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ABSTRACT

Cells with non-functional poly(ADP-ribose) polymer-
ase (PARP-1) show increased levels of sister chro-
matid exchange, suggesting a hyper recombination
phenotype in these cells. To further investigate the
involvement of PARP-1 in homologous recombina-
tion (HR) we investigated how PARP-1 affects
nuclear HR sites (Rad51 foci) and HR repair of an
endonuclease-induced DNA double-strand break
(DSB). Several proteins involved in HR localise to
Rad51 foci and HR-de®cient cells fail to form Rad51
foci in response to DNA damage. Here, we show
that PARP-1 mainly does not localise to Rad51 foci
and that Rad51 foci form in PARP-1±/± cells, also in
response to hydroxyurea. Furthermore, we show
that homology directed repair following induction of
a site-speci®c DSB is normal in PARP-1-inhibited
cells. In contrast, inhibition or loss of PARP-1
increases spontaneous Rad51 foci formation, con-
®rming a hyper recombination phenotype in these
cells. Our data suggest that PARP-1 controls DNA
damage recognised by HR and that it is not involved
in executing HR as such.

INTRODUCTION

Poly(ADP-ribose) polymerase (PARP-1) is an abundant
nuclear protein in mammalian cells that catalyses the forma-
tion of poly(ADP-ribose) (PAR) polymers using NAD+ as
substrate. Upon DNA damage, PARP-1 binds rapidly to a
DNA single-strand break and catalyses the addition of
negatively charged PAR chains to itself (automodi®cation)
and other proteins [reviewed in (1,2)]. The binding of PARP-1
to DNA single-strand breaks (SSBs) is believed to protect
DNA lesions from further processing until PARP-1 is
dissociated from the break by the accumulated negative
charge resulting from PAR polymers (3,4).

Although PARP-1 has been implicated in several nuclear
processes, such as modulation of chromatin structure, DNA

replication, DNA repair and transcription, PARP-1 knockout
mice develop normally (5). Cells isolated from these mice
exhibit a hyper recombination phenotype and genetic instabil-
ity in the form of increased levels of sister chromatid exchange
(SCE), micronuclei and tetraploidy (6±8). Genetic instability
may also occur in these PARP-1 knockout mice through
telomere shortening, increased frequency of chromosome
fusion and aneuploidy (9), although all of these results could
not be repeated in another set of PARP-1 knockout mice (10).
In the former mice knockout, PARP-1 null mutation also
rescued impaired V(D)J recombination in SCID mice (11).
Also, overexpression of PARP-1 has been shown to suppress
SCE induced by DNA damaging treatment, indicating that
PARP-1 activity in¯uences recombination (12).

Overall these results support the view suggested by Lindahl
et al. that PARP-1 has a protective role against recombination
(4). They proposed that binding of PARP-1 to a DNA break
prevents the recombination machinery from recognising and
processing DNA lesions or, alternatively, that the negative
charges accumulated following poly(ADP)-ribosylation repel
adjacent recombinogenic DNA sequences. Only the latter
model is consistent with inhibition of PARP-1 itself and
expression of a dominant negative mutant PARP-1, inducing
SCE, gene ampli®cation and homologous recombination (HR)
(13±17). Although several lines of evidence show that loss of
PARP-1 activity causes a hyper recombination phenotype, it is
not clear whether PARP-1 affects only the number of lesions
that trigger HR or if PARP-1 is involved in carrying out HR
per se.

Proteins involved in HR are found in nuclear foci in a small
portion of normally growing cells in S phase of the cell cycle
(18±23). These nuclear foci have been shown to be located in
post-replicative chromatin in untreated cells in S-phase of the
cell cycle (24), which may re¯ect the role of HR at replication
forks. RAD51 is a stable component of these nuclear foci and
is commonly used to visualise them (25). The accumulation of
RAD51 foci after DNA damage is generally thought to re¯ect
the assembly of HR repair complexes to repair DNA lesions
(26).

The results presented here show that PARP-1 controls the
number of nuclear HR sites (Rad51 foci) and that a HR event,
using gene conversion, is unaffected by inhibition of PARP-1.
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MATERIALS AND METHODS

Cell culture

The SW480, DLD-1 and HCT116 cell lines originated from
the American Type Culture Collection (Manassas, VA). The
A11 and A19 cell lines were a generous gift from Zhao-Qi
Wang (27). All cell lines in this study were grown in
Dulbecco's modi®ed Eagle's Medium (DMEM) with 10%
fetal bovine serum and penicillin (100 U/ml) and streptomycin
sulphate (100 mg/ml) at 37°C under an atmosphere containing
5% CO2.

