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SUMMARY

Centrosome cohesion and separation are regulated Nek2. Furthermore, we have revisited the role of the
throughout the cell cycle, but the underlying mechanisms microtubule network in the control of centrosome cohesion.
are not well understood. Since overexpression of a protein We could confirm that microtubule depolymerization by
kinase, Nek2, is able to trigger centrosome splitting (the nocodazole causes centrosome splitting. Surprisingly,
separation of parental centrioles), we have surveyed a panel however, this drug-induced splitting also required kinase
of centrosome-associated kinases for their ability to induce activity and could specifically be suppressed by a
a similar phenotype. Cdk2, in association with either cyclin  dominant-negative mutant of Nek2. These studies highlight
A or E, was as effective as Nek2, but several other kinases the importance of protein phosphorylation in the control of
tested did not significantly interfere with centrosome centrosome cohesion, and they point to Nek2 and P&®hs
cohesion. Centrosome splitting could also be triggered by critical regulators of centrosome structure.

inhibition of phosphatases, and protein phosphataseal

(PP1a) was identified as a likely physiological antagonist of Key words: Cell cycle, Centriole, Nek2, RRPhosphorylation

INTRODUCTION to distinguish centrosomeduplication from centrosome
separation While the former event occurs during S phase, the
The centrosome, the major microtubule (MT) organizingatter occurs typically at the B transition (Kochanski and
center (MTOC) of animal cells, contributes to most MT-Borisy, 1990; Vorobjev and Chentsov, 1982). The fact that two
dependent processes, including organelle transport, cell shagistinct MTOCs are generated only at the onset of mitosis,
and motility, cell polarity, as well as cell division and although centrioles duplicate already during S phase, implies
cytokinesis (Andersen, 1999; Kellogg et al., 1994). Becausthat duplicated centrosomes are held together to form a single
centrosomes are associated with the two spindle poles offanctional unit for a considerable part of the cell cycle. The
dividing cell, each progeny cell inherits one centrosomemechanism underlying this centrosome cohesion is the subject
Subsequently, the centrosome is duplicated once in every celfl this study.
cycle, much like the genome. Although both meiotic and For the sake of clarity, we will use the term ‘centrosome
mitotic spindles can form in the absence of centrosomesplitting’ to describe any separation of parental centrioles,
(Bobinnec et al., 1998; Fry et al., 1998a; Heald et al., 1996ggardless of the presence or absence of procentrioles (Fig. 1).
Khodjakov et al., 2000), these organelles exert a dominamy contrast, the term ‘centrosome separation’ will be used only
effect on MT organization whenever present (Heald et alto describe the cell cycle-regulated separation of MTOCs at the
1997). Thus, centrosomes play an important role ironset of mitosis. Several lines of evidence indicate that
determining both the fidelity of chromosome transmission andentrosome splitting can be induced from any stage of the cell
tissue architecture, and it has long been proposed that errorsciycle. In particular, centrosome splitting has been described in
the centrosome duplication cycle may contribute to tumoresponse to treatment of cells with chemotactic stimuli,
formation (Brinkley, 2001; Doxsey, 1998; Mayor et al., 1999;mitogenic growth factors and the tumor promoter 12-0-
Sluder and Hinchcliffe, 1999; Urbani and Stearns, 1999%etradecanoylphorbol-13-acetate (TPA) (Schliwa et al., 1982;
Zimmerman et al., 1999). In a typical animal cell inghase Schliwa et al., 1983; Sherline and Mascardo, 1982). Moreover,
of the cell cycle, the centrosome is composed of two barrekentrosome splitting and repositioning of the mature centriole
shaped centrioles (made of triplet MTs), and a surroundintp the intercellular bridge during late mitosis has recently been
pericentriolar matrix (PCM). During S phase, a procentriolemplicated in the completion of cell division (Piel et al., 2001).
forms adjacent to, and at right angles with, each of the tw®hese provocative studies indicate that centrosome cohesion
parental centrioles. Procentrioles then continue elongating regulated by a variety of cues, and that the dynamic
throughout G phase, and by late 2Ghe cell harbors two repositioning of centrioles may play an important role in the
doublets of centrioles. Shortly before the onset of mitosis theontrol of cell behavior.
duplicated centrosomes finally separate, migrate apart andlt has been proposed that the mammalian interphase
contribute to form the poles of the bipolar spindle apparatusentrosome consists of two independent units held together
From the perspective of MT organization, it is critical primarily as a result of the dynamic properties of the MT
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cytoskeleton (Jean et al., 1999). In support of this model, MTength cDNA for human PRl was obtained from the IMAGE
networks display self-centering activity, provided that they argonsortium (Est no. 650691) and its sequence verified (Song et al.,
confined to a limited space (Holy et al., 1997; Rodionov and993). The cDNA was cloned in-frame into the pBlueScriptll KS-myc

