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Roles of Polo-like Kinase 1 in the Assembly
of Functional Mitotic Spindles

ochore interactions and to silence the spindle check-
point.
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Sister chromatid separation and the subsequent forma-1030 Vienna
tion of two genetically identical daughter cells dependAustria
on the symmetrical attachment of all chromosomes to2 Centro de Investigaciones Biológicas
the mitotic spindle, a process called chromosome bior-Consejo Superior de Investigaciones Cientı́ficas
ientation. The assembly of bipolar spindles is precededRamiro de Maeztu, 9
by the movement of centrosomes toward opposite poles28040 Madrid
of the cell, where these structures function as nucleationSpain
sites for microtubule polymerization. In prometaphase,3 European Molecular Biology Laboratory
microtubules emanating from the spindle poles establishMeyerhofstrasse 1
contacts with kinetochores on chromosomes through a69117 Heidelberg
stochastic “search and capture” mechanism [1]. TheGermany
binding of microtubules to kinetochores is reversible as
long as physical tension at the kinetochore is low. Once
both sister kinetochores of one chromosome have beenSummary
captured by microtubules from opposite spindle poles
(amphitelic attachments), spindle pulling forces gener-Background: The stable association of chromosomes
ate tension across sister kinetochores, and this tensionwith both poles of the mitotic spindle (biorientation) de-
is thought to stabilize the microtubule-kinetochore inter-pends on spindle pulling forces. These forces create
actions [2, 3]. The stabilization of microtubule-kineto-tension across sister kinetochores and are thought to
chore interactions allows the kinetochore to becomestabilize microtubule-kinetochore interactions and to si-
eventually fully occupied with microtubules in the caselence the spindle checkpoint. Polo-like kinase 1 (Plk1)
of mammalian cells with a total of 15–30 microtubuleshas been implicated in regulating centrosome matura-
per kinetochore (reviewed in [4]).tion, mitotic entry, sister chromatid cohesion, the ana-

Sister chromatid separation in anaphase is initiatedphase-promoting complex/cyclosome (APC/C), and cy-
only once all chromosomes have been attached to bothtokinesis, but it is unknown if Plk1 controls chromosome
poles of the spindle with a full complement of microtu-biorientation.
bules [5, 6]. Before this metaphase stage has beenResults: We have analyzed Plk1 functions in synchro-
reached, anaphase initiation is inhibited by the spindlenized mammalian cells by RNA interference (RNAi). Plk1-
checkpoint, a surveillance mechanism that monitors thedepleted cells enter mitosis after a short delay, accumu-
presence of kinetochores that are not fully occupiedlate in a preanaphase state, and subsequently often
with microtubules (reviewed by [7]). At such kineto-die by apoptosis. Spindles in Plk1-depleted cells lack
chores, Mad2 and possibly other checkpoint proteinsfocused poles and are not associated with centrosomes.
are activated [8]. These proteins inhibit the anaphase-Chromosomes attach to these spindles, but the check-
promoting complex/cyclosome (APC/C), a ubiquitin li-point proteins Mad2, BubR1, and CENP-E are enriched
gase that initiates anaphase by mediating the destruc-at many kinetochores. When Plk1-depleted cells are
tion of the separase inhibitor securin and of B typetreated with the Aurora B inhibitor Hesperadin, which
cyclins, the activating subunits of cyclin-dependent ki-silences the spindle checkpoint by stabilizing microtubule-
nase 1 (Cdk1). Once activated, the protease separasekinetochore interactions, cells degrade APC/C substrates
enables sister chromatid separation by cleaving the Scc1and exit mitosis without chromosome segregation and
subunit of cohesin, a protein complex that mediates cohe-cytokinesis. Experiments with monopolar spindles that
sion between sister chromatids (reviewed by [9]).are induced by the kinesin inhibitor Monastrol indicate

Several mitosis-specific protein kinases have beenthat Plk1 is required for the assembly of spindles that
implicated in bipolar spindle assembly and chromosomeare able to generate poleward pulling forces.
biorientation. For example, Cdk1 is known to phosphor-Conclusions: Our results imply that Plk1 is not essential
ylate Eg5, a kinesin that is required for the migration offor mitotic entry and APC/C activation but is required for
centrosomes and is thus needed for the formation of bipo-proper spindle assembly and function. In Plk1-depleted
lar spindles [10, 11]. Eg5 phosphorylation is required forcells spindles may not be able to create enough tension
its recruitment to centrosomes [10]. Cdk1 may thereforeacross sister kinetochores to stabilize microtubule-kinet-
control the onset of centrosome migration by phosphor-
ylating Eg5. Another kinase, called Aurora B, is essential