Immuno¯uorescence

Cells were plated onto coverslips and grown for 4 h before
treatments or overnight if treatments were not used. The
medium was removed, the coverslips rinsed once in PBS
(37°C) and ®xed in 3% paraformaldehyde in PBS-T (PBS
containing 0.1% Triton X-100) for 20 min. The coverslips
were rinsed once in PBS-T prior to incubation with primary
antibody for 16 h at 4°C. The primary antibodies used in this
study were: mouse monoclonal anti PARP-1 (F-2, Santa Cruz)
at a dilution of 1:1000, rabbit polyclonal anti-PARP-1 (H-250,
Santa Cruz) at a dilution of 1:1000, rabbit polyclonal anti-
Rad51 (28) at a dilution of 1:1000 and rabbit polyclonal anti-
Rad51 (H-92, Santa Cruz) at a dilution of 1:1000. The
coverslips were rinsed 4 3 15 min in PBS-T followed by a 1-h
incubation at room temperature with the appropriate second-
ary antibody and then rinsed 4 3 15 min in PBS-T. The
secondary antibodies used in this study were Cy-3-conjugated
goat anti-rabbit IgG antibody (Zymed) at a concentration of
1:500, Alexa 488 goat anti-mouse IgG antibody (Molecular
Probes) at a concentration of 1:500. Antibodies were diluted in
PBS containing 3% bovine serum albumin. DNA was stained
with 1 mg/ml To Pro (Molecular Probes). Coverslips were
mounted with SlowFade Antifade Kit (Molecular Probes).

Images were obtained with a Zeiss LSM 510 inverted
confocal microscope using planapochromat 633/NA 1.4 oil
immersion objective and excitation wavelengths 546 and
630 nm. Through focus maximum projection images were
acquired from optical sections 0.50 mm apart and with a
section thickness of 1.0 mm. Images were processed using
Adobe PhotoShop (Abacus Inc.).

The frequencies of cells containing Rad51 foci were
determined in at least two separate experiments. At least
300 nuclei were counted on each slide. Nuclei containing more
than 10 foci were classi®ed as positive.

Recombination assay

The SCneo recombination substrate and the pCMV3nls-I-SceI
expression vector were kind gifts from Dr Maria Jasin
(29). SPD8 cells (7.5 3 106) were electroporated (voltage:
2.5 kV/cm; capacitance setting: 25 mF) with 15 mg uncut
SCneo substrate and plated in a non-selective medium.
Hygromycin (®nal concentration 0.1 mM) was added to the
medium 48 h later and hygR colonies were isolated and
expanded. Southern blotting was performed on genomic DNA
(10 mg) isolated from each clone, the 1.1 kb XhoI±BamHI
fragment radiolabelled with [a-32P]dCTP was used as probe
and detection was carried out by autoradiography. For the
recombination assay 1.5 3 106 S8SN.11 cells were inoculated

overnight before being transiently transfected for 5 h with the
pCMV3nls-I-SceI expression vector (10 ng) using lipofecta-
mine according to manufacturer's protocol (®nal concentra-
tion 10 mg/ml; Lipofectamine2000Ô, Invitrogen). Treatment
with 1,5-dihydroxyisoquinoline (ISQ, Sigma) was performed
during transfection or 24 h after transfection. The cells were
trypsinised and counted 24 h after transfection. The recombin-
ation frequency was determined by seeding 1 3 105 cells (after
I-SceI induction) or 1 3 106 cells (for control) per dish
(é 100 mm) in media containing 1 mg/ml G418. The cloning
ef®ciency was determined by plating two dishes with 500 cells
each. After 7 days, cells on the cloning plates were ®xed with
methylene blue [4 g methylene blue (Merck)/l methanol] and
the colonies scored. In the case of the selection plates, ®xation
and scoring were performed 4 days later. Colonies consisting
of more than 50 cells were subsequently counted. All
experiments were repeated independently three times.

RESULTS

PARP-1 does not principally localise in Rad51 foci

Several proteins with a role in HR have been found to localise
in Rad51 foci (18±23,25). Since PARP-1-de®cient mice
exhibit genetic instability and since PARP-1 cooperates with
DNA-PKcs to minimise genomic damage caused by DNA
strand breaks (11), PARP-1 might co-operate in executing HR
repair and possibly co-localise in Rad51 foci. To test this
hypothesis we localised PARP-1 and Rad51 in the three
human tumour cell lines DLD-1, SKUT-1 and SW480 with
and without treatments with hydroxyurea. PARP-1 localised
throughout the nucleus in the SW480 cell line. PARP-1 also
stained in the nucleus in the DLD-1 and SKUT-1 cell lines, but
concentrated in nucleoli, which also has been reported for the
MDBK, HeLa and CHO cell lines (30). In general, PARP-1
did not co-localise in Rad51 foci in any of the cell lines used
(Fig. 1). Two different polyclonal antibodies towards PARP-1
failed to co-localise in Rad51 foci (data not shown).

