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ABSTRACT

The consequences of PARP-1 disruption or inhibition
on DNA single-strand break repair (SSBR) and radio-
induced lethality were determined in synchronized,
isogenic HeLa cells stably silenced or not for poly
(ADP-ribose) polymerase-1 (PARP-1) (PARP-1KD) or
XRCC1 (XRCC1KD). PARP-1 inhibition prevented
XRCC1-YFP recruitment at sites of 405 nm laser
micro irradiation, slowed SSBR 10-fold and triggered
the accumulation of large persistent foci of GFP-
PARP-1 and GFP-PCNA at photo damaged sites.
These aggregates are presumed to hinder the
recruitment of other effectors of the base excision
repair (BER) pathway. PARP-1 silencing also preven-
ted XRCC1-YFP recruitment but did not lengthen
the lifetime of GFP-PCNA foci. Moreover, PARP-1KD

and XRCC1KD cells in S phase completed SSBR
as rapidly as controls, while SSBR was delayed in
G1. Taken together, the data demonstrate that a
PARP-1- and XRCC1-independent SSBR pathway
operates when the short patch repair branch of
the BER is deficient. Long patch repair is the likely
mechanism, as GFP-PCNA recruitment at photo-
damaged sites was normal in PARP-1KD cells.
PARP-1 silencing elicited hyper-radiosensitivity,
while radiosensitization by a PARP inhibitor report-
edly occurs only in those cells treated in S phase.
PARP-1 inhibition and deletion thus have different
outcomes in terms of SSBR and radiosensitivity.

INTRODUCTION

The poly(ADP-ribose) polymerase (PARP) superfamily
in higher eukaryotes is composed of 17 members (1).

PARP-1 (Mr=113 000), the founding member, is the
most abundant and most studied protein of the family.
PARP-1 binds to DNA strand interruptions (2) through
two zinc fingers located at its NH2-terminal end (3). Bind-
ing at sites of single-strand breaks (SSBs) results in PARP-1
dimerization and triggers elongation and transfer of long
linear or branched chains of poly(ADP-ribose) (PAR) onto
various nuclear acceptors (heteromodification), including
PARP-1 itself (automodification) at the expense of NAD+

(4). In addition to early sensing of SSBs (5–7), PARP-1 is
involved in many cellular pathways including DNA repli-
cation (8,9), transcription (10), chromatin remodelling (11)
and cell death (12,13).

SSBs are repaired through the base excision repair (BER)
pathway (14) operating via either the short patch (SPR) or
long patch repair (LPR) sub-pathways (15) differing by the
size of the repair patch (one nucleotide for the SPR, up to
15 nucleotides for the LPR) and the enzymes involved. The
proliferating cell nuclear antigen (PCNA) reportedly con-
trols the LPR pathway. PCNA is loaded by the replication
factor C (RFC) and allows the replicative DNA polymer-
ases d/e to be clamped in place (16,17). PCNA also stimu-
lates the activity of endonuclease I (FEN-I) to remove flaps
(18), and recruits DNA ligase I (Lig I) (19,20). The major
player in the SPR sub-pathway is XRCC1, a scaffold pro-
tein with no known enzymatic activity, but however essen-
tial for the recruitment of polymerase b and DNA ligase
IIIa (Lig III) (21). XRCC1 is loaded at sites of SSBs by
PARP-1 through the interaction of one of its BRCT
domains with the PAR chains formed during PARP-1
automodification (5,21). For this reason, PARP inhibitors
impair XRCC1 recruitment at sites of DNA damage (22).

PARP inhibitors were shown to induce a large increase
in radiosensitivity specifically in the S phase of the cell
cycle, due to the collision of unrepaired DNA lesions
with replication forks (23) in which altered regulation
of a complex involving PARP-1 and DNA topoisomerase
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I might play a role (24). In contrast PARP-1 null, 3T3
mouse embryonic fibroblasts (MEF) showed hypersensi-
tivity to ionizing radiation (IR) independently of the cell-
cycle phase (6). PARP-1 inhibition and deletion thus
have different outcomes. To shed light on this issue, we
analyzed the SSBR kinetics by alkaline filter elution in
PARP-1 (PARP-1KD) or XRCC1 (XRCC1KD) knock-
down (KD) and control HeLa cells synchronized in the
S or G1 phases of the cell cycle. The same cells were
transfected with plasmids encoding fluorescent conjugates
of PARP-1, XRCC1 or PCNA, in order to visualize pro-
tein movement after the induction of SSBs induced by
laser microirradiation at 405 nm. In PARP-1 proficient
cells, PARP inhibition by 4-amino-1,8-naphthalimide
(ANI) slowed down SSBR 10-fold and inhibited XRCC1
recruitment at DNA damage sites. Under these experi-
mental conditions, the complete religation of SSBs was
however seen in G1 cells but not in the S phase. In contrast,
PARP-1KD cells synchronized in S phase were able to rejoin
SSBs as rapidly and as completely as controls, while SSBR
was delayed in G1. These data suggest the existence of a
PARP-1-independent repair pathway that acts more
rapidly in S phase than in G1. The LPR sub-pathway is
the likely mechanism as PCNA recruitment at DNA
damage sites induced by laser microirradiation was not
affected by the absence of PARP-1. However, in the same
way as in 3T3 PARP-1�/� MEFs, PARP-1KD cells were
considerably more sensitive than PARP-1 proficient cells
to the killing effect of radiation.

