
Introduction
Among the cellular responses to DNA strand breaks, local
poly(ADP-ribose) synthesis is immediate and triggers the
recruitment of repair factors at the damaged site, thus
conditioning the efficiency of the repair process. Poly(ADP-
ribose) polymerases-1 and -2 (PARP-1 and PARP-2) are the
only known enzymes mediating DNA-dependent poly(ADP-
ribose) synthesis in response to DNA damage. They both
belong to a superfamily of 18 PARPs that include the
centrosomal PARP-3, the vault-particle associated PARP-4 and
the telomeric and Golgi tankyrases-1 and -2 (Amé et al., 2004).
Poly(ADP-ribose) is a branched polyanion produced by the
polymerization of ADP-ribose moieties from NAD+ and is
covalently but transiently bound to acceptor proteins. Proteins
poly(ADP-ribosyl)ated by PARP-1 and PARP-2 are mainly
involved in chromatin structure and DNA metabolism.
Histones H1 and H2B, when integrated into nucleosomes,
can be poly(ADP-ribosyl)ated by PARP-1 and PARP-2
respectively (Schreiber et al., 2005). This epigenetic
modification that occurs in the presence of DNA strand breaks
leads to the loosening and opening of the chromatin structure
likely to favor the access of proteins involved in repair,
replication, recombination or transcription (for a review, see
Rouleau et al., 2004).

Inactivation of PARP-1 or PARP-2 genes in the mouse

revealed the involvement of both proteins in the surveillance
and maintenance of genome integrity. Both deficient mouse
strains were sensitive to ionizing radiation. Upon treatment
with alkylating agents, cells derived from these mice displayed
an elevated number of chromosomes and chromatid breaks, a
prolonged G2/M cell cycle arrest and a delay in the rejoining
of DNA damage-induced strand breaks (Ménissier de Murcia
et al., 1997; Menissier de Murcia et al., 2003; Schreiber et al.,
2002). Both PARPs share several common partners in base
excision repair and single strand break repair (BER/SSBR)
such as XRCC1, DNA pol β and DNA ligase III (Schreiber et
al., 2002). Despite the fact that PARP-1 and PARP-2 can
heterodimerize and heteromodify each other in vitro, it was not
clear whether they intervene together or separately at a distinct
step of the repair process. Recent findings demonstrate that
PARP-1, through local polymer synthesis, efficiently attracts
XRCC1 at the site of the DNA break (Okano et al., 2003),
whereas PARP-2 is likely to participate in a later step (Amé et
al., 2004).

Accumulation of PARP-1 in the nucleolus of interphase cells
has been documented (Desnoyers et al., 1996; Fakan et al.,
1988; Mosgoeller et al., 1996). Proteomic analyses of the
nucleolus also revealed the presence of PARP-1 (Andersen et
al., 2002; Scherl et al., 2002). In addition, co-purification of
the nucleolar proteins B23 (nucleophosmin) or C23 (nucleolin)

211

The DNA damage-dependent poly(ADP-ribose)
polymerases-1 and -2 (PARP-1 and PARP-2) are survival
factors that share overlapping functions in the detection,
signaling and repair of DNA strand breaks resulting from
genotoxic lesions in mammalian cells. Here we show that
PARP-1 and PARP-2 subnuclear distributions partially
overlap, with both proteins accumulating within the
nucleolus independently of each other. PARP-2 is enriched
within the whole nucleolus and partially colocalizes with
the nucleolar factor nucleophosmin/B23. We have
identified a nuclear localization signal and a nucleolar
localization signal within the N-terminal domain of PARP-
2. PARP-2, like PARP-1, interacts with B23 through its N-
terminal DNA binding domain. This association is
constitutive and does not depend on either PARP activity
or ribosomal transcription, but is prevented by mutation of

the nucleolar localization signal of PARP-2. PARP-1 and
PARP-2, together with B23, are delocalized from the
nucleolus upon RNA polymerase I inhibition whereas the
nucleolar accumulation of all three proteins is only
moderately affected upon oxidative or alkylated DNA
damage. Finally, we show that murine fibroblasts deficient
in PARP-1 or PARP-2 are not affected in the transcription
of ribosomal RNAs. Taken together, these results suggest
that the biological role of PARP-1 and PARP-2 within the
nucleolus relies on functional nucleolar transcription,
without any obvious implication of either PARP on this
major nucleolar process.

Key words: Cellular response to DNA damage, Poly(ADP-
ribosyl)ation, PARP homologues, Nuclear and nucleolar localization
signals
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and PARP-1 (Borggrefe et al., 1998), as well as their
poly(ADP-ribosyl)ation following γ irradiation was reported
(Leitinger and Wesierska-Gadek, 1993; Ramsamooj et al.,
1995), but the function of PARP-1 in the nucleolus is still under
investigation.

The primary established function of the nucleolus is
ribosome biosynthesis through transcription by RNA
polymerase (pol) I of a 47S RNA precursor (pre-rRNA) that
is processed to give the 18S, 5.8S and 28S rRNAs, which are
then assembled with ribosomal proteins into pre-ribosomal
particles. The human rDNA genes are tandemly repeated in
approximately 180 copies on chromosomes 13, 14, 15, 21 and
22, but only half of the repeats are transcriptionally active in
a cycling cell. The nucleolus is morphologically separated
into three distinct areas, reflecting the vectorial process of
ribosome biogenesis (Dundr and Misteli, 2001).
Transcription of rRNAs takes place at the border of the
fibrillar centers (FC) and the dense fibrillar components
(DFC). Then, maturation of the rRNAs and assembly of the
pre-ribosomal particles occurs in the surrounding granular
components (GC).

The plurifunctionality of the nucleolus was revealed through
many reports describing its involvement in several processes
such as maturation or export of some mRNAs, tRNAs and
ribonucleoproteins, proliferation control, mitotic regulation
and control of aging (reviewed by Dundr and Misteli, 2001).
One of the more intriguing novel roles of the nucleolus is the
sensing of cellular stress and transmission of signals leading to
the regulation of p53 abundance and activity (Rubbi and
Milner, 2003).

In order to evaluate whether PARP-2, like PARP-1, is a
nucleolar protein, we examined its subcellular distribution in
murine and human cells. We demonstrated that PARP-2
accumulates within the nucleolus of mammalian cells
independently of PARP-1. We identified a nuclear localization
signal (NLS) and a nucleolar localization signal (NoLS) both
present within the DNA binding domain. The NoLS, localized
at the extreme N-terminus of PARP-2 is sensitive to structural
constraints. The nucleolar factor B23 interacts with both
PARP-1 and PARP-2 and this association is not altered upon
DNA damage, PARP inhibition or RNA pol I inhibition. PARP-
1 and PARP-2 are delocalized from the nucleolus when cells
are treated with RNA pol I inhibitors, but not with RNA pol II
inhibitors. Genotoxic agents generating alkylated or oxidative
DNA lesions only moderately affect the nucleolar
accumulation of PARPs. Finally, PARP-1 and PARP-2
deficient cells are not altered in their nucleolar ribosomal
transcription efficiency. Thus, although efficient nucleolar
transcription is required for nucleolar accumulation of PARP-
1 and PARP-2, both PARPs are dispensable for ribosomal RNA
transcription.