Figure 1. Localisation of PARP-1 and Rad51 in the human cell lines
SKUT-1, DLD-1 and SW480. In merged images, DNA is displayed in blue,
anti-Rad51 in red and anti-PARP-1 in green.
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PARP-1 is not required for assembly of spontaneous or
induced Rad51 foci

HR is deregulated in PARP-1 de®cient cells as well as in cells
de®cient for XRCC2, XRCC3 or BRCA2 (29,31,32). Cells
de®cient in the latter genes fail to form spontaneous or DNA
damage-induced Rad51 foci (32,33). Thus, although PARP-1
mainly failed to localise to Rad51 foci, PARP-1 activity might
still be a requirement for Rad51 foci to form. To test this, we
used a set of immortalised mouse embryonic ®broblasts
isolated from two littermates with either a functional PARP-1
(A19) or with a truncation in exon 2 in both alleles of PARP-1
(A11) (27). Rad51 foci formation was visualised in both
PARP-1 pro®cient and de®cient cells (Fig. 2). An increased

number of Rad51 foci were also observed after hydroxyurea
treatments in both cell lines, in agreement with previous
reports that hydroxyurea induces Rad51 foci (34).

Homology-directed repair of a single DNA double-strand
break is normal when inhibiting PARP-1

HR is involved in the repair of double-strand breaks (DSBs) in
mammalian cells. To test if inhibition of PARP-1 affects HR
repair of a DSB, we used an assay developed by Jasin and
coworkers (29) that measures the homology-based recombi-
nation between two defective G418 genes following intro-
duction of a DNA DSB by transiently expressing the
restriction endonuclease I-SceI. First, we transfected a V79
Chinese hamster cell line (SPD8) with the recombination
reporter SCneo (Fig. 3A) and isolated hygromycin-resistant
clones. DNA isolated from the hygromycin-resistant S8SN.11
clone was analysed by Southern blotting. Cleavage with
HindIII and XhoI produced a 4 kb fragment indicating that the
full construct was integrated. Additional cleavage with NcoI
shows that the internal structure of the construct was
preserved. Cleavage with HindIII or XhoI alone produced a
single band, showing that the SCneo reporter was integrated as
a single copy in S8SN.11 cells (Fig. 3C).

Following transfection of the I-SceI expression vector
pCMV3xnlsI-SceI, S8SN.11 cells containing an intact single
copy of SCneo produced G418R colonies at a frequency of
1.4±4.1 3 10±3. S8SN.11 cells spontaneously produced G418R

colonies at a frequency of 0.3±1.7 3 10±5 (Fig. 4), which is
similar to a result previously obtained in hamster V79 hamster
cells (29).

Figure 2. DNA (blue) and Rad51 foci (red) are visualised in A11 (PARP±/±)
or A19 (PARP+/+) cells with or without a 24-h hydroxyurea treatment
(0.2 mM).

Figure 3. Recombination substrate integrated in V79(SPD8) cells. (A) Structure of SCneo (29). (B) Predicted HR products resulting in G418 resistance.
(C) Southern blot on DNA isolated from the SCneo transfected cell line S8SN.11 and probed with the S2neo fragment.
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To test whether PARP-1 in¯uences the repair of an
endonuclease-induced DSB by HR, we co-treated S8SN.11
at the time of transfection with the PARP-1 inhibitor ISQ.
Although PARP-1 was inhibited in S8SN.11 cells they were
still pro®cient in forming G418R colonies by HR repair
(Fig. 4). Given that HR repair is probably a slow event (34),
we also post-treated cells in the presence of ISQ for 24 h. This
treatment did not affect the HR repair of a DSB in the S8SN.11
cell line (Fig. 4). Unfortunately, we were unable to con®rm
these results in PARP-1±/± cells, since they are resistant to
G418 as a result of the PARP-1 knockout.

Loss of PARP-1 activity induces Rad51 foci formation

PARP-1 de®ciency confers genetic instability (5) and inhib-
ition of the enzymatic activity of the protein has been shown in
certain systems to induce HR (14±17). We wanted to
investigate whether loss or inhibition of PARP-1 provides a
lesion or another substrate that would provoke a repair
response by proteins involved in HR. To investigate this, we
examined the formation of Rad51 foci in A19 (PARP-1+/+) and
A11 (PARP-1±/±) cells treated with 3-AB, ISQ or 8-hydroxy-2-
methylquinazolinone (NU1025). In PARP-1-de®cient A11
cells, Rad51 foci were 30-fold more abundant than in the
corresponding PARP-1 pro®cient A19 cells. Furthermore, we
found an increased number of cells with Rad51 foci following
treatments with 3-AB, ISQ and NU1025 only in the A19 cells
(Fig. 5).

