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Summary

Centrosome duplication is licensed by the disengagement, or ‘uncoupling’, of centrioles during late mitosis. However, arrest of cells in
G2 can trigger premature centriole disengagement. Here, we show that premature disengagement results from untimely activation of the
anaphase-promoting complex (APC/C), leading to securin degradation and release of active separase. Although APC/C activation during
G2 arrest is dependent on polo-like kinase 1 (Plk1)-mediated degradation of the APC/C inhibitor, early mitotic inhibitor 1 (Emil), Plk1
also has a second APC/C-independent role in promoting disengagement. Importantly, APC/C and PIk1 activity also stimulates centriole
disengagement in response to hydroxyurea or DNA damage-induced cell-cycle arrest and this leads to centrosome amplification.
However, the reduplication of disengaged centrioles is dependent on cyclin-dependent kinase 2 (Cdk2) activity and Cdk2 activation
coincides with a subsequent inactivation of the APC/C and re-accumulation of cyclin A. Although release from these arrests leads to
mitotic entry, the presence of disengaged and/or amplified centrosomes results in the formation of abnormal mitotic spindles that lead to
chromosome mis-segregation. Thus, oscillation of APC/C activity during cell cycle arrest promotes both centrosome amplification and

genome instability.
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Introduction

Maintenance of genome stability requires centrosome duplication
to be tightly coupled to cell-cycle progression (Mazia, 1987).
This ensures accurate segregation of chromosomes through
formation of a bipolar mitotic spindle with one centrosome at
each pole. Given that cells segregate their centrosomes, along
with chromosomes, during mitosis, each daughter cell will inherit
one centrosome. This centrosome must be duplicated once and
only once in the following cell cycle to maintain this fidelity.
Loss of coupling between centrosome duplication and the cell
cycle can lead to centrosome amplification, a common hallmark
of cancer cells that is thought to promote tumour progression
(Basto et al., 2008; Ganem et al., 2009).

Recent insights have begun to shed light on how centrosome
duplication is coupled to the cell cycle (reviewed in Bettencourt-
Dias and Glover, 2007; Loncarek and Khodjakov, 2009; Nigg
and Raff, 2009; Strnad and Gonczy, 2008; Tsou and Stearns,
2006a). Both centrosome duplication and DNA replication are
under the control of cyclin-dependent kinase 2 (Cdk2). This
ensures that both processes are only initiated upon entry into S-
phase, when this protein kinase becomes active upon binding first
cyclin E and later cyclin A (Hinchcliffe et al., 1999; Lacey et al.,
1999; Matsumoto et al., 1999; Meraldi et al., 1999). Physically,
centrosome duplication involves the replication of the two
centrioles, which form the core of the centrosome and upon
which the pericentriolar material (PCM) is assembled. Significant
progress has been made in identifying the core components
required for new centriole biogenesis; these include the SAS-4/

CPAP (centrosomal P4.1 associated protein), SAS-5/Ana2 and
SAS-6 proteins (Delattre et al., 2006; Dobbelaere et al., 2008;
Kleylein-Sohn et al., 2007; Pelletier et al., 2006; Strnad and
Gonczy, 2008). Furthermore, structural studies have revealed
how the oligomerisation of SAS-6 can define the ninefold
symmetry of centrioles (Kitagawa et al., 2011; van Breugel et al.,
2011). However, much still remains to be learnt about how
centriole duplication is initiated both by Cdk2, and another
crucial regulatory kinase, polo-like kinase 4 (Plk4) (Bettencourt-
Dias et al., 2005; Habedanck et al., 2005; Pelletier et al., 2006).

A second control mechanism that ensures centrosome
duplication is coupled to the cell cycle occurs during mitosis.
As cells enter mitosis, they have two centrosomes, each
composed of two centrioles. Initially, these are all connected
with the two new centrioles, referred to as procentrioles, tightly
attached to the sidewall of their parental centrioles in an
orthogonal arrangement, and the older two parental centrioles
(also known as the mother and daughter), bridged more distantly
through their proximal ends via an extended fibrous linker.
Separation of the parental centrioles occurs at the G2-M
transition through, firstly, displacement of linker proteins in a
process called centrosome disjunction and, secondly, the action
of microtubule-based motor proteins, most notably Eg5, that can
crosslink and slide microtubules in an antiparallel manner. This
leads to assembly of a bipolar spindle with each spindle pole
containing a centriole pair (Nigg and Raff, 2009; Walczak and
Heald, 2008). Separation of the procentriole from its parental
centriole, an event known as centriole disengagement, occurs


mailto:amf5@le.ac.uk

[
&}
c
Q2
o
w
©
)
-
o
‘©
c
S
5
o
1o

5354 Journal of Cell Science 125 (22)

later in mitosis after anaphase onset. That this is coincident with
sister chromatid separation falls in line with recent data
suggesting that both events are under the control of the
enzyme, separase (Thein et al., 2007; Tsou and Stearns,
2006b). This cysteine protease cleaves the Sccl/Rad21/kleisin
subunit of cohesin to initiate sister chromatid separation
(Nasmyth, 2002). Both separase and cohesin subunits have
been localised to centrosomes (Chestukhin et al., 2003; Giménez-
Abian et al., 2010; Gregson et al., 2001; Guan et al., 2008; Kong
et al., 2009; Nakamura et al., 2009; Wong and Blobel, 2008),
whereas cleavage of engineered cohesin rings promotes
unscheduled centriole disengagement (Schockel et al., 2011).
Together, these data raise the exciting possibility that the same
biochemical mechanism promotes both sister chromatid
separation and centriole disengagement.

In addition to separase, centriole disengagement is dependent
on the mitotic kinase, Plkl. Genetic knockout in human cells
demonstrated the requirement for separase in centriole
disengagement; however, in these cells, disengagement was
only delayed and eventually occurred in a manner that was
dependent on Plkl (Tsou et al., 2009). Intriguingly, this dual
dependency of centriole disengagement on Plkl and separase
mirrors the regulation of sister chromatid separation, in which
Plk1 promotes dissociation of cohesin from chromosome arms in
prophase, whereas separase cleaves the remaining cohesin at
centromeres in anaphase (Giménez-Abian et al., 2004).

Hence, the centrosome duplication and DNA replication cycles
are coupled by a requirement for the same regulators not only
in S-phase, but also in M-phase. Furthermore, centriole
disengagement is a prerequisite for a new round of centriole
duplication, with procentrioles having to be displaced from the
sidewall of the parental centrioles to free up space for growth of
another procentriole (Loncarek et al., 2008; Tsou and Stearns,
2006b). Thus, centrioles cannot reduplicate until they have
undergone disengagement, thereby separating in time the
licensing event (disengagement) from the biogenesis event
(duplication). Recently, a third coupling mechanism has been
proposed whereby new procentrioles require a Plkl-dependent
modification to make them competent for duplication. This
requires passage through mitosis and exposure to Plkl activity
and prevents the growth of so-called ‘granddaughter’ centrioles
from daughters (or procentrioles) within the same cell cycle
(Loncarek et al., 2010; Wang et al., 2011).

