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Summary

Two mechanisms safeguard the bipolar attachment of chro-
mosomes in mitosis. A correction mechanism destabilizes
erroneous attachments that do not generate tension across
sister kinetochores [1]. In response to unattached kineto-
chores, the mitotic checkpoint delays anaphase onset by
inhibiting the anaphase-promoting complex/cyclosome
(APC/C®9°2%) [2]. Upon satisfaction of both pathways, the
APC/CC9°2° gjcits the degradation of securin and cyclin B
[3]. This liberates separase triggering sister chromatid
disjunction and inactivates cyclin-dependent kinase 1
(Cdk1) causing mitotic exit. How eukaryotic cells avoid the
engagement of attachment monitoring mechanisms when
sister chromatids split and tension is lost at anaphase is
poorly understood [4]. Here we show that Cdk1 inactivation
disables mitotic checkpoint surveillance at anaphase onset
in human cells. Preventing cyclin B1 proteolysis at the
time of sister chromatid disjunction destabilizes kineto-
chore-microtubule attachments and triggers the engage-
ment of the mitotic checkpoint. As a consequence, mitotic
checkpoint proteins accumulate at anaphase kinetochores,
the APC/C®9°?° s inhibited, and securin reaccumulates.
Conversely, acute pharmacological inhibition of Cdk1 abro-
gates the engagement and maintenance of the mitotic check-
point upon microtubule depolymerization. We propose that
the simultaneous destruction of securin and cyclin B elicited
by the APC/C®9°?° couples chromosome segregation to the
dissolution of attachment monitoring mechanisms during
mitotic exit.

Results and Discussion

Sister chromatids are held together until the metaphase-to-
anaphase transition by a protein complex called cohesin [5].
After the destruction of securin, cleavage of cohesin by
separase triggers the segregation of sister chromatids during
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anaphase. Cohesin cleavage also presumably abrogates the
kinetochore tension that satisfies kinetochore attachment sur-
veillance pathways. This raises the question of how eukaryotic
cells avoid the potentially catastrophic action of these path-
ways during sister chromatid segregation at anaphase [4].
Recent work has shown that the artificial cleavage of cohesin
in mitosis engages the mitotic checkpoint and destabilizes
microtubule-kinetochore attachments [6, 7]. Eukaryotic cells
may have solved this “anaphase problem” by entirely
disabling these surveillance mechanisms at anaphase onset
[8, 9]. The removal of Aurora B kinase, the tension sensor at
kinetochores, from chromosomes at anaphase onset and the
degradation of the checkpoint kinase Mps1 could contribute
to this phenomenon [6, 8, 9]. Work in yeast cells, Drosophila
embryos, and frog extracts has suggested that Cdk1-cyclin
B, the enzyme that drives cells into mitosis, could act as an
upstream regulator of the mitotic checkpoint [6, 7, 10-13].
The inactivation of Cdk1 through cyclin B proteolysis at
anaphase onset could therefore disable attachment-moni-
toring pathways when sister chromatids split.

To investigate this hypothesis, we expressed a nondegrad-
able (ND) version of cyclin B1 in HeLa Kyoto cells (ND cyclin
B1-mCherry) (Figure 1). This mutant cyclin B1 protein (R42A
and L45A) cannot be marked for proteolytic degradation by
the anaphase-promoting complex/cyclosome (APC/CCdc20)
ubiquitin ligase [3, 14]. Although Cdk1-cyclin B can inhibit sep-
arase [15], previous studies in Drosophila embryos and human
cells have found that expression of a moderate level of ND
cyclin B arrests cells in mitosis with separated sister chroma-
tids [10, 16, 17]. Image quantification in our experiments re-
vealed that both wild-type (WT) and ND cyclin B1 transgenes
were expressed at levels close to the endogenous counterpart
in the majority of cells (Figure S1A available online) (0.5-fold to
2-fold of endogenous cyclin B1).

