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The cell cycle-regulated Aurora-B kinase is a chromosomal passen-
ger protein that is implicated in fundamental mitotic events,
including chromosome alignment and segregation and spindle
checkpoint function. Aurora-B phosphorylates serine 10 of histone
H3, a function that has been associated with mitotic chromatin
condensation. We find that activation of poly(ADP-ribose) poly-
merase (PARP) 1 by DNA damage results in a rapid block of H3
phosphorylation. PARP-1 is a NAD�-dependent enzyme that plays
a multifunctional role in DNA damage detection and repair and
maintenance of genomic stability. Here, we show that Aurora-B
physically and specifically associates with the BRCT (BRCA-1 C-
terminal) domain of PARP-1. Aurora-B becomes highly poly(ADP-
ribosyl)ated in response to DNA damage, a modification that leads
to a striking inhibition of its kinase activity. The highly similar
Aurora-A kinase is not regulated by PARP-1. We propose that the
specific inhibition of Aurora-B kinase activity by PARP-1 contributes
to the physiological response to DNA damage.

mitosis � poly(ADP-ribose) polymerase-1 � histone H3 � phosphorylation

M itosis is a highly orchestrated process that entails a pleth-
ora of control mechanisms. Signaling events that coordi-

nate mitosis induce a wave of protein phosphorylation governed
by the cyclin-dependent kinase Cdc2. After Cdc2 activation,
downstream mitotic controllers are recognized within the fam-
ilies of Aurora, Polo, and NIMA-related kinases (1). Mitotic
phosphorylation of histone H3 at serine 10 (P-H3�Ser-10)
occurs highly synchronously and is associated with the initiation
of chromosome condensation (2, 3). The kinase implicated in
this event is Aurora-B, one of the three members of the Aurora
family of kinases (4–6).

The cell cycle-regulated Aurora-B kinase is a chromosomal
passenger protein that has been shown to play essential roles in
mitosis (7–9). A number of critical proteins have been shown to
be substrates of Aurora-B, including the myosin II regulatory
light chain, vimentin, desmin, and GFAP (glial fibrillary acidic
protein) (10–12), which suggests a role for Aurora-B at the
cleavage furrow during cytokinesis. Other targets of Aurora-B in
cytokinetic processes are INCENP (inner-centromere protein)
and ZEN-4�CeMKLP1, as reported in Caenorhabditis elegans
and mammalian cells (13, 14). Interference of Aurora-B activity
causes defects in chromosome congression because of its in-
volvement in the regulation of the kinetochore–microtubule
interactions (15–17).

Aurora-B and its related kinase Aurora-A (7) are overexpressed
in a number of human tumors, and their ectopic overexpression in
cultured cells results in cellular transformation, centrosome abnor-
malities, and aneuploidy (18–21). Failure of mitotic chromosome
segregation leads to aneuploidy that may contribute to cancer
onset (22). Therefore, identification of the pathways that control
Aurora-B function is of central importance.

Genotoxic stress causes activation of cellular checkpoints (23),
leading to diverse responses such as cell cycle arrest, DNA repair,

and cell death. The identification of specific mediators of DNA
damaging signals, such as ATM (ataxia telangiectasia mutated)
and ATR (ATM- and Rad3-related) (24), and the deciphering of
how they influence the progression through the cell cycle has
greatly improved our understanding of the cellular response to
genotoxic agents.

Poly(ADP-ribosyl)ation is an immediate cellular response to
DNA strand breaks that is catalyzed by NAD�-dependent
enzymes, poly(ADP-ribose) polymerases (PARPs) (25). PARPs
catalyze the stepwise addition of ADP-ribose moeities to sub-
strate proteins by using intracellular NAD� as source of ADP-
ribose. The PARP family contains several members, although
�90% of cellular poly(ADP-ribosyl)ation is ascribed to PARP-1
(26), the most active and best-characterized member of the
PARP family. It is a nuclear protein with DNA damage scanning
activity that is implicated in the maintenance of genomic integ-
rity (27–29), leading to the control of cellular proliferation and
carcinogenesis (30).

Here, we report that mitotic P-H3�Ser-10 phosphorylation is
drastically reduced upon DNA damage. This event is coupled to
the inhibition of the Aurora-B kinase by PARP-1-mediated
poly(ADP-ribosyl)ation. Our findings establish an intriguing link
among DNA damage, chromatin modifications, and regulation
of mitotic events. The NAD� dependence of PARP-1 enzymatic
activity may extend the physiological implications of these
observations to the control of cellular metabolism.