Here, we set out to explore the mechanisms regulating
centrosome organisation in G2 by arresting cells with the
highly selective Cdkl inhibitor, RO-3306 (Vassilev et al.,
2006). In line with recent findings, we found that Cdkl
inhibition in G2 promotes premature centriole disengagement
(Loncarek et al., 2010; Steere et al., 2011). Mechanistically, we
found that this was dependent on both Plkl and separase, the
latter being activated as a result of loss of early mitotic inhibitor 1
(Emil)-mediated inhibition of the anaphase-promoting complex
(APC/C) (Ma et al., 2009). Although Plkl promotes degradation
of Emil, our data support a model whereby Plkl has a second,
more direct, role in promoting centriole disengagement,
independent of the APC/C (Loncarek et al., 2010). Importantly,
we found that other conditions that arrest cells in S or G2,
including hydroxyurea (HU) or ionising radiation (IR)-mediated
DNA damage, also promote APC/C- and Plkl-dependent
centriole disengagement. Moreover, the subsequent inactivation
of the APC/C wupon prolonged arrest contributes to a

Cdk2-dependent reduplication of centrioles, as well as
endoreduplication of DNA (Ma et al., 2009). Therefore, this
study reveals that oscillation of APC/C activity provides an
additional mechanism for coupling the centrosome duplication
and DNA replication cycles.

Results

Centriole disengagement coincides with APC/C activation
during G2 arrest

To examine centrosome organisation during G2 arrest, HelLa
cells were pre-synchronised in S-phase with aphidicolin and
released for 4 hours before addition of the Cdkl-specific
inhibitor, RO-3306 (Fig. 1A). Centrosomes were analysed by
immunofluorescence microscopy (IF) with antibodies against the
PCM marker, y-tubulin, immediately after the 4-hour release
from aphidicolin or after an additional 16 hours of RO-3306
treatment (Fig. 1B). Whereas 98% cells that had not been treated
with RO-3306 showed two dots typical of an S or G2 cell, the
majority (52%) of RO-3306 treated cells showed three or four y-
tubulin stained spots. Co-staining with antibodies against the
centriolar component, centrin2, revealed the presence of four
centrioles as expected for S or G2 cells confirming that this was
the result of premature centriole disengagement (Fig. 1B),
consistent with results observed by Loncarek et al. (Loncarek
et al.,, 2010). Similar results were obtained after RO-3306
treatment of U20S or hTERT-RPE1 cells (supplementary
material Fig. S1A,B), or following treatment of HeLa cells
with a structurally distinct Cdkl inhibitor, roscovitine, or
depletion of Cdkl by RNA interference (RNAi; supplementary
material Fig. S1C-E). Hence, centriole disengagement is a
general response to loss of Cdk1 activity and arrest of cells in G2.
Strikingly, when we examined the timing of centriole
disengagement, we found that this became apparent from
12 hours post RO-3306 treatment. This closely correlated with
reduced expression of the APC/C inhibitor, Emil, reduced
expression of the APC/C substrates, cyclin A, cyclin B, Cdc20
and securin, and the appearance of hyperphosphorylated APC3
(Cdc27) (Fig. 1C-E). These observations are all consistent with
activation of the APC/C. RNAi-mediated depletion of Cdk1 also
led to loss of securin (supplementary material Fig. SI1F).
Together, these data fall in line with the demonstration that
Cdk1 inhibition leads to activation of the APC/C (Ma et al.,
2009) and led us to propose that premature centriole
disengagement during G2 arrest is a consequence of untimely
activation of the APC/C.

Premature centriole disengagement depends upon
Plk1-mediated activation of the APC/C and separase

Loss of securin expression following RO-3306-induced G2 arrest
was also accompanied by elevated expression of an autocatalytic
C-terminal cleavage product of separase, indicative of separase
activation (Fig. ID,E). We therefore determined whether
premature centriole disengagement was a result of untimely
APC/C-mediated activation of separase. Depletion of separase
itself or Cdc20, a co-activator of the APC/C, blocked
disengagement in RO-3306 arrested cells, whereas Cdc20
depletion also caused accumulation of securin consistent with
APC/C inhibition (Fig. 2A,B). Furthermore, addition of the
proteasome inhibitor, MG132, or expression of wild-type or
nondegradable (KEN-DM) securin prevented premature centriole
disengagement (Fig. 2C). These data provide strong support to
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Fig. 1. Centriole disengagement in G2 arrest occurs coincident with APC/C activation. (A) The synchronisation protocol used in all experiments unless stated
otherwise (AS, asynchronous). Upon release from aphidicolin arrest, cells contain two pairs of engaged centrioles (cylinders), whereas subsequent G2 arrest with the
Cdk1 inhibitor, RO-3306, leads to premature disengagement. Flow cytometry profiles for HeLa cells, used in all experiments unless indicated, are shown. (B) IF

microscopy of cells treated as in A, +/— RO-3306, and stained for y-tubulin (red) and centrin (green). Merge panels include DNA (blue). Scale bar: 10 um.

(C) Quantification of centriole disengagement with time of RO-3306 treatment (AS, asynchronous; A, aphidicolin arrest). Data shown as mean * s.d.; n=3, >100
cells counted. (D) Extracts from cells treated as in C were immunoblotted for the proteins indicated. A sample was also prepared from cells treated with RO-3306 and
the proteasome inhibitor, MG132, for 16 hours following synchronisation. (E) Plots showing the relative protein abundance from the blots in D from 0 to 20 hours of
RO-3306 treatment compared with the rate of centriole disengagement. The abundance of each protein was quantified relative to the 0-hour sample.

the hypothesis that separase is a major activator of centriole
disengagement (Schockel et al., 2011; Thein et al., 2007; Tsou
and Stearns, 2006b), and demonstrate that APC/C-dependent
separase activation is responsible for premature disengagement in
G2-arrested cells.

Besides separase, centriole disengagement is regulated by Plk1
(Loncarek et al., 2010; Tsou et al., 2009). Here, we found that
siRNA-mediated depletion of Plkl, or expression of a

catalytically inactive mutant (K82R) prevented premature
disengagement in cells treated with RO-3306 (Fig. 2A-C).
Similarly, chemical inhibition of either Plkl or Aurora A
blocked RO-3306-induced disengagement, whereas expression
of an activated Plkl mutant (T210D) overcame the block
imposed by the Aurora A inhibitor (Fig. 2D,E; supplementary
material Fig. S2A,B). This is consistent with Plkl activation
being dependent on Aurora A-mediated phosphorylation of Plk1
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(H) Centriole disengagement in cells treated as in G. Data in B-E and H show mean = s.d.; n=3, >100 cells counted.

at T210 (Macurek et al., 2008; Seki et al., 2008). One explanation
for the role of Plkl is that it acts as an upstream activator of the
APC/C through promoting the BTrCP-mediated degradation of
the APC/C inhibitor, Emil (Hansen et al., 2004; Moshe et al.,
2004). Cells treated with RO-3306 and either the Plk1 or Aurora
A inhibitor did indeed maintain high levels of securin, unlike
cells treated with RO-3306 alone (Fig. 2F), whereas ectopic

expression of Emil could block premature disengagement in RO-
3306 treated cells (Fig. 2C). Additionally, depletion of Emil had
no impact on the level of disengagement seen following RO-3306
treatment, but in the presence of the Plkl inhibitor a modest
rescue of disengagement was seen (Fig. 2G,H). Thus, we
conclude that Plkl-dependent activation of the APC/C and
release of separase drives centriole disengagement in G2-arrested
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cells. Depletion of APC3 confirmed a role for the APC/C by
preventing premature centriole disengagement, whereas,
compared with Cdc20 depletion, knockdown of Cdhl did not
prevent disengagement (Fig. 2G,H). Thus, the APC/C is
activated primarily through Cdc20 rather than Cdhl during
RO-3306-mediated G2 arrest.

