increase in translocations formation. Our results
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clarify the function of Parp-1, Ligl, Lig3 and Xrccl in
B-NHEJ, and demonstrate unanticipated connections be-
tween B-NHEJ DNA end resection and the G2-checkpoint.
These observations advance our understanding of chromo-
some aberration formation and have implications for the
mechanism of action of Parp inhibitors.

MATERIALS AND METHODS
Cell culture

All cell lines were incubated at 37°C in an atmosphere with
5% CO, and 95% air. Hamster cells, CHO10B4 wt and
EM9 (Xrcclm), were grown in minimum essential medium
(MEM) supplemented with 10% fetal bovine serum
(FBS) and antibiotics. MEFs (wt), Lig4~/~, KuS0~/~,
DNA-PKcs™'—, KuS0~/~DNA-PKcs™'~, Rad54~/- (347E),
Lig4~/~ Rad54~/= (346B), Ligl~/~ and Parpl~'— (35),
were grown in Dulbecco’s modified MEM supplemented
with 10% FBS and antibiotics. Human colorectal tumor
HCT116 cells, wt and Lig4~/~, were grown in McCoy’s 5A
medium supplemented with 10% FBS and antibiotics.

Chemicals and inhibitors

Colcemid (L-6221, Biochrom AG) was used at 0.1 pg/ml
to accumulate cells at metaphase (Stock: 10 wg/ml in
phosphate-buffered saline (PBS) w/o Ca**, Mg**). Caly-
culin A (C-3987, LC laboratories) was used at a concentra-
tion of 50-100 nM (Stock: 10 M in DMSO; dimethyl sul-
foxide) for induction of premature chromosome condensa-
tion (PCC) during the G2-phase of the cell cycle. Carnoy’s
fixative was prepared by mixing 3 parts methanol (Sigma
Aldrich) and 1 part glacial acetic acid (Carl Roth GmbH
& Co.) just before use. A total of 2.5 ml of ready-to-use
Giemsa stain (Carl Roth GmbH & Co.) was diluted in 50
ml of Sorenson’s buffer (10582013, Gibco, Invitrogen) to
stain metaphase chromosomes, or PCCs. Entellan (Merck)
was used as mounting medium.

The Parp-1 inhibitor PJ34 (Calbiochem) was used
at 5 wM final concentration. 8-(4-Dibenzothienyl)-2-(4-
morpholinyl)-4 H-1-benzopyran-4-one (NU7441, Tocris), a
DNA-PKcs inhibitor, was dissolved in DMSO at 10 mM
and was used at 5 pM final concentration. L82 (Ligl in-
hibitor) and L67 (Ligl and Lig3 inhibitor) (36) were pur-
chased from Specs (The Netherlands) and used at 100 uM
final concentration. Mirin (sc-203144, Santa Cruz Biotech-
nology Inc., Chemistry Department of Indianapolis Uni-
versity) was used at 300 and 500 wM for translocation and
DSB end resection assays, respectively.

Radiation exposure

Irradiations were carried out with an X-ray machine (GE-
Healthcare) operated at 320 kV, 10 mA with a 1.65 mm
Al filter (effective photon energy approximately 90 kV),
at a distance of 50 cm and a dose rate of ~1.3 Gy/min.
Dosimetry was performed with a Physikalisch-Technische
Werkstitten (PTW) and/or a chemical dosimeter, which
were used to calibrate an infield ionization monitor. Cells
were returned to the incubator immediately after exposure
to IR.
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Analysis of chromatid breaks (CBs) and chromatid or chro-
mosome translocations

Exponentially growing cells were exposed to 1 Gy X-rays.
Following irradiation cells were allowed to repair for 1-5
h at 37°C. Colcemid was added for 1 h to block cells just
about to reach metaphase prior to harvesting the respective
time point. For the 1 h time point, however, colcemid was
added 30 min after IR (to allow division of cells at mitosis
during irradiation) and was kept for only 30 min. Cells were
trypsinized, treated in hypotonic solution (75 mM KCI) for
10 min at room temperature (RT) and fixed in Carnoy’s fix-
ative 3 times. Fixed cells were dropped on clean glass slides
and stained with 3% Giemsa stain prepared in Sorenson’s
buffer. Standard criteria were used for scoring metaphases.
Bright field microscopy (Olympus, Vanox-T, Japan) and a
MetaSystems station (Altlussheim, Germany) with a micro-
scope (Axiolmager.Z2, Zeiss) and automated image capture
and analysis capabilities were employed for scoring chromo-
some aberrations. During scoring and depending on the ex-
periment, CBs and gaps (CBs), as well as chromatid or chro-
mosome translocations were considered. The Ikaros soft-
ware (Version 3.5, MetaSystems) was used to analyze im-
ages generated in the MetaSystems station. The protocol
employed here for cytogenetic analysis in cells irradiated in
G2 is a modification of a protocol that has been extensively
used before for this purpose (37).

Premature chromosome condensation

To analyze chromosome damage prior to metaphase in cells
still in interphase, exponentially growing cells were exposed
to 1 or 5 Gy X-rays and allowed to repair at 37°C for4 h. A
total of 100 nM calyculin-A was subsequently added for 30
min to induce PCC before processing for cytogenetic anal-
ysis. The time of calyculin-A treatment is integrated in the
calculation of the repair time. Cells with PCC were prepared
as described for metaphase analysis. About 150 G2-PCCs
from three independent experiments were scored.