WT cyclin B1 was degraded at the metaphase-to-anaphase
transition, and cells underwent successful cell division before
exiting mitosis (Figure 1A). In contrast, after alignment of chro-
mosomes at the metaphase plate with normal kinetics, cells
expressing ND cyclin B1 failed to degrade the transgenic pro-
tein. Cells with moderate levels of ND cyclin B1 subsequently
displayed erratic chromosome movements and remained
permanently arrested in mitosis (Figure 1A) (38/41 cells). The
maintenance of this state, which we refer to as pseudoana-
phase, was dependent on continuous Cdkl1 activity (Fig-
ure S1B). The onset of pseudoanaphase in cells expressing
ND cyclin B1 occurred with a timing that was comparable to
anaphase onset in control cells (Figure S1C). This is in stark
contrast to chromosome scattering caused by cohesion
fatigue [18, 19], which takes several hours to occur in meta-
phase-arrested cells (Figure S1D).

Chromosome spread analysis and fluorescence in situ hy-
bridization experiments revealed that sister chromatids were
split in pseudoanaphase cells (Figures 1B and 1C). The loss
of sister chromatid cohesion in pseudoanaphase cells, but
not in cells lacking the cohesin protector protein Sgo1 [5],
could be suppressed by addition of the proteasome inhibitor
MG132 (Figures 1B, S1E, and S1F). Furthermore, chromosome
scattering occurred concomitantly with the degradation of
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Figure 1. Expression of Moderate Levels of Nondegradable Cyclin B1 Separates APC/C°92° Activation and Sister Chromatid Disjunction from Cdk1
Inactivation

(A) Time-lapse series and kymograph of H2B-EGFP HelLa cells expressing wild-type (WT) or nondegradable (ND) cyclin B1-mCherry. While 93% of cells
expressing ND cyclin B1 arrested in mitosis, all cells expressing WT cyclin B1 exited mitosis (n > 40 cells from three independent experiments). The first
time frame after nuclear envelope breakdown (NEBD) corresponds to t = 0 min. See also Figure S1.

(B) Chromosome spreads of cells expressing ND cyclin B1 that were synchronously released into mitosis and treated with DMSO (control) or the proteasome
inhibitor MG132 (10 uM) for 4 hr (n > 299 spreads from 3 independent experiments). See also Figures S1E and S1F.

(C) Fluorescence in situ hybridization (FISH) analysis of the centromeres of trisomic chromosomes 6 and 8. Distance between the closest centromeres
was measured on 3D pictures (n > 29 cells). Depletion of Sgo1 was used as a control for loss of sister chromatid cohesion.

(D) Analysis of securin degradation. Confocal live-cell imaging of H2B-iRFP HeLa cells expressing securin-EGFP and WT or ND cyclin B1-mCherry is shown.
Time = 0 min was set to the first frame after anaphase onset. See also Figure 3A.

(E) Immunofluorescence (IF) analysis and quantification of mitotic cells expressing ND cyclin B1 and transfected with either nontargeting control (NTC) small
interfering RNA (siRNA) or siRNA duplexes targeting separase (n > 152 cells from three independent experiments). See also Figure S1G.

Scale bars represent 10 um. See also Figure S1.
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securin and within a short time after removal of MG132 (Fig-
ures 1D, 3A, and S1D). Importantly, chromatid scattering in
cells expressing ND cyclin B1 was abolished by depletion of
separase (Figures 1E and S1G). Our observations suggest
that the transition from metaphase to pseudoanaphase in cells
expressing ND cyclin B1 involves APC/C-dependent proteoly-
sis and separase-dependent disjunction of sister chromatids,
a situation closely resembling normal anaphase onset. Thus,
expression of moderate levels of ND cyclin B1 separates
APC/C®9°20 action and anaphase onset from the inactivation
of Cdk1. In line with this interpretation, the tension sensor at
kinetochores, Aurora B kinase [1], whose removal from chro-
mosomes at the metaphase-to-anaphase transition depends
on Cdk1 inactivation [20], remained associated with centro-
meres in pseudoanaphase cells (Figure S2A). Cells expressing
ND cyclin B1 therefore provided a suitable model to investi-
gate the consequences of separase-induced sister chromatid
disjunction in the absence of Cdk1 inactivation.