Borisy, 1997). Moreover, drugs that affect the dynamics ofut WithEcdRI-BanH] to obtain pBS-myc-PRI, and myc-PPd was
either the MT network or the actin microfilament Systemfurther subcloned into the pBK-CMV vector usifgl andXbd sites.
|l other plasmids used in this study were described previously (Fry

clearly modulate centrosome cohesion (Buendia et al., 199 i , .

Euteneuer and Schliwa, 1985; Jean et al., 1999). Howevert, al., 1998a; Golsteyn et al., 1994; Meraldi et al., 1999).
there is a substantial body of evidence to support the idea thaéll culture

centrosomes are connected through a proteinaceous StructUffs cells were grown at 37°C in a 7% f£@mosphere in
linking the two parental centrioles to each other (Fig. 1). Irbulbecco’s modified Eagle’s medium (DMEM) supplemented with
particular, electron microscopic examination of isolatedl0% heat-inactivated fetal calf serum (FCS) and penicillin-
centrosomes reveals electron-dense material connecting thigeptomycin (100 1U/ml and 10@g/ml, respectively) (all Gibco-
parental centrioles (Fuller et al., 1995; Paintrand et al., 19928RL).

Furthermore, purified centrosomes usually display closel
paired parental centrioles even though the cytoskeleton h

! . . . litting
been disrupted in the course of their isolation (Bornens et aa i . .
1987: Chretien et al., 1997). 20S cells were seeded onto HCl-treated coverslips at a density of

- 1x10P cells per 35 mm dish and transfected withptgDof plasmid
Most recently, we have proposed a specific model for thgna ysing calcium phosphate precipitates, as described previously
regulation of centrosome cohesion during the cell cycle. At th@<rek and Nigg, 1991). Cells were fixed 24 hours after transfection
heart of this model are the protein kinase Nek2, a member @fd analyzed by indirect imnmunofluorescence microscopy. They were
the NIMA kinase family implicated in regulating centrosomestained with an antj-tubulin antibody (Fry et al., 1998a) to visualize
assembly and cohesion (Fry et al., 1998a; Fry et al., 2000a; Uttlte centrosome and with 9E10 anti-myc or 12CA5 anti-
and Sagata, 2000), and the centrosomal coiled-coil protein Gaemagglutinin (HA) tag monoclonal antibodies (Mabs) to identify
Nap1 (also known as Cep2/Cep250; Mack et al., 1998; Fry transfected cells. Myc-tags were used for detection of cyclins A, E

al., 1998b; Mayor et al., 2000). We envision that C-Nap “dle' Nekz*ng'ét' axroraéA %”g Rﬁ’lvhereas HA tags wer?l ‘lised
o ' : o S or detection o s. As judged by fluorescence intensity, all kinases
provides a docking S't.e for a (jynamlc linker _structure tha ere expressed at comparable levels, but their exact in vivo activities
tgthers parental centrioles _unt|| phosp_horylanon CaUSES 36 ot known. Where indicated, cells were treated for 1 hour before
disassembly. In support of this hypothesis, we have shown thifation with nocodazole (fig/ml), taxol (5uM), cytochalasin D
splitting of centrosomes can be triggered by overexpression 25 pug/ml), staurosporine (50pM), 6-dimethylaminopurine (6-
of active Nek2, as well as by microinjection of anti-C-Nap1DMAP) (2.5 mM), okadaic acid (iM or 5uM) or calyculin A (10
antibodies. nM) or placed on ice. Quantitative analyses were performed on 400-
Here, we have further investigated the role of proteirf00 cells, depending on the protein combinations being expressed,
phosphorylation in regulating centrosome cohesion. Ouand at least three independent experiments were performed for each
results lead us to conclude that Nek2 is not the only kinase afjf@nsfection or drug treatment. Centrosome splitting was quantified as
to regulate centrosome cohesion, but that a balance betwel@fows: in untreated U20S cells, anttubulin antibodies usually