MATERIALS AND METHODS

Reagents

Products and their suppliers were as follows:
[2-14C]thymidine and BioMax films, GE Healthcare–
Amersham Biosciences (Orsay, France); detergents, tetra-
propylammonium hydroxide, methyl methanesulfonate
(MMS), proteinase K, protease inhibitors, phosphatase
inhibitors and mouse monoclonal anti-a-tubulin antibody,
Sigma-Aldrich Chemicals (Saint Quentin Fallavier,
France); ANI, Acros Organics (Geel, Belgium); other
chemicals and solvents, Merck (Darmstadt, Germany);
polycarbonate filters (Nuclepore, 2.0 mm pore size),
Whatman (Banbury, Oxon, UK); nitrocellulose membrane
(0.2 mm pore size), Schleicher & Schuell (Dassel,
Germany); hygromycin B, lipofectamine 2000, and pro-
ducts and antibiotics for cell culture, Invitrogen (Cergy-
Pontoise, France); ECL Western blotting substrate and
M-PER reagent for protein extraction, Pierce (Perbio
Science, Brebières, France); mouse monoclonal primary
antibodies directed against PARP-1 (clone C2-10) and
Lig III (clone 7), Becton-Dickinson (Le-Pont-de-Claix,
France), and against XRCC1, Trevigen (Gaithersburg,
Maryland); goat anti-mouse, HRP-conjugated secondary
antibodies, Jackson ImmunoResearch Laboratories
(Soham, Cambridgeshire, UK).

Cell culture

HeLa cells were grown in plastic flasks or on round
coverslips (videomicroscopy experiments) in Dulbecco’s

modified Eagle’s medium supplemented with 10% FCS,
100U/ml penicillin and 100mg/ml streptomycin under 5%
CO2 in air. KD and control clones were grown in the
presence of 125 mg/ml hygromycin B. Synchronization of
cells at the G1–S junction was achieved using a double
thymidine block. Cell cycle progression was monitored by
dual parameter flow cytometry using a FACStarPLUS
cytofluorometer (Becton-Dickinson) with BrdUrd pulse
labeling (10 mM, 15min) of S phase cells as described pre-
viously (25).

Gene silencing in HeLa cells by pEBV-based vectors

siRNA design and cloning in pEBVsiRNA vectors carry-
ing a hygromycin B resistance cassette and establishment
of stable knockdown and control HeLa clones were carried
out as previously described (26,27). Control HeLa cells
carried the pBD650 plasmid that expressed an inefficient
shRNA sequence (26). BD650 cells (hereafter referred to as
as ‘control cells’) expressed normal levels of PARP-1 and
XRCC1. KD HeLa cells were cultivated for more than
200 days in culture with levels of the targeted proteins
remaining below the limits of detection by western blot.
The RNAi sequences for PARP1 (NM_001618) and for
XRCC1 (NM_006297) were nucleotides 2068–2086 and
nucleotides 1832–1850, respectively.

Expression plasmids and transfection

pEGFP-NLS-PCNA, pEGFP-PARP-1, pRFP-XRCC1
and XRCC1-pEYFP plasmids were kindly provided by
Drs P. Kannouche (FRE2939 CNRS, Institut Gustave-
Roussy, Villejuif, France), V. Schreiber (UMR7175
CNRS, ESBS, Illkirch, France), K. W. Caldecott
(Genome Damage and Stability Centre, University of
Sussex, Brighton, UK) and P. Radicella (IRCM, CEA-
DSV, Fontenay-aux-Roses, France), respectively. After
amplification, purification of the plasmids was carried out
using a Macherey-Nagel kit (Düren, Germany). Twenty-
four hours before transfection cells were plated at 50%
confluence onto 18mm round coverslips and transfected
48 h before the live-cell experiments with lipofectamine
2000 according to the manufacturer’s recommendations.

Radiation andMMS survival

g-Ray irradiation of HeLa cells for the determination
of clonogenic radiation survival was performed at room
temperature in culture medium using an IBL-637 (137Cs)
irradiator (CIS-Biointernational) at a dose-rate of 0.70Gy/
min. Each measurement was performed in triplicate.
Following treatment cells were allowed to grow as colonies
for 10–15 days, fixed, stained with Coomassie blue and
counted. Colonies of less than 50 cells were disregarded.
The colony count relative to mock-irradiated cells (S) was
adjusted for best fit to an exponential equation (eq. 1) or to
the classical linear-quadratic equation (eq. 2),

ln S ¼ ��:D 1

ln S ¼ ��:D� �:D2 2
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where D is the radiation dose and a and b adjustable
parameters characterizing radiation response. Calculations
were made through nonlinear least-squares regression
taking all data points into account, using Kaleidagraph
software (Synergy Software, Reading, Pennsylvania,
USA). In experiments using synchronized HeLa cells, the
cellular multiplicity, i.e. the number of cells (n) per poten-
tial colony-forming unit was measured by digital micro-
scope examination of the culture flasks at the time of
irradiation. The single-cell surviving fraction (SCSF) was
calculated using the discrete distribution equation (28):

Sexp ¼
Xn

1

an½1� ð1� SCSFÞn� 3

where Sexp is the experimental cell survival determined
from bulk colony scoring and an the fraction of colony-
forming units containing n cells.
The response of cells to MMS was determined by a

clonogenic assay in the same way as above. Contact
with MMS was for 1 h (378C, 5% CO2).