Materials and Methods
Cell Cultures. NIH 3T3 mouse fibroblast cells were cultured in
DMEM supplemented with 10% serum and treated with H2O2
(1 mM) for different times. After incubation, cells were collected
and lysed in Laemmli buffer; equal amounts of proteins, deter-
mined by Coomassie staining, were loaded onto a SDS-
acrylamide gel and processed for Western blot analysis. When
the PARP-1 inhibitor 3-aminobenzamide (3-AB) (Sigma) was
used, a 3-h pretreatment was performed before adding H2O2.

Mouse embryonic fibroblasts (MEFs) were isolated by micro-
dissection of embryos at 13.5 days of gestation resulting from
intercrosses between wild-type or mutant mice. The spermato-
gonial cell line GC-spg1 was purchased from American Type
Culture Collection. For immunofluorescence analysis, cells were
fixed with 4% paraformaldehyde in PBS, permeabilized with
0.2% Triton X-100, blocked with 5% BSA, and then incubated
overnight with primary antibodies, washed, and revealed with
secondary FITC- or Cy3-conjugated antibodies. Treatment of
cells with 0.1 �g�ml nocodazole was extended for various periods
as indicated.

Abbreviations: PARP, poly(ADP-ribose) polymerase; MEF, mouse embryonic fibroblast;
BRCT, BRCA-1 C-terminal; 3-AB, 3-aminobenzamide; IR, ionizing radiation.
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Immunoprecipitation. GC-spg1 cells and testis from adult mice
were homogenized in a lysis buffer (50 mM Hepes, pH 7.4�100
mM KCl�0.5% Nonidet P-40�proteinase and phosphatase in-
hibitors) and immunoprecipitated overnight with the following
antibodies: anti-rabbit Aurora-A, anti-rat or rabbit Aurora-B,
anti-mouse PARP-1, and anti-rabbit IgG. The immunocom-
plexes were collected by protein A- or G- Sepharose beads, and
bound proteins were washed several times with lysis buffer and
eluted with Laemmli buffer to be processed for Western blot.

Western Blot Analysis. Protein extracts were separated by SDS-
acrylamide and transferred to nitrocellulose membrane; blots
were probed with the indicated antibodies and visualized by
using the Pierce chemiluminescence detection system.

Poly(ADP-ribosyl)ation Assay. Recombinant Myc-tagged Aurora-B
or Aurora-A was expressed in Cos-1 cells and immunoprecipi-
tated with anti-Myc monoclonal antibody 9E10 (Santa Cruz
Biotechnology). Poly(ADP-ribosyl)ation assays were performed
on the immunoprecipitated proteins in 40 �l of reaction buffer
(50 mM Tris�HCl, pH 8.0�4 mM MgCl2�0.2 mM DTT�2 �g/ml
DNaseI-activated calf thymus DNA) containing 1 �g of purified
PARP-1 and 0.3 �Ci (1 Ci � 37 GBq) of [32P]-NAD� for 10 min
at 25°C. Proteins were separated by 10% SDS�PAGE, trans-
ferred to nitrocellulose membranes, and analyzed by autoradiog-
raphy. Subsequently, to evaluate the kinase activity of the
modified Aurora-B, cold NAD� was used in the poly(ADP-
ribosyl)ation assay.

Aurora-B Kinase Assay. Immunoprecipitated Aurora-B from
treated and control cells or in vitro poly(ADP-ribosyl)ated
Aurora-B was used in the presence of 5 �Ci of [32P]-�-ATP. One
microgram of total histones or GST-H3 was used as a substrate
as indicated. The reaction was carried out for 30 min at 30°C and
stopped by the addition of Laemmli buffer. Proteins were
analyzed by SDS�PAGE followed by autoradiography.

