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ARTICLEINFORMATION ABSTRACT
Article Chronology: Centrosomes are cytoplasmic organelles playing a fundamental role in organizing both the
Received 28 April 2006 interphase cytoskeleton and the bipolar mitotic spindle. In addition, the centrosome has
Accepted 14 June 2006 recently come into focus as part of the network that integrates cell cycle arrest and repair
Available online 20 June 2006 signals in response to genotoxic stress—the DNA damage response. One important
mediator of this response, the checkpoint kinase Chkl, has been shown to negatively
Keywords: regulate the G,/M transition via its centrosomal localization. Moreover, there is growing
Centrosomes evidence that a centrosome inactivation checkpoint exists, which utilizes DNA damage-
Genomic instability induced centrosome fragmentation or amplification to provoke a “mitotic catastrophe” and
Chromosomal instability eliminate damaged cells. Candidate regulators of this centrosomal checkpoint include the
Aneuploidy checkpoint kinase Chk2 and its upstream regulators ATM and ATR. In addition, a growing
Cell cycle number of other proteins have been implicated in centrosomal regulation of the DNA
DNA damage damage response, e.g. the tumor suppressor p53, the breast cancer susceptibility gene
Checkpoints product BRCA1 and mitotic regulators such as Aurora A, Nek2 and the Polo-like kinases Plk1
G,/M transition and Plk3. However, many missing links and discrepancies between different model systems
Mitotic catastrophe remain.
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Introduction

One of the most common properties of cancer is genomic
instability enabling cancer cells to overcome selection
barriers [1]. Genomic instability can be classified into micro-
satellite instability (MIN) and chromosomal instability (CIN)
leading to aneuploidy [2]. As early as one century ago, Theodor
Boveri proposed that cancer commonly arises through
aneuploidization linked to abnormal mitoses, and postulated
the underlying cause of this phenotype to be aberrant
centrosomes [3]. Nowadays, it is well established that both
numerical and structural centrosome aberrations are com-
mon in many types of human malignancy and are indeed
associated with aneuploidy [4,5]. Moreover, centrosome aber-
rations were shown to be correlated to clinical and prog-
nostic parameters [4,5].

Centrosomes are tiny (1-2 um® cytoplasmic organelles
consisting of two centrioles which are surrounded by pericen-
triolar material [6]. In animal cells, the centrosome serves as
the microtubule-organizing center (MTOC) and plays a funda-
mental role in organizingboth the interphase cytoskeleton and
the bipolar mitotic spindle, ensuring correct segregation of
chromosomes to prevent aneuploidy [5,6]. For this purpose, the
single centrosome needs to be duplicated exactly once per cell
cycle. This highly ordered and tightly regulated process takes
place during S phase, concurrent with DNA replication, in a
semiconservative fashion, with one daughter centriole arising
from each of the two mother centrioles. This generates two
pairs of centrioles, which separate at the onset of mitosis to
form two distinct centrosomes that build up a bipolar mitotic
spindle. In the following G; phase, each cell contains one
centrosome, the mother and daughter centriole of which split
to become two mature mother centrioles for the next duplica-
tion cycle. While the normal centrosome cycle and its regu-
lation have been reviewed elsewhere [4-6], this review will
focus on the emerging role of centrosomes in the DNA damage
response.

Spatial organization of the DNA damage response
network

The integrity of the genome can be altered by many ways, e.g.
DNA double-strand breaks (DSBs) due to ionizing radiation,
DNA cross-links due to ultraviolet radiation or mitomycin C, or
stalled replication forks due to hydroxyurea treatment [7-9].
Cells are able to arrest the cell cycle under such conditions,
which has been termed the DNA damage checkpoint(s) [7-9].
This provides time for repair of damaged DNA and, optionally,
can lead to senescence or apoptosis of cells with irreversibly
damaged genomes [7-9]. The total of reactions to genotoxic
stress has been named the DNA damage response [7-9]. In
addition, cell cycle checkpoints can be triggered not only by
external damage, but rather by any threat to orderly cell cycle
progression, e.g. depletion of deoxyribonucleotide pools [10].
After all, in accordance with its protective function, there is
recent evidence that the DNA damage response may serve as
an anti-cancer barrier in early human tumorigenesis, as in
clinical specimens, early premalignant lesions commonly ex-

press markers of an activated DNA damage response — likely
due to oncogene-induced DNA-damage — which are at least
partially lost in advanced cancer [11,12].

