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The regulatory mechanism of centrosome function is crucial to the accurate transmission of chromosomes
to the daughter cells in mitosis. Recent findings on the posttranslational modifications of many centrosomal
proteins led us to speculate that these modifications might be involved in centrosome behavior. Poly(ADP-
ribose) polymerase 1 (PARP-1) catalyzes poly(ADP-ribosyl)ation to various proteins. We show here that
PARP-1 localizes to centrosomes and catalyzes poly(ADP-ribosyl)ation of centrosomal proteins. Moreover,
centrosome hyperamplification is frequently observed with PARP inhibitor, as well as in PARP-1-null cells.
Thus, it is possible that chromosomal instability known in PARP-1-null cells can be attributed to the centro-
somal dysfunction. P53 tumor suppressor protein has been also shown to be localized at centrosomes and to
be involved in the regulation of centrosome duplication and monitoring of the chromosomal stability. We found
that centrosomal p53 is poly(ADP-ribosyl)ated in vivo and centrosomal PARP-1 directly catalyzes poly(ADP-
ribosyl)ation of p53 in vitro. These results indicate that PARP-1 and PARP-1-mediated poly(ADP-ribosyl)ation
of centrosomal proteins are involved in the regulation of centrosome function.

The centrosome functions as a major microtubule organiz-
ing center in animal cells and plays vital roles during mitosis as
a core unit of spindle poles, including the assembly of bipolar
mitotic spindles and determination of the plane where the
cleavage furrow is introduced (for reviews, see references 6
and 27). Since each daughter cell receives only one centro-
some, the centrosome must duplicate once during each cell
cycle. Thus, centrosome duplication must take place in coor-
dination with other cell cycle events, including DNA duplica-
tion. In mammalian somatic cells, centrosome duplication be-
gins near the G1/S boundary of the cell cycle and is completed
in G2 phase (61, 63). Abrogation of the regulatory mechanisms
that ensure the coordinated progression of centrosome dupli-
cation and other cell cycle events, including DNA duplication,
and that prevent reduplication of the duplicated centrosome
within the same cell cycle results in hyperamplification of cen-
trosomes (7, 57). This, in turn, leads to increased frequency of
defective (multipolar) mitotic spindles and unbalanced segre-
gation of chromosomes into daughter cells as observed in can-
cer cells (11, 28, 47, 57).

Recently, it has been reported that some of the centrosomal
proteins undergo various posttranslational modifications, in-
cluding kinases such as Aurora A, Plks, and Nek2 (17, 19, 31);
phosphorylation of NPM/B23 and Mps1p by CDK2 (15, 45);
and ubiqutination complex (SCF complex) such as Skp1, Skp2,

and Cul1 (16, 39, 69). These modifications could affect the
properties of the proteins. For example, NPM/B23 is associ-
ated with unduplicated centrosomes but not with duplicated
centrosomes and dissociates from centrosomes upon phos-
phorylation by CDK2/cyclin E (45). Furthermore, several stud-
ies have reported that tumor suppressor protein p53 is local-
ized to centrosome (4, 8, 36) and changes the regulatory
activity of centrosome duplication with mutations of p53 phos-
phorylation sites (58, 59). Thus, these studies suggest that the
modifications of centrosomal proteins are important for cen-
trosome (centriole) behavior.

Poly(ADP-ribosyl)ation is known to be one of the major
posttranslational modifications. Poly(ADP-ribose) polymerase
1 (PARP-1; EC 2.4.2.30) catalyzes the formation of long-
branched poly(ADP-ribose) polymers on glutamic acid, aspar-
tic acid, and lysine residues of target proteins with NAD� as a
substrate (42, 56). It has been reported that poly(ADP-ribose)
glycohydrolase (PARG) rapidly hydrolyzes the polymer of
poly(ADP-ribose) from the poly(ADP-ribosyl)ated proteins
to produce free ADP-ribose residues (13, 33). Recently, a
quite large family of PARP enzymes have been identified and
characterized (PARP-1, PARP-2, PARP-3, Tankyrase-1,
Tankyrase-2, and vault PARP). Many proteins that are poly-
(ADP-ribosyl)ated by PARP-1 have been identified, including
PARP-1 itself (43), histones (26), lamins (1), topoisomerases
(25), DNA polymerases (44, 70), c-Fos (2), and p53 tumor
suppressor protein (68). Since the attachment of the negatively
charged polymer changes the properties of the acceptor pro-
tein (40, 46), PARP-1 could be involved in a variety of cellular
events, including modulation of chromatin structure, DNA
synthesis, DNA repair, gene transcription, and cell cycle reg-
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ulation (13). In particular, the studies with PARP inhibitors
have shown that PARP-1 plays an important role in mainte-
nance of genome integrity (10, 34, 35). More recently, it has
been shown that cells derived from PARP-1-deficient mice
exhibit chromosomal instability and increased frequency of
aneuploidy (12, 14, 38, 48, 53, 60, 62, 66), although the mech-
anism is not clear. PARP-1 was originally described as a nu-
clear protein (9, 52), but we have recently found that PARP-1
can also be localized to the centrosome of cancer cell lines
(22). Centrosomal localization of PARP-1, as well as chromo-
some instability in PARP-1-deficient (PARP-1�/�) cells, sug-
gest that PARP-1 and/or poly(ADP-ribosyl)ation may also
function as a regulator of centrosomes, and thus loss or reduc-
tion of PARP-1 may induce chromosome instability (aneuploi-
dy) through altering either centrosome function and/or centro-
some copy number.

P53 has been shown to physically interact with PARP-1, to

be poly(ADP-ribosyl)ated by PARP-1 (30, 64, 67), and to show
changes of its property (30). These observations led to an
attractive hypothesis that PARP-1 and PARP-1-mediated
poly(ADP-ribosyl)ation may control centrosome duplication
partly by influencing p53 activity at the centrosomes.