Fluorescent in situ hybridization (FISH)

Exponentially growing cells were exposed to 2 Gy X-rays
and collected by trypsinization 14 h post-IR. Colcemid was
added 2 h before harvesting the cells. Samples were pro-
cessed for cytogenetic analysis as described in the previ-
ous section. Two-chromosome FISH was performed using
probes staining human chromosomes 1 and 2. Probes were
purchased from MetaSystems and staining followed the in-
structions of the manufacturer. Slides were scanned using
fluorescence microscopy in an automated analysis station
controlled by the Metafer software (see above). Transloca-
tions were scored using the Isis software (Version 3.5, Meta-
Systems Germany).

G2-checkpoint analysis

Cells were harvested at various times after IR and fixed in
70% ethanol at —20°C. After fixation, cells were resuspended
in 1 ml of 0.25% Triton X-100 in phosphate-buffered saline
(PBST) and incubated on ice for 10 min. After centrifuga-
tion, the cell pellet was suspended in 500 w1 of PBS contain-
ing 1% bovine serum albumin (BSA) and incubated at RT

for 30 min. A polyclonal antibody specific for H3pS10 (Ab-
cam, ab5176) was diluted 1:5000 in PBST and 150 pl was
added to each sample and incubated for 1-1.5 h at RT. Cells
were then washed with PBS and incubated with 100 w1 of
goat anti-rabbit AlexaFluor 488-conjugated antibody (In-
vitrogen) diluted 1:300 in PBST and incubated for 1 h at RT.
After washing with PBS, cells were stained with propidium
iodide (PI) and analyzed in a flow cytometer (Gallios, Beck-
man Coulter). Gating was applied to determine the propor-
tion of cells positive for H3pS10, which represents the frac-
tion of cells at metaphase, i.e. the mitotic index (MI). An
alternative approach to study IR-induced G2-checkpoint is
used by counting percentage of mitotic cells from Giemsa
stained slides prepared for cytogenetic analysis (Figure 6).
For this purpose, about 1500-2000 cells were counted for
each sample under 10 x magnification of bright field micro-
scope and percentage of mitotic cells was calculated.

Indirect immunofluorescence

Poly(ADP)ribose (PAR) staining. Cells were grown on
coverslips, rinsed with PBS and treated with or without 10
mM H,0O; in PBS at RT for 20 min. Rinsed coverslips were
then incubated in prewarmed medium for 10 min at 37°C.
Coverslips were rinsed in PBS and fixed with methanol-
acetone (1:1, v/v) for 10 min at 4°C. Fixed cells were blocked
in PBG (0.2% gelatine, 0.5% BSA fraction V in PBS) solu-
tion overnight at 4°C. Cells were incubated with a 1:200 di-
luted anti-PAR mouse monoclonal antibody (Alexis) for 1.5
h at RT. After washing with PBS, cells were incubated with
an AlexaFluor488-conjugated secondary anti-mouse anti-
body for 1 h at RT. Cells were finally counterstained with
4’,6-diamidino-2-phenylindole (DAPI) for 10 min at RT
and mounted in Prolong-Antifade mounting media. Sam-
ples were scanned on a Leica TCS-SP5 confocal microscope.
PAR staining was examined in wt and Parp-1-/~ MEFs.

Flow cytometry-based RPA retention assay

Exponentially growing cells were irradiated with 10 Gy
IR. Cells were trypsinized at 4 h post-IR. Suspended cells
were permeabilized using 0.2% Triton in PBS for 2 min on
ice, followed by fixation with 3% PFA-2% (Paraformalde-
hyde) sucrose and blocking in PBG (0.2% Gelatin and 0.5%
BSA in PBS). After incubation with primary RPA mouse
monoclonal antibody and Alexa488-conjugated mouse sec-
ondary antibody for 90 and 60 min, respectively, cells were
washed and resuspended in PI with RNase A. Cells were an-
alyzed by flow cytometry (Gallios, Beckman Coulter). G2
cells were identified by their DNA content assessed by PI
staining and gated using Kaluza 1.2 (Beckman Coulter).
The assay, as applied here (38), measures RPA accumula-
tion to single-stranded DNA regions in G2 and is an indi-
cator of DNA end resection at sites of DSBs.

Statistical analysis

Graphs were created in SigmaPlot 11.0. Statistical signif-
icance was determined using Student’s z-test available in
SigmaPlot 11.0. *P < 0.05, **P < 0.01, ***P < 0.001, n.s.
(not significant).