Early approaches to the DNA damage response led to
definition of simple, linear pathways, but more and more
evidence points to a complex DNA damage response network
built upon temporal and spatial restrictions that are essential
for adequate, orderly reactions to any genotoxic stress [13]. For
example, one possible spatial restriction is cytoplasmic
sequestration of nuclear regulators [14-17]. Another principle
of spatial organization is the interplay between locally restric-
ted reaction centers and mobile messengers—e.g. the DNA DSB
as reaction center and Chk2 as mobile messenger in ATM-
dependent checkpoint signaling [18]. Increasing evidence
suggests that the centrosome might be another such reaction
center—the “command center for cellular control” as recently
postulated [19-21]. Two fundamental roles of the centrosome
in the DNA damage response can be envisioned (Fig. 1): it could
firstly serve as spatiotemporal organizer where checkpoint
components come into proximity to each other in a defined
manner or are, on the other hand, sequestered from undesir-
able reaction partners. This role could be independent of the
“classical” function of the centrosome as MTOC ensuring
correct chromosome segregation in mitosis. Secondly, the
centrosome cycle might be subjected to regulation by DNA
damage, so that the centrosome might serve as an effector of
the DNA damage response. This would link the “classical”
centrosomal functions to the DNA damage response network,
and would be independent of other checkpoint effectors like
the replication and transcription machinery.

DNA \
damage =
Regulatory % — EI
interactions Gtherd)
Endpoint

Centrosome Centrosome-independent
inactivation cell cycle arrest

Fig. 1 - Two possible endpoints of centrosomal checkpoint
signaling in response to DNA damage: DNA damage induces
(in addition to centrosome-independent checkpoint
signaling) interactions between checkpoint regulators and
centrosomal structures. These presumably regulatory
interactions may either target the centrosome itself as an
effector of the DNA damage response - e.g. centrosome
inactivation - or lead to centrosome-independent regulatory
effects like cell cycle arrest via inhibition of cyclin/Cdk
complexes.
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Centrosomal regulation of the G,/M transition

To understand possible roles of centrosomes in DNA damage
response, it should be noted that the strict discrimination
between unperturbed cell cycle and checkpoint regulation has
come into question in several ways. For example, the check-
point kinase Chk1, once seen as a prototypic checkpoint medi-
ator, seems to have a basal activity during unperturbed cell
cycles, which is upregulated in reaction to DNA-damaging
insults [22]. This basal activity maintains a physiological level
of the positive cell cycle regulator Cdc25A and protects cells
against aberrantly increased initiation of DNA replication and
DNA breakage, thereby acting as an “integrated cooling sys-
tem” against an overheated cell cycle.

During unperturbed cell cycles, mitotic entry requires
active cyclin B/Cdk1 [23,24]. The initial activation of cyclin B/
Cdk1 in prophase, including Cdk1 dephosphorylation at Tyr15
and cyclin B phosphorylation at Ser126 and Ser133, has been
shown to occur at the centrosome [25]. Thereby, Cdc25B seems
to be an activator of cyclin B/Cdk1, as it is capable of activating
centrosomal cyclin B/Cdk1l in vitro [26] and temporarily
localizes to the centrosome during mitosis after being phos-
phorylated at Ser353 by Aurora-A [27], which correlates in vivo
with cyclin B/Cdk1 activation and nuclear translocation [28].
Recently, this centrosomal regulator club was joined by Chk1,
which was shown to localize to the centrosome during inter-
phase, from where it dissociated at the onset of mitosis [29].
Furthermore, chemical Chk1 inhibition led to loss of centro-
some-associated inhibitory Tyrl5 phosphorylation of Cdk1,
premature centrosome separation and accelerated entry into
mitosis, while centrosome-targeted Chkl expression - by
fusion to the centrosomal targeting domain of AKAP450 -
prevented centrosome separation and induced polyploidiza-
tion by skipping of mitosis [29]. As expected, centrosome-
tagged kinase-dead Chk1 led to premature Cdk1 activation. In
addition, centrosome-tagged Chk1 was shown to target endo-
genous Cdc25B to the centrosome [29].