*Correspondence: peters@imp.univie.ac.at
for proper chromosome biorientation (reviewed by [12]).4These authors contributed equally to this work.
During spindle assembly, chromosomes can not only5Present address: Institute of Biochemistry, Eidgenoessische Tech-

nische Hochschule, Hoenggerberg, Zuerich, Switzerland. become attached to opposite spindle poles, but occa-
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Figure 1. Plk1 Depletion Delays Entry into Mitosis and Progression through Prometaphase

(A–D) HeLa cells were synchronized at the G1/S transition by double thymidine treatment. Transfection mixtures without (control RNAi) or
with Plk1 siRNAs (Plk1 RNAi) were added to the cells for 4 hr, beginning at the time of second thymidine addition. Cells were collected at the
indicated time points after the second thymidine release. (A) Cells were analyzed by chromosome spreading and Giemsa staining, and the
frequency of mitotic and apoptotic cells was calculated. (B) Cell lysates were generated and analyzed by immunoblotting with antibodies to
the proteins indicated. For histone H3 phosphorylated on Ser10 (P-H3), short and long exposures (exp.) are shown. Cyclin A is indicated by
an arrow. The slower migrating band in the same blot is a crossreacting protein. (C) Cells were fixed, stained with propidium iodide, and DNA
content was analyzed by flow cytometry. (D) Cyclin B1 nulcear uptake in Plk1-depleted cells. Synchronized cells transfected either with control
or Plk1 siRNA were fixed and immunostained with phopho-Apc1 (red) and cyclin B1 (green), and DNA was couterstained with DAPI (blue).
Late prophase cells were defined by nuclear phospho-Apc1 staining [26], and scored for nuclear cyclin B staining. Scale bar, 10 �m.
(E) Time-lapse imaging of cells transfected with control (a) or Plk1 (b) siRNA mixtures. Logarithmically proliferating HeLa cells expressing
EGFP-tagged histone H2B were filmed for 13 hr, beginning 28 hr after transfection. Projections of 3D image stacks of EGFP were overlaid
on transmission light images. Time is indicated in hrs and minutes (h:min). (c) Quantification of the 13 hr time-lapse experiment. No., number;
t � 0, start of filming.

sionally both sister kinetochores are also captured by tension [14, 15], possibly because Aurora B’s correction
function leads to the formation of partly unattached ki-microtubules emanating from the same pole. Such syn-

telic states are corrected by an Aurora B-dependent netochores at which Mad2 can be activated [14].
A third kinase that is required for bipolar spindle as-mechanism [13, 14]. Aurora B is also required for spindle

checkpoint signaling at kinetochores that are not under sembly is Polo. Mutation of Polo in Drosophila leads to



Current Biology
1714

the accumulation of cells that contain monopolar spin-
dles, spindles with broad poles, or multipolar spindles
[16, 17]. Inactivation of Polo orthologs in fission yeast
and human cells also results in the formation of monopo-
lar spindles [18, 19]. These spindle abnormalities might
be caused by centrosomal defects, because inactivation
of Polo or its orthologs leads to failures in centrosome
maturation and migration [16, 17, 19]. In Drosophila,
Polo phosphorylates the Asp protein, which is required
for the recruitment of �-tubulin to centrosomes and for
the formation of spindles with focused poles [20]. �-tubu-
lin is part of a complex that is required for nucleating
microtubules at centrosomes [21]. In human cells, Polo-
like kinase 1 (Plk1) is also required for the association
of �-tubulin with centrosomes [19], and in both species,
the kinase itself is enriched at centrosomes (reviewed
in [22]).

Inactivation of Polo or its orthologs also results in
other phenotypes besides defects in spindle assembly,
presumably reflecting the existence of numerous critical
kinase substrates. In vertebrates, Plk1 has been found
to be required for entry into mitosis, for the dissociation
of cohesin complexes from chromosomes, for activation
of the APC/C, and for cytokinesis (reviewed in [22]).
Consistent with having multiple functions, Plk1 is not
only enriched at centrosomes but is also found at kineto-
chores, the midspindle, and dispersed throughout the
nucleocytoplasmic space of mitotic cells [22].