RESULTS

Defects in HRR and/or D-NHEJ markedly increase translo-
cation formation in cells irradiated in G2-phase

To analyze repair or miss-repair events at the chromosome
level in phases of the cell cycle where all DSB processing
pathways (HRR, D-NHEJ and B-NHEJ) are active (mainly
G2- and late S-phase), we adopted a previously developed
cytogenetic protocol (37,39-43). In this protocol, cells are
exposed to IR in different phases of the cell cycle as an asyn-
chronous culture and analysis of chromosome damage is
carried out when cells reach metaphase. Cell cycle-specific
analysis is achieved by implementing a 1-h colcemid block
to accumulate metaphases starting at different times after
IR. Thus, when colcemid is added 1 h after IR, cells ac-
cumulating at metaphase during the 1 h of the block will
represent cells that have been irradiated near the end of the
G2-phase. Similarly, when colcemid is added 4 h after IR,
cells accumulating at metaphase during the 1 h block will
represent cells irradiated early in G2- or late in S-phase—
—assuming durations of 1 h for mitosis, 3 h for G2-phase
and a short IR-induced G2-arrest. In the latter sample, cells
reaching metaphase up to 4 h post-IR, when colcemid is ab-
sent, will divide and will thus be excluded from the analy-
sis of metaphases at this time point. This experimental de-
sign is particularly attractive as it combines “high resolu-
tion” (1 hintervals analyzed) cell cycle-specific analysis with
the power of cytogenetics and allows follow-up not only of
repair, but also of miss-repair events at the chromosome
level (Figure 1A).

With the above protocol, we investigated exponentially
growing MEFs of different genetic background after expo-
sure to IR (1 Gy) and scored specifically chromatid translo-
cations for up to 4 h after IR. This time frame of analysis
allows us to concentrate on events taking place in the G2-
phase of the cell cycle. Figure 1A shows typical examples of
translocations scored in this kind of experiment. Transloca-
tions are not detectable (n.d.) in wt cells analyzed 1 h after
IR (Figure 1B). A modest increase in translocations is seen
for cells analyzed 2 and 3 h after IR, and is followed by a
decrease at 4 h. The absence of translocations at 1 h is sug-
gestive of minimum time requirements for the formation of
translocations in the wt genetic background and is discussed
below.

Translocations observed in wt cells represent miss-joining
events mediated either by D-NHEJ or B-NHEJ, as HRR
is an unlikely candidate. Impairment in MEFs of D-NHEJ
by deletion of Lig4 causes a marked, time-independent in-
crease in translocations (Figure 1B), again evident only af-
ter the 2-h time point. In line with previous observations
(23-25), we conclude therefore that D-NHEJ suppresses
the formation of IR-induced chromosome aberrations in
G2 cells and implicate B-NHEJ in their formation. Consid-
ering that increase in translocations reflects the enhanced
function of B-NHEJ when D-NHEJ is genetically compro-
mised, the results also support the notion that B-NHEJ
functions as backup to D-NHEJ, an aspect that we have ex-
tensively discussed in the past (9,44-46).

HRR is functional in G2. In an effort to characterize its
role in translocation formation, we analyzed HRR-deficient
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Figure 1. (A) Representative images of IR-induced chromatid translo-
cations (indicated by arrows) as scored in the experiments described
here. (B) Formation of translocations in wt, Lig4’/ ~, Rad54=/~ and
Lig4~/~ Rad54~/~ MEFs scored at metaphase 1-4 h after exposure to 1 Gy
IR. A protocol specifically allowing the analysis of events occurring in the
G2 of the cell cycle was employed (see text). Statistical analysis of observed
differences among mutants is provided in Supplementary Table S1. The
number of translocations per cell in nonirradiated controls were 0.0085 +
0.01, 0.02 £ 0.03, 0.01 £ 0.0 and 0.02 % 0.0 in wt, Lig4~/~, Rad54~/~
and Lig4~/~ Rad54~/~ MEFs, respectively. (C) Effect of PJ34, a specific
Parp inhibitor, on translocation formation in wt, Lig4~/~, Rad54~/~ and
Lig4~/~ Rad54~/~ MEFs analyzed at metaphase 4 h after exposure to 1 Gy
IR. Statistical analysis of the results obtained and the differences among
mutants is given in Supplementary Table S2. (D) Phenotype validation of
Parp-1~/~ MEFs through H,O,-induced PAR staining. Note that in the
H,O;-treated cells, PAR staining is abundantly present in the wt, but com-
pletely absent in the knockout mutant. (E) Translocations in w¢ and Parp-
1=/~ MEFs scored 4 h after exposure to 1 Gy IR. Cells were incubated in
the presence or absence of the DNA-PKcs inhibitor, NU7441, to inhibit D-
NHEJ and facilitate B-NHEJ. Statistical analysis of the results is provided
in Supplementary Table S3. (F) Translocation formation in prematurely
condensed chromosomes (PCC) of G2-phase V79 (wt) and irsl (Xrcc2m)
Chinese hamster cells 4 h after exposure to 1 or 5 Gy of IR. Results ob-
tained with samples incubated in the presence of PJ34 are also shown for
comparison. All data in this figure represent the mean + SD calculated
from three independent experiments.
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mutants. Rad54~/~ MEFs show (Figure 1B) a marked in-
crease in translocation formation, already notable at the
1-h time point. Translocations increase further and quite
abruptly at the 4-h time point, likely coincident with the
arrival at metaphase of cells irradiated late in S-phase or
early in G2-phase. We conclude that similar to D-NHEJ,
also HRR suppresses translocation formation during the
G2-phase, and infer that HRR inactivation allows DSB pro-
cessing by B-NHEJ at the price of translocation formation.

