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Summary

Activation of cyclin B1-Cdk1 is essential for mitotic entry. Subsequently, inactivation of 
cyclin B1-Cdk1 is equally important to initiate exit of mitosis and direct cellular division. 
Both the progressive activation and inactivation of cyclin B1-Cdk1 is controlled by its 
own activity. When cyclin B1-Cdk1 complexes are formed they are first kept in an 
inactive state by inhibitory phosphorylation until a threshold level of cyclin B1-Cdk1 
complexes is reached. At this threshold, a small amount of cyclin B1-Cdk1 activity 
is generated, sufficient to initiate phosphorylation and inhibition of its inhibitory 
kinases Wee1 and Myt1. Also the Cdc25 phosphatases that remove the inhibitory 
phosphorylation on Cdk1 are activated by the low level of cyclin B1-Cdk1 activity. This 
double feedback-loop triggers the switch-like activation of cyclin B1-Cdk1 complexes 
in the cell, resulting in mitotic entry. Next, cyclin B1-Cdk1 activity promotes mitotic 
activity of the Anaphase-Promoting Complex/Cyclosome (APC/C), the E3-ubiquitin 
ligase which targets cyclin B1 for destruction, resulting in Cdk1 inactivation, mitotic 
exit and cell division. The autonomous nature of the activation and inactivation of 
cyclin B1-Cdk1 contributes to the robustness of cell cycle progression. Here, we 
discuss how such robust and rapid activation and inactivation of cyclin B1-Cdk1 may 
be needed to couple subsequent cellular events during these cell cycle transitions.

Coupling	events	in	different	compartments	during	mitotic	entry

Xenopus egg extracts have been very useful for making kinetic models of cyclin 
B1-Cdk1 activation (Solomon et al., 1990; Pomerening et al., 2005; Pomerening et al., 
2003). Purified cyclin B1 can be added to such protein extracts, made from interphase 
cells, and also other components can be added, removed or inhibited. The added 
cyclin B1 will bind Cdk1 that is present in the extract and the level of cyclin B1-Cdk1 
complexes formed can be correlated to the activity of these complexes. Low levels of 
cyclin B1 do not provide much cyclin B1-Cdk1 activity, only when a certain threshold 
level of cyclin B1-Cdk1 complexes is present, the activation loops can be initiated 
and full activation of the cyclin B1-Cdk1 complexes can be observed (see figure 2A 
in chapter	 1, which illustrates this phenomenon) (Solomon et al., 1990). Also the 
sensitivity of other factors in the feedback loops can be analysed, as described for 
Wee1, which responds to cyclin B1-Cdk1 activity in an ultrasensitive way (Kim and 
Ferrell, Jr., 2007). These in vitro studies help to explain the switch-like behaviour of 
the system. A recent effort established an assay to analyse cyclin B1-Cdk1 activation 
in human somatic cell extracts, too, which should allow analyses of factors that behave 
differently between these systems, such as cyclin A, which may support mitotic entry 
in human cells (Deibler and Kirschner, 2010). Such analyses using protein extracts will 
help to understand how these molecular switches work.

Importantly however, cells are different from extracts. In cells, the factors 
involved in activation of cyclin B1-Cdk1 are localised to cellular structures such as 
the centrosomes and have different concentrations in different compartments, the 



SEVEN  General discussion  General discussion  SEVEN

151

cytoplasm and the nucleus (first picture in Figure 1A) (Lindqvist et al., 2009). Moreover, 
the concentrations of these factors rise as cells progress towards mitosis and a large 
fraction of the cyclin B1-Cdk1 complexes translocates to the nucleus in prophase, 
triggering nuclear envelop breakdown (NEB, Figure 1A)(Lindqvist et al., 2009).