: ; ; stained two closely spaced dots (or, occasionally, a single dot,
Nek2 and the counteracting protein phosphatas¢PPT) is depending on the orientation of the centrosome) and in 90-95% of all

particularly critical. Furthermore, we provide eY'dence thaEells, the distance between thggebulin-positive dots was less than
even cytoskeletal effects on centrosome cohesion depend 9y The remaining 5-10% of cells showed a separation of dots by
protein kinase activity. Taken together, our results identifymore than 2um, and these were considered as harboring split
protein phosphorylation as a major mechanism regulatingentrosomes. Similarly, in all experiments described throughout this
centrosome cohesion during the cell cycle. study, centrosomes were scored as split if the distance between the
two y-tubulin-positive structures was larger thanu. Within a
population of cells, the distances between parental centrioles varied

fransfection experiments and analysis of centrosome

MATERIAL AND METHODS widely, but they rarely exceeded 244n in untreated cells, whereas
) ) ) they ranged from 2 to about fén (average 5-1Qm) in treated cells.
Preparation of expression plasmids As reported previously, centrosomes were difficult to detect in about

A full length cDNA for aurora-A in pBlueScript KS+ was obtained 10-15% of Nek2-overexpressing cells (Fry et al., 1998a); these were
from ATCC (GenBank accession no. AA305070) and its sequenceabt counted.

verified (Bischoff et al., 1998). To introduce &ftd site at the )

initiator ATG and destroy a singlEcaRl site upstream of the start Immunofluorescence microscopy

codon, a 5fragment of aurora-A was amplified by PCR with the highImmunofluorescence microscopy was performed using a Zeiss
fidelity Taq polymerase (Roche Diagnostics), using the twoAxioplan microscope and a 83.4 oil immersion objective. Pictures
oligonucleotides = CTGAATTCCATGGACCGATCTAAAG and were taken using Quantix 1400 (Photometrics Inc) or Micromax
ACACTGGTTGCCTGCAATTGC. The amplified fragment was cut (Princeton, Instruments) CCD cameras and IP-Lab or Metaview
with Ecarl (blunted)Hindlll and fused to thédindlll-Xhd aurora-  (Universal Imaging Corp.) software, and images were processed using
A fragment in pBlueScriptll KS+. A catalytically inactive version of Adobe PhotoShop (Adobe Systems, Mountain View, CA). For
aurora-A (K162R) was produced by site-directed mutagenesis on amtibody staining U20S cells were grown on acid-treated coverslips
EcadrI-Hindlll fragment, introducing a Lys Arg mutation in position  and fixed with methanol a20°C for 6 minutes. Then, coverslips were
162 (Bischoff et al., 1998). For fusion with the Myc-tag, both wild- washed three times in phosphate-buffered-saline (PBS), blocked with
type and K162R mutant cDNAs were cut witlcd (blunted)Xbal 1% bovine serum albumin (BSA) in PBS for 10 minutes, and again
and ligated into pBlueScriptll KS-myc cut witBmad-Notl. For washed three times with PBS. All subsequent antibody incubations
expression in mammalian cells, myc-tagged cDNAs were alswere carried out in PBS containing 3% BSA. Antibody reagents were
subcloned into the pBK-CMV vector usiggl and Xbd sites. A full antiy-tubulin (purified 1gG; 1ug/ml; Fry et al., 1998b), anti-Nek2



(R40) (affinity-purified 19G; 2.51g/ml; Fry et al., 1998b
9E10 anti-myc Mabs (undiluted tissue culture superna
12CA5 anti-haemagglutinin Mabs (1:50 tissue cu
supernatant) and ardiHtubulin - Mabs (2 pg/ml,
Amersham). Incubations with primary antibodies v
carried out for 1 hour at room temperature, followet
three washes with PBS. For detection of primary antibc
the following secondary reagents were used: biotiny
donkey anti-rabbit or goat anti-mouse antibodies (1
Amersham) followed by Texas red-conjugated strepta
(1:200, Amersham) and Alexa Fluor 488-conjugated
anti-rabbit or goat-anti-mouse 1gG (1:1000, Molec
Probes). Following three final washes with PBS, covel
were mounted in 80% glycerol, 3% DABCO (in PI
mounting medium.