Plk1 also mediates an APC/C-independent pathway of
centriole disengagement

Both Plkl and separase play essential roles in promoting loss of
sister chromatid cohesion during mitosis. However, in this case,
Plk1 acts independently through phosphorylation of cohesin
subunits in prophase (Peters et al., 2008). Given that cohesin has
also been proposed to mediate centriole cohesion (Schockel et al.,
2011), we investigated whether Plk1 has an additional APC/C-
independent role in centriole disengagement. We first asked
whether expression of activated Plkl or separase could promote
centriole disengagement in cells synchronised in S/G2, but in the
absence of a Cdkl inhibitor when APC/C activity is low. Under
these conditions, overexpression of Plkl, and to a lesser extent
separase, could drive centriole disengagement (Fig. 3A).
However, overexpression of separase did not induce
disengagement in the presence of the Plkl inhibitor, even in
cells also depleted of securin (Fig. 3B; supplementary material
Fig. S3A). This was despite the fact that an RNAi-resistant
version of separase was fully able to rescue disengagement in
cells depleted of endogenous separase (Fig. 3C; supplementary
material Fig. S3B). By contrast, overexpression of wild-type or
activated Plk1l could promote centriole disengagement in RO-
3306-arrested cells depleted of Cdc20, separase or APC3
(Fig. 3D,E; supplementary material Fig. S3C,D).

We then looked at localisation of activated endogenous Plk1
by IF microscopy with Plk1-pT210 antibodies. Consistent with
Loncarek et al. (Loncarek et al., 2010), we found that activated
Plk1 was present at disengaged centrioles in RO-3306 treated
cells (Fig. 3F). By contrast, it was absent in the presence of the
Aurora A inhibitor, as expected. Importantly, however, activated
Plk1 was present on centrosomes that were not disengaged in
RO-3306-arrested cells depleted of Cdc20 or separase. This
provides further evidence that the block to disengagement
imposed by these treatments is not an indirect effect on Plkl
activation and that the presence of endogenous levels of activated
Plkl at centrosomes in G2-arrested cells is not sufficient for
disengagement. Taken together, these data lead us to propose that
Plk1 promotes centriole disengagement through both APC/C-
dependent and independent pathways (Fig. 3G).

HU and IR induce separase- and Plk1-dependent
centriole disengagement

It is well established that exposure of G2 cells to IR activates the
DNA damage checkpoint and leads to cell-cycle arrest (Kastan
and Bartek, 2004). DNA damage also triggers centrosome
amplification (Bourke et al., 2007; Dodson et al., 2004; Sato
et al., 2000). The mechanism by which amplification occurs is
not clear, although recent work suggests that this follows
centriole disengagement (Saladino et al., 2009), whereas DNA
damage during mitosis also leads to inappropriate centriole
splitting (Hut et al., 2003). As this scenario is reminiscent of the
response we observed to Cdkl inhibition, we sought to confirm
that IR induced centriole disengagement and examine to what
extent this was dependent on Plk1 and separase. HeLa cells were

synchronised and exposed to IR (5 Gy). Following a further
20-hour incubation, cells were fixed and stained with
YH2AX antibodies to confirm the presence of DNA damage
(supplementary material Fig. S4A), as well as y-tubulin and
centrin antibodies to assess centriole engagement (Fig. 4A,B). IR
exposure did promote centriole disengagement, although at levels
substantially lower than following RO-3306 treatment. This is
consistent with RO-3306 not simply acting as a DNA damaging
agent. Indeed, although RO-3306 introduced DNA damage in a
limited number of HeLa cells as measured by YH2AX staining,
this did not correlate with the large number of cells in which
centriole disengagement was observed (supplementary material
Fig. S4B-D). Furthermore, inhibiting the Chk1-dependent DNA
damage response pathway with UCN-01 did not prevent centriole
disengagement in response to RO-3306 (Fig. 4C,D).

A probable explanation for why centriole disengagement
occurs at much lower levels in response to DNA damage than to
RO-3306 treatment is that Plk1 is inhibited by the DNA damage
checkpoint (Smits et al., 2000). Moreover, it has been
demonstrated that APC/C—Cdhl becomes activated following
DNA damage in order to maintain a G2 arrest, leading to reduced
Plk1 levels and degradation of cyclins A2 and B1 (Bassermann
et al., 2008; Sudo et al., 2001). However, treatment with the Plk1
inhibitor, BI 2536, suppressed even the low level of centriole
disengagement that occurred following IR exposure, suggesting
that residual Plkl activity was still present in these cells
(Fig. 4A,B). Indeed, Plkl has been shown to retain activity in
the short-term following DNA damage, possibly phosphorylating
Rad51 (Yata et al., 2012). In this case, to maintain activation of
the APC/C, Emil is downregulated via a p21™AF! pathway (Lee
et al., 2009; Wiebusch and Hagemeier, 2010). In our hands,
expression of Emil, securin or inactive Plkl (Fig. 4E), or
depletion of APC3, Cdc20, Cdhl or separase (Fig. 4F) blocked
IR-induced centriole disengagement consistent with a crucial role
for the APC/C in this response. Furthermore, expression of
constitutively active Plk1 promoted disengagement following IR
even when components of the APC/C pathway were depleted
(Fig. 4F; supplementary material Fig. S5), again supporting an
additional APC/C-independent role for PIk1.

Importantly, expression of securin or inactive Plk1 or depletion
of separase blocked HU-induced centrosome amplification (i.e.
cells with >4 centrioles) in CHO or U20S cells, respectively,
whereas expression of activated Plkl drove centrosome
amplification in HU-arrested HeLa cells, which do not
normally undergo amplification (Fig. 4G-I). Hence, we propose
a general mechanism whereby cell-cycle arrest in S or G2
promotes  Plkl-dependent centriole disengagement and
subsequent centrosome amplification in part through activation
of the APC/C and separase.

Oscillation of APC/C activity promotes centrosome
amplification

As indicated above, centrosome amplification in response to
DNA damage might arise through duplication of disengaged
centrioles (Saladino et al., 2009). We therefore tested whether the
disengaged centrioles that arise from RO-3306 treatment undergo
duplication if the arrest is maintained for an extended period.
After 40 hours in RO-3306, most cells still exhibited four v-
tubulin-stained spots, but now each of these was associated with
two centrin dots such that the cells typically had an 8:4 ratio of
centrin to y-tubulin (Fig. 5A,B). This indicated that disengaged
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Fig. 3. PIkl also has an APC/C-independent role in centriole disengagement. (A) Centriole disengagement following 6 hours of release from aphidicolin
arrest without RO-3306 treatment in cells that were untransfected (U) or transfected (T) with constructs indicated. (B) Centriole disengagement in cells that were
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separase-Res (an RNAi-resistant separase construct), and treated with RO-3306 for 16 hours. (D) Centriole disengagement in mock-depleted cells or cells
depleted of Cdc20 or separase and transfected as indicated. After 12 hours, cells were synchronised and released without RO-3306 for 6 hours, or with RO-3306
for 16 hours. (E) Centriole disengagement in mock-depleted cells or cells depleted of Cdhl or APC3 and transfected as indicated. After 12 hours, cells were
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Plk1-pT210 (green). (G) Schematic indicating how Plk1, which is activated by Aurora A, might contribute to both APC/C-dependent and -independent centriole
disengagement. Data in A—E show means = s.d.; n=3, >100 cells counted. OE, overexpression.
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Fig. 4. IR- or HU-induced cell-cycle arrest leads to Plkl- and APC/C-dependent centriole disengagement. (A) Schematic of treatment protocol