Analysis of SSB repair by alkaline filter elution

Radiation-induced SSBs were measured by alkaline filter
elution over polycarbonate filters according to Filipski and
Kohn (29). This method allows titration of direct SSBs,
alkali-labile and abasic sites altogether. Cells were grown
in the presence of [2-14C]thymidine (0.02–0.06 mCi/ml) for
two doubling times. Radioactive thymidine was removed
and cells submitted or not to a double thymidine block.
Two hours (S) or 15 h (G1) after release from the second
thymidine block the culture flasks were exposed to 10Gy
g-rays at a dose-rate of 2.95Gy/min (room temperature) in
the presence or not of ANI and returned to the incubator
for varying times (up to 6 h). For the determination of the
initial yield of SSBs, irradiation was performed on ice to
prevent SSB rejoining. When present, ANI (30mM from a
3mM stock solution, 1% DMSO final concentration) was
introduced 30min before irradiation and was present for
the whole length of postirradiation incubation. The
medium was removed at the end of the incubation period,
the flasks rapidly rinsed once with ice-cold PBS, and main-
tained on ice for not>10min before harvesting with the aid
of a cell scraper. 6� 105 cells were deposited onto polycar-
bonate filters, lyzed and DNA fragments eluted and
counted as described (30). Each measurement was per-
formed in duplicate.

Western blotting

Total cells extracts were prepared from �107 cells using
M-PER reagent with a cocktail of protease and phospha-
tase inhibitors. Protein concentrations were measured by
the Bradford method using the Bio-Rad protein assay
and the extracts heated to 958C (5min) in Laemmli load-
ing buffer and separated on 7.5% (PARP-1, Lig III) or
10% (XRCC1) SDS–PAGE gels. After migration proteins
were electrotransferred to nitrocellulose membranes. The
membranes were blocked with 5% bovine serum albumin
for 1 h at room temperature, then incubated with the
primary antibodies overnight at 48C and with secondary
antibodies coupled to horseradish peroxidase for 1 h at

room temperature. Membranes were probed with an
enhanced chemiluminescence reagent and re-hybridized
with anti-a-tubulin antibody.

Live-cell videomicroscopy

Photodamage experiments were performed on a Leica SP5
confocal system, attached to a DMI6000 stand using a
63�/1.4 objective, under a controlled environment
(378C, 5% CO2). All recordings were made using the
appropriate sampling frequency (512� 512 images, line
average of 4 and zooming set to 8) and an argon laser
line (488 nm for eGFP, 514 nm for YFP) or a 561 nm
diode (RFP) adapted to the fluorescent protein of interest.
In the first step, two images were acquired within a time
lag of 2–3 s at low enough laser energy not to induce any
photodynamic damage. The 405 nm laser line (diode) was
then set to maximum output for 500ms and focused onto
a single spot of constant size (176 nm) within the nucleus
to perform a point of photodamage with a constant
amount of energy. Recruitment of the protein of interest
was then monitored by fluorescence using the same setting
as for the predamage sequence. Nomarski contrast images
were taken in parallel. Images were captured at 2–5 s inter-
val, except in a few instances where GFP-PARP-1 and
GFP-PCNA foci images were taken each at 5min interval
to avoid photobleaching.

All images were processed using the freely available soft-
ware ImageJ (http://rsb.info.nih.gov/ij/) (31) complemen-
ted with the LOCI bioformat plugin (http://www.loci.
wisc.edu/ome/formats.html) to open images generated by
the Leica SP5 confocal system. A macro was written to
automate data extraction from images. Briefly, it consisted
of retrieving two regions of interest (ROI), namely the
photodamage spot and the nucleus area excluding the
spot, and quantifying the total intensity within these
ROIs. The latter was used to correct fluorescence intensity
for the observational photobleaching. Intensity within the
former ROI was normalized to 1, based on quantifications
before photodamage, then plotted against time to get the
recruitment kinetics. The size of the spots in each cell was
evaluated using ImageJ software; firstly, using the thresh-
old function to segment the image based on intensities and
define the position of the spot; secondly, using the magic
wand tool to define their contour and thirdly, using the
measure function to retrieve their widest diameter
(Ferret’s diameter).