Materials and Methods
Plasmids
Plasmids encoding GFP-mPARP-2 and GFP-mPARP-21-69 are
described (Schreiber et al., 2002; Amé et al., 1999). GFP-NLS-SV
was obtained by inserting complementary oligonucleotides encoding
the SV40 large-T (SV40-T) antigen NLS (Schreiber et al., 1992) into
the KpnI site of pEGFP-C3 (Clontech). A NruI/BstYI fragment from
pBCmPARP-2 (Schreiber et al., 2002) was subcloned into
ScaI/BamHI sites of pEGFP-C3 allowing the expression of GFP-

mPARP-21-211. GFP-mPARP-215-50 was obtained by cloning into the
EcoRI site of pEGFP-C3, a PCR fragment encoding residues 15-50 of
mPARP-2. The GFP-mPARP233-46 expressing plasmid was generated
by inserting complementary oligonucleotides encoding residues 33-46
of mPARP-2 into the EcoRI/BamHI sites of pEGFP-C3. GFP-NLS-
mPARP-263-202 was obtained by ligating a BamHI/BamHI fragment
taken from the plasmid encoding GST-mPARP-263-202 (Schreiber et
al., 2002) into the BamHI site of the plasmid encoding GFP-NLS-SV.
GFP-NLS-mPARP-2202-559 was obtained by cloning a PCR fragment
encoding residues 202-559 of mPARP-2 into the SmaI site of the
plasmid encoding GFP-NLS-SV. A BamHI/BamHI fragment
encoding human PARP-2 (hPARP-2, from Altana Pharma, Konstanz,
Germany) was subcloned into the BamHI site of pEGFP-C1, allowing
the expression of GFP-hPARP-2. A SmaI/PstI fragment from
pVLmPARP-2 (Amé et al., 1999) was subcloned into the
Eco47III/PstI sites of pEGFP-N1. The PstI/SmaI fragment was then
replaced by a PstI/EcoRV linker encoding the last three residues of
murine PARP-2 but no stop codon, allowing the expression of
mPARP-2-GFP. The PmlI/EcoRV fragment was replaced by a
PmlI/SmaI fragment of pEGFP-mPARP-21-69, allowing the expression
of mPARP-21-69-GFP. A BamHI/StuI fragment encoding residues 1-71
of hPARP-2 was subcloned into the BglII/SmaI sites of pEGFP-C1 or
pEGFP-N1, allowing the expression of GFP-hPARP-21-71 or hPARP-
21-71-GFP, respectively. PCR was performed on the plasmid encoding
mPARP-21-69-GFP, with the 5′ oligonucleotide: 5′-GAGCGCT-
AGCGGGGGGGAGGATGGCGCCGGCCGCAGCTGCATCAGGC-
TTGGAAGGAGTGC-3′ and a 3′ oligonucleotide hybridizing to the
N-terminal part of GFP. The PCR product was subcloned into the
NheI/SmaI sites of pEGFP-N1, allowing the expression of mPARP-21-

69A4-7-GFP. Plasmids encoding GST-fusion proteins are described
(Schreiber et al., 2002). GST-hPARP-2 was obtained by inserting a
BamHI/NotI fragment encoding hPARP-2 into the BamHI/NotI sites
of pBC2. pBC2 was created by religating a NruI/EcoRI digested and
filled-in pBC vector (Chatton et al., 1995).

Cell culture and DNA transfections 
Wild type (WT), PARP-1–/– and PARP-2–/– primary mouse
embryonic fibroblasts were used between the first and fourth passage
(Menissier de Murcia et al., 2003). For transfection experiments,
cells grown on glass coverslips were transfected by the calcium
phosphate coprecipitation method with 2 µg plasmid DNA. The
medium was replaced 24 hours later and observation of living cells
was performed 48 hours post-transfection by epifluorescence with a
Leica DMRA2 microscope equipped with an ORCA-ER chilled CCD
camera (Hammamatsu) and the Openlab capture software
(Improvision).

Indirect immunofluorescence
Cells grown on glass coverslips were treated with DNA damaging
agents or transcription inhibitors as described in the figure legends,
washed with PBS and fixed for 15 minutes either with 2%
formaldehyde or 1% formaldehyde/0.1% Triton X-100 in ice-cold
PBS. Cells were washed three times with ice-cold PBS/0.1% Triton
X-100/0.5% BSA, then incubated overnight at 4°C with an affinity
purified rabbit polyclonal anti-PARP-2 antibody (Yuc 1:200), a
mouse monoclonal anti-B23 (1:2000, kindly given by P. K. Chan,
Houston, TX) or an anti-PARP-1 (C2-10, 1:200) antibodies. After
three washes with ice-cold PBS/0.1% Triton X-100, cells were
incubated for 3 hours at 4°C with Alexa Fluor 568 goat anti-rabbit
IgG (1:2000, Molecular Probes) or Alexa Fluor 488 goat anti-mouse
IgG (1:2000, Molecular Probes). DNA was counterstained with
DAPI (25 ng/ml in PBS/0.1% Triton X-100). Cells were observed
either as above for wide field views or with a Leica TCS4D confocal
microscope equipped with an argon/krypton laser and suitable barrier
filters.
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Cellular fractionation, GST pull-down, immunoprecipitation and
western blot analyses
HeLa cells (2×107 cells) were separated into cytoplasmic,
nucleoplasmic and nucleolar fractions as described previously (Scherl
et al., 2002). 15 µg of each fraction were analyzed by western blotting
with the indicated antibodies. Immunoreactivity was detected by
chemiluminescence (Amersham). For GST pull-down analyses, HeLa
cells (5×105 cells) were transfected by calcium-phosphate
coprecipitation with 10 µg recombinant DNA. 48 hours later, cells
were lysed by two cycles of freeze/thaw in 400 mM KCl, 20 mM
HEPES, pH 7.9, 20% Glycerol, 5 mM DTT, 0.5 mM EDTA, 0.5 mM
PMSF and protease inhibitors (Complete Mini, Roche). When
indicated, 4 mM 3-aminobenzamide (3-AB) was added to the culture
medium 3 hours before lysis and maintained throughout the
experiment. Treatment with actinomycin D (0.2 µg/ml) was
performed 3 hours before lysis. Lysates were clarified by
centrifugation and diluted to obtain the following concentrations: 150
mM KCl, 20 mM HEPES pH 7.9, 0.2% NP-40, 0.5 mM EDTA, 0.5