Results
Specific Reduction of Histone H3 Ser-10 Mitotic Phosphorylation in
Response to DNA Damage. Because genotoxic stress is involved in
the etiology of cancer, we wanted to explore the effect of DNA
damaging agents on mitotic histone H3 phosphorylation at
serine 10 and possibly on Aurora-B function. To address this
question, we imposed on growing cultured cells the oxidative
stress elicited by H2O2 and ionizing radiation (IR); both treat-
ments cause DNA strand breaks. There is a rapid and striking
decrease in the levels of P-H3�Ser-10 mitotic phosphorylation
within 45 min upon H2O2 treatment (Fig. 1A). This effect is not
related to short-time changes in the cell cycle, as indicated by the
unaltered levels of Aurora-A, Aurora-B, and cyclin B1 proteins
(Fig. 1 A) and cell sorting analysis (Fig. 6, which is published as
supporting information on the PNAS web site). H3 phosphor-
ylation is similarly reduced in response to IR and N-nitroso-N-
methylurea (Fig. 1B).

The reduction of P-H3�Ser-10 levels in response to DNA
damaging agents is not coupled to other histone H3 modifica-
tions (Ac-K14, Met-K9 and Met-K27; Fig. 1B) and occurs shortly
before the ATM (ataxia telangiectasia mutated)�ATR (ATM-
and Rad3-related)-induced phosphorylation of �-H2AX. Impor-
tantly, phosphorylation of other histones is not altered (Ser-1 of
H2A and Ser-1 of H4; Fig. 1B). These results demonstrate that
the reduction in H3 Ser-10 phosphorylation in response to DNA
damage is a specific event.

In addition to being a hallmark of mitotic chromatin conden-
sation, H3 phosphorylation at Ser-10 has been associated with
transcriptional activation at interphase (31). This event is stim-
ulated by growth factors (e.g., EGF) and is mediated by a number
of kinases, including Rsk-2, MSK1 (mitogen- and stress-

activated protein kinase 1), and I�B kinase-� (31–33), depending
on the cell type and signaling event. Here, we stimulated NIH
3T3 cells with EGF in a paradigm of early response, a treatment
that results in the induction of early gene expression and
transient H3 phosphorylation (34, 35). Importantly, the levels of
EGF-induced H3 phosphorylation are not affected in response
to DNA damage. Therefore, of the modifications assayed,
mitotic H3 phosphorylation appears specifically sensitive to
DNA damage (Fig. 1C). This result also implies that the decrease
in H3 phosphorylation induced by DNA damage is likely to be
independent from the activation of intracellular phosphatases.

Oxidative DNA Damage Inhibits Aurora-B but only in the Presence of
Active PARP-1. Interestingly, poly(ADP-ribosyl)ation is a cell
cycle-regulated modification (36), and PARP-1 associates with
centromeric proteins CENP-A, CENP-B, and Bub3 and poly-
(ADP-ribosyl)ates them in response to DNA damage (37). This
notion and the finding of the decrease in mitotic H3 phosphor-
ylation in response to DNA damage (Fig. 1) prompted us to
explore the existence of a functional interplay between PARP-1
and Aurora-B. This possibility was supported by the observation
that pretreatement of cells with 3-AB, a pharmacological inhib-
itor of PARP-1 enzymatic activity, efficiently blocks the effect
elicited by H2O2 on H3 phosphorylation (Fig. 2A). Treatment
with 3-AB directly affects Aurora-B catalytic activity, as dem-
onstrated by kinase activity assays performed by using immu-
noprecipitated cellular Aurora-B from control and treated cells
(Fig. 2B). Thus, activation of PARP-1 upon DNA damage
appears to directly influence the activity of the endogenous
Aurora-B kinase. Cells arrested in mitosis with nocodazole

Fig. 1. Effect of DNA damage on mitotic histone H3 phosphorylation. NIH
3T3 mouse fibroblasts were cultured in DMEM supplemented with 10%
serum, and DNA damage was induced by various means. (A) Western analyses
of Ser-10 H3 phosphorylation in cells treated with H2O2 (1 mM) at different
times. The protein levels of Aurora-A, Aurora-B, and cyclin B1 were assayed as
controls. (B) Cells exposed to IR (6 Gy) or treated with N-nitroso-N-methylurea
(2 mM) for 45 min and allowed to recover. (C and D) Analysis of various histone
modifications upon DNA damage by using 1 mM H2O2 or 6-Gy IR. Antibodies
directed against the indicated specific histone modifications were used in
Western assays. (E) DNA damage does not influence EGF-induced H3 phos-
phorylation. Cells were serum-starved for 24 h and then stimulated with EGF
for 1 h as described in refs. 23–27, in conjunction with 1 mM H2O2 treatment
or not.
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showed a reduction in H3 serine-10 phosphorylation upon H2O2