Here, we have systematically analyzed early mitotic
functions of Plk1 in synchronized mammalian cells by
using RNA interference (RNAi). Our data imply that Plk1
is required for the formation of spindles that are able to
generate proper poleward pulling forces. In the absence
of Plk1, spindles seem unable to create the tension
across sister kinetochores that is needed to stabilize
microtubule-kinetochore interactions. As a result, chro-
mosomes do not become stably attached to the spindle,
and cells arrest due to activation of the spindle check-
point. Our results further indicate that normal Plk1 levels
are not essential for mitotic entry and for activation of
the APC/C.

Results and Discussion

Plk1 Depletion Delays Entry Into Mitosis
The Xenopus ortholog of Polo kinase, Plx1, is required
for mitotic entry [23, 24], but mutation of Polo in Dro-
sophila [16] or of Polo-like kinases in yeasts (reviewed

Cells were costained with antibodies to centrin (green) and �-tubulin
(red). DNA was conterstained with DAPI (blue). Examples of a spindle

Figure 2. Spindle Defects in Plk1-Depleted Cells in polar view (upper right), a monopolar spindle in side-on view
HeLa cells were synchronized and transfected as in Figures 1A–1D, (lower left) and a bipolar spindle in side-on view (lower right) are
collected 13 hr after the release from the second thymidine block, shown. Additional examples of Plk1 RNAi cells are shown in the
and processed for immunofluorescence microscopy. Repesentative Supplemental Figure S2B.
pictures of cells transfected with control or Plk1 siRNA are shown (C) Plk1 is required for �-tubulin recruitment to centrosomes. Cells
as indicated. Bars indicate 10 �m. were costained with antibodies to �-tubulin and �-tubulin. Note
(A) Spindles in Plk1 RNAi cells lack spindle poles. Cells were stained that �-tubulin levels are unchanged in Plk1 RNAi cells (Figure 1B),
with Smc2 antibodies (green) to probe chromosome axes, together indicating that loss of �-tubulin from centrosomes is due to delocal-
with �-tubulin antibodies (red). Note that focused spindle poles ization and not to destruction of the protein.
indicated by arrows are seen in control cells, but not in Plk1 RNAi (D) NuMA enrichment at spindle poles is not abolished by Plk1
cells. depletion. Cells were stained with antibodies to �-tubulin (green)
(B) Plk1 depletion causes the formation of acentrosomal spindles. and to NuMA (red).
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Table 1. Quantification of Spindle Phenotypes in Control and Plk1-Depleted Cells

Spindle Morphology Control RNAi Plk1 RNAi

Side-on view Bipolar Focused 62% 1%
Unfocused 4.5% 36%

Monopolar Focused 2% 0%
Unfocused 0% 18%

Multipolar Focused 2.9% 0%
Unfocused 0% 0%

Polar view Focused 27% 2%
Unfocused 0.4% 43%

500 control and 500 Plk1 RNAi cells were analyzed.

in [22]) leads to accumulation of cells in mitosis. Injection implies that in somatic human cells normal Plk1 levels
are not absolutely essential for these processes. In con-of Plk1 antibodies causes human HeLa cells to accumu-

late in mitosis, whereas Plk1 antibodies prevent mitotic trast to Toyoshima-Morimoto et al., (2001) [27], Jackman
et al. (2003) have reported that overexpression of consti-entry in nonimmortalized fibroblasts [19]. To further in-

vestigate if Plk1 is required for mitotic entry in human tutively active Plk1 does not accelerate the nuclear up-
take of cyclin B [30]. The latter findings and our resultscells, we used siRNA transfection to inhibit Plk1 expres-

sion in HeLa cells that were synchronized in S phase by together imply that Plk1 is neither required nor sufficient
for translocation of cyclin B1 into the nucleus.double thymidine treatment. Because Plk1 is degraded

during mitotic exit [25] once the transfected cells are
released from the S phase arrest, this method allows Plk1 Depletion Causes a Prometaphase Arrest

To analyze how Plk1 depletion affects progressionthe depletion of almost all Plk1 molecules that are de-
tectable by immunoblotting (Figure 1B) and immunofluo- through mitosis, we depleted Plk1 from logarithmically

proliferating HeLa cells stably expressing an EGFP-rescence microscopy [26]. We then analyzed progres-
sion from S phase throughout the subsequent mitosis tagged version of histone H2B [31] and filmed them by

time-lapse video microscopy (Figure 1E). 28 hr afterin the absence of Plk1 (Figures 1A–1E). Quantitative
analysis by chromosome spreading and Giemsa staining control transfection, 2% (2/131) of all cells were in mito-

sis, and 17% of all cells (22/131) entered mitosis duringindicated that Plk1 RNAi cells entered mitosis 2–4 hr
later than control cells, and either remained in mitosis the subsequent 13 hr observation period. All mitotic cells