Microtubule-regrowth assays

To assess the effects of centrosome splitting on centro
MT-nucleation capacity, U20S cells were transie
transfected with active Nek2. After 24 hours, MTs v
depolymerized by placing the culture dishes on ice f
minutes. Then, MT regrowth was allowed to proceed i
presence of warm (37°C) medium and after 45 secon:
cells were fixed with cold methan¢t20°C). Cells wer
stained with anti-Nek?2 antibodies to detect both transf
cells and split centrosomes and with antubulin
antibodies to visualize MTs.

RESULTS

Centrosome splitting by protein kinases

This study was performed with a view to be
understand the mechanisms governing centro
cohesion and separation. Relevant to this probler
have previously shown that overexpression o
active protein kinase, Nek2, can trigger centros
splitting (Fry et al., 1998a). To examine whether
centrosomal response was specific for Nek2, we
asked whether other protein kinases implicated i
regulation of centrosome function might also proc
centrosome splitting. In particular, we examined
consequences of overexpressing polo-like king
(PIk1), aurora-A, Cdk1/cyclin B, Cdk4/cyclin D1,
well as Cdk2/cyclin A and Cdk2/cyclin E. PIk1 |
previously been implicated in centrosome matur:
(Lane and Nigg, 1996), aurora-A and Cdk1/cyclir
in centrosome separation (Blangy et al., 1997; G
al., 1999; Glover et al., 1995; Sawin and Mitchi
1995), and both Cdk2/cyclin A and Cdk2/cyclin E
centrosome duplication (Hinchcliffe et al., 18
Lacey et al., 1999; Matsumoto et al., 1999; Mel
et al., 1999).

U20S cells were transiently transfected with w
type or catalytically inactive versions of the ak

Regulation of centrosome cohesion by phosphorylation

3751

palred (unsplit) centrosomes split centrosomes

Parental
Centrioles
G1: Gi1:
~1 2-20um s”
Dynamic Linker
sig2: siG2:
2-20um
R
Procentrioles

wl

@

E

Q

w0

)

c

m

(&

=

wl

32

Nek2 Plk1
wt K37R wt K82R

Aurora A Cdk2/cycE  Cdk2/cycA
wt K162R wt D145N  wt D145N

Fig. 1. Survey of protein kinases for their ability to induce centrosome

splitting. U20S cells were transfected with constructs encoding either wild-
type or catalytically inactive protein kinases, as indicated. After 24 hours,
centrosomes were analyzed by immunofluorescent staining with antibodies
againsty-tubulin; transfected cells were identified using antibodies against the
myc- or HA-tag, as appropriate. (A,B) Cells were classified as harboring either
paired (‘un-split’) (A) or split (B) centrosomes, using the criteria described in
Materials and Methods. Bar, 10n. As illustrated in schematic form,

centrosome splitting occurs between the two parental centrioles, each with its
associated PCM. Thus, splitting of an S empBase centrosome produces two
products that each comprises one parental centriole and one tightly associated
procentriole. The histogram (C) indicates the percentages of cells showing
split centrosomes in response to expression of each kinase construct.

kinases, and 24 hours later the extent of centrosome splittiri-65% of the transfected cells, whereas the catalytically

was monitored using antibodies agaipttibulin. Examples of
transfected cells harboring split centrosomes are shown in Figonsistent with previous

inactive kinase was unable to prompt such a response (Fig. 1C),
results (Fry et al, 1998a).