treatment, whereas it remained unchanged in cells similarly
arrested in mitosis that were pretreated with 3-AB (Fig. 2C).
Nocodazole-treated cells were exposed to H2O2, and P-H3�
Ser-10 signals were analyzed by immunoflourescence with spe-
cific antibodies. A decrease in the levels of Ser-10 phosphory-
lation was seen in mitotic chromosomes in response to DNA
damage by H2O2 (Fig. 2D), indicative of a specific event occur-
ring during mitosis. To strengthen these results, we used MEFs
derived from mice carrying a targeted mutation in the parp-1 and
parp-2 genes (38) (Fig. 2C). In these mutant MEFs, which were
stalled in mitosis by nocodazole, the effect of H2O2 is signifi-
cantly abrogated compared with wild-type MEFs, providing
genetic evidence of the regulatory role played by PARP-1 on H3
phosphorylation.

Aurora-B Interacts with PARP-1 Through the BRCA-1 C-Terminal (BRCT)
Domain. The dependence of Aurora-B activity on PARP1
prompted us to investigate whether PARP-1 may physically
interact with Aurora-B. This possibility was suggested by the fact
that both proteins are found to be associated with nuclear
chromatin (9, 37). Coimmunoprecipitations of endogenous pro-
teins from GC-spg1 cells (Fig. 3A) and testis (not shown) with
specific antibodies revealed that Aurora-B associates with
PARP-1 (Fig. 3A). The interaction was further substantiated by
reverse coimmuoprecipitations. Importantly, the interaction is
highly specific; the similar kinase Aurora-A does not associate
with PARP-1 (Fig. 3A). These findings were confirmed by GST
pull-down assays (Fig. 3B) and far-Western analyses (Fig. 3C).
Various deletions of PARP-1 were used to identify the domain
required for interaction with Aurora-B (Fig. 3D). Interestingly,
the BRCT domain (amino acids 373–524) is likely essential for
association. The BRCT domain is an evolutionarily conserved
module that is present in proteins that participate in DNA
damage cell cycle checkpoint and�or DNA repair pathways (39,
40). Interestingly, BRCT domains have been identified as phos-
phoprotein-binding domains involved in cell cycle control (41,

Fig. 2. Functional relationship between Aurora-B and PARP-1 activation. (A)
NIH 3T3 mouse fibroblasts were treated with H2O2 (1 mM) for the periods
indicated in the presence or absence of the PARP-1 inhibitor 3-AB (cells were
pretreated with 3 mM 3-AB for 3 h). (B) Kinase assay using immunoprecipi-
tated Aurora-B from H2O2 (1 mM�60 min)-treated cells using GST-H3 as a
substrate and [32P]-�ATP. Pretreatment of cells with 3-AB (3 mM�3 h) increases
in vitro Aurora-B kinase activity. Values were determined by densitometric
analysis of the radioactivity (phospho-GST-H3) present in the substrate and are
expressed as the percentage compared with a control sample (immunopre-
cipitated by using normal IgG). The lanes corresponding to � or � (3-AB) were
taken from the same gel and sliced together as indicated. (C) Cells (Upper, NIH
3T3; Lower, MEFs from parp-1- and parp-2-null mice) were arrested in mitosis
with nocodazole for 16 h and treated with 1 mM H2O2 as indicated in the
presence of nocodazole. 3-AB (3 mM for 3 h) was added when necessary
before H2O2 treatment. Western analysis was carried out by using antibodies
directed against P-H3�Ser-10. The levels of Aurora-B were analyzed as a
control. (D) NIH 3T3 cells were treated with nocodazole for 6–8 h and then
with H2O2 for 40 min. Cells were harvested by mitotic shake-off, cytospun onto
slides, and immunostained by using antibodies directed against P-H3�Ser-10.
Cells untreated with H2O2 served as a control. DAPI was used as a counterstain.