RESULTS

PARP inhibition impairs SSBR in PARP-1 proficient
cells with different outcomes in S and G1 phases

The SSBR kinetics following exposure to IR was analyzed
by alkaline elution. This method was preferred over the
comet assay because, by a combination of accurate tem-
perature control and instant arrest of DNA repair upon
addition of lysis buffer directly onto the cell layer, it allows
a more precise determination of the SSBR kinetics and a
powerful statistical analysis over a large cell population.
In a typical experiment, [2-14C]thymidine labeled control
cells were synchronized at the G1–S junction by a double
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thymidine block, irradiated in S or G1 phase without or
with the PARP inhibitor ANI, returned to the incubator
and finally harvested and lyzed at defined times for the
determination of residual SSBs. The results are shown
in Figure 1. SSBR in the absence of ANI proceeded to
completion in <20min (t1/2=4.9� 0.3min), irrespective
of whether cells were in G1 or S phase. ANI slowed down
SSBR by ca. 10-fold in both phases. In G1 phase, SSBR
reached completion after 5 h repair. However, in cells
treated in S phase as much as 26% of the initial load of
SSBs remained unrejoined from 2 to 6 h post-irradiation,

demonstrating a clear block in SSBR. We have previously
shown that this block is correlated with the induction of
a large number of de novo DNA double-strand breaks
(DSBs) that are suppressed by aphidicolin, indicating
that they originate from the collision of unrepaired SSBs
with replication forks (23).

PARP inhibition hampers the recruitment of
XRCC1 at sites of laser-induced DNA photodamage

The 405 nm laser microirradiation (see Materials and
methods section) was used to generate localized base
damage, SSBs and DSBs (32,33) in the nucleus of HeLa
cells transiently expressing YFP-tagged XRCC1. Using
confocal microscopy, we found that XRCC1-YFP accu-
mulated at sites of microirradiation (Figure 2). ANI
(30mM) lowered by over 12-fold the amount of XRCC1-
YFP recruited at these spots. These data are in close
agreement with El-Khamisy et al. (21) and Mortusewicz
et al. (22) and confirm that poly(ADP-ribosyl)ation is
mandatory for the recruitment of the XRCC1 protein by
PARP-1 at sites of DNA damage.

PARP inhibition results in the accumulation of PARP-1
and PCNA at sites of laser microirradiation

To further decipher the effect of PARP inhibition on
the fate of microlaser-induced DNA damage, the time-
dependent recruitment of GFP-tagged PARP-1 and
PCNA in response to laser microirradiation was deter-
mined without or with ANI. In the absence of ANI,
we observed an immediate recruitment of GFP-PARP-1
(<10 s) at damage sites. These foci dissipated in ca. 20min
(Figure 3). In contrast, in the presence of ANI GFP-
PARP-1 formed intense spots of fluorescence that were
ca. 4-fold larger than the size of the foci observed at
5min post-irradiation without ANI and were still at
their maximum 15min later (Figure 3). A similar accumu-
lation pattern was seen for GFP-PCNA in the presence of
ANI (Figure 3). These observations suggest that, while the
catalytic activity of PARP-1 is not required for the recruit-
ment of PARP-1 and PCNA at sites of DNA damage, the
inhibition of PARP-1 auto-poly(ADP-ribosyl)ation leads
to the accumulation of considerable amounts of PARP-1
and PCNA at damage sites and delays their dissociation.

Figure 1. Alkaline elution analysis of the kinetics of SSB rejoining in
synchronized HeLa cells. Cells were labeled with [2-14C]thymidine,
synchronized at the G1–S junction by a double thymidine block and
allowed to progress into S (2 h) or G1 phase (14 h). Thirty minutes
before g-ray irradiation (10Gy), DMSO (1%) or ANI (30 mM, 1%
DMSO final concentration) was introduced and remained present
until cell harvest and lysis. After irradiation, cells were immediately
chilled on ice for the determination of the initial yield of SSBs, or
returned to the incubator for the time indicated. Cells were then col-
lected, deposited onto and lyzed on Nuclepore polycarbonate filters,
and elution performed as described under Materials and methods sec-
tion. The solid lines were fitted to an exponential equation,

R ¼ R1 � ðR1 � R0Þ:e
��t 4

where R, R1 and R0 are the percentages of DNA retained on filters
at time t, at time zero and at completion of the reaction, respectively.
Results: a=0.142� 0.008/min (t1/2=4.9� 0.3min), R1=94.8% (open
circle, open square); a=0.0138� 0.0026/min (t1/2=52.0� 9.8min),
R1=94.0% (filled circle); a=0.0178� 0.0031/min (t1/2=
40.2� 7.0min), R1=78.5% (filled square). Bars, SD. Where bars are
missing, they were smaller than the size of symbols.