mM PMSF. When indicated, 10 µg/ml ethidium bromide or 4 mM 3-
AB were added. For GST pull down, lysates were incubated for 3
hours with glutathione-Sepharose beads (Pharmacia). For
immunoprecipitation, lysates were precleared for 30 minutes with
Protein G-Sepharose beads, then incubated for 3 hours with 5 µg
monoclonal anti-GFP antibody (Roche) and for 1 hour with Protein-
G-sepharose beads. Beads and co-purified proteins were washed three
times with 150 mM KCl, 20 mM HEPES pH 7.9, 0.2% NP-40, 0.5
mM EDTA, 0.5 mM PMSF eventually supplemented with 4 mM 3-
AB or 10 µg/ml ethidium bromide. Samples were resuspended in
Laemmli buffer, boiled for 4 minutes and analyzed by 10% SDS-
PAGE and western blot. Blots were incubated with mouse monoclonal
anti-B23 (1:10,000) and anti-GST (1:10,000, IGBMC, Illkirch,
France) antibodies or rabbit polyclonal anti-GFP (1:1000) antibodies.
Blots were then probed with horseradish peroxidase-coupled goat anti
mouse antibody (1:4000, Sigma), and immunoreactivity was detected
by chemiluminescence (Amersham). For PARP-1 and PARP-2
immunodetection, cells were resuspended in Laemmli buffer,

sonicated and 2×105 cells were analyzed
by western blotting with a mouse
polyclonal anti PARP-1 antibody (EGT69,
1:10,000) or a rabbit polyclonal anti-
PARP-2 antibody (1:4000, Alexis).

Northern Blot
Total RNAs were extracted from cells
grown in 6 cm plates by the single-step
procedure (Chomczynski and Sacchi,
1987) using guanidinium isothiocyanate.

Fig. 1. Subnuclear distribution of
endogenous PARP-2 in human and
mouse cells. (A) Confocal sections
showing the simultaneous
immunodetection of PARP-2 and PARP-
1 in HeLa cells fixed with 2%
formaldehyde (FA, top), or HeLa cells
(middle) and MEFs (bottom) fixed with
1% formaldehyde/0.1% Triton X-100.
The morphology of the nucleus is
illustrated by differential interference
contrast (DIC) images. Merged images of
stained PARP-2 and either stained PARP-
1 or the DIC image are shown. Inset
shows a 2× magnification of the area
indicated by the square. To improve the
resolution of final images, only the nuclei
are displayed as no specific signal above
background was detected in the
cytoplasm. (B) Cellular fractionation of
HeLa cells. 15 µg of each cellular
fraction were analyzed by western
blotting with antibodies against B23
(bottom), PARP-2 (middle) and PARP-1
(top). WCE, whole cell extract; Cyto,
cytoplasmic fraction; Nu, nuclear
fraction; Np, nucleoplasmic fraction; No,
nucleolar fraction. (C) Confocal sections
showing the simultaneous
immunodetection of PARP-2 and B23 in
HeLa cells (top) or MEFs (bottom) fixed
with 1% formaldehyde/0.1% Triton X-
100. Merged images of stained PARP-2
and either stained B23 or the DIC image
are shown. Bar, 10 µm.
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3 µg RNA were fractionated by electrophoresis on a
1% agarose gel in the presence of formaldehyde and
transferred onto Hybond N filters (Amersham). The
riboprobe corresponding to the 5′ end (nucleotides 1-
155) of mouse pre-rRNA was generated by in vitro
transcription of the BamHI linearized pGem-3WT
(kindly given by I. Grummt, Heidelberg, Germany)
using the Riboprobe In Vitro Transcription System
(Promega). Hybridization was carried out for 16
hours at 68°C in Dig Easy Hyb (Roche). Blots were
subjected to autoradiography and phosphorimaging
analysis for quantification (Biorad).

Results
PARP-2 accumulates within the nucleolus
of mouse and human cells independently
of PARP-1
The subcellular distribution of PARP-2 was
compared with that of PARP-1 by indirect
immunofluorescence and confocal laser-
scanning microscopy in human cells (HeLa)
fixed with 2% formaldehyde. PARP-2 and
PARP-1 showed both a nuclear punctate
distribution and a stronger accumulation into
subnuclear structures identified as nucleoli by differential
interference contrast (DIC) images (Fig. 1A, top row). Cell
fixation with 1% formaldehyde in the presence of 0.1% Triton
X-100 eliminated soluble proteins within the nucleoplasm,
whereas the nucleolar fraction of PARP-2 and PARP-1
remained high, both in human HeLa cells (Fig. 1A, middle
row) and mouse embryonic fibroblast cells (MEFs) (Fig. 1A,
bottom row). To confirm the nuclear and nucleolar distribution
of PARP-2 and PARP-1, HeLa cells were subfractionated and
immunoblotted with anti-PARP-2 and anti-PARP-1 antibodies.
As expected, PARP-2 and PARP-1 were present in the
nucleoplasmic fraction and slightly more abundant in the
nucleolar fraction (Fig. 1B). The immunodetection of B23 in
the nucleolar fraction confirmed the integrity of the fractions.
Taken together, these results indicate that PARP-2, like PARP-
1 (Desnoyers et al., 1996; Fakan et al., 1988; Mosgoeller et al.,
1996), is abundant in the nucleoplasm and accumulates within
nucleoli in mammalian cells. This subcellular distribution is
consistent with that observed in living cells for PARP-2 fused
to GFP (see Fig. 4).

Interestingly, despite the fact that PARP-1 and PARP-2
display a similar subnuclear distribution pattern and were
found to heterodimerize in vitro (Schreiber et al., 2002), the
merged confocal images revealed that they do not strictly
colocalize (Fig. 1A): partial colocalization was evident within
nucleoli, whereas less overlap was evident within the
nucleoplasm. Therefore, PARP-1 and PARP-2 share numerous
common subcellular sites within the nucleolus but fewer within
the nucleoplasm.

PARP-1 was reported to reside at least within the dense
fibrillar component (DFC) (Fakan et al., 1988; Mosgoeller et
al., 1996) and the granular component (GC) (Fakan et al.,
1988). In order to determine whether PARP-2 localization is
restricted to a particular nucleolar region, we co-stained HeLa
cells (Fig. 1C, top row) or MEFs (Fig. 1C, bottom row) with
anti-PARP-2 antibodies and several antibodies specific for
nucleolar proteins such as B23 (Spector et al., 1984), fibrillarin

(Masson et al., 1990) and Upstream Binding Factor (UBF)
(Roussel et al., 1993). PARP-2 showed partial colocalization
with all three nucleolar factors (Fig. 1C and data not shown)
suggesting that the protein is present throughout the entire
nucleolus. This is confirmed by the comparison of PARP-2
immunostaining with the DIC image that shows an overlap
between PARP-2 intense labeling and phase-dense regions that
define nucleoli (Fig. 1A and C).