Thus, in the G2 phase of the cell cycle, B-NHEJ fea-
tures as a universal backup, covering not only for D-NHEJ
but also for HRR defects. The similar relative increase in
translocations in D-NHEJ and HRR mutants suggests that
at 1 Gy the contribution of HRR and D-NHEJ to this
form of DSB repair is comparable. However, this conclu-
sion is based on the unproven assumption that the inher-
ent propensity for error-prone processing by B-NHEJ is
for DSBs shunted from D-NHEJ defects similar to that of
DSBs shunted from HRR defects. The increase in translo-
cations observed already at the 1-h time point is unique to
HRR defects. Results of an extensive, separate project sug-
gest that it reflects altered cell-cycle progression and will be
presented elsewhere.

To examine the independence or the interplay between D-
NHEJ and HRR in the formation of translocations in G2,
we also tested the double MEF mutant, Lig4~/~ Rad54=/~.
Surprisingly, the time points up to 3 h (Figure 1B) indicate
only marginal increases in translocations compared to the
single mutants. If this is not due to technical limitations of
the assay, it will suggest that D-NHEJ and HRR are not op-
erating independently in suppressing translocation forma-
tion within the period of examination. Dependencies may
derive either from pathway interactions in the form of serial
collaboration, or from operation, possibly in competition,
in the prevention of the same miss-joining events. However,
the result may also reflect the inability of B-NHEJ to ef-
ficiently cope with the entire load of DSBs in this highly
repair deficient mutant. Notably, at the 4-h time point, we
observe an abrupt increase in translocations, and an over-
all effect that reflects the sum of effects generated by D-
NHEJ and HRR defects alone. Supplementary Table S1
summarizes the statistics of the results presented in Figure
1B and shows the statistical significance of the differences in
translocation formation measured in the different mutants.

The majority of DSB miss-joining events underpinning
translocations require Parp-1

To validate the role of B-NHEJ in translocation formation,
we measured the contributions of putative associated fac-
tors. Parp-1 has been implicated in B-NHEJ due to its abil-
ity to bind DSBs and compete with Ku (29). Other studies
suggest a role for Parp-1 in alternative pathways of end join-
ing as well (10,12,47). To examine the involvement of Parp-1
in B-NHEJ events causing translocations, we carried out ex-
periments similar to those described above, but in the pres-
ence of PJ34, a specific inhibitor of the Parp family of en-
zymes (48,49). We carried out scoring at the 4-h time point,
where all mutants show the highest yields of translocations.
The results summarized in Figure 1C show that PJ34 re-
duces by about half the incidence of translocations in wt

and Rad54~/~ cells, and by over two-thirds in Lig4~/~ and
Lig4~/~ Rad54~/~ cells. The statistical analysis associated
with the results in Figure 1C is given in Supplementary Ta-
ble S2.

PJ34 targets several members of the Parp family (48,49).
To specifically measure the contribution of Parp-1 in
translocation formation, we examined Parp-1~/~ MEFs
(35). Figure 1D confirms the phenotype of the tested
mutant by demonstrating complete loss of poly-ADP-
ribosylation in response to H,O; treatment, as compared
to the wt control. Parp-1 deficient cells show reduced for-
mation of translocations, compared to the wt, 4 h after ex-
posure to 1 Gy X-rays, but this reduction fails to reach
statistical significance. Inhibition of D-NHEJ in wt cells
by NU7441, a DNA-PK inhibitor, allows DSB processing
by B-NHEJ and causes, as expected, a marked increase in
translocations. Notably, this increase is only marginal in the
Parp-1~/~ mutant. The reduction by two-thirds in translo-
cation formation after NU7441 treatment in Parp-1~/~ as
compared to wt MEFs (Figure 1E) is similar to the reduc-
tion observed between Lig4~/~ and the wt after treatment
with PJ34 and demonstrates the critical and specific role
of Parp-1 in the formation of translocations. The statisti-
cal analysis of the results associated with Figure 1E is given
in Supplementary Table S3.

In all the above experiments, cells were analyzed for
translocation formation at metaphase. Since it is likely that
heavily damaged cells fail to reach metaphase at the time
of examination, we used calyculin-A-mediated PCC, initi-
ated 4 h after IR to examine translocation formation in G2.
The results in Figure 1F show translocations in prematurely
condensed chromosomes of wt V79 cells, which are almost
completely eliminated by PJ34 after exposure to 1 Gy, and
only slightly reduced after exposure to 5 Gy. In the HRR-
deficient mutant, irs1 (defective in Xrcc2), translocation for-
mation is increased compared to the wt at both doses tested
and markedly reduced by PJ34. Thus, even in cells analyzed
in G2 using PCC, translocation formation is strongly inhib-
ited after inhibition of Parp-1.

The involvement of Parp-1 in translocation formation
and the possible competition with Ku raise the question
as to whether D-NHEJ mutants lacking Ku and/or DNA-
PKcs show increased levels of translocations as compared
to Lig4~/~ MEFs. The results summarized in Figure 2A
indicate that compared to wt or Lig4d~/~ MEFs, Ku80~/~
MEFs analyzed in G2-phase have elevated yields of translo-
cations. Notably, in Ku-deficient cells, translocations are al-
ready detectable at the 1-h time point. Increase in translo-
cations, albeit to a smaller degree, is also observed in DNA-
PKcs™/~ MEFs and appears more pronounced in the dou-
ble mutant, Ku80~/~ DNA-PKcs~/~, as compared to either
of the single mutants, although this increase fails to reach
statistical significance (the statistical analysis of the results
associated with Figure 2A is given in Supplementary Tables
S4 and S95). In line with a strong involvement of Parp-1 in
this process, treatment with PJ34 strongly inhibits translo-
cation formation 4 h after IR in all mutants tested (Figure
2B and Supplementary Table S6).