First, we scrutinized the localization of mitotic checkpoint
proteins, which in early mitosis mark unattached kinetochores
or kinetochores that lack tension [1, 2]. When stable bipolar
attachments are formed at metaphase, mitotic checkpoint
proteins dissociate from kinetochores and subsequently
become undetectable at this location in anaphase [8]. Accord-
ingly, kinetochore localization of mitotic checkpoint proteins
was undetectable (Mad1, Mad2, and Mps1) or low (Bub1 and
BubR1) in ND cyclin B1-positive metaphase cells (Figures 2A
and S2B-S2D). In contrast, we found that Mad1, Mad2,
Bub1, BubR1, and Mps1 were all recruited to kinetochores in
pseudoanaphase cells that express ND cyclin B1 (Figures 2A
and S2B-S2D). Kinetochore localization of Mad2 in pseudoa-
naphase cells was abrogated upon treatment of cells with re-
versine, an inhibitor of the mitotic checkpoint kinase Mps1
[21] (Figure 2B), and upon inhibition of Aurora B kinase (Fig-
ure S2E). Imaging of cells expressing ND cyclin B1 revealed
the formation of Mad2-EGFP foci on chromosomes within
10 min (12/16 cells) or 15 min (4/16 cells) of pseudoanaphase
onset (Figure 2C). Mad2-EGFP remained undetectable on
chromosomes in cells that underwent anaphase while degrad-
ing WT cyclin B1, despite marking unaligned chromosomes in
early mitosis (Figure 2C). These results suggest that separase-
dependent cohesin cleavage and sister chromatid separation
cause the re-engagement of the mitotic checkpoint pathway
if cyclin B1 proteolysis is prevented and Cdk1 remains active
at anaphase onset.

Mad1 and Mad2 kinetochore recruitment is thought to
reflect partial or complete lack of microtubule attachment
[1, 2]. The chaotic chromatid movements and the localization
of Mad1 and Mad2 to multiple kinetochores that is observed
upon sister splitting in cells expressing ND cyclin B1 raise
the possibility that kinetochore-microtubule attachments are
unstable in pseudoanaphase. To test this, we analyzed the sta-
bility of kinetochore fibers using cold treatment. Exposure to
low temperature allows the preservation of stable kinetochore
fibers in metaphase and anaphase cells but eliminates
compromised attachments, such as those in cells treated
with the Polo-like kinase 1 inhibitor Bl 2536 (Figure 2D).
Although kinetochore fibers in cells expressing ND cyclin B1
were cold resistant at metaphase, microtubule stability was
dramatically reduced in the pseudoanaphase state (Figure 2D).
Furthermore, tracking experiments revealed that kinetochores
in pseudoanaphase cells failed to show persistent directional
movement toward the closest spindle pole and underwent
directional switches (Figures 2E and S2F). In vivo analysis of

kinetochore architecture in yeast found that anaphase kineto-
chores adopted a relaxed configuration, possibly reflecting a
loss of tension [22]. Our results suggest that, if cyclin B is
not degraded, sister chromatid separation at anaphase onset
could cause the erroneous destabilization of microtubule
attachments at tensionless kinetochores and, subsequently,
the untimely recruitment of mitotic checkpoint proteins.

Next, we tested whether these responses to sister chro-
matid separation in pseudoanaphase cells can lead to the
inhibition of the APC/C®“°2°, To address this question, we
analyzed the level of the APC/C®9°%° substrate securin and
the assembly of the mitotic checkpoint complex (MCC) over
time in cells expressing either WT or ND cyclin B1 (Figure 3).
The MCC is a key biochemical effector of the mitotic check-
point and is composed of BubR1, Mad2, Bub3, and the
APC/C cofactor Cdc20 [2]. In cells expressing WT cyclin B1,
both securin and cyclin B1 were degraded at the metaphase-
to-anaphase transition (Figure 3A). In cells expressing ND
cyclin B1, securin was degraded at the time of chromosome
scattering, but subsequently its protein levels rose again,
albeit slowly and not reaching mitotic peak levels (Figure 3A).
Coimmunoprecipitation of Cdc20 and Mad2 suggested that
cells expressing ND cyclin B1 reassemble the APC/C®9°%° jn-
hibitor MCC after undergoing sister chromatid separation (Fig-
ure 3B). Importantly, inhibition of Mps1 kinase at the time of
pseudoanaphase onset prevented subsequent MCC forma-
tion and securin accumulation (Figures 3C, 3D, and S3). These
data suggest that although both WT and ND cyclin B1-
expressing cells activate the APC/C®%?° and degrade
APC/C substrates at the time of sister disjunction, mainte-
nance of Cdk1 activity in ND cyclin B1-positive cells past the
metaphase-to-anaphase transition elicits inhibition of the
APC/CC20_ preyention of cyclin B1 proteolysis at anaphase
onset appears to be sufficient to cause mitotic checkpoint
engagement and APC/C®9°2 jnhibition in response to cohesin
cleavage. The corollary of this conclusion is that the inactiva-
tion of Cdk1 just prior to anaphase onset in normal cells could
be responsible for preventing untimely checkpoint engage-
ment caused by sister chromatids splitting.