As a control of the specificity of the anti-PARP-2 antibody,
we verified the absence of detectable signal in MEFs from
PARP-2–/– embryos. In PARP-1 deficient cells, we noticed that
PARP-2 was still accumulated within the nucleolus (Fig. 2).
Reciprocally, PARP-1 accumulated within the nucleolus in
PARP-2 deficient cells. These observations indicate that
despite their possible heterodimerization (Schreiber et al.,
2002), PARP-1 and PARP-2 localize within the nucleolus
independently of each other.

Characterization of the nuclear and nucleolar
localization determinants of mouse PARP-2
To gain an insight into the determinants required for the
nucleolar accumulation of murine PARP-2, we cloned partial
cDNA fragments in-frame with the C-terminus of the enhanced
green fluorescent protein (GFP; Fig. 3). In order to circumvent
any misinterpretation of the subcellular localization of the
recombinant proteins that may be altered during the fixation
procedure, we chose to follow the distribution of the GFP-
tagged polypeptides in living PARP-2–/– MEFs. The use of
PARP-2–/– cells prevents the nucleolar accumulation via
homodimerization with endogenous PARP-2 (Schreiber et al.,
2002). GFP alone was homogeneously diffused within the
whole cell, but the nucleoli were excluded (Fig. 3a). The NLS
of SV40-T antigen (residues 125-136) (Kalderon et al., 1984)
fused to GFP was able to target the recombinant protein into
the nucleus, but not into the nucleolus (Fig. 3b). When
necessary, this SV40-T antigen NLS was inserted in-frame

Journal of Cell Science 118 (1)

Fig. 2. PARP-1 and PARP-2 accumulate in the nucleolus independently of each other.
Wide-field views of the simultaneous immunodetection of PARP-2 and PARP-1 in wild
type (top), PARP-1–/– (middle) and PARP-2–/– (bottom) MEFs fixed with 1%
formaldehyde/0.1% Triton X-100. DNA is stained with DAPI. Co-immunodetection of
PARP-2 and B23 was performed in parallel under the same conditions, only the B23
staining is shown in the right column. Bar, 10 µm.
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215Nucleolar accumulation of PARP-1 and PARP-2

between GFP and the PARP-2 polypeptides to target the
recombinant proteins to the nucleus. Murine PARP-2 fused to
GFP displayed a similar subcellular distribution as that
observed by immunofluorescence with anti-PARP-2 antibodies
(Fig. 1): the recombinant protein accumulated in the nucleus
and the nucleolus (Fig. 3c), thus validating the experimental
approach. Interestingly, the N-terminal domain of mouse
PARP-2 (Nt; residues 1-69, encompassing the DNA binding
domain) fused to the C-terminus of GFP could enter the
nucleus but remained excluded from the nucleolus (Fig. 3d).
The E domain of murine PARP-2 (residues 63-202) could not
accumulate in the nucleus (data not shown) unless the NLS of
SV40-T antigen was present (Fig. 3h,h′). In this situation, the
recombinant protein showed a homogeneous nuclear
distribution (Fig. 3h) with 27% of cells showing an
accumulation in the nucleolus (Fig. 3h′). The fusion protein
harboring both the Nt and the E domains of murine PARP-2
(residues 1-211) was predominantly nucleolar (Fig. 3e),
suggesting that the presence of both domains is required for
efficient nucleolar targeting. The catalytic F domain of murine
PARP-2 (residues 202-559) which could not reach the nucleus
by itself (data not shown) remained excluded from the
nucleolus even in the presence of the SV40-T antigen NLS
(Fig. 3i).

Taken together, these results
indicate that the Nt domain of murine
PARP-2 contains the NLS responsible
for the nuclear localization of the
whole protein, as it is the only
polypeptide capable of directing the
GFP to the nucleus. The primary
sequence of this DNA binding domain
revealed the presence of two stretches
of basic amino acids (KK20-X15-
KKMRTCQRK44) that could
resemble a bipartite NLS (Schreiber et
al., 1992). Indeed, this polypeptide
was able to target GFP into the
nucleus, not into the nucleolus (Fig.

3f). An attempt to restrict this sequence into a unique stretch
of basic residues (amino acids 33-46) flanked by proline
residues led to partial nuclear accumulation of the recombinant
protein (Fig. 3g), suggesting that this sequence needs the N-
terminal flanking basic stretch to function efficiently as a NLS.

There is no established consensus for NoLSs, although they
are frequently enriched in arginine and lysine residues.
Analysis of the primary sequence of human and murine PARP-
2 revealed the presence of an arginine-rich sequence (residues
4-7) in the extreme N-terminus of the DNA binding domain,
whereas both the E and the F domains were devoid of such
basic sequences. Therefore, the fact that the Nt domain of
mouse PARP-2 fused to the C-terminus of GFP failed to
accumulate within the nucleolus was unexpected. As this
stretch of arginines differs between human and murine PARP-
2, we wondered whether the human Nt domain could
accumulate in the nucleolus when fused to the C-terminus of
GFP. The recombinant protein accumulated within the
nucleolus (Fig. 4c) similar to full-length human PARP-2 fused
to GFP (Fig. 4a). Therefore, although the Nt domain of human
PARP-2 harbors a functional NoLS, the Nt domain of murine
PARP-2 may encounter a folding problem when fused to the
C-terminus of GFP. To validate this possibility, the Nt domain
of murine PARP-2 was fused in frame with the N-terminus of
GFP. As expected, the recombinant protein accumulated within
the nucleolus (Fig. 4e). This was also the case for the Nt
domain of human PARP-2 or full-length mouse PARP-2, both
fused to the N-terminus of GFP (Fig. 4d and b, respectively).
Together, these results demonstrate that the Nt domain of

Fig. 3. Localization in living PARP-2–/–

MEFs of full-length and truncated
versions of mouse PARP-2 fused to the
C-terminus of GFP. (Top) Schematic
representation of mPARP-2 or truncated
versions of mPARP-2 fused to GFP.
When indicated, the NLS of SV40-T was
inserted in frame between the coding
sequence of GFP and the sequence from
mPARP-2. Fusion proteins were present
(+) or not (–) in the nucleus or the
nucleolus. (Bottom) Localization in
living PARP-2–/– MEFs of the GFP-fused
recombinant proteins (left panels)
labelled as in the scheme above. The
corresponding DIC images are shown on
the right. Bar, 10 µm.
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PARP-2 possesses a functional NoLS that, for its murine
counterpart seems susceptible to its structural context when
fused to the reporter protein GFP. In order to determine
whether the stretch of arginines is involved in the NoLS,
residues 4-7 were mutated to alanines in the Nt of mouse
PARP-2 fused to the N-terminus of GFP. As shown in Fig. 4f,
these mutations abolished the nucleolar localization of
the recombinant protein, while maintaining its nuclear
localization. Therefore, the NoLS of PARP-2 encompasses this
stretch of arginines in the extreme N-terminus of the protein.