1B; for comparison, cells with typically paired (‘non-split’) Interestingly, both Cdk2/cyclin A and Cdk2/cyclin E caused
centrosomes are shown in Fig. 1A. (For clarity, Fig. 1A,B als@entrosome splitting to an extent similar to that of Nek2, and
illustrate centrosome splitting in schematic form; the criteriaagain, no splitting was produced by the catalytically inactive

used for quantitative analyses are described in Materials amdutant,

demonstrating that the observed phenotype was

Methods). Active Nek2 induced centrosome splitting in aboutlependent on kinase activity (Fig. 1C). By contrast, PIk1,
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aurora-A and Cdk4/cyclin D1 displayed at most mari

activities, producing split centrosomes in only 10-15% of
whereas Cdkl/cyclin Bl triggered splitting in up to 259
cells (Fig. 1C; and data not shown). The results obtainet
Cdk2 show clearly that Nek2 is not the only kinase ak
induce centrosome splitting. This result falls in line with re
studies showing that Cdk2 induces centrosome splittil
Xenopusegg extracts, possibly in preparation of centros
duplication (Lacey et al., 1999). By contrast, overexpre
of most of the protein kinases tested produced little «
centrosome splitting, although they were expresse
comparable levels.

To determine whether Cdk2 and Nek2 function in a con
pathway or, alternatively, act through distinct mechan
we examined the consequences of co-expressing reci
combinations of wild-type and catalytically inactive
putative dominant-negative) versions of Cdk2 and Nek2
2). Co-expression of catalytically inactive Nek2 (Nek2 Kz
with Cdk2 complexes did not significantly reduce the exte
centrosome splitting (Fig. 2A) and, conversely, Cdk2 D1
did not block the action of Nek2 (Fig. 2B). Instead,
transfection of wild-type Nek2 with either Cdk2/cyclin A
Cdk2/cyclin E produced a cumulative effect, with over 90
transfected cells showing split centrosomes (Fig. 2B). ~
results demonstrate that Nek2 and Cdk2 disrupt centrc
cohesion through at least partly distinct pathways.

Protein phosphatase 1, a physiological antagonist of
Nek2
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Fig. 2.Nek2 and Cdk2 induce centrosome splitting through
independent pathways. U20S cells were co-transfected with different
combinations of wild-type Cdk2 and Nek2, or catalytically inactive
Cdk2 (D145N) and Nek2 (K37R), together with cyclins A or E as
indicated. Centrosome splitting was then analyzed as described in
Fig. 1 legend.

an inhibitor that is considered specific for PP2A at low
concentration, although it will block both PP1 and PP2A when
used at higher concentration (Cohen et al., 1990; Favre et al.,

Because the most prominent form of centrosome splitting (..997). As shown in Fig. 3A, okadaic acid caused no
centrosome separation) occurs shortly before mitosis, and sincentrosome splitting when used atMl, but about 35% of cells
Nek2 is active throughout S and @hase, we considered it showed split centrosomes in response {dvbokadaic acid,
likely that Nek?2 activity is opposed by a regulated phosphatasmnsistent with previous results (Matsumoto et al., 1999).
(Fry et al., 1995; Fry et al., 1998a). To explore this hypothesi§aken together, these date point to a type 1 phosphatase as a
we examined the influence of phosphatase inhibitors oaritical regulator of centrosome cohesion.

centrosome cohesion. We found that a 1 hour treatment with In strong support of this possibility, recent in vitro studies
10 nM calyculin A triggered centrosome splitting in about 65%showed that the-isoform of PP1 (PR4) is able to form a

of U20S cells (Fig. 3A). As calyculin A acts with comparablecomplex with both Nek2 and C-Napl and can downregulate
potency on both type 1 (PP1l) and type 2A (PP2ANek2 activity (Helps et al., 2000). We therefore tested whether
phosphatases (Favre et al., 1997), we also tested okadaic aéi® i could also counteract active Nek2 in vivo. Whereas

80~

Fig. 3.ldentification of PPd as a likely
Nek2 antagonist. (A) U20S cells were
treated for 1 hour with the indicated
concentrations of okadaic acid or caliculin
A. Then, centrosome splitting was
analyzed as described. As a positive
control, Nek2-transfected cells were
examined in parallel. (B) U20S cells were
transfected with PR, either alone or in

% split centrosomes

80 —

Cdk2/cycE Cdk2/cycA

combination with Nek2, Cdk2/cyclin E or S Nek2
Cdk2/cyclin A, and the extent of culin A
centrosome splitting was determined. 10nM  1pM  5uM

Caly-  Okadaic acid - Nek2

+PP1a +PP1a +PP1a +PP1a
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Fig. 5. Effect of anti-cytoskeletal drugs on centrosome cohesion.