As can be observed in Figure 1, normally the nuclear translocation of cyclin B1-Cdk1, 
needed to trigger NEB, is a last barrier for cells before mitosis becomes irreversible 
(Pines and Rieder, 2001). Such a step requires a system that is robust enough to keep 
sufficient activity in both the cytoplasm and the nucleus. This is for instance needed to 
couple events triggered in the cytoplasm with events in the nucleus, like the formation 
of a spindle in the cytoplasm with the condensation of chromosomes in the nucleus 
(Lindqvist et al., 2007). Altogether, studying the dynamics of this process would be 
best done by analysing cyclin B1-Cdk1 activation in single cells. Single cell assays 

Figure	 1.	 Nuclear	 translocation	 of	 cyclin	 B1	 and	 the	 teaser-phenotype.	 (A) Before mitosis, 
cyclin B1-Cdk1 complexes are mainly cytoplasmic as seen by expression of cyclin B1-Venus (t 
= 51). In prophase, cyclin B1-Cdk1 translocates to the nucleus (t = 66 and 69) to trigger nuclear 
envelope breakdown (NEB, t = 72 and 75). At this point cells are in prometaphase and align their 
chromosomes at the metaphase plate (t = 84) after which cyclin B1 is degraded to inactivate 
its associated Cdk1, needed to exit mitosis and divide (not shown, but see for instance Figure 
2B in chapter	5). Time is in minutes. (B)	  The teaser-phenotype. This phenotype is marked by 
translocation of cyclin B1 into the nucleus but without induction of NEB. Here, cyclin B1 is 
pumped back into the cytoplasm after which another cycle of import and export takes place. 
Nuclear translocation of cyclin B1 is known to be triggered by cyclin B1-Cdk1 activation, just 
like centrosome separation which was also observed in these cells and some cells did eventually 
enter mitosis, showing that cyclin B1-Cdk1 was indeed active in these cells.
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would then allow the activity of cyclin B1-Cdk1 to be coupled to cellular events, giving 
an indication of how cyclin B1-Cdk1 activity regulates subsequent steps of mitosis.

Our single cell assay, described in chapter	 2, was set up to quantify the loss 
of inhibitory phosphorylation on Cdk1 in relation to cyclin B1 levels in fixed cells, 
as a measure of how much cyclin B1-Cdk1 complexes were formed and activated 
(Lindqvist et al., 2007). Here we could correlate cyclin B1-Cdk1 activation to cyclin 
B1 levels and the different cellular events, like centrosome separation and nuclear 
translocation of cyclin B1-Cdk1. Before mitosis, the inhibitory phosphorylation on 
Cdk1 was linear to the levels of cyclin B1, in agreement with ongoing inactivation 
of cyclin B1-Cdk1 complexes when formed in G2, until the point at which cells had 
separated their centrosomes; here fewer complexes were phosphorylated, meaning 
that cyclin B1-Cdk1 activation had started (Lindqvist et al., 2007). Cells at later stages, 
at the point of nuclear translocation of cyclin B1 and prometaphase, showed more 
progressive loss of inhibitory phosphorylation (Lindqvist et al., 2007). This revealed 
that activation of cyclin B1-Cdk1 occurs stepwise and even continues in mitosis.

Interestingly, a sudden drop in the concentration of cytoplasmic cyclin B1-Cdk1 
complexes, which occurs during the nuclear translocation of cyclin B1-Cdk1, does not 
cease the activation of remaining cyclin B1-Cdk1 complexes in the cytoplasm (chapter	
2)(Lindqvist et al., 2007). Apparently, the robustness of cyclin B1-Cdk1 activation is 
as such that, after the initial activation threshold of cyclin B1-Cdk1 is reached, further 
activation continues even when the initial requirements for cyclin B1-Cdk1 activation, 
such as high cyclin B1 levels, are no longer intact. It thus seems that cyclin B1-Cdk1 
complexes in the cell are either active, inactive or robustly reaching one of these 
states, providing in vivo evidence that cyclin B1-Cdk1 activation is best described as a 
bi-stable system in cells (Lindqvist et al., 2007).

Recently, another single cell assay was developed, a FRET-probe containing a 
peptide-region which can specifically be phosphorylated by cyclin B1-Cdk1, thereby 
changing the efficiency of energy transfer between the fluorophores that flank this 
peptide (Gavet and Pines, 2010a). This change in Fluorescence Resonance Energy 
Transfer (FRET) can be taken as read-out for cyclin B1-Cdk1 activity in living cells. With 
this probe, Gavet and Pines confirmed that activity of cyclin B1-Cdk1 indeed proceeds 
in both the nucleus and the cytoplasm during nuclear translocation of cyclin B1 (Gavet 
and Pines, 2010b; Gavet and Pines, 2010a).