PARP-1 and PARP-2 interact with B23
PARP-1 was reported to co-purify with the nucleolar factor
B23, and B23 was found to be poly(ADP-ribosyl)ated
following γ irradiation (Borggrefe et al., 1998; Leitinger and
Wesierska-Gadek, 1993; Ramsamooj et al., 1995). Therefore,
we wondered whether PARP-2 could also associate with B23.
Fusion proteins made of GST and murine PARP-2 (GST-
mPARP-2), human PARP-2 (GST-hPARP-2) or human PARP-
1 (GST-hPARP-1) were overexpressed in HeLa cells and
interacting proteins were analyzed by GST pull-down
experiments followed by western blotting (Fig. 5A). B23 co-
purified with GST-hPARP-1 (Fig. 5A, lane 2) and GST-
hPARP-2 (Fig. 5A, lane 8) or GST-mPARP-2 (Fig. 5B, lane
10) but not with GST alone (Fig. 5A, lanes 7 and Fig. 5B, lanes
2 and 9) demonstrating that B23 interacts with both PARPs.

We next examined the conditions regulating the association
between PARP-1, PARP-2 and B23 (Fig. 5A). To analyze the
effect of poly(ADP-ribosyl)ation reactions, HeLa cells
expressing either GST-hPARP-1 or GST-hPARP-2 were left
untreated (lanes 2, 5, 8 and 11), treated for 10 minutes with 1
mM H2O2 to stimulate poly(ADP-ribose) synthesis (lanes 3
and 9), or preincubated for 3 hours with either 4 mM 3-
aminobenzamide (3-AB) to inhibit PARP activity (lanes 4 and

10) or with 0.2 µg/ml actinomycin
D to inhibit RNA pol I
transcription (lanes 6 and 12).
Proteins were analyzed by GST
pull-down experiments and
western blotting by successively
probing with the indicated
antibodies (Fig. 5A). Results
showed that the association of B23
with either PARP-1 or PARP-2 is

not dependent on poly (ADP-ribosyl)ation (compare lanes 4
and 10 with 2 and 8). To prevent any co-purification of both
proteins through DNA, ethidium bromide was added
throughout the pull down in some samples (lanes 5 and 11).
This had no effect on co-purification of B23 with either GST-
fused PARP, indicating that DNA is not involved in the
interaction of PARP-1 and PARP-2 with B23. In addition,
transcription of rRNAs is not a prerequisite for the interaction
between these protein partners as its inhibition by actinomycin
D (or camptothecin, data not shown) had no consequences on
the co-purification efficiencies.

To map the B23 interaction domains within PARP-1 and
PARP-2, GST pull-down experiments were performed with
fusion proteins made of GST and truncated versions of either
hPARP-1 (Fig. 5B, lanes 3-7) or mPARP-2 (lanes 11-13). Co-
purification of B23 was efficient with the recombinant proteins
containing the N-terminal DNA binding domain of mPARP-2
(GST-mPARP-21-69, lane 11) and, more weakly, with GST-
mPARP-263-202 (lane 12) that contains the homodimerization E
domain (Schreiber et al., 2002). This weak co-purification of
B23 observed with the E domain of PARP-2 could be due to
the interaction between GST-mPARP-263-202 and endogenous
PARP-2, the latter being able to trap B23 via its N-terminal
DNA binding domain. Regarding PARP-1, B23 was found to
co-purify with GST-hPARP-11-371 (lane 3) and GST-hPARP-
1384-524 (lane 5) harboring respectively the DNA binding (A)
domain and the BRCT (D) domain of hPARP-1, both already
described as platforms for protein-protein interaction with
several partners, notably XRCC1, DNA pol β, DNA ligase III
(Schreiber et al., 2002). Taken together, these results
demonstrate that PARP-1 and PARP-2 interact constitutively
with B23 through the DNA binding domain of PARP-2 and the
DNA binding and BRCT domains of PARP-1.

We then wondered whether the mutation of residues 4-7 of
mPARP-2, which abolishes nucleolar accumulation of the Nt

Journal of Cell Science 118 (1)

Fig. 4. Identification of the NoLS of
mouse PARP-2. (Top) Schematic
representation of the recombinant
proteins, as described in Fig. 3. The
substitution of 4-RRQR-7 to four
alanines is indicated in red. Residues
15-50 and 33-46, involved in nuclear
targeting, are underlined or boxed in
green, respectively.
(Bottom) Localization in living
PARP-2–/– MEFs of the GFP-fused
recombinant proteins (left panels)
each labelled as in the scheme above.
The corresponding DIC images are
presented on the right. Bar, 10 µm.
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domain fused to the N-terminus of GFP, affects the binding to
B23. GFP, mPARP-21-69-GFP or mPARP-21-69A4-7-GFP
transiently overexpressed in HeLa cells were
immunoprecipitated with anti-GFP antibodies and co-
purification of B23 was assessed by western blot analyses (Fig.
5C). B23 efficiently co-purified with mPARP-21-69-GFP (lane
3) but not with mPARP-21-69A4-7-GFP (lane 4), demonstrating
the importance of a functional NoLS not only for nucleolar
localization but also for binding to B23.

PARP-2 is delocalized from the nucleolus upon RNA pol
I transcription inhibition
It has been shown that the nucleolar localization of PARP-1
requires active transcription (Desnoyers et al., 1996), but
whether it was RNA pol I or RNA pol II transcription was not
clarified. In order to determine whether PARP-1 and PARP-2

nucleolar accumulation depends on nuclear or
nucleolar transcription, we performed indirect
immunofluorescence analyses on primary MEFs 2
hours after treatment of cells with 0.05 µg/ml
actinomycin D or 50 µg/ml α-amanitin (Fig. 6). At
these doses, actinomycin D is known to
specifically inhibit RNA pol I, whereas α-amanitin

inhibits RNA pol II (Perry and Kelley, 1970). We observed that,
in the presence of actinomycin D, PARP-2 is delocalized from
the nucleolus, together with PARP-1 and B23, whereas α-
amanitin did not disrupt the nucleolar accumulation of these
proteins (Fig. 6). These results suggest that active nucleolar
transcription is required for PARP-1 and PARP-2 to reside
within the nucleolus. Dichlororibofuranosyl benzimidazole
(DRB) is a compound that unravels and disperses the nucleolar
transcription units within the nucleus, without abolishing their
transcription (Panse et al., 1999). When cells were treated for
1 hour with DRB, PARP-1, PARP-2 and B23 followed this
typical dispersion within the nucleus (Fig. 6). This dispersion
was reversible, as removal of the DRB and subsequent
incubation for 1 hour in fresh medium allowed the
relocalization of PARP-1, PARP-2 and B23 within the
nucleolus. When cells were treated with 10 µM camptothecin
for 30 minutes, PARP-1, PARP-2 and B23 were also
delocalized from the nucleolus (Fig. 6). At this dose, this
topoisomerase I inhibitor completely inhibits RNA pol I
transcription (see Fig. 8). Interestingly, the camptothecin-
induced nucleolar delocalization of PARP-1, PARP-2 and B23
does not require the activation of PARPs, as it is still observed
in the presence of 3-AB, as well as in the PARP-1 or PARP-2
knockout MEF (data not shown). Taken together, these results
indicate that PARP-1 and PARP-2 accumulation within
nucleoli of murine and human cells is dependent upon active
transcription of nucleolar RNAs by RNA pol I.