In summary, a model was proposed in which Cdc25B is
positively regulated by Aurora-A but negatively regulated by
Chk1, which, by means of its centrosomal localization, might
prevent access of Cdc25B to centrosomal Cdk1 before mitotic
entry [19]. Accordingly, this function of Chk1 as regulator of
mitotic entry seems to be directly linked to its centrosomal
localization. How the centrosomal localization of Chk1 itself is
regulated remains an open question. It is tempting to
speculate that the amount or activity of centrosomal Chk1l
could be regulated by checkpoint pathways: this might be
another component of the G,/M checkpoint—and another
example of a basal function of Chk1 during unperturbed cell
cycles which can be upregulated ‘on demand’. Indeed,
according to preliminary findings in human fibroblasts, Chk1
accumulates at centrosomes in response to DNA damage
induced by ultraviolet radiation or hydroxyurea treatment (H.
Loffler and A. Kramer, unpublished).

Another recent report showed that both centrosomal
Aurora-A activity and Ser353 phosphorylation of centrosomal
Cdc25B are inhibited by the G,/M checkpoint, which was
induced by etoposide treatment [28]. Treatment with the Chk1
inhibitor UCN-01 abolished this checkpoint response, hinting

at Chkl being upstream of both Aurora-A and Cdc25B.
However, a direct demonstration that centrosomal Chk1 is
involved in this Go/M checkpoint response is still missing, and
further research on this issue is needed.

A completely different aspect was revealed by a study on
mammalian embryonic stem cells [30]. Compared with
fibroblasts, stem cells seem to lack a G; checkpoint, apparently
due to the absence of Chk2-dependent degradation of Cdc25A
after ionizing radiation. This was associated with sequestra-
tion of Chk2 to centrosomes. In addition, ectopic expression of
Chk2 rescued the G; checkpoint [30]. Therefore, the centro-
some seems to be not only a site where checkpoint reactions
take place, but also a site where checkpoint components are
sequestered to prevent reactions.

The centrosome inactivation checkpoint

Recently, it has been reported that exposure to DNA damage
during mitosis results in centrosome inactivation or fragmen-
tation in both Drosophila embryos and somatic mammalian
cells [31,32]. In syncytial Drosophila embryos, centrosome
disruption in mitosis is triggered by damaged or incompletely
replicated DNA—this effect can be experimentally induced by
a variety of different insults including UV light, X-rays,
bleomycin, camptothecin, etoposide, VM-26, aphidicolin, and
hydroxyurea [31]. Centrosome fragmentation generates
defects in spindle assembly and anaphase chromosome
segregation. The damaged nuclei drop from the cortex into
the interior yolk and are thereby eliminated from the embryo
[31]. Noteworthy, a null mutation in the Drosophila checkpoint
kinase 2 homolog (DmChk?2) blocks this mitotic response to
DNA lesions and prevents loss of defective nuclei from the
cortex, while DNA damage leads to increased loading of Chk2
to centrosomes, arguing for a direct involvement of Chk2 in
centrosome fragmentation in Drosophila [33]. These results led
to the definition of a centrosome inactivation checkpoint
where induction of “mitotic catastrophe” is utilized for
eliminating cells with damaged DNA [31,33]. Consecutively, a
similar phenotype of DNA damage-induced centrosome
fragmentation leading to multipolar spindles and severe
division errors was described in Chinese hamster ovary
(CHO) cells [32]. New data supporting a role for the mamma-
lian checkpoint kinase Chk2 in this phenotype have been
reported recently: in human HCT116 cancer cells, DNA
damage-dependent mitotic catastrophe occurred in Chk2-
expressing but not in Chk2”~ cells (W. Theurkauf, oral
presentation at EMBL, Heidelberg, Germany, September 2005).