To test this hypothesis and corroborate the link between
Cdk1 activity and mitotic checkpoint surveillance, we con-
ducted acute pharmacological perturbation experiments in
mitotic cells. As a proxy for mitotic checkpoint engagement,
we used the rapid recruitment of Mad2-EGFP to kinetochores
upon microtubule depolymerization by nocodazole (Figures
4A, 4B [upper panel], and S4A). Addition of the Cdk inhibitor
flavopiridol about 2 min prior to or at the time of nocodazole
application prevented the localization of Mad2-EGFP to kinet-
ochores (Figures 4A and 4B [middle panel]). We noticed that
flavopiridol treatment also slowed down the depolymerization
of microtubules and dissolution of the metaphase plate after
nocodazole treatment (Figure S4B). This effect, however, is
unlikely to account for the absence of Mad2 recruitment,
because the protein also failed to accumulate at kinetochores
at time points when the spindle was largely disassembled (Fig-
ures 4B [middle panel] and S4B) and in cells with a disorga-
nized metaphase plate (Figure 4A). Furthermore, we found
that chemical inhibition of Cdk1 after microtubule depolymer-
ization resulted in the loss of Mad2-EGFP from chromosomes
within 15 min (Figure 4B, lower panel). These results suggest
that Cdk1 activity is required for both mounting and maintain-
ing a mitotic checkpoint response in human cells. The effects
of chemical Cdk1 inhibition did not depend on proteolysis of
other factors because addition of flavopiridol prevented or
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Figure 2. Preventing Cyclin B1 Proteolysis at the Time of Sister Chromatid Separation Causes Recruitment of Mitotic Checkpoint Proteins to Kinetochores
and the Destabilization of Microtubule-Kinetochore Attachments

(A) Mad1 and Mad2 localization was analyzed by IF in cells expressing ND cyclin B1-mCherry (n > 149 cells from three independent experiments). See also
Figures S2A-S2D for Aurora B, Bub1, BubR1, and Mps1 localization.

(B) Mad2 localization was analyzed by IF 2 hr after MG132 release in cells expressing ND cyclin B1-mCherry. DMSO or reversine (0.5 uM) was added 40 min
after release from MG132 arrest (n > 149 cells from three independent experiments). See also Figure S2E for effect of Aurora B inhibition.

(C) Confocal live-cell imaging of Mad2-EGFP H2B-iRFP HelLa cells expressing WT or ND cyclin B1-mCherry. Mad2 foci on chromosomes, indicated by
arrowheads, are detected 4.7 = 3.8 min after anaphase onset (t = 0 min) (n = 16 cells from more than three independent experiments).

(D) Microtubule stability was analyzed by IF in cells using cold treatment. Integrated intensities of cold-resistant a-tubulin were measured and background
corrected in EGFP-CENPA Hela cells that were either transfected with ND cyclin B1-mCherry or treated for 2 hr with 100 nM BI 2536 (n > 101 cells from three
independent experiments). Tubulin intensities per cell are normalized to the average tubulin intensity in metaphase cells in each experiment and displayed in
a scatter dot plot (right). Horizontal black lines represent the mean. p values were calculated using a two-tailed t test. Scale bars represent 10 um.