Fig. 5. B23 interacts constitutively with PARP-1 and
PARP-2 through their DNA binding domains and
PARP-1 BRCT domain. (A) Schematic representation
of GST-hPARP-1 and GST-hPARP-2. DBD, DNA
binding domain. GST (lane 7), GST-hPARP-1 (lanes 2-
6) or GST-hPARP-2 (lanes 8-12) were overexpressed in
HeLa cells either untreated (lanes 2, 5, 8 and 11) or
treated with 1 mM H2O2 for 10 minutes (lanes 3 and 9),
4 mM 3-AB for 3 hours (lanes 4 and 10) or 0.2 µg/ml
actinomycin D for 3 hours (ActD, lanes 6 and 12). 10
µg/ml ethidium bromide was added to the lysate (EtBr,
lanes 5 and 11). Proteins were analyzed by GST pull
down and western blot using anti-B23 and anti-GST
antibodies as indicated in the lower panel. Lane 1: input
corresponding to 1/30th of the lysate. (B) GST (lanes 2
and 9), GST mPARP-2 (lane 10) or GST-tagged
deletion mutants of hPARP-1 (lanes 3-7) or of mPARP-
2 (lanes 11-13) were expressed in HeLa cells.
Interacting proteins were analyzed by GST pull down
and western blotting with anti-B23 and anti-GST
antibodies. Input (lanes 1 and 8): 1/30th of the GST-
expressing cell lysate. (C) Immunoprecipitation with
anti-GFP antibodies of GFP (lane 2), mPARP-21-69-
GFP (lane 3) and mPARP-21-69A4-7GFP (lane 4)
overexpressed in HeLa cells. Western blots were
subsequently probed with a monoclonal anti-B23
antibody (top) and a polyclonal anti GFP antibody.
Lane 1: crude extract from 105 HeLa cells.
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The nucleolar accumulation of PARP-
1, PARP-2 and B23 is only moderately
affected by alkylated or oxidative DNA
damage
The DNA damage-dependent PARP-1 and
PARP-2 are activated by the presence of
DNA strand breaks resulting from
treatment of cells with hydrogen peroxide
or methyl methane sulfonate (MMS). In
order to determine whether DNA damage
affects the nucleolar localization of PARP-
1 and PARP-2, we treated wild-type MEFs
with increasing doses (0.2, 0.5, 1 and 2 mM) of H2O2 or MMS
for 10 minutes to 2 hours. The subcellular localization of both
PARPs, as well as that of B23, is only moderately affected by
lethal doses of H2O2 or 2 mM MMS (Fig. 7A and data not
shown). Lower doses (200 µM), although sufficient to generate
DNA lesions that strongly activate poly(ADP-ribose) synthesis
and require several hours for complete repair (Trucco et al.,
1998), had no effect on PARP subcellular distribution.
Treatment for 1 hour with 1 µg/ml 4-nitroquinoline 1-oxide
(4NQO), another PARP-activating agent (Yu et al., 1986), leads
to the extinction of PARP-1, PARP-2 and B23 nucleolar
staining (Fig. 7A). Bulky adducts are generated by 4NQO on
DNA and, like camptothecin, it inhibits transcription (Gray et
al., 1998 and see below), whereas H2O2 and MMS have lesser
blocking effects on RNA pol I transcription (see below).
Therefore, the nucleolar accumulation of PARP-1 and PARP-
2 is affected by transcription inhibition rather than by DNA
lesions that do not radically disrupt RNA pol I transcription.

The moderate decrease of the nucleolar localization of
PARP-1 and PARP-2 observed when cells were treated with
high doses of alkylating or oxidizing DNA damaging agents
could result from proteolytic cleavage of the proteins, as
proposed (Alvarez-Gonzalez et al., 1999). As PARP-1 and
PARP-2 are cleaved during apoptosis by the apoptotic caspase-
3 (Kaufmann et al., 1993; Menissier de Murcia et al., 2003),
we examined by western blotting whether the integrity of the
two proteins was affected by any of the cell treatments
performed to affect the nucleolar retention of PARP-1 and
PARP-2 (Fig. 7B). Interestingly, neither PARP-1 nor PARP-2
were cleaved in any of the conditions examined. These results
indicate that the dramatic drop of PARP-1 and PARP-2

nucleolar staining observed when RNA pol I transcription is
inhibited (by actinomycin D, camptothecin, 4NQO) as well as
the moderate delocalization upon high doses of H2O2 or MMS,
does not result from proteolytic cleavage of the two proteins.

Normal transcription of ribosomal RNA in PARP-1 or
PARP-2 deficient cells
The dependence on effective nucleolar transcription for the
nucleolar accumulation of PARP-1 and PARP-2 suggests that
they may somehow be involved in the process of rRNA
transcription. This hypothesis prompted us to check whether
the absence of one or other PARP or their chemical inhibition
in MEFs had repercussions on rRNA transcription. The 47S
pre-rRNA transcription was monitored by northern blotting of
cell lysates derived from wild type, PARP-1–/– or PARP-2–/–