To examine whether Parp-1 contributes to translocation
formation not only in G2 but also in G1, we used a human
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Statistical analysis and comparison of results obtained with the different
mutants is provided in Supplementary Tables S4 and S5. (B) Translocation
formation in wt, Ligd~/~, Ku80~/~, DNA-PKcs~/~ and Ku80~/~ DNA-
PKcs~/~ MEFs 4 h after exposure to 1 Gy IR. Results obtained with sam-
ples subject to incubation with PJ34 are also shown. Statistical analysis
and comparison of the results obtained in the different sets is given in Sup-
plementary Table S6. (C) HCT116 metaphase spreads subject to FISH for
chromosomes 1 (green) and 2 (red) and showing chromosome transloca-
tions (indicated by white arrows) generated by exposure to 2 Gy IR. (D)
Effect of Parp-1 inhibition on the frequency of chromosome transloca-
tions in HCT116 wt and Lig4~/~ cells, 14 h after exposure to 2 Gy IR.
Statistical analysis and comparison between the results obtained is given
in Supplementary Table S7. Data represent the mean £+ SD from two to
three independent experiments.

cell system to take advantage of a long G1-phase and opted
for HCT116 cells for which D-NHEJ mutants are available
(50). To detect translocations we used two-chromosome
FISH and scored junctions between colored chromosomes
1 (green) and 2 (red), as well as between colored chromo-
somes and DAPI-stained chromosomes (blue). Figure 2C
shows typical metaphases with chromosome-type translo-
cations as scored in these experiments. In metaphases an-
alyzed 14 h after IR, chromosome-type translocations are
exclusively observed; this form of chromosome aberrations
and the absence of chromatid-type translocations in the
samples confirms that the causative events occurred in the
G1-phase of the cell cycle.
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While treatment with PJ34 only modestly reduces
translocations in wt cells (Figure 2D), it reduces transloca-
tions by over a half in the Lig4~/~-deficient HCT116 mu-
tant (Figure 2D). This result demonstrates the involvement
of Parp-1 in translocations forming in a human cell system
in the G1-phase of the cell cycle, and shows that transloca-
tion formation is enhanced in D-NHEJ-deficient cells. The
statistical analysis associated with the results in Figure 2D
is given in Supplementary Table S7.

DNA ligases 1 and 3 contribute to the formation of translo-
cations in G2-phase

Work using site-specific DSBs suggests a role of Ligl and
Lig3 in the formation of chromosome translocations (26).
To examine this possibility for IR-induced random DSBs,
we introduced two previously characterized DNA ligase in-
hibitors (36). L82 is reported to preferentially inhibit Ligl
and L67 to inhibit both Lig3 and Ligl. We tested the ef-
ficacy of these inhibitors in suppressing translocation for-
mation in Lig4~/~ Rad54~/~ MEFs since among all mu-
tants they display the highest yields of translocations at 4
h after IR (Figure 1B). The results summarized in Figure
3A confirm the strong effect of PJ34 in this experimental
setting. While inhibition of Ligl by L82 confers no reduc-
tion in translocation formation, inhibition of both Ligl and
Lig3 by L67 generates a strong effect, similar to that ob-
served with PJ34. Combination of L67 with PJ34 has no
additional effect on translocation formation as compared
to single inhibitor treatment suggesting that Parp-1 and the
DNA ligases 1 and 3 operate on the same subset of DSBs
(Figure 3A). We conclude, in line with published data that
B-NHE] utilizes preferentially Lig3, and possibly also Ligl
when Lig3 is inhibited or absent (see also below). The sta-
tistical analysis associated with the results in Figure 3A is
given in Supplementary Table S8.

Xrccl is dispensable for the formation of IR-induced translo-
cations, but it reinforces the competitive advantage of Lig3

The involvement of Lig3 in B-NHEJ-mediated formation
of translocations implies a requirement for its cofactor,
XRCCI1. To address this question we tested a CHO mutant,
EMDY, defective in the gene coding for this protein. Com-
pared to the wt CHO, EM9 cells show similar induction
of translocations at metaphase, 4 h after 1 Gy of IR (Fig-
ure 3B). Inhibition of D-NHEJ by NU7441 causes the ex-
pected increase in translocations in CHO cells. Notably, a
similar increase in translocations is also observed in EM9
cells despite the defect in Xrccl. Formation of transloca-
tions in EMO cells remains sensitive to Parp-1 inhibition as
indicated by their reduction after treatment with PJ34 (Fig-
ure 3B).

An interpretation for the results shown in Figure 3B is
that in the absence of Xrccl, Lig3 is completely inacti-
vated and translocation formation is exclusively catalyzed
by Ligl. Alternatively, it is possible that Lig3 remains func-
tional in the absence of Xrccl and contributes, possibly to-
gether with Ligl, to translocation formation. To test these
alternatives, we measured translocation formation in wt
CHO and EMDY cells after exposure to 1 Gy X-rays and
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treatment with NU7441 (to emphasize B-NHEJ function)
in the presence or absence of the Ligl inhibitor, L82 and
Lig (1+3) inhibitor, L67. The results are summarized in Fig-
ure 3C.