(A) U20S cells were treated for 1 hour with nocodazolgg/nl),

taxol (5uM) or cytochalasin D (1.2fg/ml) and then analyzed for
centrosome splitting. (B) U20S cells were transfected for 24 hours
with myc-Nek2. One hour prior to fixation, they were treated with

the above concentrations of nocodazole, taxol or cytochalasin D, and
the extent of centrosome splitting was determined.

Fig. 4. MT-regrowth assay on Nek2-transfected cells. U20S cells
were transfected for 24 hours with myc-Nek2. Then, MTs were
depolymerized by cold treatment for 30 minutes and allowed to re-
grow for 45 seconds by addition of pre-warmed medium. Cells were
immediately fixed for immunofluorescence microscopy and double-
stained with l‘f"”t'bc’d'es against IFIekZ, to identify gfnr;is)fﬁgted cells  for Nek2-induced centrosome splitting. Consistent with
(upper panel; arrows point to split centrosomes), ulin, to previous reports (Jean et al., 1999), a one hour treatment
reveal the MTs (lower panel). Bar, fufn. .

of U20S cells with nocodazole caused not only

depolymerisation of MTs but also centrosome splitting in
overexpression of PBlalone produced virtually no effect about 50% of interphase cells (Fig. 5A). By contrast, a similar
on the centrosome, co-expression of this phosphatase witteatment with taxol, which stabilizes and bundles MTs, or
Nek2 strongly suppressed centrosome splitting (Fig. 3B)with cytochalasin D, which depolymerizes filamentous actin,
Remarkably, this effect was specific for Nek2 sincedP®as  produced no significant effect on centrosome cohesion (Fig.
unable to efficiently counteract the centrosome splittingbA). None of these drugs was able to reduce the extent of
produced by Cdk2 complexes (Fig. 3B). These results provideentrosome splitting caused by active Nek2 (Fig. 5B),
direct support for the hypothesis that BRIhd Nek2 regulate demonstrating that the persistence of split centrosomes does
centrosome cohesion by counteracting each other (Helps et algt require an intact cytoskeleton (Mayor et al., 2000).
2000). They are also consistent with the conclusion that Nekidterestingly, the combined action of Nek2 and nocodazole
and Cdk2/cyclin complexes produce centrosome splittingncreased the percentage of cells bearing split centrosomes to

through distinct pathways. about 85% (Fig. 5B), indicating that Nek2-dependent
o phosphorylation and MT-depolymerizing drugs produce a
Centrosome splitting and the cytoskeleton cumulative effect.

Because centrosome splitting can be induced by nocodazole,Having shown that Nek2-induced centrosome splitting is not
an MT-destabilizing drug, one could argue that kinases suchconsequence of MT destabilization, we asked the reciprocal
as Nek2 might promote centrosome splitting via modulatiomuestion: could it be that the drug-induced disruption of
of centrosome-MT interactions. To assess the capacity ®fiITs induces centrosome splitting by altering centrosome-
centrosomes to nucleate and retain MTs after being split bgssociated kinase and/or phosphatase activities? To explore
Nek2, we therefore performed MT regrowth assays on NekZhis possibility, we first analyzed centrosome splitting after
transfected cells. We found that both products of a splitombined treatment of cells with nocodazole and staurosporine
centrosome were able to nucleate MTs to a similar extent (Figr 6-dimethylaminopurine (6-DMAP), two broad-specificity
4). Moreover, the overall appearance of radial MT arrays waishibitors of serine/threonine kinases. We found that the
very similar in untransfected cells and in Nek2-tranfected celladdition of either inhibitor almost completely eliminated the
with either paired or split centrosomes (Fig. 4; and data natocodazole-induced centrosome splitting, although it did not
shown). This indicates that Nek2 affects centrosome cohesionterfere with MT depolymerization (Fig. 6A,B; and data not
by a mechanism that does not bear on the ability o$hown). These results imply that MT depolymerisation per se
centrosomes to either nucleate or bind MTs. is not sufficient to trigger centrosome splitting. In support
We next examined whether the cytoskeleton was requiredf this conclusion, we emphasize that cold-induced MT
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Fig. 6. Nocodazole-induced centrosome splitting depends on protein kinase activity. (A,B) U20S cells either treated for 1 hour with
nocodazole, either alone or in combination with staurosporineyB)@r 6-DMAP (2.5 mM), before centrosome splitting was analyzed.
Alternatively, MT disassembly was induced by incubating cells for 1 hour on ice. As assessed by immunofluorescent stainiiipdiih
against-tubulin, all treatments caused complete disassembly of MTs (not shown). (A) Histogram indicating the percentages ofpétls with
centrosomes; (By-tubulin stained centrosomes, illustrating the suppression of nocodazole-induced centrosome splitting by staurosporine. Bar,
10um. (C,D) U20S cells were transfected for 24 hours with catalytically inactive mutants of the kinases indicated, and 1 toofixatran