Figure 2. Live cell imaging of microirradiated HeLa cells transiently expressing XRCC1-YFP. A confocal microscope with a laser microbeam was
used to induce and follow the evolution of localized DNA damage in the nucleus of target cells (378C, 5% CO2 in air). Accumulation of XRCC1-
YFP was observed immediately after microirradiation (white arrows). ANI reduced the amount of XRCC1-YFP recruited by 12-fold. The scale bar
(lower right) represents 5 mm.
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SSBR is efficient in cells lacking PARP-1

The level of PARP-1 expression in the PARP-1KD clone
used was below the limit of detection in western blot experi-
ments, while PARP-1 expression was at normal levels in
control cells (Figure 4). Using immunofluorescence assays
PAR synthesis was not detectable in the PARP-1KD cells
following exposure toH2O2 (1mM, 10min) or 50Gy g-rays
(data not shown), but was clearly detectable in the control
cells.
Both control and PARP-1KD cells were synchronized

by a double thymidine block, allowed to progress into
S (2 h) or G1 phase (14 h), and exposed to g-rays for the
determination of the time-dependence of SSBR using
alkaline filter elution (Figure 4). SSB rejoining in S
phase went to completion and was as fast in PARP-1KD

cells as in controls. In contrast, in G1 phase, PARP-1
silencing delayed SSBR by 2.2-fold based on t1/2 values
(see legend to Figure 4). This result suggests the existence
of an alternative, PARP-1 independent SSBR pathway
operating more rapidly in the S phase than in G1.
To determine whether this alternative pathway was XR-

CC1/Lig III independent, both control and PARP-1KD

cells were co-transfected with two plasmids coding for
RFP-XRCC1 and GFP-PCNA proteins and exposed to
laser microirradiation as described earlier. Spontaneous
formation of GFP-PCNA foci at replication forks was

used to differentiate S- from non-S-phase cells under the
microscope as described by Mortusewicz et al. (34).
XRCC1 recruitment at damaged sites was observed
in control cells; the formation of XRCC1 foci was com-
paratively faster in cells in S phase compared to those in
other phases of the cell cycle (Figure 5). XRCC1 foci
were barely detectable in PARP-1KD cells in both S and
non-S phases, thus confirming that PARP-1 is mandatory
for XRCC1 recruitment.

To check whether the PCNA-dependent sub-pathway
was functional in cells lacking PARP-1, the kinetics of
PCNA recruitment at sites of laser microirradiation was
determined in control and PARP-1KD cells. In control
cells, the amount of PCNA recruited at damaged sites
was ca. 25% higher in S relative to non-S phase. In
PARP-1KD cells, PCNA recruitment appeared to be inde-
pendent of the phase of the cell cycle and was similar to
that for non-S phase controls (Figure 5). Thus, the recruit-
ment of PCNA does not dependent to a significant extent
on the PARP-1 status.

SSBR is functional in HeLa cells lacking XRCC1

Western blot analysis showed that residual XRCC1
expression in XRCC1KD cells was below the limit of detec-
tion (Figure 6). To determine their SSB rejoining capacity,
XRCC1KD cells were analyzed by alkaline elution

Figure 3. Effect of ANI on the recruitment of GFP-PARP-1 and GFP-PCNA after 405 nm laser microirradiation. (A) Control cells were transfected with
the GFP-PARP-1 or the GFP-PCNA plasmids and grown on coverslips for 48 h. Thirty minutes prior to irradiation, cells were exposed to 1% DMSO or
30 mMANI, 1%DMSOuntil the end of the experiment. Cells weremicroirradiated with a 405 nm laser and the time-course of the reaction was followed for
20min (378C, 5% CO2 in air). Images were captured at a relatively large interval (5min) to avoid photobleaching. Similar figures were obtained over 10
successive experiments. Scale bar (lower right), 5 mm. The (B) shows the size of the spots at their maximum intensity (average over 10 cells).
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Figure 5. Analysis of XRCC1 and PCNA recruitment at DNA damage sites in cells expressing (control) or lacking PARP-1 (PARP-1KD). (A) Live
cell imaging of microirradiated control and PARP-1KD cells expressing RFP-XRCC1 and GFP-PCNA proteins. Cells were transfected with both
plasmids 48 h before the experiments. To evaluate the recruitment of these proteins to DNA damage sites, a time-course analysis from to 0 to 120 s
was performed. The distribution of PCNA foci was used to determine the cell cycle phase (S or non-S phase) of each cell analyzed, according to
Mortusewicz et al. (20). Scale bar (lower right), 5mm. (B) Quantitative time-lapse analysis of RFP-XRCC1 and GFP-PCNA recruitment at sites of
microirradiation in control and PARP-1KD in S or non-S phase. The relative spot intensity was calculated as described under Materials and methods
section. Each value represents the mean fluorescence intensity from an average over 10 cells. Bars, SEM. Data points were fitted to an exponential
equation to calculate the maximum fluorescence intensities (Imax) at the plateau of the reaction.