Fig. 3. Aurora-B interacts specifically with PARP-1. (A) Extracts from GC-spg1
cells were immunoprecipitated with the indicated antibodies, and the immu-
nocomplexes were probed with either anti-Aurora-B or anti-PARP-1 antibod-
ies. Aurora-A does not interact with PARP-1. HC, heavy chain. (B) GST or
GST-Aurora-B proteins coupled to glutathione beads were incubated with
purified PARP-1 protein and washed with a low- or high-salt buffer. Western
blotting with anti-PARP-1 antibodies was used to analyze the pulled-down
products. (C) Far-Western analysis. Two aliquots of 125 �g and 250 �g of
purified PARP-1 protein were spotted onto a nitrocellulose filter, hybridized
with Aurora-A or Aurora-B, washed, and probed with anti-Aurora-A and�or
anti-Aurora-B antibodies. (D) Equimolar aliquots of purified full-length
PARP-1 and of truncated proteins corresponding to different functional do-
mains were spotted onto a nitrocellulose filter, hybridized with Aurora-B, and
revealed with anti-Aurora-B antibodies. The interaction between the kinase
and PARP-1 involves the BRCT domain (amino acids 373–524), whereas no
binding occurs between Aurora-B and the PARP-1 catalytic domain.
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42). Thus, the interaction of the mitotically regulated Aurora-B
kinase with the BRCT in PARP-1 is appealing. Interestingly, the
same BRCT domain in PARP-1 undergoes automodification
(26) and directs the association with p53 (43) and the base
excision repair protein XRCC1 (44). Further experiments will be
needed to establish whether phosphorylation of the BRCT
domain, perhaps by Aurora-B itself, could be involved in the
interaction.

Poly(ADP-ribosyl)ation of Aurora-B by PARP-1 Inhibits Kinase Activity.
Our results suggested that the activation of PARP-1 by DNA
damage could negatively influence Aurora-B function. There-
fore, we immunoprecipitated Aurora-B and Aurora-A and per-
formed a poly(ADP-ribosyl)ation assay by using PARP-1 in the
presence of [32P]-labeled NAD�. Strikingly, PARP-1 efficiently
modifies Aurora-B but not Aurora-A, underscoring the speci-
ficity of this modification (Fig. 4A). To check the possible
consequence of the poly(ADP-ribosyl)ation on Aurora-B kinase
activity, we performed a kinase assay using histones as natural
Aurora-B substrates for phosphorylation. We found a striking
reduction in the phosphorylation of H3 incubated with a poly-
(ADP-ribosyl)ated Aurora-B in the presence of NAD� (Fig. 4B).
This effect is caused by a NAD�-dependent inactivation of
Aurora-B kinase activity, as demonstrated by a kinase assay
using GST-H3 in the presence of PARP-1 (Fig. 4C). Thus,
PARP-1 associates with Aurora-B, induces poly(ADP-

ribosyl)ation, and profoundly affects its capacity of phosphory-
lating histones. It also seems that Aurora-B could be regulated
in a similar manner by PARP-2 (Fig. 7, which is published as
supporting information on the PNAS web site). We have also
found that PARP-1 is phosphorylated by Aurora-B, although
this event does not seem to alter its enzymatic activity (not
shown). Our observations strongly support a scenario where
inhibition of Aurora-B kinase by poly(ADP-ribosyl)ation could
be a critical step in cells that are undergoing DNA damage.

Discussion
The essential role of Aurora-B during mitosis underscores the
importance of the signaling pathways that control its function.
The interplay between the molecular effectors of the DNA
damage response and the mitotic machinery is likely to consti-
tute a critical step in the control of cellular proliferation and
metabolism. The present study indicates that Aurora-B is the
target of the regulation exerted by PARP-1, a PARP that
becomes activated in response to DNA damage (Fig. 5). Inhi-
bition of Aurora-B kinase activity occurs in a NAD�-dependent
manner and is specific because the highly related Aurora-A
kinase does not associate with PARP-1 and is not poly(ADP-
ribosyl)ated.