In agreement with this finding, Chk2 was reported to
localize to centrosomes also in somatic human cells [34].
Interestingly, even in the absence of DNA damage, Chk2 was
present at centrosomes in its presumably activated form
phosphorylated at Thr68, Thr26, and Ser28. This phosphoryla-
tion might be caused by the Polo-like kinase 1 (Plk1), which
colocalized with Chk2 at centrosomes in early mitosis [34]. In
contrast, another study argues for centrosomal recruitment of
activated Chk2 phosphorylated at its autophosphorylation
site Thr387 only after ionizing radiation but not in undamaged
cells [29]. This would favor a model in which, similarly to the
interplay between nuclear Chk1 and Chk2 [35], centrosomal
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Chk1 and Chk2 cooperate as checkpoint mediators - with Chk1
being the “workhorse” that is active even during unperturbed
cell cycles and Chk2 being the “amplifier” that is switched on
after DNA damage - but this is hypothetical as yet.

More data on mammalian centrosomal Chk2 came from
experiments using fusions between nonsynchronized human
cells to explore mechanisms of cell death [36,37]. In this
model, cell fusion led to the formation of heterokarya which
transiently activate cyclin B/Cdk1 and enter prophase, then
downregulate cyclin B, stop cycling, activate p53, disorganize
centrosomes and undergo apoptosis [37]. Downregulation of
cyclin B under these conditions was preceded by Chk2 ac-
tivation [36]. Moreover, chemical inhibition of Chk2 or ex-
pression of dominant-negative Chk2 maintained both high
cyclin B levels and high Cdk1 activity, which led to stabiliza-
tion of centrosomes, mitotic progression beyond prophase
and cell death during metaphase [36]. The authors concluded
that Chk2 is a negative regulator of mitotic catastrophe by
preventing mitotic entry via G,/M arrest [36]. Hence, in
contrast to embryonic Drosophila cells where DmChk2-depen-
dent checkpoint activation induces a “mitotic catastrophe”
phenotype [33], somatic mammalian cells might possess an
additional, Chk2-dependent checkpoint acting at an earlier
point of the cell cycle to prevent mitotic catastrophe, which
might reflect species-specific or cell type-specific differences.

New surprising aspects arose from experiments using
chicken DT40 cells conditionally lacking Rad51 recombinase
activity, which leads to high levels of spontaneous DNA
damage [38]. This induced a prolonged G, phase arrest,
consecutive centrosome amplification and cell death due to
aberrant mitosis. The authors proposed that DNA damage-
induced centrosome amplification might ensure the deletion
of cells with damaged DNA that escaped from G, arrest by
preventing productive mitosis and the production of viable
progeny [38]. Interestingly, G,/M checkpoint abrogation by
caffeine or wortmannin suppressed centrosome amplifica-
tion, hinting at ATM and/or ATR being necessary for this
phenotype [38]. ATM and ATR, two out of five mammalian
members of a conserved protein family related to phosphati-
dylinositol 3-kinase, are the apical kinases upstream of Chk1
and Chk2 in the DNA damage response [39]. Involvement of
ATM in centrosome amplification was further supported by
the demonstration that ATM disruption by gene targeting
suppressed this phenotype [38]. In an independent approach,
ATR gene duplication, which was induced by transferring
isochromosome 3q into myoblasts, was shown to result in
centrosome amplification as well [40]. Finally, centrosome
amplification in response to ionizing radiation was reported to
be abolished by UCN-01 treatment of human cells and absent
in Chk17/"DT40 chicken cells, and this could be restored by
Chk1 expression, hinting at Chk1 being the mediator of ATM/
ATR-dependent centrosome inactivation (E. Bourke and C.
Morrison, poster presentation at EMBL, Heidelberg, Germany,
September 2005).

Another question raised by these data was whether or not
this centrosome amplification phenotype is different from
centrosome fragmentation described by others [31-33]—the
argument for centrosome amplification rather than fragmen-
tation was the detection of multiple centrioles using both anti-
centrin immunofluorescence and electron microscopy [38].