We examined here the potential role of PARP-1 and/or
PARP-1-mediated poly(ADP-ribosyl)ation in the maintenance
of proper numbers of centrosomes. We found that extensive
hyperamplification of centrosomes occurred both in cells
treated with PARP inhibitor and in PARP-1�/� cells, indicat-
ing that PARP-1-mediated poly(ADP-ribosyl)ation is impor-
tant for maintaining the proper copy number of centrosomes.
Consistently, PARP-1�/� cells exhibit the deregulation of the
centrosome duplication cycle and the chromosomal instability,
including the aneuploidy (hypoploidy and hyperploidy). We
further found that several centrosomal components were poly-
(ADP-ribosyl)ated, one of which was p53. These observations

FIG. 1. (A) PARP-1 physically associates with centrosomes throughout the cell cycle. Exponentially growing wild-type MEFs were coimmu-
nostained with anti-�-tubulin monoclonal antibodies (panels b, f, and j, green) and anti-PARP-1 polyclonal antibodies (panels c, g, and k, red).
Cells were also counterstained with DAPI (panels a, e, and i, blue). Panels d, h, and l show the overlay images. Panels a to d show a cell with
unduplicated centrosome. Panels e to h show a cell with duplicated centrosomes. Panels i to l show a mitotic cell. Arrowheads point to centrosomes.
Panels m and n show that negative immunostaining of PARP-1�/� MEFs by anti-PARP-1 antibody. Exponentially growing PARP-1�/� MEFs were
coimmunostained with anti-PARP-1 polyclonal (panel m, red) and anti-�-tubulin polyclonal (panel n, green) antibodies. Cells were also coun-
terstained with DAPI (panel n, blue). Scale bar, 10 �m. Wild-type MEFs were lysed in RIPA buffer, resolved by SDS-PAGE, and immunoblotted
with anti-PARP-1 antibody (panel o). (B) Centrosomal proteins are poly(ADP-ribosyl)ated. Exponentially growing wild-type MEFs were coim-
munostained with anti-�-tubulin polyclonal (panels b, f, and j, red) and anti-poly(ADP-ribose) monoclonal (panels c, g, and k, green) antibodies.
Cells were also counterstained with DAPI (panels a, e, and i, blue). Panels d, h, and l show the overlay images. Panels a to d show a cell with
unduplicated centrosome. Panels e to h show a cell with duplicated centrosomes. Panels I to l show a mitotic cell. The arrowheads point to
centrosomes. Panels m and n show the immunostaining of PARP-1�/� MEFs by anti-poly(ADP-ribose) antibody. Exponentially growing PARP-
1�/� MEFs were coimmunostained with anti-poly(ADP-ribose) monoclonal (panel m, green) and anti-�-tubulin polyclonal (panel n, red)
antibodies. Cells were also counterstained with DAPI (panel n, blue). Scale bar, 10 �m.
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raise the possibility that PARP-1 and/or poly(ADP-ribosyl)a-
tion may regulate the centrosome function.

MATERIALS AND METHODS

Cells. PARP-1�/� and PARP-1�/� primary mouse embryonic fibroblasts
(PMEFs) were prepared from day 13.5 embryos derived from heterozygous
crosses as described previously (60). PARP-1�/� (F20) and PARP-1�/�

(PARP-1 knocked out; clones A11 and A12) mouse embryonic fibroblasts
(MEFs) were immortalized by standard 3T3 protocol (66). Cells were main-
tained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine
serum (FBS), penicillin (100 U/ml), and streptomycin (100 �g/ml) in an atmo-
sphere containing 10% CO2 at 37°C.

Indirect immunofluorescence. Cells were first extracted briefly with extraction
buffer (0.75% Triton X-100, 5 mM PIPES, 2 mM EGTA [pH 6.7]) to eliminate
free proteins and proteins loosely associated with organelles (45) and then were
fixed with 10% formalin and 10% methanol for 20 min at 25°C, washed with
phosphate-buffered saline (PBS), and permeabilized with 1% NP-40 in PBS for
5 min at 25°C. Cells were then incubated with blocking solution (10% normal
goat serum in PBS) for 1 h and subjected to immunostaining. For coimmunos-
taining of �-tubulin and PARP-1 or poly(ADP-ribose), cells were probed with
anti-�-tubulin monoclonal (Sigma) and anti-PARP-1 polyclonal (which does not
cross-react with other PARP family members; Upstate Biotechnology) antibod-
ies or with anti-�-tubulin polyclonal (18) and anti-poly(ADP-ribose) monoclonal
(23) antibodies for 1 h at 25°C. Cells were probed with anti-�-tubulin polyclonal
and anti-�-tubulin monoclonal (DM1A; Sigma) antibodies for 1 h at 25°C. The
antibody-antigen complexes were detected with fluorescein isothiocyanate-con-
jugated goat anti-rabbit immunoglobulin G (IgG) and rhodamine-conjugated
goat anti-mouse IgG antibodies by incubation for 1 h at 25°C. The samples were
counterstained with DAPI (4�,6�-diamidino-2-phenylindole).

Electron microscopy. Cells were fixed and processed for transmission electron
microscopy as previously described (45). In brief, cells were fixed with 2.5%
glutaraldehyde and 1% osmium tetroxide, embedded, and polymerized in epoxy

resin. Thin-sectioned cells were stained with uranyl acetate and lead citrate and
examined by using a Hitachi H7000 electron microscope.

Flow cytometry. Cells were treated with trypsin and resuspended in 100 �l of
a solution containing 250 mM sucrose, 40 mM sodium citrate (pH 7.6), and 5%
dimethyl sulfoxide. Cells were then incubated in a solution containing 3.4 mM
sodium citrate, 0.1% NP-40, 1.5 mM spermine tetrahydrochloride, and 0.5 mM
Tris-HCl (pH 7.6) for 10 min, followed by RNase A (0.1 mg/ml) treatment for 10
min. Nuclei were stained for 15 min with propidium iodide (0.42 mg/ml), filtered
through a 37-�m-pore-size nylon mesh, and analyzed with a dual-laser flow
cytometer (FACScan; Becton Dickinson).

BrdU incorporation assay. The assay was performed by using the bromode-
oxyuridine (BrdU) labeling kit (Boehringer Mannheim). Briefly, cells were se-
rum starved for 36 h and then treated with fresh medium containing 20% FBS
and BrdU. At each point, cells were extracted and fixed in 70% ethanol in 50 mM
glycine (pH 2.0) for 20 min at �20°C and then probed with anti-BrdU mono-
clonal antibody for 30 min at 37°C, followed by incubation with fluorescein
isothiocyanate-conjugated sheep anti-mouse IgG.