(24/24) entered anaphase and completed cytokinesisuntil the end of the experiment (24 hr) or entered a state
with highly condensed and fragmented chromatin that normally (Figures 1Ea and 1Ec; Movie 1). In contrast,

62% (59/95) of Plk1 RNAi cells were in a prometaphase-resembled apoptosis. In contrast, control transfected
cells entered G1 between 16 and 18 hr (Figure 1A). FACS like state 28 hr after transfection; i.e., they had failed to

form normal metaphase plates, further supporting thatanalysis of DNA content confirmed that the bulk of Plk1-
depleted cells failed to complete cell division (Figure Plk1 depletion causes a mitotic arrest. 22% of all cells

(21/95) entered mitotis during the subsequent 13 hr (Fig-1C). Plk1 has been reported to be required for nuclear
uptake of cyclin B-Cdk1 [27], but immunofluorescence ures 1Eb and 1Ec; Movie 2). Only 3.8% of all mitotic

Plk1 RNAi cells (3/80) entered anaphase, 16% (13/80)microscopy showed that all late prophase cells, identi-
fied by staining of intact nuclei with antibodies to a underwent apoptosis, and the remaining cells main-

tained a prometaphase-like morphology. Prometaphasephosphoepitope on the APC/C subunit Apc1, contained
cyclin B, independent of whether Plk1 had been depleted delay was also observed when Plk1 was depleted from

cultured rat NRK cells (Supplemental Figure S1). These(63/63) or not (46/46; Figure 1D). Immunoblot analyses
revealed that cyclin B, securin, and phosphorylated forms results indicate that Plk1 is required for chromosome

congression and subsequent anaphase initiation. Plk1of histone H3 and the APC/C subunit Cdc27 accumu-
lated in Plk1 RNAi cells, further supporting the notion may also be required for the completion of cytokinesis

(Supplemental Figure S1; [32]), but in our experimentsthat many of these cells accumulated in a mitotic state
(Figure 1B). Cleavage products of the enzyme poly-ADP we were not able to distinguish if the cytokinetic defects

were a direct effect of Plk1 depletion or an indirect con-ribose polymerase (PARP) were also seen (Figure 1B),
consistent with the apoptotic appearance of many cells sequence of chromosome segregation defects.
in the chromosome spreads (Figure 1A). Apoptosis in
Plk1 RNAi cells has also been reported by Liu and Erik- Plk1 Is Required for the Formation of Focused

Spindle Poles that Are Associatedson [28].
Mitotic entry of vertebrate cells depends on activation with Centrosomes

Because abnormal spindles are observed in Drosophilaof Cdk1 by the phosphatase Cdc25C and on nuclear
uptake of cyclin B-Cdk1 (reviewed in [29]). Both events polo mutants [16, 17] and in human cells injected with

Plk1 antibodies [19], we analyzed by immunofluores-are thought to depend on Plx1/Plk1 [23, 24, 27]. Our
data are consistent with this notion insofar as Plk1 RNAi cence microscopy if spindle defects could be responsi-

ble for the prometaphase delay in Plk1 RNAi cells. Incells show a significant delay in mitotic entry. However,
the observation that most Plk1-depleted cells eventually 66.5% of control HeLa cells, bipolar spindles could be

seen in side-on views, and most of these containedenter mitosis and translocate cyclin B into the nucleus
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Figure 3. Plk1 Depletion Activates the Spin-
dle Checkpoint

(A) Localization of Mad2 at kinetochores. HeLa
cells transfected with either control or Plk1
siRNAi as in Figures 1A–1D were costained
with antibodies to kinetochores (CREST; green
in upper panel), �-tubulin (red in upper panel),
and Mad2 (lower panel). DNA was counter-
stained with DAPI (blue in upper panel). The
control cells shown are in prometaphase (left)
and metaphase (right). In the Plk1 RNAi cells
spindles are seen in polar (left) and side-on
views (right). Size bar 10 �m.
(B–D) Hesperadin treatment causes mitotic
exit in Plk1 RNAi cells. Plk1 RNAi cells were
obtained as in Figures 1A–1D. 100 nM Hesper-
adin was added 13 hr after the second thymi-
dine release. (B and C) At the indicated time
points after Hesperadin addition, cells were
fixed with paraformaldehyde and analyzed by
immunofluorescence through antibodies to a
mitosis-specific phosphosite on the APC/C
subunit Apc1 (pApc1) and to cyclin B. DNA
was stained with DAPI. (B) shows representa-
tive images of cells with high (�), weak (�/�)
or no (�) cyclin B (cyc B) staining and a multi-
nucleated cell (indicated by an arrow). (C) Sta-
tistics of the same experiment as in (B). Be-
tween 56 and 91 cells were counted for each
time point. (D) Cell lysates were generated
at the indicated time points after Hesperadin
addition and analyzed by immunoblotting
with the indicated antibodies. Uncleaved sep-
arase is indicated by a star, and separase and
Scc1-myc cleavage products are indicated
by arrows. The form of histone H3 that is
phosphorylated on Ser10 (P-H3) disappears
more rapidly after Hesperadin addition than
cyclin B, securin, and the slowly migrating
phosphorylated form of Cdc27 because Hes-
peradin inhibits Aurora B, which is required
for H3-Ser10 phosphorylation [14]. The data
in (B and C) and (D) are from separate experi-
ments.