However, current evidence concerning the ultrastructural
details of centrosome amplification versus fragmentation
might not yet be sufficient to truly discriminate between
these two phenotypes.

Finally, it should be noted that centrosome amplification
has been described under a variety of conditions, e.g. in p53-
deficient mouse fibroblasts [41] and as response to ionizing
radiation in human cancer cells [42,43]. Mostly, centrosome
amplification has been interpreted not as regulatory event, but
rather as a result of a cellular defect and associated with
genetic instability and malignant transformation [4,5,44]. As
one major route to centrosome amplification in this context,
tetraploidy checkpoint failure leading to polyploidization of
both DNA and centrosomes has been identified [44-46], which
seems to be distinct from the mechanisms described for the
centrosome inactivation checkpoint. Alternatively, activation
of the DNA damage response at an early stage during cancer
evolution [11] might as well trigger centrosome amplification.

Linking centrosome amplification to a DNA damage-
dependent checkpoint response would be a new interpreta-
tion of an old phenomenon—which does not necessarily
contradict the older interpretation: centrosome amplification
may normally work as a backup checkpoint mechanism, but
may also lead to chromosomal instability and malignant
transformation under certain circumstances. One factor facil-
itating cancer evolution in the context of centrosomal aberra-
tions may be the recently described phenotype of centrosomal
clustering, which prevents formation of multipolar mitotic
spindles by functionally silencing extra centrosomes [47,48].
Cancer cells exhibiting centrosomal clustering are thus able to
undergo bipolar mitosis at a high frequency, but the remaining
chromosomal instability may be just enough to boost cancer
evolution. Thus, one might speculate that molecular mechan-
isms involved in centrosomal clustering may also take part in
centrosomal checkpoints.

Candidate regulators of a centrosomal checkpoint

Given the accumulating evidence that a centrosomal check-
point exists, the question about regulators participating in this
cascade is arising. The above cited principle works regarding
centrosomal checkpoint mechanisms have identified Chk1
and/or Chk2 as likely checkpoint mediators, and there is at
least some evidence that ATM and/or ATR might lie upstream
of them. Still, a wide range of other checkpoint regulators
working at the centrosome have come into view as candidate
regulators of a centrosomal checkpoint.

Two out of three members of the Plk family, not only Plk1,
which might lie upstream of centrosomal Chk2 (see above),
but also Plk3, have been identified as Chk2 interactors
[34,49,50]. Plks are centrosomal kinases that form a part of
the regulatory circuit controlling entry into mitosis [51]. Xe-
nopus laevis Plx1 was originally isolated from egg extracts in
the search for activators of the Cdc25 phosphatase [52], and
recent data indicate that both Plk1 and Plk3 bind, phosphor-
ylate, and thereby regulate Cdc25 [52-55] and Myt1 [56,57]. Plk1
also phosphorylates cyclin B1 at Ser133 and possibly Ser147,
but the consequences of this phosphorylation are not yet
known [25,58]. Intriguingly, both Plk1 and Plk3 have recently
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been implicated as targets of the DNA damage checkpoint
pathway. DNA damage during G, phase and mitosis seems to
inhibit Plk1 activity in an ATM-dependent manner, leading to
a block in mitotic exit [59,60]. Plk3, on the other hand, seems to
become activated in response to DNA damage-dependent
phosphorylation mediated by ATM [49,50]. Surprisingly, Plk3
was found to interact with both Chk2 and p53 and to
phosphorylate Ser20 of p53 in response to DNA damage in
an ATM-dependent manner [49,50]. Whether Chk2 serves as
an upstream regulator or a downstream target of Plk3
following DNA damage, remains to be established. Taken to-
gether, these data strengthen the hypothesis that centro-
somes might not only act as regulation centers for entry into
mitosis, but that this function might be also under DNA
damage-responsive checkpoint control.