Centrosome isolation and immunoblot analysis. Centrosomes were prepared
from PARP-1�/� and PARP-1�/� MEFs as described previously (22, 37, 45).
Exponentially growing cells were incubated with culture medium containing 1 �g
of cytochalasin D/ml and 0.2 �M nocodazole for 1 h at 37°C to depolymerize the
actin and microtubule filaments. Then, 1 � 107 to 3 � 107 cells were harvested
by trypsinization and lysed in a solution containing 1 mM HEPES (pH 7.2), 0.5%
NP-40, 0.5 mM MgCl2, and 0.1% 2-mercaptoethanol with proteinase inhibitors
(EDTA-free proteinase inhibitor cocktail; Roche Diagnostics, Mannheim, Ger-
many) and phosphatase inhibitors (50 mM sodium fluoride and 1 mM sodium
orthovanadate). Swollen nuclei and chromatin aggregates were removed by cen-
trifugation at 2,500 � g for 10 min, and the supernatant was filtered through a
37-�m nylon mesh. The supernatant was treated with 2 U of DNase I (Roche)/ml
in 10 mM HEPES (pH 7.2) for 30 min on ice. The lysate was then underlaid with
60% sucrose solution (60% [wt/wt] sucrose in 10 mM PIPES [pH 7.2]–0.1%
Triton X-100–0.1% 2-mercaptoethanol). Centrosomes were sedimented into the
sucrose cushion by centrifugation at 10,000 � g for 30 min at 4°C in a Beckman

FIG. 1—Continued.
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L8.50B ultracentrifuge equipped with an SW50.1 rotor. After centrifugation by
using a discontinuous gradient consisting of 500 �l of 70% sucrose, 300 �l of 50%
sucrose, and 300 �l of 40% sucrose solutions, aliquots of 200 �l were collected
from the bottom as fractions 1 to 7. Each fraction was diluted with 1 ml of 10 mM
PIPES (pH 7.2), centrifuged for 10 min at 15,000 rpm, and then denatured in
sodium dodecyl sulfate (SDS) sample buffer (62.5 mM Tris-HCl [pH 6.8], 10%
glycerol, 2% SDS, 1.4% 2-mercaptoethanol, 0.001% bromophenol blue). Pro-
teins from isolated centrosomes were separated by SDS-polyacrylamide gel elec-
trophoresis (PAGE) and electrotransferred onto an Immobilon-P membrane
(Millipore). The membranes were incubated with the primary and the secondary
antibodies in Tris-buffered saline with 0.05% Tween 20 for 60 min and then were
washed in the same medium. The primary antibodies for these experiments
included mouse monoclonal antibody for poly(ADP-ribose) (23, 40) and rabbit
polyclonal antibody for �-tubulin. The bound primary antibody was detected with
alkaline phosphatase-conjugated secondary antibody and visualized with NBT/
BCIP (Roche).

Immunodepletion of p53 from the enriched centrosome fractions. Centro-
somes purified by sucrose gradient fractionation were denatured in 10 mM
PIPES buffer containing 0.5% SDS at 95°C for 10 min and diluted with PBS to
0.05% SDS. The samples were subjected to immunoprecipitation with anti-p53
mouse monoclonal antibody (DO-1; Santa Cruz and Pab421; Biomol) or normal
mouse IgG (Santa Cruz). The immunocomplexes were precipitated with protein
G-agarose beads (Amersham Pharmacia). Since the precipitated abundant IgG
inhibits the detection of modified p53 by some cross-reaction with either rabbit
polyclonal or mouse monoclonal antibodies against anti-poly(ADP-ribose) on a
Western blot, immunodepleted proteins in the supernatants were resolved by
SDS-PAGE.

Preparation of anti-poly(ADP-ribose) antibody affinity column and detection
of poly(ADP-ribosyl)ated p53 in the centrosome. 10H-2 cells producing mono-
clonal anti-poly(ADP-ribose) antibody were incubated in original medium (23).
Produced antibody was purified by HiTrap protein G HP column (Amersham
Pharmacia Biotech) and coupled in a HiTrap NHS-activated HP column (Am-
ersham Pharmacia Biotech) according to the manufacturer’s instructions. The
heat-denatured centrosome fraction (0.5% SDS at 95°C and diluted with PBS to
0.05% SDS) was applied to the anti-poly(ADP-ribose) antibody affinity column
and eluted by elution buffer of pH 5.0 and pH 3.0. Each fraction was resolved by
SDS-PAGE and immunoblotted with anti-p53 antibody (DO-1 and Pab421) or
normal mouse IgG.

In vitro poly(ADP-ribosyl)ation assay with enriched centrosome fractions.
Centrosomes were resuspended in the in vitro poly(ADP-ribosyl)ation reaction
buffer (50 mM Tris-HCl, 2 mM dithiothreitol, 20 mM MgCl2, 0.5% NP-40) and
incubated with 20 �M NAD� and 12.5 �Ci of [32P]NAD for 20 min at 25°C.
After the reaction, the samples were subjected to immunoprecipitation with
anti-p53 antibody (DO-1 and Pab421), resolved by SDS-PAGE, and analyzed
with a BAS Analyzer (Fuji Film).

RESULTS

PARP-1 and poly(ADP-ribose) localize to the centrosomes.
We have previously shown that PARP-1 localizes to the cen-
trosomes, by immunocytochemical (antibodies F-2 and F-1-23)
and biochemical analysis, in human osteosarcoma cells
(SaOs2) and glioma cells (U-251) (22). We extended this ob-
servation to MEFs. Cells were then coimmunostained for
PARP-1 and �-tubulin, a major centrosomal protein (reviewed
in reference 21). In wild-type MEFs, centrosomal colocaliza-
tion of PARP-1 and �-tubulin was observed in virtually all cells
examined: PARP-1 localized to both unduplicated and dupli-
cated centrosomes during interphase and to spindle poles dur-
ing mitosis (representative immunostaining images are shown
in Fig. 1Aa to l). The PARP-1 antibody (Upstate Biotechnol-
ogy) detected a band at 116 kDa, which corresponded to the
molecular mass of PARP-1 (Fig. 1Ao). In addition, PARP-
1�/� MEFs were not stained by this antibody (Fig. 1Am and
n). Thus, PARP-1 antibody did not detect other PARP family
proteins with different molecular masses. Therefore, consistent
with our previous findings, PARP-1 associates with the centro-

somes throughout the cell cycle, and centrosomal association
of PARP-1 is not specific to a particular species or cell type.