In CHO cells treatment with L82 causes a small and not
statistically significant decrease in translocation formation
pointing again to only a small contribution of Ligl when
Lig3 together with Xrccl are present. In contrast, treat-
ment with L67, that inhibits both Lig3 and Ligl, causes a
pronounced decrease in translocation formation confirming
the strong contribution of Lig3 in the process. In EM9 cells,
treatment with L82 causes a statistically significant decrease

in translocation formation indicating that in the absence of
Xreel Ligl gains ground in translocation formation. How-
ever, treatment with L67 reduces even further translocation
formation indicating that Lig3 remains at least partly active
in the absence of Xrccl. Thus, Xrccl is not absolutely re-
quired for the function of Lig3 in translocation formation,
but underpins the competitive advantage of Lig3 against
Ligl frequently observed in the results summarized above.
To investigate further the role of Ligl, we measured
translocation formation in wt and Lig/~/~— MEFs after
exposure to 1 Gy X-rays and treatment with NU7441
(Figure 3D). Translocation formation is similar in wt and
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Figure 4. (A) Metaphase spread of a wt MEF at 1 h after exposure to 1
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Ligl~/~ MEFs confirming again that Lig1 is not contribut-
ing to translocation formation in the presence of the other
DNA ligases.

Collectively, the above observations suggest that both
Ligl and Lig3 can catalyze the ligation events underlying
translocation formation. Lig3 can function in translocation
formation even in the absence of Xrccl. However, in the ab-
sence of Xrccl, Lig3 loses its competitive advantage against
Ligl and makes a smaller contribution to the overall effect.
Notably, even in the absence of Xrccl, translocation forma-
tion remains partly sensitive to Parp inhibition suggesting
that in this function integration of Parp-1 and Lig3 activi-
ties through interaction with Xrccl is not required.

Defects in D-NHEJ and/or HRR have much smaller effect
on CB repair than in translocation formation

The above analysis was focused on the formation of translo-
cations in cells irradiated in the G2-phase of the cell cycle.
Yet, the experimental protocol employed also allows anal-
ysis of CB repair in G2 cells. Figure 4 summarizes results
obtained by scoring CBs as a function of time after IR. Fig-
ure 4A shows a representative metaphase with distinct CBs.
In Figure 4B, the first set of data shows the development of
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CBs in wt cells analyzed 1-5 h after IR. The rapid reduction
in the number of CBs is indicative of DSB processing by all
DSB repair pathways. Over 80% repair is observed 5 h after
IR. This kinetics is only slightly delayed when D-NHEJ is
compromised by knocking out Lig4. A strong delay in chro-
matid repair is observed after impairment of HRR through
Rad54 deletion and this impairment is further exacerbated
in the double mutant, Lig4~/~ Rad54~/~. Considering that
translocation formation is highest in this double HRR and
D-NHEJ mutant, we conclude that B-NHEJ shows process-
ing preference to DSBs destined to form exchanges. On the
other hand, miss-joining events leading to chromosome ex-
change formation are likely to benefit from the persistence
of CBs in cells deficient in HRR and D-NHEJ. The statisti-
cal analysis associated with the results in Figure 4B is given
in Supplementary Table S9.

Notably, inhibition of Parp-1 has a much smaller effect
on CB repair than in the formation of translocations sug-
gesting again different processing mechanisms or quantita-
tive differences in the participating DSBs (Figure 4C and
Supplementary Table S10). This observation is in line with
the modest effect of Parp-1 inhibition on the repair of DSBs
induced by high doses of IR when analyzed by pulsed-field
gel electrophoresis (29). Thus, while translocation forma-
tion in D-NHEJ- and/or HRR-deficient cells relies heavily
on Parp-1, in the same cells, CB and DSB repair can be ef-
ficiently mediated by Parp-1-independent mechanisms.

Crosstalk between B-NHEJ and the G2-checkpoint

We used Parp-1 inhibition as a tool to investigate the possi-
ble crosstalk between B-NHEJ and the G2-checkpoint. For
this purpose, we measured the MI using histone H3pS10 im-
munostaining combined with flow cytometry, as a function
of time after IR in MEFs of different genetic background.
Figure 5A illustrates MI estimation in Lig4~/~ MEFs at 0,
1 and 5 h following exposure to 1 Gy IR.

In wt MEFs inhibition of Parp-1 prolongs G2 arrest (Fig-
ure 5B) suggesting that a considerable fraction of DSBs is
processed, or signaled from, in a Parp-1-dependent and thus
possibly also B-NHEJ-dependent manner. A very strong
and persistent reduction in MI is observed after | Gy of IR
in Lig4~/~ and Rad54~/~ MEFs indicative of a large en-
hancement of the G2-checkpoint response from defects in
D-NHEJ or HRR. Inhibition of Parp-1 in these mutants
causes no further potentiation in the checkpoint response
(Figure 5C and D, respectively). Notably, however, a strong
potentiation of the G2-checkpoint is observed in the dou-
ble mutant, Lig4~/~ Rad54~/~, after treatment with PJ34,
where B-NHE] is the only active DSB repair pathway (Fig-
ure SE). Thus, Parp inhibition uncovers a marked contri-
bution of B-NHEJ to the recovery of cells from the G2-
checkpoint.