they were treated with nocodazole. For control, untransfected cells were treated with nocodazole alone or with nocodtamaiesploisne.

Then, all samples were scored for centrosome splitting (C)~(julin stained centrosomes, illustrating the suppression of nocodazole-

induced centrosome splitting by the catalytically inactive Nek2 K37R mutant. Bam10

depolymerization did not trigger centrosome splitting (Fig.DISCUSSION

6A,B). Instead, even the nocodazole-induced centrosome

splitting requires the activity of a staurosporine/6-DMAP-The present study was aimed at exploring the mechanisms

responsive kinase. regulating centrosome cohesion and separation during the cell
This provocative finding prompted us to test whethercycle. In particular, we have investigated the relative

overexpression of catalytically inactive (i.e. dominant-contribution of protein phosphorylation and cytoskeletal

negative) mutants of selected protein kinases could mimic thdynamics to the control of centrosome behavior. Our results

effects of staurosporine and similarly inhibit nocodazoledead us to conclude that cohesion between parental centrioles

induced centrosome splitting. U20S cells were transfecteid regulated primarily through a balance of protein kinase and

with kinase mutant constructs and 23 hours later centrosonplosphatase activities. The available evidence identifies the

splitting was induced by a 1 hour treatment with nocodazoleentrosome-associated kinase Nek2 and the phosphatase PP1

As shown in Fig. 6C,D, the catalytically inactive Nek2 K37Ras particularly important regulators of centrosome dynamics.

was able to block nocodazole-induced centrosome splitting fvith C-Napl, one critical substrate of these enzymes has been

an extent similar to that of staurosporine. None of the othedentified (Fry et al., 1998b; Mayor et al., 2000; Helps et al.,

kinase mutants analyzed showed such an effect (Fig. 6CG000), but the precise molecular nature of a purported

although all kinases were expressed to comparable levels (datntriolar linker remains to be uncovered.

not shown). Taken together, these results strongly support the

view that centrosome cohesion is regulated through proteify survey of kinases for their ability to trigger

phosphorylation, and they point to Nek2 as a major regulati€ntrosome splitting

of this process. Focusing mainly on protein kinases that have previously been
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Napl (or any other substrate) may result from either the
activation of a kinase or the inhibition of a phosphatase. Thus,
the disruption of a centrosomal linker might be triggered by
either the activation of a kinase or the inhibition of a
phosphatase (or both). Because the onset of centrosome
separation in @is not accompanied by a detectable increase
in Nek2 activity, we had previously proposed that Nek2 activity
could be opposed by a centrosome-associated phosphatase
until shortly before mitosis (Fry et al., 1998a). This view
received strong support from the recent identification of a
complex comprising PR, Nek2 and C-Napl (Helps et al.,
2000). In a series of careful in vitro experiments, Cohen and
co-workers showed that P&1s able to suppress Nek2 activity
as well as to dephosphorylate C-Napl. As ®@Ritalizes to
Destabilizatio the centrosome (Andreassen et al., 1998) and is know to be
T inhibited at the onset of mitosis (Puntoni and Villa-Moruzzi,