When Cdk1 inhibitors were added to cells during nuclear translocation of cyclin 
B1, this pushed cyclin B1 back to the cytoplasm, showing that nuclear translocation 
really depends on its own Cdk1 activity (Gavet and Pines, 2010b). Taken together, this 
means that cyclin B1-Cdk1 activation directs its own distribution over the cell which 
may help to synchronise mitotic entry in both cytoplasm and nucleus.

The importance of cellular compartments in regulation of cyclin B1-Cdk1 activation 
and mitotic progression may be emphasized by a phenotype we had sometimes 
observed in cells, even though the cause of the phenotype is not completely clear. In 
these cells, cyclin B1 translocated to the nucleus after which it was pushed back into 
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the cytoplasm, without onset of NEB and mitotic progression (Figure 1B). We call this 
the teaser-phenotype. Like explained above, Gavet and Pines showed that addition 
of Cdk1 inhibitors at the time of nuclear translocation pushed cyclin B1-Cdk1 back 
into the cytoplasm, very similar to what we observe in this phenotype, showing that 
translocation of cyclin B1-Cdk1 depends on its own kinase activity (Gavet and Pines, 
2010b). Although cyclin B1-Cdk1 activity by itself appears to be sufficient to trigger 
its nuclear translocation (Gavet and Pines, 2010b), the teaser-phenotype may suggest 
that cyclin B1-Cdk1 activity should progress further or should at least be sustained 
after nuclear translocation to prevent cyclin B1-Cdk1 from returning to the cytoplasm. 
We think the teaser-phenotype shows that nuclear translocation of cyclin B1-Cdk1 and 
sustaining cyclin B1-Cdk1 activity after nuclear translocation are critical steps in cyclin 
B1-Cdk1 activation that lead to nuclear envelope breakdown and directing mitotic 
progression.

Interestingly, the so-called antephase-checkpoint can delay entry into mitosis 
upon stress (Matsusaka and Pines, 2004; Rieder and Cole, 2000; Rieder and Cole, 
1998). Activation of this checkpoint can revert cells in prophase, in which chromosome 
condensation is visible, back to G2-phase (Matsusaka and Pines, 2004). Events in 
prophase, like chromosome condensation, take place after cyclin B1-Cdk1 activation 
has started (chapter	2)(Lindqvist et al., 2007; Gavet and Pines, 2010a; Jackman et al., 
2003). Interestingly, cyclin B1-Cdk1 activation, as observed with the FRET-probe, was 
shown to immediately trigger its nuclear translocation and can therefore be used as a 
marker for the start of prophase (Gavet and Pines, 2010b). Perhaps that the antephase 
checkpoint, which can be active in prophase, may thus use a mechanism to immediately 
inactivate cyclin B1-Cdk1, pushing cyclin B1-Cdk1 back into the cytoplasm to result in 
or strengthen a G2-arrest.

Thresholds	 during	 Cdk1	 activation	 coordinate	 events	 during	
mitotic	entry

Cyclin B1-Cdk1 activity was known to be essential for mitotic entry, but strikingly, we 
found that activation of cyclin B1-Cdk1 complexes even continued after cells had 
entered mitosis (chapter	2), a concept which was confirmed by the FRET-probe for 
cyclin B1-Cdk1 activity (Lindqvist et al., 2007; Gavet and Pines, 2010a). We therefore 
wondered whether the ongoing increase in cyclin B1-Cdk1 activity may contribute 
to later mitotic events. To test this, we depleted Cdk1 from cells with RNAi (chapter	
2), which resulted in a clear accumulation of cells in G2-phase, in agreement with its 
activity being essential for mitotic entry (Lindqvist et al., 2007; Th’ng et al., 1990). 
Nevertheless, some cells with selectively higher Cdk1 levels than the arrested G2-
phase cells did enter mitosis. Importantly, these mitotic cells, exhibiting less-than 
normal Cdk1 levels, did not properly progress through mitosis and were delayed in 
mitotic exit (chapter	2)(Lindqvist et al., 2007). Interestingly, similar phenotypes were 
observed in cells that entered mitosis after treatment with Cdk1 inhibitors or cyclin B1 
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RNAi (WvZ, RW and Erik Voets, data not shown). Taken together, a threshold activity 
of cyclin B1-Cdk1 is needed to enter mitosis from G2 phase. However, this threshold 
is lower than the level of activity reached through ongoing cyclin B1-Cdk1 activity in 
mitosis. Notably, the steady increase in cyclin B1-Cdk1 activity may, on its turn, indeed 
be required to make preparations for mitotic exit.