(IR, 5 Gy) and IF of cells post-IR only or IR plus BI 2536 stained for y-tubulin (red) and centrin (green). Merge panels include DNA (blue). Scale bar: 10 pum.
(B) Centriole disengagement in cells post-IR only or IR plus BI 2536. (C) IF microscopy of synchronised cells treated with RO-3306 and the Chk1 inhibitor,
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constructs indicated. (H) Centrosome overduplication in HU-arrested U20S cells depleted as indicated. (I) Centrosome overduplication in HU-arrested HeLa cells
transfected with the constructs indicated. Data in B and D-I show means * s.d.; =2, >200 cells counted. OE, overexpression.

centrioles do undergo a further round of duplication upon long-
term G2 arrest. Flow cytometry revealed that cells also
underwent endoreduplication (Fig. 5D), as expected (Ma et al.,
2009). Importantly, concurrent inhibition of Plkl and Cdkl
prevented overduplication of centrioles consistent with Plkl
being required for disengagement, whereas addition of the Plkl
inhibitor 16 hours after the Cdkl inhibitor blocked neither
disengagement nor duplication (Fig. SA,B). Similarly, chemical

inhibition of the APC/C with the small molecule, pro-TAME
(Zeng et al., 2010), blocked disengagement and overduplication
if added at the same time as RO-3306, but inhibited neither if
added 16 hours after RO-3306 (Fig. 5B). Hence, we conclude
that Plk1 and APC/C activity are not required for re-duplication
once disengagement has occurred.

Conversely, if Cdk2 activity was inhibited, either concurrent
with Cdkl inhibition or 16 hours after addition of the Cdkl
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(B) Quantification of the ratio of centrin: y-tubulin dots following 40 hours of treatment with aphidicolin, RO-3306 alone, or RO3306 plus BI 2536, the Cdk2
inhibitors, NU6102 or NU6120, or the APC/C inhibitor, pro-TAME, added concurrently, or 16 hours after RO-3306. Data show means * s.d.; =3, >100 cells
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with RO-3306 or RO-3306 plus BI 2536, NU6120 or roscovitine for 40 hours.

inhibitor, then disengagement occurred, but not overduplication
(Fig. 5B,C). This was shown with two different Cdk2 inhibitors
(NU6102 and NU6120; Hardcastle et al., 2004). However, it is
noteworthy that disengagement occurred more slowly in the
presence of the Cdk2 inhibitor than in its absence, which might
be because APC/C activation was partially dependent on
phosphorylation by Cdk2 in the absence of Cdkl (Ma et al.,
2009). The requirement for Cdk2 for overduplication implies the
need to either re-accumulate cyclin A following its initial
degradation, or form a complex with cyclin E. Immunoblotting
revealed the re-accumulation of cyclins A and B, along with
Emil and Cdc20, and the loss of APC3 hyperphosphorylation at
longer times of arrest, all indicative of a reduction in APC/C
activity (Fig. 6A,B). Furthermore, depletion of cyclin A blocked
overduplication but not disengagement consistent with a role in
re-activating Cdk2 (Fig. 6C,D). Additionally, depletion of Emil

reduced the level of overduplication, suggesting that its
reappearance is important for switching the APC/C off and
allowing cyclin A to accumulate once more. Based on these
results, we argue that even in G2-arrested cells there is a temporal
separation of disengagement from duplication that is promoted
by oscillation of APC/C activity. Importantly, however, cyclin E
levels were also seen to oscillate, albeit with different timing to
cyclin A, and depletion of cyclin E led to a partial block to
centriole overduplication (Fig. 6A-D). Hence, it seems probable
that Cdk2 can form complexes with both cyclins A and E to drive
centriole overduplication during long-term cell-cycle arrest.

Premature centriole disengagement leads to unstable
spindle structures

Release from RO-3306 arrest allows rapid entry into mitosis and,
hence, RO-3306 has been proposed as an excellent tool for
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reversible synchronisation in G2 (Vassilev, 2006). However, as it
also induces centriole disengagement and amplification, we re-
visited the consequences of entering mitosis upon drug release.
Initially, HeLa cells were synchronised and arrested with RO-
3306 as above, before release for 1 hour and observation by IF
microscopy. Clearly, most cells had entered mitosis confirming
that this drug is readily reversible. However, a significant fraction
(>40%) of abnormal spindles were observed with elevated
numbers of ‘pseudo’-bipolar spindles with broad or multiple
poles or even ‘spare’ poles not contributing to spindle formation,
as well as more conventional tripolar and tetrapolar spindles
(Fig. 7A). Staining with centrin antibodies revealed the frequent
presence of isolated centrioles within the spindle and a
substantial variation in the distance between centrioles within a
pair (Fig. 7B,C). Electron microscopy also confirmed the
presence of isolated centrioles in mitotic cells (data not shown).

Interestingly, when four y-tubulin spots were detected, both in
G2-arrested cells and cells released into mitosis, there were
usually two brighter and two fainter spots. Co-staining with
centrin2 confirmed that the brighter y-tubulin spots coincided
with the brighter centrin2 spots indicating that, upon centriole
disengagement, the bulk of PCM is retained by the parental
centriole (Fig. 7D). Indeed, the °‘spare’ poles that were not
contributing to spindle formation invariably contained the
procentrioles providing an explanation for the unequal

microtubule organisation capacity of the different poles.
Moreover, even when bipolar spindles were formed, they were
less efficient at chromosome congression because >50% cells
released from 16 hours of RO-3306 arrest exhibited misaligned
chromosomes in metaphase, compared with <15% cells released
from 4 hours of RO-3306 arrest (Fig. 7E; supplementary material
Fig. S6A). Furthermore, >40% of anaphase cells displayed
lagging chromosomes following 2 hours of release from RO-
3306 (Fig. 7F; supplementary material Fig. S6B), whereas >70%
of interphase cells in the subsequent cell cycle contained
micronuclei or were multinucleated (Fig. 7G; supplementary
material Fig. S6C). In sharp contrast, when cells entered mitosis
with reduplicated centrosomes after the extended RO-3306 arrest,
almost all mitotic cells formed a robust tetrapolar spindle with
two centrin spots at each pole suggesting that spindle poles
composed of two centrioles have a fixed and equal microtubule
organising capacity (Fig. 7H).

To analyse the dynamics of spindle formation in response to
the different treatments, time-lapse imaging was performed with
pre-synchronised HeLa cells expressing GFP-a-tubulin (Fig. 8A;
supplementary material Movies 1-6). Cells released from the
aphidicolin block alone formed bipolar spindles upon mitotic
entry and divided with a median time of 65 minutes. By contrast,
cells entering mitosis following washout from the short-term
(16 hours) RO-3306 arrest established bipolar, tripolar or
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tetrapolar spindles in roughly similar ratios, exchanged between
these states on a frequent basis, before finally, dividing into two,
three or four cells. In this case the median time in mitosis was
150 minutes. Hence, cells with disengaged centrioles had
difficulty in maintaining a robust spindle structure leading to
prolonged mitosis. However, cells arrested with RO-3306 for
sufficient time (40 hours) to allow both centriole disengagement
and overduplication, almost without exception assembled a
tetrapolar spindle, in line with our fixed cell observations.
Interestingly, in most cases, this collapsed to a tripolar state
before the cells divided with a median time in mitosis of
110 minutes. We speculate that cell division with a planar
tripolar spindle is more energetically favourable than division
with a tetrahedral-shaped tetrapolar spindle in a 2D culture
system where adhesive traction forces only occur on the ventral
surface. In summary, then, spindles in which the poles all have
engaged centriole pairs are more stable and promote more rapid
progression through mitosis than spindles in which the poles are
generated from disengaged single centrioles (Fig. 8B).