MEFs treated or not with MMS (200 µM, 2 hours), H2O2 (200
µM, 2 hours), camptothecin (10 µM, 1 hour) or 4NQO (1
µg/ml, 1 hour) in the presence or absence of 3-AB (Fig. 8).
The probe used was specific of the pre-rRNA, as it hybridized
to the 5′ extremity of the pre-rRNA, a region that is eliminated
by the first step of maturation. Results indicate that
transcription of the pre-rRNA occurs at similar levels
regardless of the genotype and is not affected by treatment with
alkylating or oxidizing agents. Camptothecin and 4NQO
completely inhibited pre-rRNA transcription, but for all three
genotypes. The abundant smaller-sized RNAs observed upon
cell treatment with camptothecin could be interpreted as a
block of elongation when the transcription machinery is
stopped by trapped topoisomerase I cleavage complexes at
topoisomerase I binding sites (Fig. 8). With 4NQO, we
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Fig. 6. PARP-1 and PARP-2 are delocalized
from the nucleolus upon RNA pol I
transcription inhibition. Wide field views of the
simultaneous immunodetection of PARP-2 and
PARP-1 in wild-type MEFs treated or not (NT,
not treated) with 0.05 µg/ml actinomycin D for
2 hours, 50 µg/ml α-amanitin for 2 hours, 100
µM DRB for 1 hour, and in one experiment,
followed by two washes with PBS and a 1 hour
incubation in fresh medium or 10µM
camptothecin (CPT) for 30 minutes. Cells were
fixed with 1% formaldehyde/0.1% Triton X-
100. DNA is stained with DAPI. Co-
immunodetection of PARP-2 and B23 was
performed in parallel under the same
conditions; only the B23 staining is shown in
the right panels. Bar, 10 µm.
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hypothesized that the abundant smaller-sized RNAs are
produced by abortive transcription elongation when the
transcription machinery encounters a 4NQO-induced bulky
adduct. Taken together, our results indicate
that the absence of PARP-1 or PARP-2 or
inhibition of their catalytic activity does not
affect nucleolar transcription of ribosomal
RNAs.

Discussion
PARP-2, like PARP-1, accumulates
within mammalian cell nucleoli
In this study, we demonstrate that PARP-2,
like PARP-1, is enriched within the nucleolus.
The nucleolar accumulation of PARP-2 was
observed in all human cell lines tested
(HEK293, MRC5, human diploid fibroblasts)
but also in mouse cells and was observed
throughout the cell cycle, as long as the
nucleoli were not disorganized during mitosis
(data not shown). We have shown previously
that PARP-1 and PARP-2 can heterodimerize
in vitro, demonstrating a direct contact
between them (Schreiber et al., 2002). An
unexpected finding of the present study was
that PARP-1 and PARP-2 nuclear
distributions were not totally overlapping.
Although both proteins accumulated in the
nucleolus independently of one another,
confocal analyses revealed that they only
partially colocalize there. Colocalization was
even weaker in the nucleoplasm. This
unexpectedly low colocalization was also
observed upon cell treatment with the DNA-
damaging agents MMS and H2O2, which both
trigger poly(ADP-ribose) synthesis at
damaged sites. We hypothesize that PARP-1
and PARP-2 may have distinct targets and/or
distinct subcellular sites within the nucleus
and their heterodimerization may be restricted
to the nucleolus. If so, the biological function
of this nucleolar heterodimerization remains
to be determined.

The Nt DNA-binding and protein-binding
domain of PARP-2 harbors a NLS and a
NoLS
In this study, we have determined that the
NLS and the NoLS of PARP-2 are confined
to its Nt domain. An arginine-rich motif
encompassing residues 4-7 is essential to
target the mouse PARP-2 Nt domain to the
nucleolus. This NoLS is functional when the
Nt domain of mouse PARP-2 is fused by its
C-terminus to GFP, but not when it is fused
by its N-terminus. In the latter case, structural
constraints may have affected the
conformation of the NoLS. However, full-
length mPARP-2 or the construct lacking only

the catalytic domain, when fused to the C-terminus of GFP,
were both able to reach the nucleolus. In both cases, the
presence of the flanking E domain may have stabilized the

Fig. 7. PARP-1 and PARP-2 are only moderately delocalized from the nucleolus upon
alkylated or oxidative DNA damage. (A) Wide field views of the immunodetection of
PARP-2 and PARP-1 in wild-type MEFs treated or not (NT, not treated) with H2O2 (0.2
or 2 mM for 2 hours), MMS (0.2 or 2 mM for 2 hours) or 1 µg/ml 4NQO for 1 hour.
Cells were fixed with 1% formaldehyde/0.1% Triton X-100. DNA is stained with DAPI.
Co-immunodetection of PARP-2 and B23 in MEF cells treated in the same conditions.
Only the B23 staining is shown in the panels on the right. (B) Western blot analyses with
anti-PARP-1 or anti-PARP-2 antibodies performed on crude extracts of 2.5×105 MEFs
submitted to the indicated treatments or not treated (–). Bar, 10 µm.
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NoLS sequence through modification
of the sterical constraints and/or via
homodimerization of the recombinant
proteins. In addition, when fused to the
N-terminus of GFP, mPARP-2
accumulated more strongly in the
nucleolus than when fused to the C-
terminus of GFP. This was also the
case for the Nt domain of hPARP-2.
Therefore, the NoLS of both murine
and human PARP-2 is more efficient
when the N-terminus is free.

Altogether, our results demonstrate
that the small Nt domain of PARP-2
encompassing the first 64 amino acids
represents a multifunctional platform
involved in nuclear and nucleolar
targeting (this study), DNA binding
(Amé et al., 1999), and protein/protein
interactions (with B23 or with TRF2)
(Dantzer et al., 2004). This domain is
also released upon cleavage by caspase
3 during apoptosis (Menissier de
Murcia et al., 2003).

PARP-1 and PARP-2 interact with
B23 in vivo and in vitro
We have shown here that PARP-1 and PARP-2 interact
constitutively with the nucleolar factor B23, and neither of the
cell treatments that totally or moderately affect their nucleolar
accumulation disrupted their association. Mutation of the
NoLS in mPARP-2 Nt domain abolished binding to B23. It is
unlikely that this mutation affects the folding of the entire Nt
domain as the NLS was still functional. It is more probable that
either PARP-2 needs to be nucleolar in order to interact with
B23, or PARP-2 is recruited to the nucleolus through binding
to B23. B23 has been shown to have multiple functions: it is
involved in ribosomal assembly; it is an endoribonuclease that
cleaves the pre-ribosomal RNA (Savkur and Olson, 1998); it
acts as a molecular chaperone (Szebeni and Olson, 1999); and
is a regulator of cell proliferation, differentiation and apoptosis
(Feuerstein et al., 1988; Liu and Yung, 1998). It has also been
proposed that the stability and transcriptional activity of p53 is
regulated by B23 (Colombo et al., 2002). The finding that B23
is poly(ADP-ribosyl)ated following γ irradiation (Leitinger and
Wesierska-Gadek, 1993; Ramsamooj et al., 1995) suggests that
the DNA-dependent PARPs and B23 could act together in the
DNA damage-response pathway (see below).