This is interesting because gradually increasing activity of cyclin B-Cdk1 has 
been hypothesised to allow ordering of substrate phosphorylation (Stern and Nurse, 
1996). In vitro, adding recombinant cyclin B1 to extracts led to different activity 
levels of cyclin B1-Cdk1, correlating with different phosphorylation states of certain 
substrates. In the order of increasing cyclin B1-Cdk1 activity these substrates were: 
Wee1, Securin, Cdc25C and finally the APC3 subunit of the APC/C which required 
the highest cyclin B1-Cdk1 activity to be phosphorylated (Deibler and Kirschner, 
2010).

More evidence for the regulation of consecutive events by increasing levels of 
cyclin B1-Cdk1 activity came from experiments with a Cdk1 mutant (Cdk1-AF), which 
cannot be inhibited by Wee1 and Myt1 dependent phosphorylation (Krek and Nigg, 
1991; Norbury et al., 1991). Cells expressing Cdk1-AF will prematurely form active 
cyclin B1-Cdk1 complexes and allow cyclin B1-Cdk1 to be imported into the nucleus 
(Gavet and Pines, 2010a). Notably, cyclin B1-Cdk1 activity in these cells did not 
reach the high level it normally reaches in mitotic cells, as measured with the FRET-
probe (Gavet and Pines, 2010a).	Probably, the instant activity of the cyclin B1-Cdk1-
AF complexes triggered the premature nuclear translocation of the cyclin B1-Cdk1 
complexes that were present in the cell, before more cyclin B1-Cdk1 complexes could 
have accumulated and been activated.	This observation is in agreement with cyclin 
B1-Cdk1 translocation being an early event during cyclin B1-Cdk1 activation, initiated 
when cyclin B1-Cdk1 activity had not reached its maximum yet (chapter	2)(Lindqvist et 
al., 2007; Gavet and Pines, 2010b). Apparently, the suboptimal cyclin B1-Cdk1 activity 
in the Cdk1-AF cells was sufficient to induce nuclear translocation of cyclin B1-Cdk1, 
however,	it was not able to trigger a subsequent step; NEB (Gavet and Pines, 2010a). 
Taken together, this suggests that phosphorylation of the targets for NEB, which likely 
includes lamins and nuclear pore proteins (Guttinger et al., 2009), needs higher cyclin 
B1-Cdk1 activity than nuclear import of cyclin B1-Cdk1 does. Nuclear import of cyclin 
B1 may be controlled by modifications of the nuclear entry/exit machinery (Gavet and 
Pines, 2010b). These observations are consistent with a model in which increasing 
cyclin B1-Cdk1 activity is in control of successive events. 

Surprisingly, cells that attempted mitosis as a result of Cdk1-AF expression, but 
failed to induce NEB, could eventually trigger degradation of cyclin B1, likely by 
activating the APC/C (Gavet and Pines, 2010a; Pomerening et al., 2008). Activation of 
the APC/C thus seems to require less cyclin B1-Cdk1 activity than NEB does, which is 
further discussed below. This shows again that NEB really is a true barrier for cells in 
mitotic progression. Finally, cells with sufficient Cdk1-AF activity to perform NEB did 
not always perform later events like chromosome alignment or cytokinesis, suggesting 
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the existence of further activity threshold in control of later mitotic events (Pomerening 
et al., 2008; Gavet and Pines, 2010a).

Other groups have shown that cells expressing the Cdk1-AF mutant, which cannot 
be inhibited by phosphorylation, only has mild effects on the first occurring mitosis 
after release from a G1/S arrest (Jin et al., 1998; Jin et al., 1996; Blasina et al., 1997; 
Pomerening et al., 2008). However, subsequent cycles and mitosis were clearly 
abnormal, revealing cells which prematurely entered mitosis and either arrested in 
mitosis or were unable to perform karyokinesis and cytokinesis during mitotic exit 
(Pomerening et al., 2008). Probably, the strong feedback-loops controlling Cdk1 
activation are needed to sustain switch-like oscillations of Cdk1 activity during multiple 
cell divisions, which would otherwise be unreliable and dampen out (Pomerening et 
al., 2008).