clearly focused spindle poles. In contrast, only 37% of in Plk1 RNAi cells compared to 27.4% in control cells;
Figure 2B, upper right). In the latter case we could notPlk1 RNAi cells contained bipolar spindles in side-on

views, and almost all of these (97%) were lacking fo- unequivocally determine the frequency of monopolar
versus bipolar spindles due to the orientation of thecused poles (Figures 2A–2D, Table 1). We also observed

high frequencies of monopolar spindles that could be spindle axes. However, both in side-on views of mono-
polar spindles and in polar views it was apparent thatseen in side-on views in Plk1 RNAi cells (18% compared

to 2% in control cells; Figure 2B, lower left) and of spin- almost all Plk1 RNAi cells were lacking focused spindle
poles.dles whose axes were oriented perpendicular to the

plane of the culture dish, resulting in polar views (45% In a few Plk1-depleted cells, staining with �-tubulin
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Figure 4. Chromosomes Do Not Attach
Properly to Monopolar Spindles in Plk1 RNAi
Cells

HeLa control (A–C) and Plk1 RNAi cells (A�–C�)
were synchronized in S phase by thymidine
treatment and released for 13 hr from the
thymidine block in the presence of 100 �M
Monastrol. (A–B�) Cells were processed for
immunofluorescence microscopy as in Figure
2 and were stained with CREST antibodies (A
and A�) or were costained with antibodies to
centrin (green) and �-tubulin (red; B, B�). DNA
was counterstained with DAPI (blue). The
arrows in (B�) indicate chromosomes that
show a straight appearance. Scale bar, 10
�m. (C and C�) Cells were analyzed by chro-
mosome spreading and Giemsa staining.

antibodies revealed rosette-like structures in the cell that represent the two pairs of centrioles. Plk1 RNAi
cells also contained two centriole pairs that in mostperiphery that looked like spindle poles that were de-

tached from the mitotic spindle (Figure 2B, lower right, cases were separated from each other, but often these
seemed to be randomly distributed in the area of theSupplemental Figure S2), but in most cases astral micro-

tubules could not be seen. We therefore analyzed cen- spindle or even outside of it (Figure 2B). �-tubulin could
not be detected at centrosomes in Plk1 RNAi cells (Fig-trosomes in Plk1 RNAi cells by staining with antibodies

to centrin and �-tubulin, proteins that are part of centri- ure 3C), confirming earlier observations [19, 34]. Disrup-
tion of dynein/dynactin-dependent transport of the NuMAoles and the pericentriolar material, respectively [33].

In control cells both centrin and �-tubulin antibodies protein to minus ends of microtubules causes spindle
pole defects similar to those seen after Plk1 depletionstained centrosomes that formed the center of spindle

poles. Centrin antibodies often stained two double dots [35]. However, NuMA was also enriched at spindle poles



Current Biology
1718

Figure 5. Impaired Kinetochore-Microtubule Attachment in Plk1-Depleted Cells

(A) Cells were treated as in Figure 4 and were costained with CREST sera and CENP-E antibodies. The boxes indicate areas that have been
magnified in the insert in the upper right corner. The position of sister kinetochores is indicated by arrow pairs.
(B) Statistics of Mad2, BubR1, and CENP-E staining at kinetochores. Staining patterns were grouped into the following categories: weak or
undetectable staining at both sister kinetochores, one of both sister kinetochores clearly positive, or both sister kinetochores clearly positive.
Examples of the two last categories are shown for CENP-E staining in the inserts in (A). Examples of Mad2 and BubR1 staining are shown in
Supplemental Figure S6. At least 10 cells and 210 kinetochore pairs were analyzed in each experiment.
(C) Plk1 is required for stable kinetochore microtubule attachment. Monastrol-treated cells in which Plk1 had either been depleted or not
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in Plk1 RNAi cells (Figure 2D), suggesting that defects Plk1 depletion activates the spindle checkpoint and
thereby prevents cyclin B and securin degradation. Toin NuMA localization are not responsible for the spindle