PARP catalyzes polymerization of ADP-ribose residues of
NAD�, adding long-branched chains of poly(ADP-ribose) to a
variety of proteins (9, 13, 52). Centrosomal localization of
PARP-1 suggests that at least some of the centrosomal
components may be poly(ADP-ribosyl)ated. To test this, ex-
ponentially growing wild-type MEFs were coimmunostained
for poly(ADP-ribose) and �-tubulin. Anti-poly(ADP-ribose)
antibody-reactive signals were readily observed in both undu-
plicated and duplicated centrosomes during interphase and at
spindle poles during mitosis in MEFs (representative images
are shown in Fig. 1Ba to l). In addition, the immunostaining for
anti-poly(ADP-ribose) antibody in PARP-1�/� MEFs showed
much weaker staining than in wild-type MEFs (compare Fig.
1Bc and m) and indicated that PARP-1-mediated poly(ADP-
ribosyl)ation of the centrosome is the most common type in the
PARP family. These observations suggest that at least some of
centrosomal components are poly(ADP-ribosyl)ated.

Suppression of poly(ADP-ribosyl)ation results in centro-
some hyperamplification. To examine whether poly(ADP-ri-
bosyl)ation is involved in centrosome regulation, wild-type
MEFs were cultured for a week in the presence of 3-amino-
benzamide (3-AB), a potent inhibitor of poly(ADP-ribosyl)a-
tion (29, 35, 51). Cells were then coimmunostained for �-tu-
bulin and �-tubulin. Extensive centrosome hyperamplification
was observed in �60% of the 3-AB-treated cells (Fig. 2A and
B) compared to the untreated cells, among which 	5% had
hyperamplified centrosomes (Fig. 2B). To rule out the possi-
bility that the dot signals detected by anti-�-tubulin antibody
are fragmented centrosomes, we used electron microscopy to
confirm the existence of a pair of centrioles in each hyperam-
plified centrosome (Fig. 2C). Each cell examined contained
more than four centrioles. Representative images from one
such cell, in which we found three centrosomes, showed that
each centrosome contained two centrioles, as shown in Fig. 2C.
These data suggest that the multiple anti-�-tubulin antibody-
reactive signals represent intact centrosomes. Moreover, it is
possible that the hyperamplified centrosomes were function-
ally intact, since they serve as spindle poles during mitosis (Fig.
2A). As a negative control, we used 3-aminobenzoic acid, a
3-AB homologue that does not inhibit PARP activity, and
found that the 3-aminobenzoic acid-treated cells do not change
the number of cells and centrosomes (data not shown). Thus,
inhibition of poly(ADP-ribosyl)ation results in centrosome hy-
peramplification.

Additionally, we performed the kinetic analysis of cell
growth in 3-AB-treated MEFs and PARP-1�/� MEFs. The
number of 3-AB-treated cells and PARP-1�/� MEFs increased
but at a lower rate compared to the PARP-1�/� MEFs (Fig.
2D). However, the fluorescence-activated cell sorting (FACS)
analysis and morphology indicated that 3-AB-treated cells and
PARP-1�/� MEFs included the multinuclei and/or single
larger nucleus but not dead cells (Fig. 4C and unpublished
observations). Thus, the decreased growth rate and cell num-
ber indicates the failure of mitosis, including abnormal centro-
some behavior.

Loss of PARP-1 results in centrosome hyperamplification.
To confirm this finding and further test whether PARP-1 plays
a role in either centrosomal function or numeral homeostasis
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of centrosomes, we examined MEFs derived from PARP-1�/�

mice. Exponentially growing PARP-1�/� MEFs (A11) (Fig.
3Ac and d) and PARP-1�/� MEFs (F20) (Fig. 3Aa and b) were
immunostained for �-tubulin. Statistical analysis showed that
�35% of PARP-1�/� MEFs contained abnormal numbers
(�3) of centrosomes (Fig. 3B) compared to PARP-1�/�

MEFs, among which 	10% had hyperamplified centrosomes.
In addition, other immortalized PARP-1�/� MEFs (A12)
showed the centrosome hyperamplification (data not shown).
Abnormally amplified centrosomes seen in PARP-1�/� MEFs
are not due to fragmentation of centrosomes, since we de-
tected a pair of centrioles for each case of hyperamplified
centrosomes detected by electron microscopy (data not
shown). Thus, loss of PARP-1 results in centrosome hyperam-
plification.

To extend this observation, we prepared PMEFs from E13.5
PARP-1�/� and PARP-1�/� embryos. These PARP-1�/� and
PARP-1�/� PMEFs were immunostained for �-tubulin and/or
�-tubulin. Representative images are shown in Fig. 3C. Quan-
tification of all images showed that ca. 27 to 32% of the PARP-
1�/� PMEFs and ca. 0 to 3% of the PARP-1�/� PMEFs
contained an abnormal number (�3) of centrosomes (Fig.

3D). These results confirmed that the centrosome hyperampli-
fication occurred in PARP-1�/� PMEFs before immortaliza-
tion.

Abrogation of the regulatory mechanisms that ensure the
coordinated progression of centrosome duplication and other
cell cycle events, including DNA duplication, and that prevent
reduplication of duplicated centrosome within the same cell
cycle results in the hyperamplification of centrosomes (7, 27).
We examined whether the centrosome duplication cycle was
deregulated in PARP-1�/� MEFs, especially with respect to
coordination between the initiation of centrosome and DNA
duplication. Cells were serum starved for 36 h and then serum
stimulated in the medium containing BrdU to monitor S-phase
entry. At every 4 h for a period of 16 h, BrdU incorporation
and the number of centrosomes per cell were scored (Fig. 4A).
Uncoupling of centrosome and DNA duplication cycle was
evident in PARP-1�/� MEFs. For instance, the percent in-
crease in the number of cells with �2 centrosomes during the
initial 8 h of serum stimulation [denoted as RCEN(0 to 8 h)]
was 24.8% (3.1%/h) in PARP-1�/� MEFs, which is signifi-
cantly higher than 6.4% (0.8%/h) in PARP-1�/� MEFs. How-
ever, during this period the increases in BrdU incorporation