1997), this phosphatase appears to constitute a prime candidate
for opposing Nek2. Our finding that RiP&an suppress Nek2-
induced centrosome splitting, but cannot counteract Cdk2-
Nek2 cyclin complexes, strongly supports this conclusion. The

. . . I . importance of phosphatases in regulating centrosome cohesion
Fig. 7. A model illustrating the contribution of MT dynamics to the is further demonstrated by the fact that centrosome splitting

regulation of centrosome cohesion. We propose that parental S ;
centrioles are held together by a flexible proteinaceous linker whose 2N be caused by phosphatase inhibitors even in the absence of

assembly and disassembly is controlled by phosphorylation. If soméX0genous Nek2. Thus, centrosome cohesion appears to be
of the regulatory kinases and/or phosphatases display affinity for reglul'a}ted by a balance of centrosomal kinase and phosphatase
MTs, their relative concentrations at the centrosome will depend on @ctivities.
the MT dynamics typical of an intact MT network (particularly a
constant flux of tubulin subunits towards the centrosome-associatedOn the role of microtubules in centrosome cohesion
MT minus ends). Whereas phosphatase activity will tend to stabilize|n a final series of experiments, we have further examined the
the linker, any excess of kinase activity will cause its disruption. role of the cytoskeleton, particularly the MT network, in
modulating centrosome cohesion. We could confirm that the
implicated in the regulation of centrosome function, we hav@ocodazole-induced depolymerization of MTs causes
asked whether Nek2 is unique in its ability to splitcentrosome splitting (Jean et al., 1999). Most interestingly,
centrosomes. Our survey has clearly shown that this is not th@wever, we discovered that inhibitors of protein kinases block
case. However, of the six kinases tested, only Cdk2 was &ése centrosomal response to microtubule disruption. This
efficient in triggering centrosome splitting as Nek2. Cdk2 isunexpected finding indicates that even the centrosome splitting
known to be required for centrosome duplication during Snduced by nocodazole requires a phosphorylation event.
phase (Hinchcliffe et al., 1999; Lacey et al., 1999; MatsumotiMoreover, Nek2 appears to be particularly critical in this
et al., 1999; Meraldi et al., 1999), and it plausible that transiemirocess because a dominant-negative mutant of Nek2 could
centriole separation represents a precondition for procentrioteimic the effects of staurosporine and 6-DMAP. This result
formation (Lacey et al., 1999). We have also examined whethstrengthens the view that Nek2 represents a prominent
Cdk2 and Nek2 function in a common pathway. Our resultsegulator of centrosome cohesion. Our favorite interpretation
indicate that the two kinases most probably induce centrosonoé the available data is that MT-depolymerization disrupts
splitting through independent routes, although it remaingsentrosome cohesion by causing an imbalance in the activities
possible that they act on common substrates. With C-Nap1, oné centrosome-associated kinases and phosphatases (Fig. 7).
likely centrosomal substrate of Nek2 has been characteriz&this model is based on the fact that the steady-state
(Fry et al., 1998b), but other relevant substrates probably awaibncentration at the centrosome of any protein with affinity for
identification. Likewise, the list of kinases acting at theMTs will depend on a constant flux of MT subunits towards
centrosome will almost certainly grow (Fry et al., 2000b;the centrosome-associated MT minus ends. Thus, the MT
Mayor et al., 1999). Indeed, recent studies point to a role ofetwork is expected to determine not only the local
centrin phosphorylation, by protein kinase A (PKA) andconcentration of PCM components, but also that of kinases and
perhaps other kinases, in the regulation of centrosome splittighosphatases that are critical for centrosome structure. When
(Lutz et al., 2001). In view of the striking centrosomalMTs are disrupted, the activities of kinases (e.g. Nek2)
responses to mitogenic and chemotactic stimulation (Schliwapparently prevail over those of phosphatases (e.gx)Rt
etal., 1982; Schliwa et al., 1983; Sherline and Mascardo, 1982entrosome splitting ensues. According to this model, the
Sherline and Mascardo, 1984), it will be of particular interesbalance of centrosome-associated kinase and phosphatase
to examine kinases involved in the corresponding signalingctivities thus constitutes a major mechanism for determining
pathways. centrosome dynamics during the cell cycle.
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