pole defects in Plk1-depleted cells. distinguish between these possibilities we treated Plk1
RNAi cells with the small molecule Hesperadin, whichThese results indicate that Plk1 is required for the

stable association of centrosomes with spindle microtu- silences the spindle checkpoint by inhibiting the activity
of the Aurora B kinase [14]. If Plk1 depletion preventedbules, possibly because �-tubulin recruitment depends

on Plk1. Bipolar spindles can also form in the absence cyclin B and securin destruction by activation of the
spindle checkpoint, Hesperadin treatment should pro-of centrosomes by microtubules that are nucleated in

the vicinity of chromosomes ([36]; reviewed in [37]). It mote the degradation of these proteins and lead to mi-
totic exit. Hesperadin treatment caused cyclin B andis therefore possible that the acentrosomal spindles in

Plk1-depleted cells were formed predominantly by mi- securin degradation in Plk1 RNAi cells as judged by
immunofluorescence microscopy and immunoblottingcrotubules nucleated at chromosomes.
(Figures 3B–3D), and time-lapse video microscopy re-
vealed that these cells exited mitosis without anaphasePlk1 Depletion Activates the Spindle Checkpoint
and cytokinesis, resulting in the formation of reconstitu-Defects in spindle assembly can activate the spindle
tion nuclei (Supplemental Figure S3). Processes thatcheckpoint, which inhibits the ability of the APC/C to
are normally seen in cells initiating anaphase, such asinitiate anaphase (reviewed in [9]). In Drosophila, some
separase and cohesin cleavage [43] and relocation ofpolo mutants cause activation of the spindle checkpoint
the motor protein CENP-E from kinetochores to spindle[34], and overexpression of a Plk1 mutant activates the
microtubules [44], could also be observed under thesespindle checkpoint in human cells [38], but it is not
conditions (Figure 3D; Supplemental Figure S4). Theseknown how Plk1 defects cause checkpoint activation.
observations imply that Plk1 depletion delays anaphaseTo address if the prometaphase delay caused by Plk1
entry primarily by activating the spindle checkpoint.depletion in our experiments is also due to activation

of the spindle checkpoint, we analyzed the presence of
Mad2 at kinetochores. Mad2 is only enriched at kineto- Plk1 May Be Required for the Generation of Spindle

Pulling Forces that Stabilize Microtubule-Kinetochorechores that are either not attached to the spindle or that
are not fully occupied by microtubules [8], whereas full Interactions by Creating Tension

Chromosome movements could be seen in cells de-occupation of kinetochores with microtubules leads to
loss of Mad2 from the kinetochore and checkpoint si- pleted of Plk1 (Figure 1Eb; Supplemental Figure S1;

Movie 2), chromosomes had in most cases congressedlencing ([39] and references therein). In control cells we
observed that Mad2 was enriched on numerous kineto- to the equatorial plane in Plk1 RNAi cells containing

bipolar spindles (Figure 2), and chromosomes appearedchores in prometaphase, but not in metaphase (Figure
3A). However, in 98.5% (68/69) of mitotic Plk1 RNAi cells to be attached to microtubules in monopolar spindles

(Figure 2B, upper right). These observations indicatemany kinetochores contained Mad2, even in cells that
had a metaphase-like appearance because bipolar spin- that kinetochore-microtubule attachments can be formed

in the absence of normal Plk1 levels. This interpretationdles had formed and chromosomes had congressed to
the equatorial plane (Figure 3A). The failure of many Plk1 is also consistent with our observation that Hesperadin

treatment of Plk1-depleted cells causes rapid exit fromRNAi cells to enter anaphase may therefore be caused
by activation of the spindle checkpoint. mitosis, because we observed previously that Hespera-

din causes rapid silencing of the spindle checkpointIt has been reported that Plk1 can phosphorylate and
activate the APC/C in vitro [40, 41] and is required for only in cells in which microtubule-kinetochore interac-

tions can be formed [14]. Mad2 was nevertheless en-destruction of the APC/C inhibitor Emi1 [42], raising the
alternative possibility that loss of Plk1 causes anaphase riched on many kinetochores in Plk1 RNAi cells (Figure