(E) Analysis of kinetochore and spindle pole (indicated by arrowheads) trajectories in late anaphase cells (WT cyclin B1) and in pseudoanaphase cells (ND
cyclin B1). Images are representative of six late-anaphase and nine pseudoanaphase cells analyzed. Scale bars represent 5 um. See also Figure S2F.
See also Figure S2.
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Figure 3. Reaccumulation of Securin and MCC after Sister Chromatid Disjunction in the Absence of Cyclin B1 Proteolysis

(A) Frames of confocal live-cell imaging of H2B-iRFP HelLa cells expressing securin-EGFP and WT or ND cyclin B1-mCherry are shown (left). The integrated
intensities of securin-EGFP and cyclin B1-mCherry were measured, background corrected, and normalized to the maximum-intensity value obtained per
cell. Measurements in different cells were aligned to t = 0 min as the first frame after anaphase onset. The graph displays the mean intensity of securin and
cyclin B1 (right). Error bars represent the SD of the analysis of nine cells per condition (from three experiments). The scale bar represents 10um.

(B) Coimmunoprecipitation analysis of mitotic checkpoint complex (MCC) formation in cells expressing WT or ND cyclin B1. Cdc20 was immunoprecipitated
from extracts prepared from nocodazole-arrested (Noc) and MG132-arrested cells at t = 0 min as well as from cells released from metaphase for the indi-
cated times. Mad2 and Cdc20 intensities were analyzed in whole-cell extracts (WCE) and the precipitated fraction (IP) by fluorescent immunoblotting. The
Mad2/Cdc20 ratio in the IP fraction was determined, normalized to the ratio at 0 min, and plotted (right). Due to the degradation of Cdc20 in WT cyclin
B1-expressing cells, the amount of IP fraction loaded was adjusted for comparable amounts of Cdc20. The percentage of metaphase cells was determined
using time-lapse analysis (n > 102 cells).

(C) Analysis of MCC formation as in (B). Cells expressing ND cyclin B1 were treated with DMSO or 0.5 uM reversine 40 min after MG132 release.

(D) Securin-EGFP accumulation in pseudoanaphase cells depends on Mps1 kinase. One hour after release from nocodazole (30 ng/ml), cells expressing ND
cyclin B1 were treated with DMSO or reversine (0.5 uM). The graph is as in (A) (n = 9 cells per condition from three independent experiments).

See also Figure S3.
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Figure 4. Cdk1 Activity Is Required for Mad2 Recruitment and Retention at Kinetochores upon Microtubule Depolymerization

(A) IF analysis of Mad2-EGFP kinetochore localization. HeLa cells were arrested in metaphase by addition of MG132 for 2 hr and subsequently released
(DMSO) or kept in presence of MG132 during the experiment. DMSO or flavopiridol (15 uM) was added 2 min prior to addition of nocodazole (1 ng/ml) or
at the time of nocodazole addition. Kinetochore localization of Mad2-EGFP was analyzed in cells with disrupted chromosome alignment 10 min after treat-

ment with nocodazole (n > 300 cells from three independent experiments).

(B) Mad2-EGFP kinetochore localization in live cells. HeLa cells expressing H2B-mCherry and Mad2-EGFP were arrested in metaphase with MG132
(30-90 min) and imaged by three-dimensional confocal live-cell microscopy. Nocodazole (1 pg/ml) and flavopiridol (20 M) were acutely added during
imaging as indicated by the arrowheads and vertical lines in black and blue, respectively. Images show single confocal z sections of representative cells.
Graphs show quantified kinetics of Mad2 intensity on chromatin regions over cytoplasm in individual cells (n > 15 cells from three independent experiments).

Time = 0:00 min:s at the first drug addition.

Scale bars represent 10 um. See also Figure S4 for microtubule depolymerization kinetics.
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abolished the localization of Mad2-EGFP to kinetochores in
the presence of MG132 (Figure 4). This indicates that the
dephosphorylation of Cdk1 substrates causes the direct or in-
direct dissolution of mitotic checkpoint surveillance and high-
lights cyclin B as a key APC/C®9°2° substrate for this regulation
at the metaphase-to-anaphase transition.