Discussion

Centriole disengagement is a key step in the centrosome
duplication cycle as it licences centrioles for the next round of
duplication. Recent studies have begun to shed light on the
mechanisms that regulate centriole disengagement suggesting
roles for the mitotic kinase, Plkl, and the cysteine protease,
separase (Schockel et al., 2011; Tsou and Stearns, 2006b; Tsou
et al., 2009). Here, we demonstrate that these two enzymes also
promote premature centriole disengagement and subsequent
centrosome amplification in a variety of experimental and
physiological situations that arrest the cell cycle in S or G2.
Moreover, the activation of separase is a response to oscillating
APC/C activity that occurs during cell-cycle arrest (Ma et al.,
2009). However, although PIk1 activity is required for APC/C
activation, we propose that it has additional APC/C-independent
role(s) in centriole disengagement. Finally, we have exploited
these observations to address the consequences of premature
centriole disengagement on mitotic progression, showing that
disengaged centrioles form unequal spindle poles that delay
mitosis and promote chromosome mis-segregation.

It has long been known that blocking Cdk1 activity leads to
DNA endoreduplication (Hayles et al., 1994; Itzhaki et al., 1997).
However, the mechanism behind this response was only recently
uncovered when it was shown that loss of Cdk1 activity leads to
oscillations in APC/C activity even in the absence of cell-cycle
progression (Ma et al., 2009). One of the key mitotic substrates of
the APC/C is securin which sequesters separase to keep it
inactive. We therefore postulated that separase was prematurely
released and activated upon inhibition of Cdkl. Consistent with
this, we found that centriole disengagement in G2-arrested cells
was blocked by (i) overexpression of securin or Emil, (ii)
depletion of Cdc20, APC3 or separase, or (iii) addition of the
proteasome inhibitor, MG132. Moreover, the time when centriole
disengagement was first detected, approximately 12 hours after
RO-3306 addition, coincided with the time of Emil and securin
destruction, separase activation and APC3 hyperphosphorylation.
Besides activation of the APC/C, inhibition of Cdk1 could have a
second role in activating separase, as the catalytic activity of
separase is inhibited by Cdkl-dependent binding of cyclin Bl
(Holland and Taylor, 2006; Stemmann et al., 2001). Together,
these data provide compelling evidence that centriole

disengagement, whether it occurs at anaphase in an unperturbed
cycle or during G2 arrest, is at least in part a result of activation
of separase.

So what first activates the APC/C in response to cell-cycle
arrest? Clearly, one possibility is downregulation of the
interphase APC/C inhibitor, Emil (Di Fiore and Pines, 2007).
Emil degradation is mediated by the SCF-BTrCP ubiquitin ligase
in response to Emil phosphorylation by Plkl (Hansen et al.,
2004; Moshe et al., 2004). Plk1 also promotes the SCF-BTrCP-
mediated degradation of Weel (Watanabe et al., 2004)
explaining the decreases in Weel expression and tyrosine-15
phosphorylation of Cdkl that were observed at this time.
However, there is no evidence that cell-cycle arrest directly
activates Plk1; in fact, DNA damage-induced cell-cycle arrest
blocks PIk1 activity (Smits et al., 2000). It is possible then that
the ubiquitin ligase activity of the SCF-BTrCP is elevated in RO-
3306 arrested cells such that, with a certain threshold of Plkl
activity, elevated BTrCP could tip the balance in favour of Emil
degradation and APC/C activation. Interestingly, we did observe
an increase in BTrCP levels coincident with loss of Emil and
Weel. However, Emi stability is also regulated by other factors,
including Evi5 and Pinl (Bernis et al., 2007; Eldridge et al.,
2006), suggesting alternative routes through which loss of Cdkl
activity could lead to APC/C activation. Similarly, although Plk1
regulates Emil expression, it also phosphorylates APC/C
subunits (Kraft et al., 2003) and, hence, can promote APC/C
activation via multiple routes.

Two apparent controversies raised by this study are, firstly,
that the APC/C acts in conjunction with Cdc20, rather than Cdhl,
during G2 arrest, and secondly, that Cdk2 might replace Cdk1 in
activating the APC/C. In relation to the first point, our data show
that depletion of Cdhl does not prevent premature centriole
disengagement, whereas depletion of Cdc20 does. This strongly
supports the proposal that the APC/C acts in conjunction with
Cdc20 rather than Cdh1 during this form of G2 arrest. Moreover,
this agrees with Ma et al. (Ma et al., 2009) who show that Cdc20
depletion retards the degradation of APC/C substrates upon RO-
3306 treatment. By contrast, we found that in response to IR both
Cdc20 and Cdhl depletion reduced centriole disengagement
consistent with a proposed role for APC/C—Cdhl during DNA
damage-induced G2 arrest (Bassermann et al., 2008; Sudo
et al.,, 2001). Hence, unsurprisingly, the nature of the G2
arrest mechanism seems to influence the cellular response.
Association of Cdc20 with the APC/C is regulated by Cdkl
phosphorylation (Kraft et al., 2003). This brings us to the
second controversy, namely that APC/C-Cdc20-mediated
centriole disengagement occurs in the presence of a Cdkl
inhibitor. Importantly, concurrent addition of Cdk2 inhibitors
slowed the rate of centriole disengagement implying that Cdk2
activates the APC/C. Consistent with this, Ma et al. (Ma et al.,
2009) demonstrated that Cdk2 is required for degradation of
APC/C substrates, turnover of an APC/C biosensor and genome
endoreduplication in the absence of Cdkl activity. However, to
our knowledge, there is no evidence that Cdk2 directly
phosphorylates APC/C subunits. An alternative route through
which Cdk2 could promote APC/C activation is through Emil.
Cdk2 is capable of phosphorylating Emil, at least in vitro,
reducing its binding to the APC/C (Moshe et al., 2011), whereas
cyclin A was reported to be required for Emil turnover (Ma et al.,
2009).
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As indicated above, Plkl can act upstream of separase in
centriole disengagement (Tsou et al., 2009). However, our data
suggest that Plkl also has a more direct, APC/C-independent,
role in centriole disengagement. Firstly, Plk1 inhibition blocked

disengagement under conditions where separase should be highly
active, namely when separase overexpression was combined with
securin depletion. Secondly, overexpressed Plkl was able to
drive premature centriole disengagement not only in cells that
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were not exposed to RO-3306 but also in cells in which Cdc20,
APC3 or separase were depleted. These data are consistent with
observations that Plkl can induce centriole disengagement in
separase-null cells (Tsou et al., 2009), and that localisation of
activated Plkl to the centrosome is required for centrosome
amplification during cell-cycle arrest (Inang et al., 2010;
Loncarek et al., 2010). However, endogenous levels of active
Plkl at the centrosome were not sufficient to induce
disengagement in cells depleted of separase or Cdc20. Thus, as
for regulation of sister chromatid cohesion, Plkl acts both
independently and in concert with separase to promote centriole
disengagement.