FIG. 2. Inhibition of PARP induces abnormal centrosome amplification. (A) Representative immunostaining of abnormally amplified centro-
somes in 3-AB-treated MEFs. Wild-type MEFs were cultured in the presence of 7 mM 3-AB for 1 week. Cells were coimmunostained for
anti-�-tubulin polyclonal (panel c, green) and anti-�-tubulin monoclonal (panel b, red) antibodies. Cells were also counterstained with DAPI
(panel a, blue). Panel d shows the overlay images. (B) Statistical analysis of centrosome hyperamplification in 3-AB-treated MEFs. The number
of centrosomes per cell (i.e., 1, 2, or 
2 centrosomes) was determined by coimmunostaining of �-tubulin and �-tubulin of cells that were cold
treated and briefly extracted before fixation. For the analysis, 
200 cells were examined. (C) Electron micrographs of thin sections in 3-AB-treated
cells. The arrows indicate the centriole. Scale bar, 0.2 �m. (D) Kinetic analysis of cell growth. Wild-type MEFs, PARP-1�/� MEFs, and
3-AB-treated cells were treated with trypsin, negatively stained with 0.4% trypan blue, and counted on a hemacytometer.
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[denoted as RBU(0 to 8 h)] were similar for PARP-1�/� and
PARP-1�/� MEFs: 10.4% (1.3%/h) for PARP-1�/� MEFs and
12% (1.5%/h) for PARP-1�/� MEFs. The coordination of
centrosome and DNA duplication was significantly uncoupled
in PARP-1�/� MEFs.

To confirm these data, we examined the centrosome profiles
of cells arrested at the G1/S boundary (by aphidicolin [Aph] or
hydroxyurea treatment for 20 to 60 h) (3), and the number of
centrosomes per cell was analyzed. Wild-type and PARP-1�/�

MEFs were treated with Aph for 36 h, immunostained for
centrosomes, and assayed for the number of centrosomes (Fig.
4B and Fig. 3B). In PARP-1�/� MEFs, there was a substantial
decrease in the number of cells with one centrosome (from 37
to 10%) and an increase in the number of cells with more than
two centrosomes (from 37 to 59%). In contrast, there was no
change in the centrosome profile in wild-type MEFs before
and after Aph treatment. The centrosome should not undergo
reduplication when the cell cycle is halted to S phase by Aph
treatment. However, in PARP-1�/� MEFs, the centrosomes
underwent reduplication in S-phase-arrested cells, suggesting

that the loss of PARP-1 might cause the uncoupling of DNA
and centrosome duplication.

Since hyperamplified centrosomes lead to an increased fre-
quency of defective (multipolar) mitotic spindles and unbal-
anced segregation of chromosomes into daughter cells, we
examined them by FACS. Flow cytometric analysis of the
PARP-1�/� MEFs typically showed two peaks (2N and 4N;
70%) and a readily recognizable population of hypoploid (1N
and 3N; 17%) and hyperploid (8N; 13%) cells (Fig. 4C). Ad-
ditionally, we analyzed the chromosomal instability in another
PARP-1�/� MEF (A12) by FACS. Although PARP-1�/�

MEF A12 did not show the same chromosomal abnormality
formed in PARP-1�/� MEF A11 (1N, 3N, and 8N), �20% of
the cell showed the hyperploidy and hypoploidy, which could
be caused by the centrosome abnormality (data not shown).
These hypo- and hyperploid cells were not observed in PARP-
1�/� MEFs. Thus, the loss of PARP-1 causes chromosomal
instability, including hypoploidy (1N and 3N) and hyperploidy
(8N) with hyperamplified centrosomes.

Loss of PARP-1 results in hypo-poly(ADP-ribosyl)ation of

FIG. 3. Centrosome hyperamplification in PARP-1�/� MEFs. (A) Exponentially growing PARP-1�/� and PARP-1�/� MEFs were immuno-
stained with anti-�-tubulin polyclonal antibody (red). Cells were also counterstained with DAPI (blue). Panels a and b are PARP-1�/� MEFs, and
panels c and d are PARP-1�/� MEFs. Panels a and c show mitotic cells, whereas panels b and d show interphase cells. The arrowheads point to
centrosomes, and an arrow indicates aggregated centrosomes. Scale bar, 10 �m. (B) Statistical analysis of centrosome hyperamplification in
PARP-1�/� MEFs. The number of centrosomes per cell (i.e., 1, 2, or 
2 centrosomes) was determined by immunostaining of �-tubulin. For the
analysis, 
200 cells were examined. Bars represent the average � the standard error calculated from three independent measurements.
(C) PARP-1�/� and PARP-1�/� primary MEFs were immunostained with anti-�-tubulin polyclonal (green) and/or �-tubulin monoclonal (red)
antibodies. Cells were counterstainined with DAPI (blue). Representative images in panels a and b show the mitotic cells. Scale bar, 10 �m.
(D) Quantification of centrosome hyperamplification in PARP-1�/� PMEFs. The number of centrosomes per cell (1, 2, or 
2 centrosomes) was
determined by immunostaining of �-tubulin. For the analysis, 
200 cells were examined.
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centrosomes. The findings that PARP-1 localizes to the cen-
trosomes and that centrosomes can be detected by anti-poly-
(ADP-ribose) antibody (Fig. 1) strongly suggest that poly-
(ADP-ribosyl)ation of centrosomes are catalyzed by PARP-1.
If this is the case, the absence of reduced poly(ADP-ribosyl)a-
tion should be observed in the centrosomes of PARP-1�/�

MEFs. To test this, centrosomes were isolated from PARP-

1�/� and PARP-1�/� MEFs by discontinuous sucrose gradient
fractionation (see Materials and Methods). The fraction en-
riched for centrosomes were subjected to immunoblot analysis
with anti-�-tubulin antibody (Fig. 5, upper panel) and with
anti-poly(ADP-ribose) antibody (lower panel). Poly(ADP-ri-
bosyl)ation was abundantly detected in the centrosome frac-
tion of PARP-1�/� MEFs, whereas it was barely detectable in