DISCUSSION

Although PARP-1±/± cells show a hyper recombination
phenotype (6±8), the underlying mechanisms have not been
revealed. In hypothesis, either PARP-1 could control the
lesions that are recognised by HR or PARP-1 could participate
in carrying out HR. Several proteins with suggested function
in executing HR repair (e.g. BLM, BRCA1, BRCA2, RAD52,
RAD54, RPA, WRN) co-localise with Rad51 at sites of HR
repair (18±23,25). Since we observed that PARP-1 mainly
does not localise to Rad51 foci (Fig. 1) our result suggests that
PARP-1 does not execute HR as such.

Cells de®cient in a protein with a role in carrying out HR
often fail to form RAD51 foci, as in the case of the Rad51
paralogs (33). Since we found that PARP-1±/± cells were
pro®cient for both spontaneous and hydroxyurea-induced
Rad51 foci formation (Fig. 2) our results show that PARP-1 is
not required for either spontaneous or induced HR sites to
form.

Cells de®cient in HR proteins (e.g. XRCC2 or XRCC3) fail
to use homology-directed repair of a DSB (29,31). Using the
same system as in these reports, we found that inhibition of
PARP-1 had no effect on HR repair of a DSB (Fig. 4).
Altogether, these results suggest that PARP-1 does not carry
out HR repair of a DSB and favour the hypothesis that PARP-1
has a controlling role of lesions recognised by HR.

In support for this controlling hypothesis, we found that
inhibition or loss of PARP-1 induces Rad51 foci formation
(Fig. 5). This is in agreement with previous studies that
indicate that inhibition of PARP-1 induces HR (14±17) and
that loss of PARP-1 increases levels of SCE and micronuclei
(6±8). Furthermore, we found that 3-AB, ISQ or NU1025
increased the number of cells with Rad51 foci only in those
cells that have a functional PARP-1. These results show that
the induction of Rad51 foci following 3-AB, ISQ or NU1025
treatment is a speci®c consequence of inhibition of PARP-1.

Our results showing that HR repair of a DSB is unaffected
by inhibition of PARP-1 may contrast with earlier ®ndings that
PARP-1 increases spontaneous SCE events (6±8). Also, these
results may diverge from the result that SCE induced by an
alkylating agent is repressed by overexpression of PARP-1
(12) and that SCE is more potently induced in PARP-1±/± cells
(6) and in cells expressing a DNA binding domain of PARP-1
(16). However, the HR assay used here exclusively involves a
gene conversion type of HR repair mechanism and SCE has
never been found in connection with this HR repair event (35).
In contrast, SCE has been shown to be involved in the HR
repair of SSBs converted into DSBs at replication forks (36).

We speculate that the reason why PARP-1 activity affects
SCE, but not gene conversion can be explained by elevated
levels of SSBs that increase the amount of SCE but not the

Figure 4. Recombination frequency in the S8SN.11 cell line with or without
inhibition of PARP-1 using ISQ. A DSB was induced in the SCneo substrate
by transient transfection with the pCMV3xnlsI-SceI vector.

Figure 5. Percentage cells containing more than 10 Rad51 foci in A11
(PARP±/±) or A19 (PARP+/+) cells following a 24-h treatment with 3-AB
(2 mM), ISQ (0.6 mM) or NU1025 (0.1 mM). At least 300 nuclei were
counted for each treatment and experiment. Error bars designate standard
error from at least three experiments.
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amount of gene conversion events. PARP-1 has an important
role in SSB repair and base excision repair (BER) (37). Loss of
PARP-1 activity may increase the amount of endogenous or
induced SSBs. These may be converted into DSBs at
replication forks, which may trigger SCE (36), but not the
gene conversion event investigated here.

This hypothesis is supported by the fact that overexpression
of PARP-1 decreases the amount of alkylating-induced SCE
(12). In this case overexpression of PARP-1 may increase the
repair rate of alkylating damage and, thus, fewer SSBs would
be converted into DSBs at replication forks, resulting in less
induced SCE. This would also explain why SCE is more
potently induced in PARP-1±/± cells (6) and in cells expressing
a DNA binding domain of PARP-1 (16), since absence of
PARP-1 activity would increase the amount of SSBs that are
converted into DSBs and trigger SCE.

The idea that a defect in BER may trigger SCE is not new.
Thompson et al. reported in 1982 that the EM9 cell line, with a
BER defect, has an increased level of SCE (38), which was
later found to be due to a de®cient XRCC1 gene (39). These
data further support our hypothesis that the increased level of
HR and SCE found in PARP-1-de®cient cells is related to a
general defect in BER, rather than that PARP-1 is involved in
catalysing HR per se. Future experiments should be aimed to
test this hypothesis directly.
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