The Cdk1-AF experiments of Gavet and Pines suggest that the APC/C can already 
be activated by suboptimal cyclin B1-Cdk1 activity (Gavet and Pines, 2010a). However, 
Deibler and Kirschner found that APC/C phosphorylation requires high cyclin B1-Cdk1 
activity in protein extracts (Deibler and Kirschner, 2010). We found that mitotic APC/C 
activity in cells is indeed enhanced by cyclin B1-Cdk1 dependent phosphorylation 
(chapter	 2,4,5). Furthermore, Pomerening et al. revealed that, although activated, 
APC/C-Cdc20 was less active in Cdk1-AF cells (Pomerening et al., 2008). Taken 
together this suggests that cells with suboptimal cyclin B1-Cdk1 activity were indeed 
able to activate the APC/C, but not to its normal level of activity. How the APC/C 
suddenly becomes active when cells enter mitosis is not completely clear. Perhaps 
APC/C activation does not require phosphorylation of all the mitotic APC/C phospho-
sites, of which more than 70 have been identified (Kraft et al., 2003; Steen et al., 
2008). Maybe a basal level of APC/C phosphorylation or phosphorylation at specific 
sites is sufficient for its activation in prometaphase. Alternatively, APC/C activation 
may also depend on phosphorylation of other factors, which should then be able to 
be phoshorylated by less than normal cyclin B1-Cdk1 activity.

APC/C phosphorylation was suggested to stimulate binding of its mitotic activator 
Cdc20 (van Leuken et al., 2008). However, we can already find profound binding of 
Cdc20 in late G2-phase, while APC/C phosphorylation is not apparent and APC/C-
Cdc20 substrates are still stable (chapter	4,5	and data not shown). Binding of Cdc20 
to the APC/C is similar in cells arrested in G2-phase by depletion of Cdk1 and Plk1, 
which are known to phosphorylate the APC/C (data not shown) (Golan et al., 2002; 
Kraft et al., 2003). It could thus be that modestly increased binding of Cdc20 to the 
APC/C in mitosis is not the critical event triggering APC/C activation, although it is 
probably important for APC/C activity. Perhaps APC/C phosphorylation is required 
to help the already bound Cdc20 in activating the APC/C. Phosphorylation of Cdc20 
itself may also contribute to APC/C-Cdc20 activity, but whether this requires Cdk1 and 
can be performed with less than optimal Cdk1 activity is not known (Rahal and Amon, 
2008). Furthermore, phospho-mimicking the potential sites on Cdc20 does not trigger 
APC/C activity in cells (Kramer et al., 2000). It could be that a combination of APC/C 
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and Cdc20 phosphorylation is needed to promote APC/C activity in mitosis, but other 
factors cannot be excluded.

In the teaser-phenotype cells, sufficient cyclin B1-Cdk1 activity was present for 
cyclin B1-Cdk1 to translocate to the nucleus but it	was unable to initiate NEB before 
it was pumped back into the cytoplasm. If suboptimal activity is able to activate the 
APC/C, which leads to cyclin B1 destruction in the Cdk1-AF cells (Gavet and Pines, 
2010a), it would be expected that cyclin B1 also declines in the teaser-phenotype 
cells. Indeed we do eventually see a decline of cyclin B1 levels (van Zon, van Leuken, 
Wolthuis, Medema: unpublished observations). However, unlike the Cdk1-AF cells, 
cyclin B1 clearly goes back to the cytoplasm in the teaser-phenotype cells and 
its destruction did not always start after the first round of nuclear translocation, 
but started to decline after cyclin B1 entered the nucleus in the second attempt. 
This suggest that cyclin B1-Cdk1 activity may not have been high enough or not 
present long enough to trigger APC/C activation, likely because cyclin B1-Cdk1 
was immediately inactivated and pumped back into the cytoplasm. In the future it 
will be interesting to continue the analysis of cyclin B1-Cdk1 activity in relation to 
its intracellular localisation, by studying conditions that uncouple localisation and 
activation and ultimately relate activity of cyclin B1-Cdk1 to ordered phosphorylation 
of its targets.