A major goal is to identify the targets of separase and Plk1 that
lead to centriole disengagement. In regulating sister chromatid
cohesion, both enzymes target cohesin subunits. Plkl
phosphorylates SA2, causing dissociation of cohesin from
chromosome arms in prophase, whereas it also phosphorylates
Sccl, promoting its cleavage by separase at the metaphase—
anaphase transition (Hauf et al., 2005; Peters et al., 2008).
Frustratingly, little is understood about the molecular nature of
centriole engagement. Recent EM tomography studies suggest the
existence of a stalk connecting the duplicated pair of centrioles that
might be composed of the SAS-5/Ana2 and SAS-6 proteins
(Guichard et al., 2010; Stevens et al., 2010). These would be
attractive candidates for regulation. However, there is growing
evidence that cohesin subunits, and their regulators, are present at
centrosomes and contribute to centriole engagement (Beauchene
et al., 2010; Diaz-Martinez et al., 2010; Giménez-Abian et al.,
2010; Gregson et al., 2001; Guan et al., 2008; Kong et al., 2009;
Losada et al., 2005; Nakamura et al., 2009; Thein et al., 2007;
Wang et al., 2008; Wong and Blobel, 2008). Most persuasively,
noncleavable cohesin blocks centriole disengagement, whereas
cohesin subunits engineered to contain artificial cleavage sites
promote unscheduled centriole disengagement upon cleavage
(Schockel et al., 2011). Thus, the weight of evidence is growing
that Plkl and separase regulate both sister chromatid separation
and centriole disengagement through similar mechanisms.
However, the centrosomal protein, kendrin/pericentrin, has

Fig. 8. Engaged centriole pairs assemble stable spindle poles. (A) Live
imaging was used to follow pre-synchronised HeLa:o-tubulin-GFP cells
released from 16 hours of aphidicolin, 16 hours of RO-3306 or 40 hours of
RO-3306 treatment. Cells were followed for up to 7 hours following drug
washout. The time that each mitotic cell spent with a bipolar (green), tripolar
(red) or tetrapolar (blue) spindle was recorded for 45 cells from each
condition. Each bar represents one cell. (B) Responses of cells entering
mitosis with disengaged centrioles or disengaged and reduplicated centrioles.
Following a short (16 hour) RO-3306 arrest, centrioles (parental centrioles,
dark green; procentrioles, light green) undergo premature disengagement as a
result of high Plk1 and elevated APC/C activity. Upon drug washout and entry
into mitosis, these cells form a variety of spindle structures because each
centriole can act as a spindle pole. However, these spindles are unstable, with
frequent switching between bi-, tri- and tetrapolar states, as a result of spindle
poles with different centriole contents having different microtubule-
organising capacities. By contrast, during a longer (40 hour) RO-3306 arrest,
APC/C activity subsequently drops again, enabling activation of Cdk2. As a
result, disengaged centrioles undergo reduplication, such that there are four
pairs of centrioles in each cell. Upon washout, these almost invariably form
tetrapolar spindles, suggesting that centriole pairs have equivalent
microtubule-nucleating capacity. Interestingly, however, these generally
resolve to tripolar spindles before division in a two-dimensional

culture system.

emerged as an alternative separase target whose cleavage might
also promote centriole disengagement (Matsuo et al., 2012).

Strikingly, we found that cell-cycle arrest in response to either
HU or IR-mediated DNA damage also led to separase-dependent
premature centriole disengagement. Both these treatments are
known to induce centrosome amplification but the reason has
remained unclear (Balczon et al., 1995; Bourke et al., 2007). We
propose that arrest in S or G2 through DNA damage checkpoint-
mediated Cdkl inactivation also leads to APC/C activation,
securin degradation and activation of separase, thereby promoting
centriole disengagement and centrosome amplification. This
finding has wide implications because it suggests that oscillation
of APC/C activity is a common response to cell-cycle arrest
and could have other untoward consequences, including
endoreduplication and centrosome amplification, that impact
genome integrity. One can speculate that the intrinsic oscillation
of APC/C activity is the result of the existence of proteins that are
both activators and substrates of the APC/C. For example, Cdc20,
is both a co-activator and substrate of the APC/C, whereas cyclin
A, a well-known APC/C substrate, is a partner of Cdk2 that, as
described above, might activate the APC/C in the absence of Cdk1
(Bourke et al., 2010; Hochegger et al., 2007; Ma et al., 2009).
Hence, at the simplest level, once APC/C activity increases to a
certain threshold, then Cdc20 and cyclin A are degraded, leading to
inactivation of the APC/C; these proteins then re-accumulate,
resulting in re-activation of the APC/C.

However, in reality, the systems level control of the cell cycle,
particularly in higher eukaryotes, means that this regulation is
likely to be much more complex. Analysis of cyclin E levels
during the extended G2 arrest revealed that the expression of this
protein also oscillated. However, it reached peak levels at a time
when the APC/C was on and was degraded when the APC/C was
off. Indeed, cyclin E expression is not regulated by the APC/C,
but rather by the SCF in conjunction with Fbw7/Cdc4 (Koepp
et al., 2001; Strohmaier et al., 2001). However, our data support
the notion that the activities of these two ubiquitin ligases are
intimately linked and that an increase in the activity of one might
promote loss of activity of the other (Skaar and Pagano, 2009).
Of importance to our study, depletion of cyclin E did reduce
centrosome overduplication during the extended arrest, albeit not
to the same extent as cyclin A depletion. Assessment of
Cdk2 activity through measurement of T160 phosphorylation
also revealed oscillating activity. We propose that, once
disengagement has occurred, both Cdk2-cyclin A and Cdk2-
cyclin E have the capacity to stimulate centriole reduplication, as
they do with genome endoreduplication (Ma et al., 2009). Hence,
although APC/C inactivation during extended arrest might not be
absolutely necessary for centriole reduplication, we argue that it
occurs more efficiently in the presence of cyclin A than its
absence. Plk4, which remains present in HelLa cells throughout
the extended arrest, is also presumably required for centriole
reduplication (Bettencourt-Dias et al., 2005; Habedanck et al.,
2005), although one might predict that in other cell types it would
be degraded by SCF-BTrCP preventing centrosome amplification
(Rogers et al., 2009).

The final conclusion from this study relates to the role of
centrioles in spindle pole formation. Cells entering mitosis with
disengaged centrioles assembled unstable spindles that had
multiple poles with unequal microtubule organising capacity,
whereas cells entering mitosis with reduplicated centrioles
formed stable spindles that had four poles of equal microtubule
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organising capacity. Interestingly, this later situation allowed
cells to more rapidly satisfy the spindle assembly checkpoint and
complete mitosis. We interpret this to mean that engaged
centriole pairs have a fixed microtubule organising capacity
that results from assembly of a defined amount of microtubule
nucleating and anchoring activity. Individual centrioles can and
do recruit microtubule nucleating material but the amount strictly
depends on the age and maturation status of the centriole (Wang
et al., 2011). What defines how much PCM is recruited to a
centriole pair is an intriguing but poorly understood question,
although recent studies in C. elegans and Drosophila support
roles for a number of proteins in defining centrosome size
(Conduit et al., 2010; Decker et al., 2011; Dix and Raff, 2007;
Song et al., 2008). Intriguingly, experimentally increasing the
size of the centrosome can also influence centriole configuration
(Loncarek et al., 2008), highlighting the fact that these are
mutually dependent processes. It is well known that spindle poles
can assemble in the absence of centrioles and establish bipolar
spindles that accurately segregate chromosomes (Nigg and Raff,
2009). Whether the amount of nucleating material in ‘centriole-
less’ poles is similar to that formed by a pair of centrioles is not
clear. However, what is clear is that centriole number and
arrangement are major determinants in defining spindle pole size,
spindle stability and, ultimately, the fidelity of cell division.