Figure 4. PARP-1 expression and rejoining of radiation-induced SSBs in synchronized HeLa cells expressing (control) or lacking PARP-1 (PARP-1KD).
(A and B) Alkaline elution analysis of the kinetics of SSB rejoining after 10Gy irradiation. Both cell lines were synchronized in S or G1 phase by a double
thymidine block (separate experiments). The processing of cells was as in Figure 1. The solid lines were fitted to an exponential time-dependent equation
[Equation (4), see legend to Figure 1] and gave a=0.123� 0.007/min (t1/2=5.6� 0.3min), R1=96.8% (open square); a=0.121� 0.008/min
(t1/2=5.7� 0.4min), R1=91.6% (closed square); a=0.0612� 0.0095/min (t1/2=11.6� 1.8min), R1=90.6% (open circle); a=0.0282� 0.0048/
min (t1/2=25.3� 4.3min), R1=99.6% (closed circle). (C) Western blot analysis of PARP-1 expression in these two cells lines. PARP-1 and a -tubulin
were probed on the same membrane. Bars, SD.
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following g-ray exposure in S phase or in G1. SSBR in S
phase was nearly as fast in XRCC1KD as in control cells
(Figure 6). However, in XRCC1KD cells irradiated in G1,
SSBR was delayed by ca. 2.5-fold based on the t1/2 values
(see legend to Figure 6), in agreement with data obtained
using XRCC1-deficient rodent cells (35).
To examine whether the pathway downstream of

XRCC1 was inactivated, the expression of Lig III
was determined by western blotting in XRCC1KD cells.
A major reduction of the expression of Lig III was
observed in these cells (Figure 6), in agreement with
Caldecott et al. (36) who showed that XRCC1 tightly
associates with and stabilizes Lig III. This confirms that
an alternative SSBR mechanism can operate when the

PARP-1/XRCC1/Lig III pathway is inactivated by dele-
tion of PARP-1 or XRCC1.

XRCC1 and PARP-1 silencing elicits differential
radiosensitivity

Radiation survival was determined in control, XRCC1KD

and PARP-1KD cells using clonogenic assays. In a first
experiment, HeLa cells were synchronized at the G1–S
junction, allowed to progress into S phase for exactly
2 h, exposed to graded doses of g-rays and grown as colo-
nies for 10 (controls) or 15 days (PARP-1KD, XRCC1KD).
PARP-1 silencing resulted in a 2.5-fold increase in radio-
sensitivity (Figure 7) as calculated from the initial slope

Figure 7. Radiation survival in control, PARP-1KD and XRCC1KD HeLa cells synchronized in S-phase, and MMS survival in asynchronous control
and XRCC1KD cells. (A) Cells were synchronized by a double thymidine block, allowed to progress in S phase for 2 h and exposed to graded doses of
g-rays. Survival curves were drawn for best fit to experimental data using an exponential equation [PARP-1KD, Equation (1)] or the linear-quadratic
model (Control and XRCC1KD, Equation (2), see Materials and methods section). The experimental data for control and XRCC1KD lay within the
same envelope of statistical deviation. Results: a=0.547� 0.068/Gy, b=0.0298� 0.0314/Gy2 (open square, closed circle); a=1.381� 0.060/Gy
(closed square). Bars, SD. (B) The sensitivity of cells to MMS was determined by a clonogenic assay using asynchronous cells. Contact with MMS
was for 1 h. The survival curves were drawn for best fit to experimental data using a linear-quadratic equation. Results: a=0.03/mM, b=1.46/mM2

(open circle); a=3.00/mM, b=8.14/mM2 (closed circle). Bars, SD.

Figure 6. Comparison of radio-induced SSB rejoining in control and XRCC1KD cells synchronized in S or G1 phase. (A and B) Alkaline elution
analysis of the SSB rejoining kinetics. The [2-14C]thymidine-labeled cells were synchronized by a double thymidine block, irradiated in S or G1 phase
(10Gy) and processed for alkaline elution (separate experiments). The results were analyzed as described in Figure 1 and gave: a=0.161� 0.011/min
(t1/2=4.32� 0.30min), R1=94.4% (open square); a=0.110� 0.003/min (t1/2=6.30� 0.18min), R1=94.8% (closed square); a=0.117� 0.008/
min (t1/2=5.9� 0.4min), R1=89.9% (open circle). XRCC1KD cells in G1 (closed circle) fitted a sigmoidal function (t1/2=15.1� 0.8min,
R1=95.1%) suggesting that repair was delayed by a few minutes following radiation. (C) Western blot analysis (30 mg protein per lane) of the
expression of XRCC1 and Lig III in Control and XRCC1KD cells, and of Lig III in PARP1KD cells. Bars, SD.
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(a) of the survival curves [Equation (2), see Materials and
methods section]. In contrast, the radiation response of
XRCC1KD cells was indistinguishable from that of control
cells (Figure 7). Radiation survival was also determined
in asynchronous cultures (cells mostly in G1 phase) of
XRCC1KD and PARP-1KD and similar results were
obtained (data not shown).

As the response toMMS is regarded as the gold standard
for characterizing XRCC1-deficient cells, the dose-depen-
dence of MMS survival was determined in asynchronous
XRCC1KD HeLa cells. In agreement with other authors
(37), XRCC1KD cells were 5-foldmore sensitive to the cyto-
toxic effect of MMS as calculated from the IC50 values
(Figure 7).

DISCUSSION

The aim of this study was to compare in isogenic human cell
lines the effect of PARP inhibition versus RNAi-induced
KD of PARP-1 or XRCC1 on: firstly, the kinetics of g-ray
induced SSBR determined by alkaline elution; second, the
recruitment of PARP-1, XRCC1 and PCNA at sites of
DNA damage induced by 405 nm laser microirradiation
and third, radiation susceptibility. Interestingly, PARP
inhibition and PARP-1 KD had different impacts on
these three endpoints.