We found that the central event of anaphase, the separase-
dependent disjunction of sister chromatids, can lead to the
destabilization of kinetochore attachments and the engage-
ment of a mitotic checkpoint response with potentially delete-
rious consequences. Our experiments suggest that eukaryotic
cells avoid this by coordinating separase activation with the
termination of attachment surveillance mechanisms. This is
achieved through the action of the APC/C®9°?° that elicits the
simultaneous destruction of securin and cyclin B. This
coupling could render late metaphase cells refractory to the
loss of tension caused by cohesin cleavage upon anaphase
initiation and contribute to the irreversibility of mitotic exit
[23]. Experiments in mouse zygotes have led to similar conclu-
sions, suggesting conservation of this mechanism [24]. While
cell-cycle surveillance mechanisms are generally considered
to exist in two states, engaged or satisfied, our work highlights
a third state in which a mechanism has been disabled and is no
longer monitoring cellular events. The transition from the satis-
fied to the disabled state of the mitotic checkpoint most likely
occurs very briefly before anaphase entry, as acutely detached
chromosomes remain proficient in recruiting Mad2-EGFP and
inhibiting APC/C°9°?° throughout most of metaphase [25, 26].

Studies in Drosophila and yeast cells have shown that
reversal of Cdk1 activity prevents engagement of the mitotic
checkpoint in response to artificial sister chromatid disjunc-
tion [6, 7]. Our work suggests that cyclin B1’s destruction
stabilizes kinetochore attachments and terminates mitotic
checkpoint surveillance after anaphase onset. Separase-
induced sister chromatid separation can elicit the inhibition
of APC/C®9°2° if Cdk1 is not inactivated concomitantly. This
raises the possibility that if the mitotic checkpoint is not
disabled in anaphase, the reaccumulation of securin and
cyclin B could interfere with chromatid separation and mitotic
exit. However, after sister chromatid splitting in ND cyclin B1-
expressing cells, securin-EGFP, as well as the endogenous
APC/CC9°20 sypbstrates cyclin B1 and securin, did not reaccu-
mulate significantly within a short timeframe (Figures 3A and
3B). The slow reaccumulation could be linked to the require-
ment for resynthesis and to only partial and slow inhibition of
APC/CC20 [26, 27], which may help protect mitotic exit from
the adverse effects of untimely mitotic checkpoint engage-
ment in anaphase. Nevertheless, failure to degrade cyclin B
at anaphase onset in mouse zygotes causes mitotic check-
point-dependent inhibition of APC/C®9°2° substrate degrada-
tion [24], suggesting physiological importance of mitotic
checkpoint dissolution by Cdk1 inactivation.

The loss of stable kinetochore attachments that we ob-
served upon chromatid separation in the presence of Cdk1
activity in human cells could result in chromosome nondis-
junction events and lead to aneuploidy. Recent work showed
that the degradation of cyclin A increases the stability of kinet-
ochore-microtubule attachments between prometaphase and
metaphase [28]. Kinetochore fiber stability further increases in
anaphase cells [29]. We detected destabilization of kineto-
chore-microtubule attachments, as judged by Mad2 recruit-
ment to unattached kinetochores, within 10 min of sister
chromatid splitting in the presence of ND cyclin B1. Thus,
cyclin B proteolysis and the reversal of Cdk1-dependent

phosphorylation are likely to be crucial for the generation of
stable kinetochore-microtubule attachments that underlie
the correct partitioning of sister chromatids in anaphase [30].

In combination with previous studies [6-8, 10-12], this work
establishes Cdk1-cyclin B as a switch that sets up mitotic
checkpoint surveillance as cells enter mitosis and disables
surveillance during anaphase. Cdk1-dependent localization
of Aurora B to centromeres [8], together with additional Cdk1-
controlled effects at kinetochores, is likely to sustain the mitotic
checkpoint. In the future, it will be important to identify these
additional substrates whose phosphoregulation confers direct
or indirect Cdk1 control over mitotic checkpoint surveillance
and the stability of kinetochore-microtubule attachments.

Supplemental Information

Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.cub.2014.01.034.
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