Materials and Methods

Cell culture and drug treatments

All media was from Invitrogen and supplemented with 10% heat-inactivated FBS,
penicillin (100 TU/ml) and streptomycin (100 mg/ml). HeLa cells were cultured
in MEM with 1 mM sodium pyruvate; U20S and HeLa:o-tubulin-GFP cells were
cultured in DMEM; CHO cells were cultured in F12-Hams; and RPE1-hTERT
cells were cultured in DMEM:Ham’s F-12 with 0.25% sodium bicarbonate. All
cells were cultured at 37°C in a 5% CO, atmosphere. Cells were synchronised in
G1/S with 1.6 ug/ml aphidicolin (Sigma) for 16 hours then released into fresh
medium for 4 hours. To inhibit Cdkl, cells were treated with 10 pM RO-3306
(Calbiochem) or 50 uM roscovitine (Calbiochem). To inhibit Plk1 and Chkl, cells
were treated with 100 nM BI 2536 (Axon Med Chem) or 2 pM UCN-01 (Sigma),
respectively. 1 uM MLN 8054 was used to inhibit Aurora A. To inhibit Cdk2
10 uM NU6102 or 50 uM NU6120 was used. To inhibit the APC/C, pro-TAME
was used at 12 uM. For the centrosome overduplication assay, hydroxurea (HU;
Sigma) was used at 2 mM on CHO cells or 8 mM on U20S cells for 48 hours.
Overduplication was scored as cells with >4 centrioles as determined by centrin
staining. MG132 (Sigma) was used at 10 uM.

RNAi and transient transfections

siRNAs were transfected using Oligofectamine or Lipofectamine 2000 (Invitrogen)
according to manufacturer’s instructions. siRNA oligos were from Dharmacon unless
indicated. Securin was targeted with 5'-GACCCUGGAUGUUGAAUUG-3', 5'-
GCACCCGUGUGGUUGCUAA-3', 5'-UGGGAGAUCUCAAGUUUCA-3" and 5'-
GCUGUGACAUAGAUAUUUA-3'. Cdk1 was targeted with 5'-GUACAGAUCU-
CCAGAAGUA-3', 5'-GAUCAACUCUUCAGGAUUU-3', 5'-GGUUAUAUCUC-
AUCUUUGA-3" and 5'-GAACUUCGUCAUCCAAAUA-3'. Cdc20 was targeted
with 5'-AAUGGCCAGUGGUGGUAAUGA-3'. Cyclin A2 was targeted with 5'-
AACUACAUUGAUAGGUUCCUG-3" and 5'-AAGGCAGCGCCCGUCCAACA-
A-3'. Cyclin E was targeted with 5'-AAUAAUGCAGUCUGUCCAGAC-3'. Emil
was targeted with 5'-GAUUGUGAUCUCUUAUUAA-3" and 5'-ACUUGCUG-
CCAGUUCUUCA-3". Cdhl was targeted with 5'-UGAGAAGUCUCCCAGU-
CAGUU-3". APC3 was targeted with 5'-GGAAAUAGCCGAGAGGUAAUU-3’
and 5'-CAAAAGAGCCUUAGUUUAAUU-3'. Separase was targeted with 5'-
AAGCUUGUGAUGCCAUCCUGA-3" (Qiagen). Plkl was targeted with 5'-
CCAUUAACGAGCUGCUUAA-3" (Ambion). Oligos against GAPDH were from
Ambion (AM4631). Plasmid transfections or combined siRNA and plasmid
transfection were performed using Lipofectamine 2000 (Invitrogen) according to
manufacturer’s instructions. At 12 hours post-transfection, cells were treated with
aphidicolin for 16 hours. After release from block for 4 hours, cells were treated with
RO-3306 for a further 16 hours. An RNAi-resistant mutant of separase (myc-
Separase-Res) was generated using site-directed mutagenesis (QuikChange I,
Stratagene) and the primers: 5'-CTGAGAGGAGACAAGCTTGCGACGCA-
ATACTGAGGGCTTG-3" and 5'-CAAGCTTGTCTCCTCTCAGCATCAGATCG-
3.

Cell extracts and immunoblotting

Cell lysates were prepared and analysed by immunoblot as previously described
(Faragher and Fry, 2003). Primary antibodies used were against separase (Abcam),
a-tubulin (Sigma), GAPDH (Cell Signaling), cyclin A (Santa Cruz), cyclin B
(Santa Cruz), Cdk1 (Cell Signaling), Cdk1-pTyrl5 (Cell Signaling), Cdk2 (Santa
Cruz), securin (Abcam), myc (Cell Signaling), Cdc20 (Santa Cruz), Plk1 (Sigma),
Weel (Santa Cruz), Emil (Invitrogen), B-TrCP (Invitrogen), APC3/Cdc27 (BD
Biosciences), Cdk2 (Santa Cruz), Cdk2-pT160 (Cell Signaling), Cyclin E
(Abcam), Plk4 (Kleylein-Sohn et al., 2007) and Cdhl (gift from J. Gannon and
T. Hunt). Blots were quantified using ImageJ (v. 1.41) by measuring the intensity
of each band and subtracting the background from a corresponding area of the
same lane. The O-hour time-point of RO-3306 treatment was set at 1 and
subsequent time-points measured relative to this.

IF microscopy and flow cytometry

Cells were extracted with 0.2% NP40 in 80 mM PIPES, pH 6.8, 1 mM MgCl,,
1 mM EGTA for 30 seconds before fixation with methanol. IF microscopy was
performed as described (Faragher and Fry, 2003) using primary antibodies against
v-tubulin (Sigma), Centrin2 N17 (Santa Cruz), C-Napl (Fry et al., 1998), Plkl-
pT210 (BD Biosciences), YH2AX (Abcam) and o-tubulin (Sigma). Secondary
antibodies used were AlexaFluor-488 and —594 goat anti-rabbit and goat anti-
mouse IgGs (Invitrogen); DNA was stained with Hoechst 33258 or DAPI. Images
were captured as a single focal plane on a Nikon TE300 microscope equipped with
a Hamamatsu ORCA-R? digital camera, 100xobjective, NA 1.4, or Olympus
BX51 microscope, 100xobjective, NA 1.35, using Openlab or Volocity software
(Improvision). Quantification was performed using ImageJ (v. 1.41). For flow
cytometry, cells were fixed in 70% ethanol and stained with propidium iodide
(40 ug/ml) in PBS containing 100 ug/ml RNase A. Cell-cycle analysis was
performed on a FACScan Flow Cytometer or FACScanto II (BD Biosciences) with
Cell Quest or FACSDiva software, respectively.

Irradiation

Cells were synchronised by aphidicolin treatment and release before receiving
5 Gy IR. Where indicated cells were additionally treated with BI 2536. Cells were
fixed and analysed 20 hours post-IR.

Live cell imaging

Time-lapse imaging was performed as described (Prosser et al., 2009) using a
Leica TCS SP5 confocal equipped with a Leica DMI 6000B inverted microscope
and 63 xoil objective (NA 1.4). Cells were cultured in glass-bottomed dishes (no.
1.5; MatTek) and maintained on the stage at 37°C in a 5% CO, atmosphere. Drug
washout was achieved by rapid media replacement with pre-warmed OptiMEM
(Invitrogen) containing 10% FBS immediately prior to the start of imaging. Z-
stacks comprising of thirty 1 wm steps were acquired every 5 minutes for at least
9 hours. Stacks were processed into maximum intensity projections using LAS-AF
software (Leica) and movies prepared using ImagelJ (v. 1.41).
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Fig. S1. Inhibition of Cdk1 arrests cells in G2 with disengaged centrioles. A. Quantification of centriole
disengagement in pre-synchronised HeLa, U20S and RPE1-hTERT cells with and without RO-3306 treatment. B. Flow
cytometry of HeLa, U20S and RPE1-hTERT cells that were asynchronous (AS), treated with aphidicolin alone for 16
hours, or pre-synchronised as in the Materials and Methods and treated with RO-3306 for 16 hours. C. Quantification

of centriole disengagement in HeLa cells pre-synchronised with aphidicolin then treated with roscovitine for 16 hours.