Another component of the DNA damage response network,
the breast cancer susceptibility gene product BRCA1, has been
demonstrated to localize to centrosomes during mitosis [61].
After DNA damage, this centrosomal BRCA1 is phosphorylated
at Ser988, a Chk2 phosphorylation site, the consequences of
which are unknown [62]. Moreover, Aurora-A, an established
centrosomal regulator of the G,/M transition and the proposed
counter-actor of centrosomal Chk1 in Cdc25B regulation (see
above), was shown to phosphorylate BRCA1 at Ser308 in vitro
and in vivo [63]. This Ser308 phosphorylation increased in
early M phase and could be abolished by ionizing radiation.
Furthermore, expression of S308N mutant BRCA1 in BRCA1-
deficient mouse fibroblasts led to a decrease in mitotic cell
number as compared to wild-type BRCA1, resembling the
effect of ionizing radiation in the wild-type controls [63]. Thus,
BRCA1 phosphorylation by Aurora-A seems to play a role in
G,/M transition, and this seems to be under DNA damage
checkpoint control. On the other hand, it has been reported
that BRCA1 localizes to centrosomes throughout the cell cycle
and functions to inhibit formation of supernumerary centro-
somes (J. Parvin, oral presentation at EMBL, Heidelberg,
Germany, September 2005). This might depend on the
ubiquitin ligase activity of BRCA1 in conjunction with its
partner BARD1, and a critical step for suppression of centro-
some amplification might be monoubiquitination of y-tubulin
[64]. In contrast, another study using EGFP-BRCA1 fusion
proteins led to the conclusion that BRCA1 is not a centrosomal
protein, and the observation of centrosomal BRCA1 might rest
upon fixation artifacts [65]. The authors proposed that, in the
case of dysfunctional BRCA1, centrosome amplification might
be a nonspecific effect of Go/M checkpoint failure [65]. Against
this notion, new arguments came from a study demonstrating
by cell synchronization that BRCA1 inhibition causes centro-
some amplification between late S and G,/M phase before cell
division [66]. In summary, the issue of centrosomal BRCA1
appears still controversial.

Above all, the tumor suppressor and checkpoint mediator
p53 has been shown to associate with centrosomes in
unperturbed mitotic cells [67]. Transient inhibition of mitotic
spindle assembly by nocodazole triggers activation of p53
leading to a p53-dependent G, arrest, and during this noco-
dazole treatment, the centrosomal localization of p53 is
abolished [67]. Interestingly, AT cells, which lack functional
ATM, an upstream activator of p53, are deficient not only for
this nocodazole-induced G, arrest, but also for centrosomal

localization of p53 during mitosis, which can be restored by
ATM expression [68]. In addition, centrosomal association
seems to be dependent on phosphorylation at the ATM-
dependent phosphorylation site Serl5 of p53, as p53-S15A
does not localize to centrosomes [68]. Most recently, also
activated ATM phosphorylated at Ser1981 was reported to
localize to centrosomes during unperturbed mitosis but not
during nocodazole treatment [69]. Taken together, these
correlations suggest that activation of p53 by ATM in response
to spindle damage, leading to G; arrest, might somehow be
regulated by the centrosomal localization of p53 and ATM.
However, a clear mechanistic proof for this hypothesis is
missing, so it still seems obscure how the centrosome mightbe
involved in p53-mediated checkpoint regulation.

Another link between the DNA damage response and the
centrosome seems to involve the serine/threonine kinase
Nek2, the mammalian homologue of Never in Mitosis A
(NIMA), an Aspergillus protein required for mitosis [70]. Nek2
is an established regulator of centrosome separation [70].
During DNA damage-induced G, arrest, centrosome separa-
tion is inhibited [71], which could be secondary to cell cycle
arrest. However, premature centrosome splitting induced by
Nek2 overexpression is inhibited by ionizing radiation,
arguing for Nek?2 as a direct effector targeting the centrosome
in the G,/M checkpoint [71].