3A), indicating that kinetochores were not bound to adelays by preventing APC/C activation. However, we
have recently found that degradation of the APC/C sub- full complement of microtubules [8, 39]. We also ob-

served that most Plk1 RNAi cells contained chromo-strate cyclin A is initiated without delay in Plk1 RNAi
cells, indicating that Plk1 is not essential for APC/C’s somes whose sister kinetochores contained unequal

amounts of CENP-E (Supplemental Figure S5). The lev-ability to ubiquitinate cyclin A [26]. In contrast, cyclin B
and securin are not degraded in Plk1 RNAi cells (Figure els of CENP-E at kinetochores decrease in metaphase

when kinetochores acquire their full complement of mi-1B; [26]), suggesting that Plk1 is either required for
APC/C’s ability to ubiquitinate these substrates or that crotubules [45]. The asymmetric CENP-E staining, there-

were preextracted in the absence or presence of 100 �M calcium ions to depolymerize microtubules that were not attached to kinetochores
and processed for immunoflorescence microscopy. Cells were stained with antibodies to �-tubulin (green) and with CREST sera (red). DNA
was stained with DAPI (blue). 50 mitotic cells from each sample were examined for the presence or absence of thick or thin kinetochore
microtubule bundles (KT fibers). The right panels show higher magnifications of the boxed regions in the middle panels.
(D) Taxol treatment phenocopies the Plk1 depletion. Cells were synchronized by double thymidine treatment, and Monastrol was added 7 hr
after the release from the second thymidine block. At 10.5 hr from the release, cells were treated either with 1 �M taxol (left panels) or an
equivalent volume of DMSO (middle panels) for 30 min, followed by immunofluorescent analysis as indicated. In parallel, synchronous Plk1
RNAi cells were treated with Monastrol (right panels). Note that typical V shaped chromosomes are seen in the control, whereas straight
chromosomes are seen after both taxol treatment and Plk1 RNAi. Although the overall shape of chromosomes is similar after the latter two
treatments, sister chromatids are less resolved in the absence of Plk1 [52].
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fore, also implies that many kinetochores in Plk1 RNAi away from the pole. To test this hypothesis we com-
pared the effects of Plk1 depletion with the effects of thecells were not fully occupied with microtubules.

We next investigated if kinetochore attachment de- microtubule-stabilizing compound Taxol in Monastrol-
treated cells. Taxol inhibits the generation of spindlefects in Plk1-depleted cells might be caused by abnor-

malities in spindle forces. In these experiments we ana- pulling forces and prevents the stabilization of kineto-
chore attachments [8], possibly because microtubuleslyzed chromosome behavior in cells that were treated

with the Eg5 inhibitor Monastrol [11], because in these are detached in an Aurora B-dependent manner from
kinetochores that are not under tension [14]. Like Plk1cells the presence of spindle forces can be easily in-

ferred from the position and shape of chromosomes. depletion, Taxol treatment resulted in a more peripheral
location of chromosomes in Monastrol-treated cells,Eg5 inhibition leads to the formation of monopolar spin-

dles [10, 11] in which chromosomes are typically posi- and chromosomes had a straight appearance instead of
a V shape (Figure 5D). These observations are consistenttioned in a rosette-like arrangement that is thought to

be the result of opposing spindle forces. A polar ejection with the idea that reduced microtubule occupancy of
kinetochores and activation of the spindle checkpointforce mediated by the chromokinesin Kid moves chro-

mosome arms away from the spindle pole, whereas pull- in Plk1-depleted cells are caused by defects in spindle
pulling forces. The hypothesis that Plk1 is required foring forces of kinetochore-associated motor proteins

moves centromeres close to the pole [46]. As a result, spindle force generation would also explain the observa-
tion that no anaphase chromosome movements couldchromosomes acquire a V shape in which the centro-

mere faces the pole whereas the arms point away from be seen when Plk1-depleted cells exited mitosis after
Hesperadin treatment (Supplemental Figure S3), althoughit ([46]; Figure 4C). To analyze if these chromosome-

spindle interactions depend on Plk1 we treated Plk1 Hesperadin treatment did not abolish anaphase-like chro-
mosome movements in cells containing Plk1 [14].RNAi cells with Monastrol and analyzed them either by

immunofluorescence microscopy or by chromosome
spreading followed by Giemsa staining. In all cells mono-