We inquired whether inhibition of DNA ligases pro-
duces effects on the G2-checkpoint equivalent to those mea-
sured after treatment with the Parp inhibitor. In Figure 6A,
the first set of data confirms the activation of the G2-
checkpoint at 1 h and its complete recovery after 4 hin CHO
cells exposed to 1 Gy X-rays. The right set of data in Fig-
ure 6A shows that this recovery is compromised, as expected
(see Figure 5C), after inhibition of D-NHEJ by treatment
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with NU7441. Notably, a similar effect is also observed after
inhibition of Ligl and Lig3 by L67. Since D-NHEJ remains
active under these conditions, the observed effect must re-
flect prolongation of G2-arrest as a result of inhibition of
HRR and/or B-NHEJ. Inhibition of D-NHEJ by the com-

bined treatment with NU7441 and L67 completely abro-
gates recovery of cell division at 4 h after IR (Figure 6A).
Since L67 affects both Ligl and Lig3, we tested Ligl =/~
MEFs in an effort to separate the effects of the two ligases.
The results obtained are summarized in Figure 6B. In wt
MEFs exposed to 1 Gy the MI recovers to control levels 4



h later. Treatment with NU7441 delays as expected this re-
covery. On the other hand, in Lig/ /=~ MEFs no recovery is
observed 4 h after IR. Indeed, the results are highly remi-
niscent to those obtained in CHO cells after treatment with
L67. We infer, therefore, that the main function of L67 in
CHO cells is to suppress the function of Ligl and to com-
promise in this way HRR. Indeed, the effect observed here
is also similar to that measured in Rad54~/~ MEFs (see Fig-
ure 5D). Treatment with NU7441 prevents recovery, again
linking B-NHEJ function to the G2-checkpoint recovery.
Thus, similarly to HRR and D-NHEJ, also B-NHEJ func-
tion is required for a cell to effectively recover from the G2-
checkpoint. The intriguing observation for a Ligl contribu-
tion to HRR requires confirmation and further mechanistic
analysis.

To better understand the mechanism of B-NHEJ-
mediated translocation formation, we studied DNA end
resection, specifically in G2 cells, and correlated this end-
point also to the level of activation of the G2-checkpoint.
For these experiments we selected Lig4~/~ Rad54~/~ MEFs,
first, because here only B-NHEJ is active in G2-phase, and,
second, because they show the highest induction of chro-
mosome translocations 4 h after exposure to 1 Gy IR. This
mutant was also interesting because it shows potentiation
of the G2-checkpoint after inhibition of Parp with PJ34
(Figure 5E). Figure 6C shows that in this mutant extensive
resection takes place in G2 as compared to wt MEFs af-
ter exposure to 10 Gy IR. This resection requires MRE11
(51) and is significantly inhibited after treatment with Mirin
(Figure 6C). Notably, treatment with Mirin also produces
a strong reduction in translocation formation (Figure 6D).
This inhibition is further enhanced following combined
treatment with Mirin and PJ34. The extensive resection ob-
served in Lig4~/~ Rad54~/— MEFs anticipates (Figure 6C)
ataxiatelangiectasia and Rad3-related protein (ATR) hyper-
activation and explains the strong G2-checkpoint observed
in this mutant (Figure 5D).

Collectively, the results of this set of experiments con-
nect B-NHEJ function to DNA end resection, which in
turn feeds into the G2-checkpoint possibly through ATR
activation. We conclude that DNA end resection provokes
translocation formation by B-NHEJ and speculate that the
associated enhancement in the checkpoint provides the time
needed for ‘unrelated’ ends to translocate.

DISCUSSION

Alternative end joining is instrumental to translocation for-
mation

Evidence accumulates that alternative end joining plays a
dominant role in the formation of chromosome transloca-
tions causing cancer or cell lethality (1-2,9,52-54). Alter-
native end joining causes translocations initiated by RE-
generated, site-specific DSBs (26-27,32) but the factors re-
quired for this process remain only partly characterized.
The results presented here suggest that Parp-1 is an impor-
tant factor in translocation formation in cells exposed to
low IR doses during the G2-phase of the cell cycle where
HRR is active and demonstrate that Parp-1 has a sub-
stantially stronger contribution of translocation formation
than to CB repair. A contribution of Parp-1 to IR-induced
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on the translocation formation in Lig4~/~ Rad54~/~ MEFs. Results of a
Mirin and PJ34 combination is also shown. Data represent the mean + SD
from two to three independent experiments.

translocation formation could also be demonstrated for
cells irradiated in G1 phase.