FIG. 4. (A) Uncoupling of initiation of DNA and centrosome duplication in PARP-1�/� MEFs. PARP-1�/� and PARP-1�/� MEFs were serum
starved for 36 h, followed by serum stimulation with the medium containing 20% FBS and BrdU. At indicated time points, cells were briefly
extracted, fixed, and coimmunostained with anti-BrdU monoclonal and anti-�-tubulin polyclonal antibodies. The number of centrosomes per cell
and BrdU incorporation were scored by fluorescence microscopy. For each immunostaining, 
200 cells were examined. (B) Centrosome
reduplication assay. PARP-1�/� and PARP-1�/� MEFs were incubated for 36 h with Aph, stained with an antibody against �-tubulin, and analyzed
by immunofluorescence microscopy. The number of centrosomes was then counted. (C) Flow cytometric analysis of PARP-1�/� MEFs. Nuclei
were prepared and stained with propidium iodide for flow cytometric analysis. In addition to the two major peaks of nuclei at 2N and 4N that
appeared in the DNA histograms of PARP-1�/� MEFs, PARP-1�/� MEFs exhibit peaks at 1N, 3N, and 8N (arrows).
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that of PARP-1�/� MEFs. One band that appeared in PARP-
1�/� MEFs, which also appeared in PARP-1�/� MEFs, may be
a poly(ADP-ribosyl)ated protein catalyzed by another PARP
family member (indicated by asterisk). Since PARP-1 or poly-
(ADP-ribose) is known to localize abundantly on chromo-
somes, we tested the possibility that the centrosome fraction
may be contaminated with DNA-protein complexes by immu-
noblot analysis with anti-histone H1 antibody. We performed
DNase I digestion during the preparation of centrosomes (see
Materials and Methods) and did not detect histones in the
centrosome fraction, thus excluding the possibility of chromo-
some contamination (data not shown). We therefore con-
cluded that some centrosomal proteins are poly(ADP-ribosy-
l)ated by PARP-1 and that the loss of PARP-1 results in the
reduction of poly(ADP-ribosyl)ation of centrosomal compo-
nents.

Identification of p53 as one of the poly(ADP-ribosyl)ated
centrosomal proteins. p53 has been shown to localize at cen-
trosomes and to control centrosome duplication (18, 59).
Moreover, p53 has been shown to be one of the targets of
PARP-1 (30, 67). For these reasons, we examined whether p53
could be a target of poly(ADP-ribosyl)ation by PARP-1 at
centrosomes. Centrosomes were purified from PARP-1�/�

MEFs by sucrose gradient fractionations. The centrosomes
were then resuspended in PIPES [piperazine-N,N�-bis(2-eth-
anesulfonic acid)] buffer containing 0.5% SDS, heat-dena-
tured, and diluted with buffer to 0.05% SDS. The heat-dena-
tured centrosome fraction derived from wild-type MEFs was
passed through the anti-poly(ADP-ribose) antibody affinity
column. The pass-through fraction and two eluates, by succes-
sive elutions at pH 5.0 and pH 3.0, were analyzed by immuno-
blotting with anti-p53 antibody. p53 was not detected in the
pass-through fraction, whereas readily detectable levels of p53

were present in the pH 5.0 eluates and, to a lesser degree, in
the pH 3.0 eluates (Fig. 6A).

In other experiments, the enriched and denatured centro-
somes were immunodepleted by anti-p53 monoclonal antibody
and analyzed by immunoblotting with anti-poly(ADP-ribose)
antibody. When the centrosomes were immunodepleted with
the control mouse IgG, there was a clear band at a molecular
mass of �53 kDa, which was absent in centrosomes immu-
nodepleted for p53 (Fig. 6B). The nature of a big band seen
just above the p53 protein is not clear, but it might be a protein
band modified by a longer chain of poly(ADP-ribose). These
results confirm that p53 is one of the poly(ADP-ribosyl)ated
centrosomal proteins.

We next examined whether centrosomal PARP-1 directly
catalyzes poly(ADP-ribosyl)ation of p53. The centrosome frac-
tions were resuspended in the in vitro poly(ADP-ribosyl)ation
reaction buffer, incubated with [32P]NAD, heat denatured in
the presence of 0.5% SDS, diluted with the buffer to 0.05%
SDS, and then immunoprecipitated with anti-p53 antibody.
The immunoprecipitates were resolved by SDS-PAGE, and
radiolabeled proteins were analyzed by a phospho-imaging an-
alyzer. [32P]NAD-labeled p53 was detected in the centrosome
fraction prepared from wild-type MEFs, whereas no detectable
label from p53 was observed in the negative control with the
centrosome fraction prepared from PARP-1�/� MEFs (Fig.
6C). Thus, centrosomal PARP-1 can catalyze poly(ADP-ribo-
syl)ation of p53 in vitro, strongly suggesting that p53 is one of
the targets of poly(ADP-ribosyl)ation by PARP-1 in the cen-
trosome.

DISCUSSION

Involvement of PAPR-1 in centrosome behavior. We have
previously reported that PARP-1 is localized at centrosomes
throughout the cell cycle (22), suggesting that PARP-1 and
PARP-1-mediated poly(ADP-ribosyl)ation may play some
roles in centrosome behavior. Here, we provide the evidence
that PARP-1-mediated poly(ADP-ribosyl)ation is important
for numeral homeostasis of centrosomes: treatment of normal
cells with 3-AB, a potent inhibitor of poly(ADP-ribosyl)ation
(29, 35, 51), induced abnormally amplified centrosomes. Con-
sistent with the inhibitor studies, we found that PARP-1-null
cells exhibited a high degree of centrosome abnormality. This
conclusion has been supported by analysis of immortalized and
freshly isolated PMEFs.