Conclusionspolar spindles were observed in which chromosomes
Plk1 has previously been implicated in several mitoticwere scattered throughout the spindle area (Figures
processes, including the regulation of mitotic entry, acti-4A�–4C�). Most chromosomes were located much fur-
vation of the APC/C, centrosome maturation and migra-ther away from the pole than in Monastrol-treated cells
tion, and the assembly of bipolar mitotic spindles. Ourin which Plk1 had not been depleted. Remarkably, chro-
data imply that normal Plk1 levels are needed for themosomes in Plk1 RNAi cells did not show the V shape
correct timing of mitotic entry, but that after a shortthat is typically seen after Monastrol treatment but in-
delay in G2 phase, mammalian cells can enter mitosisstead showed a straight appearance (Figures 4B� and 4C�).
and translocate cyclin B into the nucleus also in theIn Monastrol-treated cells, most kinetochores are
absence of detectable Plk1 levels. These observationsattached to the monopolar spindle, and correspondingly
suggest that Plk1’s role in Cdk1 activation is either minorMad2 [14, 47], CENP-E, and the checkpoint kinase
or redundant with other enzymes.BubR1 (Figures 5A and 5B; Supplemental Figure S6) are

The predominant cell cycle phenotype in Plk1-depletedenriched only at few kinetochores. In contrast, all three
mammalian cells is an arrest in prometaphase. This de-proteins were enriched at the majority of kinetochores
lay does not seem to be caused directly by defects inwhen Plk1 was depleted in Monastrol-treated cells (Fig-
APC/C activation but instead by maintenance of spindleures 5A and 5B; Supplemental Figure S6). About two
checkpoint signaling. Our data suggest that Plk1 is re-thirds of all chromosomes showed enrichment of these
quired for the assembly of spindles that contain focusedproteins on both sister kinetochores, implying that the
poles, that are able to generate pulling forces, and thatmajority of chromosomes in these cells was not properly
can attach stably to chromosomes. The inability of Plk1-attached to the mitotic spindle, consistent with their
depleted cells to silence the spindle checkpoint mightperipheral location relative to the spindle pole and their
therefore be caused by defects in spindle function. Afterstraight appearance. When Monastrol-arrested cells
submission of this manuscript, similar observationswere treated with calcium-containing buffers, which
have also been published by van Vugt et al. [48].preferentially destabilize microtubules that are not kinet-

The anchorage of microtubule minus ends at spindleochore bound [47], thinner chromosome bound microtu-
poles is required to generate proper tension across sis-bule bundles were seen in Plk1-depleted cells than in
ter kinetochores [49]. It is therefore possible that Plk1’scontrol cells (Figure 5C), further supporting the notion
role in the formation of focused spindle poles is indi-that kinetochores are not fully occupied with microtu-
rectly required for spindle force generation, which, inbules in the absence of Plk1.
turn, would stabilize kinetochore attachments andThe lack of V shaped chromosomes in Monastrol-
would silence the spindle checkpoint once full kineto-treated cells lacking Plk1 would be consistent with a
chore occupancy has been achieved. Alternatively, Plk1defect in the polar ejection force. However, inhibition of
could directly contribute to force generation and stabili-this force results in movement of chromosomes toward
zation of kinetochore attachments by phosphorylatingthe monopole [46], whereas in our experiments chromo-
motor proteins or other substrates at kinetochoressomes were located further away from the pole, implying
where the kinase has been observed both in humanthat the polar ejection force still exists in Plk1-depleted
cells and Drosophila [50, 51]. The identification of Plk1’scells. It is therefore possible that Plk1 RNAi cells are
critical substrates in these processes will be requireddefective in pulling chromosomes toward the pole,

allowing the polar ejection force to move chromosomes to distinguish between these possibilities.
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Experimental Procedures 10. Blangy, A., Lane, H.A., d’Herin, P., Harper, M., Kress, M., and
Nigg, E.A. (1995). Phosphorylation by p34cdc2 regulates spindle
association of human Eg5, a kinesin-related motor essential forThe following monoclonal mouse antibodies were used: Cyclin A

(06-138, Upstate), Cyclin B1 (GNS1, Santa Cruz), Mad2 (PRB-452C, bipolar spindle formation in vivo. Cell 83, 1159–1169.
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12. Shannon, K.B., and Salmon, E.D. (2002). Chromosome dynam-Cancer Center, Philadelphia, PA; and rat polyclonal Centrin 3 anti-

bodies were from Tomotoshi Marumoto, Kumamoto University ics: new light on Aurora B kinase function. Curr. Biol. 12, R458–
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14. Hauf, S., Cole, R.W., LaTerra, S., Zimmer, C., Schnapp, G., Wal-chores was carried out as described by Kapoor et al. [47]. Briefly,
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