The frequency of translocations in G2 is higher in HRR-
or D-NHEJ-deficient cells as compared to the wt and their
formation is partly Parp-1 dependent. This suggests the
function of B-NHEJ in their formation and implies that in
G2, B-NHE]J is backing up not only abrogated D-NHEJ
but also abrogated HRR events. Such hierarchical intercon-
nections between DSB repair pathways raise the possibil-
ity that even translocations forming in wt cells reflect ab-
rogated D-NHEJ and/or HRR events that are rescued by
B-NHEJ. Formal demonstration of this possibility will ad-
vance our understanding and also our potential for inter-
ception in events known to cause cancer.
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The potential of B-NHEJ to backup abrogated HRR
also explains the long-held view that alternative pathways
of NHEJ utilize (or even require) microhomology (55). In-
deed, even if HRR fails at its earliest steps, it is likely that
DNA end resection at variable levels will generate single-
stranded regions at the ends and will allow fortuitous micro-
homologies to stabilize DNA ends for the ensuing end join-
ing event. Importantly, however, in this sequence of events,
resection and the availability of single-stranded DNA at
the ends will be a remnant of the abrogated HRR and not
an integral component of B-NHEJ. This observation ex-
plains why several essential components of HRR, such as
Nbsl (56), Mrell (16-18), CtIP (19), etc., have been im-
plicated in B-NHEJ (57), and why B-NHEJ is enhanced in
G2-phase (33,34). Finally, the observation that transloca-
tion junctions frequently display microhomologies (58,59)
may indeed suggest that their formation reflects abrogated
HRR events.

Parp-1 is a key contributor to translocation formation, but
not necessarily to all DSB repair by alternative end joining

An important finding of the work presented here is that
Parp-1 is required for the formation of translocations to a
much greater degree than for the mere joining of CBs, or of
DSBs. This difference is intriguing because it suggests that
it will be possible to develop strategies for suppressing the
formation of highly toxic genomic rearrangements without
grossly affecting global DSB repair by B-NHEJ. The rapid
development of highly specific Parp-1 inhibitors for cancer
therapy using the synthetic lethality approach is particu-
larly relevant in this regard (60,61). Indeed, it may prove
particularly instructive to integrate the peculiarities of Parp-
1 inhibition on B-NHEJ as demonstrated here to the overall
synthetic lethality scheme.

We have shown previously that Parp-1 and Ku compete
for DNA ends (29). Other work shows that Ku is a criti-
cal factor in the regulation of DSB repair pathway choice
(50). Here, we demonstrate that the frequency of translo-
cations is increased in the absence of this factor. Indeed,
Ku80~/~ cells show higher incidence of translocations when
compared to DNA-PKes™/~ and Lig4~/~ cells, and these
events remain sensitive to Parpl inhibition. This observa-
tion further supports the involvement of Parp-1 in translo-
cation formation and emphasizes once more the competi-
tive role played by Ku—even when functioning outside the
intact D-NHEJ machinery.

Ligl and Lig3 contribute to translocation formation; Xrccl
gives a competitive advantage to Lig3 without being required
for its function in translocation formation

The results presented here further implicate Ligl and Lig3
to the formation of translocations. This extends and com-
plements previous work (see Introduction). The involve-
ment of Lig3 in translocation formation immediately impli-
cates the entire Parp-1/Xrccl/Lig3 complex in DSB pro-
cessing. The contributions of Parp-1 have been discussed
above. The possible contribution of Xrccl is more con-
troversial as some reports implicate this protein in alter-
native end joining (10,62), while others fail to show such

dependence (28,63). Our results with Xrccl mutants also
show that Xrccl is not required for translocation forma-
tion. However, our results suggest that while both Ligl and
Lig3 can catalyze the ligation events underlying transloca-
tion formation, Lig3 has a strong competitive advantage
against Ligl only in the presence of Xrccl.

Notably, even in the absence of Xrccl, translocation for-
mation remains partly sensitive to Parp inhibition suggest-
ing that in this function integration of Parp-1 and Lig3 ac-
tivities through interaction with Xrccl is not required. Fur-
thermore, Parp-1 is clearly required for translocation for-
mation, even in the presence of Ligl, and Parp-1 inhibi-
tion by PJ34 severely compromises translocation formation
in EM9 cells. 1t is, therefore, likely that under these condi-
tions, Parpl, and possibly also Lig3, function in a manner
that deviates from their canonical operation in the Parp-
1/Xrccl /Lig3 complex.

Activation of the G2-checkpoint by DSBs processed by B-
NHEUJ: connections with DNA end resection

Here, we also demonstrate for the first time that similarly
to HRR and D-NHE]J, also B-NHEJ function is required
for a cell to effectively recover from the G2-checkpoint.
Indeed, Parp-1 inhibition potentiates the IR-induced G2-
checkpoint in wt and the Lig4~/~Rad54~/~ MEFs and
similar results are obtained by inhibiting DNA ligases 1
and 3. Furthermore, our results link B-NHEJ function
to DNA end resection, which in turn can feed into the
G2-checkpoint possibly through ATR activation. Collec-
tively, these results suggest that DNA end resection pro-
vokes translocation formation by B-NHEJ. Indeed, the as-
sociated enhancement in the G2-checkpoint may then pro-
vide the time needed for ‘unrelated’ ends to translocate and
join.

CONCLUSIONS

The work presented here demonstrates a critical role for the
B-NHEJ components Parp-1, Ligl and Lig3 in transloca-
tion formation from DSBs generated during the G2-phase
of the cell cycle and indicates differences in the enzymatic re-
quirements for miss-joining events and normal end joining
events during DSB processing by B-NHEJ. Our work also
extends the function of B-NHEJ to include backup of abro-
gated HRR events and provides explanation for the resec-
tion occasionally associated with alternative end joining, its
apparent requirement for HRR factors, its occasional use of
microhomologies and its enhancement during the G2-phase
of the cell cycle.
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