Since each daughter cell inherits one centrosome, the cen-
trosome must duplicate prior to the subsequent mitosis and do
so only once in each cell cycle. Centriole, the core component
of centrosome, initiates duplication near the G1/S boundary of
the cell cycle, and centrosome duplication is completed in the
G2 phase. Thus, the centrosome duplication cycle proceeds in
a precise coordination with other cell cycle events, including
DNA duplication (reviewed in reference 63). Abrogation of
the regulation that coordinates centrosome and DNA duplica-
tion will likely increase the frequency of centrosome hyperam-
plification (7). A close examination of PARP-1�/� cells re-
vealed that the initiation of centrosome and DNA duplication
is uncoupled in significant numbers of cells. Centrosomes ini-
tiate duplication much earlier than S-phase entry and redupli-
cation at S-phase arrest in PARP-1�/� MEFs. Thus, loss of

FIG. 5. Hypo-poly(ADP-ribosyl)ation of centrosome in PARP-
1�/� MEFs. The cell homogenates derived from exponentially growing
PARP-1�/� and PARP-1�/� MEFs (�2 � 107 cells) were subjected to
a discontinuous sucrose gradient fractionation. The fractions were
subjected to immunoblot analysis for �-tubulin (upper panels) to iden-
tify the centrosomal fractions. The fraction most enriched for centro-
somes (fraction 3) and neighboring fractions (fractions 2 and 4) were
subjected to immunoblot analysis for poly(ADP-ribose) (lower pan-
els). The asterisk indicates a nonspecific band or a protein poly(ADP-
ribosyl)ated by other PARP family.
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PARP-1 causes the uncoupling of the centrosome and DNA
duplication, suggesting the occurrence of centrosome hyper-
amplification.

A quite large family of PARP enzymes and poly(ADP-ribo-
syl)ated proteins have been identified and characterized over
the past 3 years. Especially, it has been reported that PARP-1
is localized to the centromere on the chromosomes and inter-
acts with CENPA, CENPB, and Bub3 (49); that vault PARP
(193 kDa) is localized to the nucleus during interphase or the
mitotic spindle during metaphase (24); and that tankyrase (142
kDa) is localized to the telomere, nuclear envelope, nuclear
pore complex, and pericentrimatrix (55). Furthermore, it has
been reported that purified chicken NAD-arginine ADP-ribo-
syltransferase mono-ADP-ribosylates tubulin from bovine
brain, and this leads to inhibition of self-assembly and rapid
depolymerization (50). It is not yet known whether tubulin
and/or microtubule proteins are poly(ADP-ribosyl)ated by
PARP family proteins in mammalian cells. Together, these
reports suggest that poly(ADP-ribosyl)ation might be involved
in the chromosome stability through the mitotic machinery. In
the present study, immunostaining and immunoblotting with

enriched centrosome fractions in PARP-1�/� MEFs by anti-
poly(ADP-ribose) antibody (Fig. 1Bm and 5) indicated that
PAPR-1 is a major enzyme responsible for poly(ADP-ribosy-
l)ation of proteins in the centrosome.

Loss of PARP-1 and poly(ADP-ribosyl)ation could cause the
chromosomal instability through centrosome hyperamplifica-
tion. Centrosome amplification causes various types of chro-
mosomal instability. (i) Hyperamplified centrosomes with tri-
polar mitotic spindles would show a typical chromosomal
instability patterns (1N, 3N, and 8N). (ii) Hyperamplified cen-
trosomes with pseudobipolar (clustering) mitotic spindles
would cause aneuploidy (changes of a few numbers of chro-
mosomes). In addition, hyperamplified centrosomes might
cause other chromosomal or genomic instabilities (structural
chromosome abnormalities, leading to chromosome breakage
and micronucleus-multinucleus formation). It is well known
that cells treated with a potent PARP inhibitor (3-AB) show
genomic instability (34, 35, 65). However, other researchers
recently reported that a new PARP inhibitor, GPI6150, did not
cause tetraploidy (54). However, whether this drug causes
other types of chromosomal instability is not known. We de-

FIG. 6. p53 is poly(ADP-ribosyl)ated in the centrosome in vivo and in vitro. (A) Detection of poly(ADP-ribosyl)ated p53 in centrosome by
using an affinity column of anti-poly(ADP-ribose) monoclonal antibody. The centrosome fraction of wild-type MEFs were heat denatured in 10
mM PIPES buffer containing 0.5% SDS at 95°C for 10 min and then diluted with PBS to 0.05% SDS. The denatured centrosomes were applied
onto the column of anti-poly(ADP-ribose) antibody. The samples before appliaction to the column (lane 1 [Pre]), the eluates (lane 2 [eluted at
pH 5.0] and lane 3 [eluted at pH 3.0]), and a pass-through fraction (lane 4 [Pass]) were resolved by SDS-PAGE and immunoblotted with anti-p53
monoclonal antibody (upper panel) or normal mouse IgG (lower panel). (B) Detection of poly(ADP-ribosyl)ated p53 in centrosomes. The
centrosomes isolated from wild-type MEFs were heat denatured as described for panel A and subjected to immunodepletion with normal mouse
IgG or anti-p53 monoclonal antibody. The supernatants after precipitation of the antibody-antigen complexes were immunoblotted with anti-
poly(ADP-ribose) antibody. (C) In vitro poly(ADP-ribosyl)ation of p53 in the isolated centrosomes. The enriched centrosome fractions were
resuspended in the in vitro poly(ADP-ribosyl)ation reaction buffer and were incubated with [32P]NAD. A negative control was subjected to analysis
with the enriched centrosome fractions derived from PARP-1�/� MEFs. After the reaction, the centrosomes were heat denatured as described for
panel A and subjected to immunoprecipitation with anti-p53 antibody. The immunoprecipitates were resolved by SDS-PAGE and subjected to
phospho-imaging analysis.
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tected here that �60% of the cells treated with 3-AB showed
the centrosome hyperamplification (Fig. 2B), with �15% of
the cells showing hyperploidy (not tetraploidy) on FACS anal-
ysis (data not shown). Although it is still unknown whether
3-AB-mediated loss of poly(ADP-ribosyl)ation caused only tet-
raploidization, it is possible that the cells treated with 3-AB
could cause the chromosomal and/or genomic instability
through the centrosome abnormality. Several groups of re-
searchers have recently developed PARP-1 knockout mice (41,
48, 53, 60). Each PARP-1�/� mouse demonstrated chromo-
somal instability, including aneuploidy (hyperploidy and/or tet-
raploidy) (12, 14, 38, 48, 53, 60, 62, 66). Recent studies have
shown that centrosome hyperamplification leads to the forma-
tion of multipolar spindles and unequal segregation of chro-
mosomes to daughter cells (18, 57) and is a major factor con-
tributing to chromosome instability (11, 28, 47). FACS analysis
revealed that a profile of PARP-1�/� cells showed a typical
pattern characterized by two major peaks of 2N and 4N. In
contrast, in addition to these two major peaks, �30% of
PARP-1�/� cells showed a typical chromosomal instability,
which is either hypoploidy (1N and 3N; 17%) or hyperploidy
(8N; 13%). Although the cells with hyperploidy (8N; 13%)
might be produced by errors of cytokinesis and/or abnormal
centrosome hyperamplification, the cells with hypoploidy (1N
and 3N; 17%) might be produced by hyperamplified centro-
some but not from errors of cytokinesis. Thus, the loss of
PARP-1 causes chromosomal instability, including hyperploidy
and hypoploidy, possibly through centrosome hyperamplifica-
tion. However, it was reported that another immortalized
PARP-1�/� cells (i.e., A12) did not show the chromosomal
instability pattern as 1N, 3N, and 8N (20; unpublished data).
This means the centrosome abnormality could cause many
patterns of chromosome distribution, including aneuploidy
and/or typical 1N, 3N, and 8N populations. For the present, it
is known that the chromosomal instability is caused by abnor-
malities of centrosome duplication, microtubule dynamics,
chromosome condensation, kinetochore assembly, and/or
chromatid cohesion. Furthermore, the immortalization process
might select certain cell populations with various chromosomal
instability patterns because specific cells, which contain more
proliferation genes, could be selected by this process. In the
present study, we detected the centrosome hyperamplification
in both immortalized and primary PARP-1�/� MEFs. Thus,
PARP-1 is important for the centrosome regulation and a part
of the chromosomal instabilities could be caused by the cen-
trosome abnormality through the loss of PARP-1.