The nucleolar accumulation of PARP-1 and PARP-2
depends on active RNA pol I transcription, but PARP-1
and PARP-2 are not required for nucleolar transcription
Our results show that the nucleolar accumulation of PARP-1
and PARP-2 requires active transcription of ribosomal RNAs
by RNA pol I as both PARPs leave the nucleolus when
transcription is inhibited either by actinomycin D,
camptothecin or 4NQO. DNA damaging agents that have no
evident blocking effects on nucleolar transcription, such as
H2O2 or MMS, do not induce a massive delocalization of

PARP-1 and PARP-2 from the nucleolus. In addition, we have
verified that in all the situations where PARP-1 and PARP-2
appeared to move out of the nucleolus, this was not the result
of their proteolytic cleavage, a phenomenon described earlier
(Alvarez-Gonzalez et al., 1999). This discrepancy may come
from the different cell type as well as DNA damaging agents
used in both studies.

Our observations are reminiscent to those found with WRN:
WRN is only partially delocalized upon treatment with H2O2,
even at lethal doses, whereas 4NQO and camptothecin induce
the extinction of detectable nucleolar WRN (Gray et al., 1998).
The proliferation-dependent nucleolar antigen pKi-67 also
translocates from nucleolus to nucleoplasm upon UV
irradiation or 4NQO treatment, but not following H2O2
treatment (Al-Baker et al., 2004).

The interconnection between nucleolar accumulation and
active RNA pol I transcription has been described previously
for numerous factors, notably WRN or CSB, also delocalized
from the nucleolus upon RNA pol I transcription inhibition.
But although cells lacking WRN or CSB show an important
reduction of rRNA transcription rate (Bradsher et al., 2002;
Shiratori et al., 2002), cells lacking either PARP-1 or PARP-2
or where PARP activity is inhibited are not impaired in their
rRNA transcription efficiency. This suggests that PARP-1 and
PARP-2 are not directly involved into the nucleolar
transcriptional process. However, previous in vitro studies have
shown that PARP-1 could suppress non-specific transcription
that may initiate at DNA breaks by RNA pol I, II and III (Kurl
and Jacob, 1985; Slattery et al., 1983). In addition, the
participation of PARP-1 as a co-factor in activation of RNA pol
II-driven transcription of particular genes supports a function
of PARP-1 in transcription (Kraus and Lis, 2003). In
Drosophila, the disruption of PARP-1 expression, leading to
larval lethality, revealed the importance of PARP-1 for the
formation of nucleoli during development (Tulin et al., 2002).
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Fig. 8. The absence or inhibition of PARP-1 and PARP-2 has no repercussion on nucleolar
transcription. Northern blot analysis of total RNAs obtained from the wild type (WT), PARP-1–/–

(P1–/–), PARP-2–/– (P2–/–) or wild-type MEFs cultivated for 2 hours in the presence of 5 mM 3-
AB (WT+3AB). Cells were either treated or not with the indicated agents. A typical experiment
is illustrated. The upper panel shows the autoradiogram after hybridization of a 47S pre-rRNA
specific probe; lower panel, staining of the membrane with methylene blue, showing the 28S and
18S rRNA as a loading control.
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Therefore, we cannot totally exclude the fact that PARP-1 and
PARP-2 could play some redundant role in RNA pol I
transcription. Such an overlapping function between
retinoblastoma (Rb) family members in rRNA transcription
explained the lack of effect of single inactivation of Rb, p107
or p130 genes on rRNA transcription, whereas Rb–/–p130–/–

double knockout cells displayed increased levels of ribosomal
RNAs (Ciarmatori et al., 2001). Early embryonic lethality (at
E7.5) was observed for the PARP-1–/–PARP-2–/– double
knockout mouse, highlighting some redundancy between
PARP-1 and PARP-2 (Menissier de Murcia et al., 2003).
Unfortunately, attempts to generate double knockout MEFs
were not successful, preventing us from checking for a possible
redundant function of PARP-1 and PARP-2 in rRNA
transcription. However, we can assume that if PARP-1
and PARP-2 were simultaneously required for nucleolar
transcription, this would not be through their catalytic activity
as we show here that chemical inhibition of PARPs had no
repercussion on transcription of the pre-rRNA.

What could be the function of PARP-1 and PARP-2 in
the nucleolus? 
The primordial function deciphered for PARP-1 and PARP-2
(DNA strand break detection and signaling) could account for
their presence in the nucleolus as guardians of rDNA integrity.
A striking observation we made is that poly(ADP-ribose)
synthesis induced by oxidative or alkylating agents is less
efficient in the nucleolus than in the nucleoplasm (data not
shown). However, it has been shown that alkylated bases in the
rDNA are efficiently repaired (Stevnsner et al., 1993), thus
reflecting a proficient nucleolar base excision repair process.

One way to deal with DNA strand breaks is to set up
recombination repair. The highly repetitive nature of rDNA
makes it prone to recombination, notably in the presence of
strand breaks. These breaks may arise upon genotoxic
aggression or when replication forks are stalled to avoid
collision between the transcription and replication machineries
(Rothstein et al., 2000). Interestingly, PARP-1 and PARP-2
were shown to interact with factors involved in recombination
processes present in the nucleolus, such as DNA-PKcs, Ku or
WRN (Higashiura et al., 1992; Kuhn et al., 1995; Marciniak et
al., 1998; Ruscetti et al., 1998; von Kobbe et al., 2003). A
recent report indicated that PARP-1 is required for the
reactivation of stalled replication forks imposed by
hydroxyurea (Yang et al., 2004). Interestingly, B23 was found
together with PARP-1 and C23 in a multiprotein complex,
SWAP, involved in B-cell specific recombination (Borggrefe et
al., 1998). B23 was shown to promote single-strand DNA
reannealing and the formation of joint molecules in a D-loop
assay between particular switch regions of immunoglobulin
genes involved in class switch recombination. PARP-1 or
PARP-2 could be involved in the recognition of such structures
that could arise in repetitive DNA regions. One example of
such a structure is the T-loop-D-loop formed at telomeres,
which is bound by TRF2, a PARP-2 telomeric partner (Dantzer
et al., 2004).

A function of DNA damage-dependent PARPs in the
surveillance of repetitive DNA was previously described for
centromeres and telomeres. PARP-2 (and PARP-1) transiently
accumulates at kinetochores during mitosis (Saxena et al.,

2002). The genomic instability of centromeric regions
observed in bone marrow cells of irradiated PARP-2–/– mice
suggests that PARP-2 is required for the correct segregation of
chromosomes during mitosis (Menissier de Murcia et al.,
2003). In addition, PARP-2, through its functional interaction
with the telomeric protein TRF2, is also probably a guardian
of the telomeres that have to be prevented from being
recognized as double strand breaks. The absence of PARP-2 in
murine fibroblasts leads to an alteration of telomere integrity,
with some chromosome ends lacking telomeres and an
increased heterogeneity of telomere length (Dantzer et al.,
2004). Therefore, DNA damage-dependent PARPs play a role
in the surveillance of repeated DNA sequences, accounting for
the presence of these guardians of the genome in the nucleolus.
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