In the present study, inhibition of the PARP-1 catalytic
activity by ANI slowed by about 10-fold, the rate of SSBR
in cells in both the G1 and S phases of the cell cycle.
However, it should be noted that in cells treated in G1,
ANI did not prevent complete rejoining of SSBs. This
result provides an explanation as to why no modification
of radiation sensitivity by ANI was previously shown
in this phase of the cell cycle (23). In contrast, SSBR did
not reach completion in cells treated in S phase and about
26% of SSBs remained unrepaired for over 6 h. The time
course of SSBR under these conditions paralleled that of
de novo formation of DSBs resulting from the collision of
unrepaired lesions with stalled replication forks, which
has previously been correlated with induced radiosensiti-
zation specifically in S phase (23). In agreement with
Mortusewicz et al. (22), ANI also hindered the recruit-
ment of YFP-tagged XRCC1at sites of laser-induced
damage. In contrast, ANI did not impair the recruitment
of GFP-tagged PARP-1 but appeared to block the rever-
sal of this process and resulted in an accumulation of large
amounts of PARP-1 at the damage sites. Such an accumu-
lation is consistent with the fact that PARP-1 auto-
poly(ADP-ribosyl)ation is necessary for its dissociation
from SSBs after the recruitment of XRCC1 (5,14,22,38).
PARP inhibition also resulted in the recruitment of a large
amount of PCNA at damage sites, showing that PCNA
recruitment does not depend on poly(ADP-
ribosyl)ation, but that the reversal of PCNA foci does.
Our results, therefore, suggest that the inhibition of
PARP-1 activity by ANI blocks the SPR and considerably
slows down the LPR through the occupancy of SSBs by
excess PCNA and inactive PARP-1.

In contrast, during S phase SSBR in cells lacking PARP-
1 or XRCC1 was as fast as in control cells. In cells

synchronized in G1, however, PARP-1 or XRCC1 silenc-
ing delayed SSBR by 2.2- to 2.5-fold, respectively, although
repair reached completion in <2 h in both instances. This
observation clearly demonstrates that cells defective in the
SPR sub-pathway as a result of PARP-1 or XRCC1 silenc-
ing, are able to use an alternative, efficient mechanism
for SSBR, and that this sub-pathway operates more
rapidly in S phase. In other words, it appears that there is
a greater requirement for XRCC1 and PARP-1 for SSBR
during the G1 phase, compared to S phase, and that
this may, at least in part, reflect a novel XRCC1- and
PARP-1-independent S phase process. A few years ago,
Vodenicharov et al. (39) using a DNA plasmid assay to
test DNA repair in cells exposed to the alkylating agent
N-methyl-N’-nitro-N-nitrosoguanidine or X-rays, also
showed that SSBR is efficient in mouse fibroblasts lacking
PARP-1. Moreover, defects in SPR due to mutations in
the BRCT II domain of XRCC1, which affect its interac-
tion with Lig III, are not sufficient to abolish SSBR in S
phase (40). While PARP-1, together with FEN-1, is able to
stimulate strand displacement and DNA synthesis by Pol b
during LPR in in vitro assays (41–43), the results presented
here suggest that, in living cells, LPR is able to substitute
for the SPR sub-pathway when the latter is compromised
by a lack of PARP-1 and/or XRCC1. This hypothesis is
supported by a plethora of evidence. First, under physio-
logical conditions DNA synthesis associated with LPR in S
phase is carried out by replicative polymerases instead of
Pol b. Second, normal SSBR occurs in S phase in Pol b null
mouse fibroblasts (44). And third, it has been proposed that
in case of XRCC1 deficiency the PCNA-dependent LPR
sub-pathway can substitute for SPR in S and G2 phases
(45,46). In support of this scheme, we demonstrate that the
recruitment of PCNA at sites of laser microirradiation does
not depend on the presence of PARP-1. Taken together,
these data and ours suggest that rapid SSBR occurs under
control of PCNA through the LPR in human cells during S
phase when SPR is not functional, either because of a lack
of XRCC1 and Lig III recruitment due to suppression of
PARP-1, or to a downregulation of Lig III expression fol-
lowing loss of XRCC1. The substitution of the LPR for the
SPR sub-pathway could be more favorable in S phase
because most of the LPR effectors including RFC,
PCNA, DNA polymerases d/e, FEN-1 and Ligase I partici-
pate in the replication process, so are located in close prox-
imity to the damaged DNA. This might be the reason for
the observed differences in the SSBR kinetics in S versus G1
phase in cells defective in the SPR for lack of PARP-1 or
XRCC1.
Even though HeLa cells in which the expression of