D. Quantification of centriole disengagement in mock, GAPDH and Cdk1 depleted HeLa cells. E and F. Western blot
analysis with antibodies indicated from mock, GAPDH and Cdk1 depleted HeLa cells. Data in A, C and D show means +
sd; n=3, >100 cells counted.
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Fig. S2. PIk1 is required for centriole disengagement during G2 arrest. A. Immunofluorescence microscopy of pre-
synchronised HeLa cells treated with RO-3306 and BI 2536 for 16 hours, and stained for y-tubulin (red) and centrin
(green). B. Immunofluorescence microscopy of HeLa cells transfected with myc-Plk1-T210D or myc-Plk1-K82R and
treated with RO-3306 and MLN 8054 for 16 hours following pre-synchronisation. Cells were stained with antibodies
against myc (green) and C-Napl (red). Merge panels include DNA stained with Hoechst (blue). Scale bars, 10 um.
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Fig. S3. PIk1 can promote APC/C-independent centriole disengagement in G2 arrested cells. A. HeLa cells were mock, GAPDH
or securin depleted by RNAi whilst also, where indicated, transfected with myc-separase. After 12 hours, cells were synchronised,
released and treated with RO-3306 alone or plus BI 2536. Cell lysates were prepared and Western blotted for securin, myc and
o-tubulin. B. HeLa cells were mock-depleted or depleted of GAPDH or separase by RNAIi and transfected with myc-separase-WT

or RNAi-resistant separase (myc-separase-Res) as indicated. After 12 hours, cells were pre-synchronised with aphidicolin and then
treated with RO-3306 for 16 hours. Cell lysates were prepared and Western blotted for myc, separase, GAPDH and a-tubulin. An
N-terminal autocatalytic cleavage product of separase (<), seen below the full-length myc-tagged separase (*), indicates activity of
this construct in RO-3306 treated cells. C. HeLa cells were mock-depleted cells or cells depleted of Cdc20 or separase and transfected
as indicated. After 12 hours, cells were synchronized and released without RO-3306 for 6 hours, or with RO-3306 for 16 hours. Cell
lysates were prepared and Western blotted for Cdc20, separase, Plk1 and a-tubulin. D. HeLa cells were mock-depleted cells or cells
depleted of Cdhl or APC3 and transfected as indicated. After 12 hours, cells were synchronized and released without RO-3306 for 6
hours, or with RO-3306 for 16 hours. Cell lysates were prepared and Western blotted for APC3, Cdhl, Plk1 and o-tubulin.
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Fig. S4. Disengagement in response to RO-3306 is not a consequence of DNA damage. A. HeLa cells were synchronised by

16 hour aphidicolin treatment and 4 hour release then either left untreated or irradiated (5 Gy). Non-irradiated cells were fixed
immediately, whilst irradiated samples were fixed 20 hours after IR treatment. Cells were stained for YH2AX. Scale bar, 10 um. B.
Immunofluorescence microscopy of HeLa cells treated with aphidicolin for 16 hours, released for 4 hours, then treated with RO-
3306 for 16 hours, or treated with RO-3306 only for 16 hours. Cells were stained for y-tubulin (green) and YH2AX (red). Merge
panels include DNA stained with Hoechst (blue). Scale bar, 10 um. C. Quantification of YH2AX foci staining in HeLa cells following
treatment as in B. D. Comparison of centriole disengagement in HeLa cells treated with RO-3306 for 16 hours or pre-synchronised
with aphidicolin then treated with RO-3306 in those cells with or without YH2AX foci. Data in C and D are shown as mean +/- sd for
three independent experiments in which at least 100 cells were counted.
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Figure SS5. Depletion of proteins in IR treated samples. HeLa cells were mock, GAPDH, APC3, Cdc20, Cdhl, Separase
or Emil depleted by RNAi whilst also, where indicated, transfected with myc-Plk1-T210D. After 12 hours, cells were

synchronised, released for 4 hours and then irradiated. Cell lysates were prepared 20 hours post-IR and Western blotted
for the proteins indicated.
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Figure S6. Mitotic consequences for cells released from RO-3306 arrest. A. Immunofluorescence microscopy

of metaphase cells following 1 hour washout from 16 hours RO-3306 treatment. Upper panels show DNA stained

with Hoechst (blue in merge). Merge panels include y-tubulin (green) and a-tubulin (red) antibody staining. B.
Immunofluorescence microscopy of anaphase cells following 2 hour washout from 16 hours RO-3306 treatment.

Images show DNA stained with DAPI. Merge panels include a-tubulin (red) antibody staining. C. Immunofluorescence
microscopy of interphase cells following 20 hour washout from 16 hours RO-3306 treatment. Images show DNA stained
with Hoechst. Merge panels include a-tubulin (red) antibody staining. Scale bars, 10 um.



Movie 1. HeLa:a-tubulin-GFP cells were treated with aphidicolin for 16 hours before release into fresh media. After 4
hours, imaging commenced with a z-stack acquired every 5 minutes. Movie is a maximum intensity projection of a cell
undergoing a bipolar division.

Movie 2. HeLa:a-tubulin-GFP cells were treated with aphidicolin for 16 hours before release into fresh media. After 4
hours, imaging commenced with a z-stack acquired every 5 minutes. Movie is a maximum intensity projection of a cell
undergoing a bipolar division.

Movie 3. HeLa:a-tubulin-GFP cells were pre-synchronised and treated with RO-3306 for 16 hours. RO-3306 was washed
out and imaging commenced with a z-stack acquired every 5 minutes. Movie is a maximum intensity projection of a cell
that initially forms a bipolar spindle, which then rapidly becomes tripolar, then tetrapolar. Eventually the two ‘spare’ poles
move to one end of the cell as it undergoes a bipolar division.


jcs.biologists.org/content/vol125/issue22/images/data/5353/DC1/Movie1.mov
jcs.biologists.org/content/vol125/issue22/images/data/5353/DC1/Movie2.mov
jcs.biologists.org/content/vol125/issue22/images/data/5353/DC1/Movie3.mov

Movie 4. HeLa:a-tubulin-GFP cells were pre-synchronised and treated with RO-3306 for 16 hours. RO-3306 was washed
out and imaging commenced with a z-stack acquired every 5 minutes. Movie is a maximum intensity projection of a cell
that initially looks like it will have two spindle poles but forms a tripolar spindle, which becomes tetrapolar, before the
cell undergoes a tripolar division.

Movie 5. HeLa:a-tubulin-GFP cells were pre-synchronised and treated with RO-3306 for 40 hours. RO-3306 was washed
out and imaging commenced with a z-stack acquired every 5 minutes. Movie is a maximum intensity projection of a cell
initially forming a tetrapolar spindle, but later undergoing a tripolar division.

Movie 6. HeLa:a-tubulin-GFP cells were pre-synchronised and treated with RO-3306 for 40 hours. RO-3306 was washed
out and imaging commenced with a z-stack acquired every 5 minutes. Movie is a maximum intensity projection of a cell
initially forming a tetrapolar spindle, but later undergoing a tripolar division.


jcs.biologists.org/content/vol125/issue22/images/data/5353/DC1/Movie4.mov
jcs.biologists.org/content/vol125/issue22/images/data/5353/DC1/Movie5.mov
jcs.biologists.org/content/vol125/issue22/images/data/5353/DC1/Movie6.mov
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