Interestingly, PARP-1 interacts with Aurora-B through the
BRCT domain (Fig. 3), a domain previously shown to constitute
a phosphorylation-dependent protein–protein association inter-
face (41, 42). Although it is still unclear whether the BRCT
domain of PARP-1 needs to be phosphorylated to catalyze the
interaction with Aurora-B, it is noteworthy that we have found
that Aurora-B is able to phosphorylate PARP-1. Yet, this event
does not seem to alter PARP-1 activity (data available on
request). It is also worth stressing that PARP-1 mediates the
DNA damage response through the interaction with other
proteins by means of the BRCT domain (45). It has been shown
that PARP-1 is present at centromeres during mitosis and that

Fig. 4. Poly(ADP-ribosyl)ation of Aurora-B blocks kinase activity. (A) Myc-
tagged Aurora-A or Aurora-B kinases immunoprecipitated from COS-1 trans-
fected cells were used as substrates in a poly(ADP-ribosyl)ation reaction
catalyzed by PARP-1 using [32P]-NAD. Aurora-B is readily poly(ADP-
ribosyl)ated by PARP-1, whereas Aurora-A is not. The reaction products were
separated on SDS-polyacrylamide gel and visualized by autoradiography.
Western blot analyses (WB) with an anti-Myc antibody revealed comparable
amounts of expressed recombinant Aurora-A and Aurora-B. PAR, poly(ADP-
ribosyl)ated. (B) Aurora-B immunoprecipitated from COS-1 cells was subjected
to poly(ADP-ribosyl)ation in the presence or absence of NAD�, and its kinase
activity was evaluated by using [32P]-�ATP and a mix of histones as a substrate.
Levels of phosphorylated H3 were detected by autoradiography. Only in the
presence of NAD� is the histone kinase activity of the poly(ADP-ribosyl)ated
Aurora-B drastically inhibited, as shown by the absence of H3 phosphoryla-
tion. (C) GST-Aurora-B was similarly used for kinase assays using GST-H3 as a
substrate in the presence or absence of NAD� and�or PARP-1. Phosphorylation
of GST-H3 was revealed by autoradiography. No difference was observed
when the activity of Aurora-B was measured in the presence or absence of
NAD� alone. Kinase activity decreased after poly(ADP-ribosyl)ation by
PARP-1.

Fig. 5. Regulation of the cell cycle-regulated Aurora-B kinase by poly(ADP-
ribosyl)ation. Aurora-B, a chromosomal passenger protein implicated in mi-
totic progression, phosphorylates serine 10 of histone H3 during mitosis (6).
Activation of PARP-1 by DNA damage results in a rapid, NAD�-dependent
block of H3 phosphorylation. Aurora-B physically associates with PARP-1 and
becomes highly poly(ADP-ribosyl)ated in response to DNA damage. This mod-
ification results in a striking inhibition of Aurora-B kinase activity. Specific
inhibition of Aurora-B by PARP-1 may contribute to the physiological response
to DNA damage.
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it associates with the centromeric proteins CENP-A, CENP-B,
and Bub. Further, PARP-1 is also able to poly(ADP-ribosyl)ate
these proteins after DNA damage induced by IR (37). Taken
together, these observations indicate that PARP-1 is likely to
play a crucial role in mediating the cellular stress response to the
mitotic machinery.

What is the effect of DNA damage on mitotic chromatin? We
have shown that the striking decrease in H3 Ser-10 phosphor-
ylation is a highly specific event (Fig. 1), because other histone
modifications remain unchanged. Importantly, histone H2B
phosphorylation at Ser-14 (46) and phosphorylation of yeast
H2A at Ser-129 have been implicated in genotoxic stress re-
sponse (47). In the latter case, it has also been proposed that
phosphorylation allows the recruiting of chromatin-modification
complexes. Of course, mitotic chromatin represents a special
case because of its high compaction. Poly(ADP-ribosyl)ation of
histones elicited by PARP-1, and the potential interplay with
other modifications, are central issues that deserve further study.

In conclusion, the central role played by Aurora-B in chro-
mosomal dynamics (7–9) and the function of poly(ADP-
ribosyl)ation in chromatin decondensation (48, 49) and DNA

repair (27–29) provide an attractive framework for our results.
Aurora-B was shown to interact with at least two other chro-
mosomal passenger proteins, INCENP (inner-centromere pro-
tein) and Survivin�BIR-1 (7). It would be of interest to inves-
tigate whether poly(ADP-ribosyl)ation of Aurora-B may
constitute a regulatory step to determine the interaction with
either Survivin�BIR-1 or INCENP. Finally, it is important to
emphasize that kinases of the Aurora family are highly expressed
in various human cancers and have oncogenic potential (18–21),
underscoring the importance that our results may have for
human health.
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Stéphanie Roux and Estelle Heitz for expert technical help. U.K.-S. is
supported by a fellowship of Institut National de la Santé et de la
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