At present, the mechanism of abnormal hyperamplification
of centrosomes in PARP-1�/� MEFs or in the presence of
PARP inhibitor is still unknown. Recently, Borel et al. showed
that centrosome amplification occurs in two steps: (i) failure to
arrest at a G1 tetraploidy checkpoint after failure to segregate
the genome in mitosis and (ii) clustering of centrosomes at a
single spindle pole in subsequent tetraploid or aneuploid mi-
tosis (5). Moreover, Meraldi et al. indicated that a major route
to centrosome amplification is through defects in cell division
with HeLa cells (32). Based on our data, it is plausible that
there might be some fractions of PARP-1�/� cells with hyper-
amplified centrosomes due to defects in cytokinesis. However,
as shown in Fig. 4A, centrosomes initiate duplication much
earlier than S-phase entry in serum-stimulated PARP-1�/�

MEFs, and in Fig. 4B ca. 60% of the PARP-1�/� MEFs have
hyperamplified centrosomes, whereas 	10% of the PARP-
1�/� MEFs have hyperamplified centrosomes when DNA syn-
thesis was stopped by Aph. This indicates that the hyperam-
plification of the centrosomes in PARP-1�/� MEFs might be
caused not only by defects of cytokinesis after DNA synthesis
but also by the uncoupling of centrosome duplication and
DNA synthesis. Therefore, as a further study, it is important to
clarify the mechanism of centrosome hyperamplification and
its significance for tumor biology in general.

p53 is a target for poly(ADP-ribosyl)ation by PARP-1 in the
centrosome. Poly(ADP-ribosyl)ation catalyzed by PARP-1 is
one of the major posttranslational modifications of proteins,
which would greatly affect the properties and functions of the
target proteins. We found that some of centrosomal compo-
nents were poly(ADP-ribosyl)ated when the centrosomes iso-
lated from PARP-1�/� cells were examined. More impor-
tantly, almost no poly(ADP-ribosyl)ation was detected in the
centrosomes prepared from PARP-1�/� cells. Together with
the finding that PARP-1 localizes to the centrosomes, these
observations suggest that PARP-1 posttranslationally modifies
the proteins that associate with centrosomes. Indeed, we iden-
tified p53 as one of the proteins to be modified in vivo. Con-
sistent with this we found, by using the in vitro poly(ADP-
ribosyl)ation assay of the isolated centrosomes, that
centrosomal PARP-1 can catalyze poly(ADP-ribosyl)ation of
p53 at the centrosome. Since p53 has been shown to control
the centrosome duplication cycle through its physical associa-
tion with centrosomes (18, 58), our findings put forward an
attractive hypothesis: that p53 may be one of the primary
targets of PARP-1 and that poly(ADP-ribosyl)ation of p53 in
the centrosome may regulate the centrosome function through
p53 activity at the centrosome. This in turn controls the proper
progression of the centrosome duplication cycle.

Role of reversible poly(ADP-ribosyl)ation in the centro-
some. Recent findings suggest that the modifications of cen-
trosomal proteins are important for centrosome (centriole)
behavior. We found that some of the centrosomal proteins
were poly(ADP-ribosyl)ated in vivo. Many proteins involved in
centrosome behavior, as well as the cell cycle, may need such
dynamic changes through posttranslational modifications.
Thus, it is possible that such dynamic structural or functional
changes of proteins associated with centrosomes through re-
versible poly(ADP-ribosyl)ation by PARP-1 and PARG may
be required for proper centrosome behavior. Since we showed
that, for centrosome duplication, PARP-1-mediated poly-
(ADP-ribosyl)ation of some centrosome proteins is important,
PARG-mediated hydrolysis of poly(ADP-ribose) bound to
proteins may also be important for centrosome properties.
Indeed, immunoblot analysis of centrosomes isolated from
wild-type cells with anti-poly(ADP-ribose) antibody detected
several distinct bands in addition to p53. Thus, identification of
these poly(ADP-ribosyl)ated centrosomal component(s) and
clarification of possible shuttling between the centrosome and
nucleus will further our understanding not only of the role of
PARP-1 and poly(ADP-ribosyl)ation for the centrosome struc-
ture and function but also of the regulation of centrosome
duplication in general.

Since PARP-1 is known to be activated by binding to either
single- or double-stranded DNA breaks after exposure to
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DNA-damaging agents, it is of great interest to examine what
triggers PARP-1-mediated poly(ADP-ribosyl)ation in centro-
somes. Indeed, centrosomal PARP-1 has poly(ADP-ribosyl)a-
tion activity in the absence of DNA (Fig. 6C). The present
observations suggest an attractive hypothesis in which the poly-
(ADP-ribosyl)ation activity of centrosomal PARP-1 may be
triggered by some posttranslational modification or interaction
with certain proteins. Identification of the trigger(s) will cer-
tainly advance our understanding of the involvement of
PARP-1 and poly(ADP-ribosyl)ation in centrosome behavior.
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