Conclusions and open questions

There is accumulating evidence to speculate that the centro-
some might be part of the DNA damage response network.
However, current knowledge about the details is still frag-
mentary, and many points are controversial. It would well fit
into the established functions of the checkpoint kinases that
both Chk1 and Chk2 cooperate in a centrosomal checkpoint.
However, a role of centrosomal Chk1 has to date only been
established during unperturbed cell cycles—up to now, data
on its checkpoint reactivity are rather weak. For Chk2,
involvement in a centrosomal checkpoint has been estab-
lished in Drosophila, but data on its centrosomal activation
state in mammalian cells are somewhat conflicting, and there
is still no mechanistic link between mammalian Chk2 and a
centrosomal checkpoint. Are ATR and/or ATM upstream of
Chk1/Chk2 in the centrosomal checkpoint? There is at least
some evidence that ATM plays a role in centrosome amplifica-
tion during G, arrest, but whether this centrosome amplifica-
tion is simply a reaction to the prolonged duration of G, phase
due to an ATM-dependent checkpoint, or ATM itself stimu-
lates centrosome amplification in a linear pathway, remains
to be seen. For ATR, on the other hand, a similar role in cen-
trosome amplification seems possible, but the data supporting
this are merely based upon isochromosome 3q transfer.
Finally, one should keep in mind that the described pheno-
types of centrosome fragmentation and centrosome amplifi-
cation are ill defined as yet.

As thelist of components of the DNA damage response that
associate with centrosomes is growing, and more and more
established centrosomal regulators are turning out to be DNA
damage-responsive, the question remains whether and how
all these regulators, or many of them, collaborate in a single
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pathway, or in several different pathways, and whether these
regulators target the centrosome as checkpoint effector, or
simply temporarily associate with the centrosome as “meet-
ing point”. After all, the list of missing links seems to be
growing faster than the list of established interactions, so the
future challenge should be to work on mechanistic models
unifying some of the present fragmentary data.

Current data on centrosomes as part of the DNA damage
response network focus on the regulation of mitosis and
mitotic entry. What about the other cell cycle phases? We
know that the regulators of the centrosome cycle are, at least
partly, identical with the “classical” cell cycle regulators—
namely Cdk2 in conjunction with cyclin A or E for the initiation
of DNA as well as centrosome replication [4,6]. Accordingly, the
centrosome cycle should be equally affected by most cell cycle
checkpoints, which should lead not only to general cell cycle,
but also to centrosome cycle arrest. On the other hand, it is
feasible to experimentally separate the centrosome cycle from
the rest of the cell cycle: prolonged treatment of CHO cells with
aphidicolin or hydroxyurea, leading to an S phase arrest,
allows for multiple centrosome duplication rounds in the
absence of DNA replication or cytokinesis [72,73]. This means
that under certain circumstances, centrosome amplification
might occur in cell cycle phases other than G,, but the outcome
should be the same: damaged cells cannot survive mitosis.

Coming back to the above stated alternatives: is the
centrosome a “meeting point” for checkpoint regulators that
do not affect the centrosome itself, or is the centrosome and
its cycle a checkpoint effector? The latter seems clear, as
centrosomal fragmentation or amplification seems to be an
endpoint of a checkpoint cascade in many settings, leading to
“mitotic catastrophe” in order to eliminate damaged cells. The
former possibility is supported by the finding that Chk1l
shields Cdk1 from being activated at the centrosome, which
makes Cdkl another putative effector of a centrosomal
checkpoint—this does not necessarily affect the centrosome
itself and its function as organizer of the mitotic spindle. As
yet, there is no clear experimental evidence for a link between
the Chk1/(Cdc25B)/Cdk1 cascade regulating mitotic entry and
the centrosome inactivation checkpoint, but this might well
change in the future—a common centrosomal checkpoint
might have both Cdk1 inhibition and centrosomal inactivation
as effective endpoints. One might speculate that Cdk1l
inhibition might be a transient way to provide time for repair,
while centrosome inactivation might work as a backup
mechanism if Cdk1 inhibition fails or damage is too extensive.
Surely, the next few years will bring exciting new data that
help us understand the complex interconnection between the
functional network of the DNA damage response and the
dynamic structural organization of eukaryotic cells through
centrosomes.
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