PARP-1 is suppressed are able to rejoin SSBs as rapidly
as controls in S phase, the lack of PARP-1 results in a
large increase of radiosensitivity in this phase of the cell
cycle (Figure 7) and in asynchronous cultures as well
(data not shown). The same effect was observed in
PARP-1�/� mouse 3T3s (6,47). In contrast, in our hands
the radiosensitivity of XRCC1KD cells was indistinguish-
able from that of controls in S phase, nor was a difference
found in asynchronous cells (data not shown). This corre-
lates with the fact that SSBR reaches completion in
XRCC1KD cells but is inconsistent with earlier reports
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showing that XRCC1-mutant Chinese hamster ovary cells
are more radiosensitive than parent cells and that this
defect is corrected by re-expression of wild-type XRCC1
(35). Residual expression of XRCC1 undetectable by west-
ern blot in XRCC1KD cells could provide an explanation to
the lack of enhanced radiosensitivity following XRCC1
silencing. However, the large difference in the sensitivity
to MMS between XRCC1KD and control cells (Figure 7)
clearly indicates a XRCC1 deficient phenotype. This sug-
gests that, at least in our model system, invalidation of the
SPR sub-pathway does not alter the radiation susceptibility
and raises the question of the mechanism that underlies the
large increase of radiosensitivity observed in HeLa cells
lacking PARP-1. There would not appear to be a straight-
forward answer to this question. A defect in DSB repair
might be linked to this radiosensitivity. PARP-1 indeed
plays a role in the switch between homologous recombina-
tion and non-homologous end-joining (NHEJ) (48). A
defect in the activation of the protein kinase ATM could
also be evoked since PARP-1 has been shown to form a
complex with ATM (49). This complex is important for the

ATM-dependent phosphorylation of p53, SMC1 and
H2AX (50). PARP-1 has also been proposed to be required
for the rapid recruitment of polynucleotide kinase, MRE11
and NBS1 proteins at sites of DSBs (51,52). However,
whether the modification of these mechanisms results in
the increase in radiosensitivity seen when PARP-1 expres-
sion is suppressed, remains to be established. Indeed, the
physical interaction of PARP-1 with polynucleotide kinase,
ATM or MRE11 relies on poly(ADP-ribosyl)ation while,
as known from earlier studies, PARP inhibitors (23) or
PARP suppression (24,53) do not impair the rejoining of
drug- or radiation-induced DSBs yet they compromise
the reactivation of stalled replication forks. Studies of
local DNA damage by proton microbeam irradiation
also showed that radio-induced poly(ADP-ribosyl)ation
synthesis and phosphorylation of histone H2AX, were
independent events (7). A direct role of PARP-1 in the
back-up NHEJ (B-NHEJ) pathway that occurs in the
context of inactivated DNA-PKcs (54) cannot be an
explanation either as DNA-PKcs was functional in the
cell lines used here. Furthermore, while B-NHEJ requires

Figure 8. Scheme summarizing the differential effect of PARP-1 inhibition versus silencing on SSB repair via the BER pathway. The experimental
evidence would suggest that SSB rejoining proceeds via the LPR sub-pathway when the SPR is deficient because of lack of PARP-1. In contrast,
inhibition of poly(ADP-ribosyl)ation in PARP-1 proficient cells was found to result in the accumulation of PARP-1 and PCNA in the vicinity of
DNA damaged sites, with a 10-fold reduction of the bulk rate of SSBR. This does not impact on radiosensitivity in the G1 phase of the cell cycle,
probably because cells have enough time to perform SSB repair. However, under such conditions in S phase collision of unrepaired SSBs with
replication forks results in a large increase of radiosensitivity due to the formation of a large number of DSBs.
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XRCC1/Lig III we demonstrate that suppression of
XRCC1 does not confer any significant increase of radio-
sensitivity. Thus, while the absence of PARP-1 or XRCC1
suggests a switch of the mechanism of SSBR from SPR to
LPR, only the silencing of PARP-1 modulates radiosen-
sitivity. PARP-1 does have many other roles in addition
to the control of the first steps of the SPR sub-pathway.
In particular, PARP-1 binds nucleosomes and plays a
major role in the condensation of chromatin and trans-
criptional repression (11,55,56). This activity involves the
C- and N-terminal domains of PARP-1 but occurs inde-
pendently of the enzyme’s catalytic activity (11,56) and it
was proposed (57,58), based on the susceptibility of chro-
matin to digestion by deoxyribonuclease I or micrococcal
nuclease, that the structure of chromatin is altered in
cells lacking PARP-1. We would thus suggest as a working
hypothesis that altered regulation of chromatin con-
formation following suppression of PARP-1 expression
might result in enhanced susceptibility to radiation-
induced damage.

In the light of the results reported here, we propose a
model (Figure 8) detailing the repair options that can func-
tion in cells when PARP-1 is either depleted or inhibited
during S-phase and their consequences. Although the exact
role of PARP-1 in the LPR is still unclear, it seems not to be
as essential in LPR as it is in SPR. Accordingly, we propose
that LPR can substitute for SPR when PARP-1 or XRCC1
is lacking and thus allow SSBs to be repaired. However, in
control cells PARP inhibition leads to the accumulation of
both PARP-1 and PCNA at damaged sites and slows down
SSBR by as much as 10-fold, possibly due to steric hin-
drance modulating the recruitment of the LPR effectors.
The mechanisms that control the recruitment of PCNA
under these conditions remain to be established.
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