Finally, the ordering of substrate phosphorylation during cyclin B1-Cdk1 activation 
is likely to be critically determined by the affinity of cyclin B1-Cdk1 for its substrates. 
Affinity for some substrates is provided by the cyclin (Loog and Morgan, 2005). In 
addition, the small Cdk binding protein Cks, which is a subunit of cyclin B1-Cdk1, 
strongly increases the affinity of cyclin B1-Cdk1 for prephosphorylated APC/C (chapter	
5). As a result, APC3 phosphorylation becomes very efficient in vitro if Cks is added 
to cyclin B1-Cdk1 complexes, in agreement with the effect of Cks in cells (chapter	
4,5 and data not shown) (Wolthuis et al., 2008). Reversely, phosphorylation by cyclin 
B1-Cdk1 is counteracted by phosphatases which will also have different affinities 
towards substrates. The activity of phosphatases also seems regulated in mitosis (Wu 
et al., 2009; Stegmeier and Amon, 2004). Therefore, the sum of phosphorylation and 
de-phosphorylation activities towards substrates will determine the phosphorylation 
state of these substrates and the success of mitosis.

Coupling	mitotic	entry	with	mitotic	exit

While activation of cyclin B1-Cdk1 is essential for entry into mitosis, the inactivation of 
cyclin B1-Cdk1 is essential to exit mitosis and initiate cellular division. In metaphase, 
when all chromosomes are properly attached to the mitotic spindle, cyclin B1 is 
targeted for destruction by APC/C-Cdc20. Destruction of cyclin B1 inactivates Cdk1 
and allows mitotic exit and cell division (Pines, 2006; van Leuken et al., 2008). To ensure 
that cells only exit mitosis when all chromosomes can be properly divided, Cdc20 is 
controlled by the spindle checkpoint (SAC). This checkpoint inhibits APC/C-Cdc20 
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activity towards cyclin B1, thereby keeping cells in mitosis, until all chromosomes are 
correctly bound to spindle microtubules at metaphase (Kops, 2008).

Interestingly, mitotic cells with reduced cyclin B1-Cdk1 activity, or cells with an 
impaired Cdk1-Cks interaction, delay in mitosis ((Rudner and Murray, 2000; Lindqvist 
et al., 2007; Wolthuis et al., 2008; Rahal and Amon, 2008,	chapter	2,4,5). This indicates 
again that the activity of cyclin B1-Cdk1 must first reach a high activity threshold before 
cells can leave mitosis. As explained above, the activity of cyclin B1-Cdk1 keeps cells 
in mitosis and thus needs to be inactivated, through cyclin B1 destruction, to initiate 
exit from mitosis and cell division.	This shows that the delay in mitotic exit observed 
in cells with less-than normal mitotic cyclin B1-Cdk1 activity is related to a defect 
in efficiently inactivating cyclin B1-Cdk1 again. In other words, high cyclin B1-Cdk1 
activity supports the preparations needed for its own inactivation. We could show 
that such a delay in mitosis was not dependent on the spindle checkpoint (chapter	5) 
and therefore, more likely reflects a direct effect on the machinery that targets cyclin 
B1 for destruction. Indeed, when cells enter mitosis, cyclin B1-Cdk1 phosphorylates 
the APC/C with the help of its Cks subunit, which enhances mitotic APC/C activity 
(chapter	 2-5)(Lindqvist et al., 2007; van Zon and Wolthuis, 2010; Wolthuis et al., 
2008; Rudner and Murray, 2000; Shteinberg and Hershko, 1999; Patra and Dunphy, 
1998). Furthermore, Cks also directly increases recruitment of cyclin B1-Cdk1 at the 
phosphorylated APC/C, thereby promoting efficient cyclin B1 turnover (chapter	5	and	
see figure 3 and 4 in chapter	1).	We therefore conclude that normal, robust activation 
of cyclin B1-Cdk1-Cks complexes, which continues in mitosis, is not only needed to 
enter mitosis but also controls preparations for its own inactivation, directing proper 
mitotic exit.

As such, cyclin B1-Cdk1 and APC/C-Cdc20 appear to form an autonomous 
oscillator (Pomerening et al., 2003). When cyclin B1-Cdk1 becomes active, requiring 
its own activity, it will eventually activate negative feedback to become inactive again, 
by activating APC/C-Cdc20 mediated destruction of cyclin B1. However, it should 
be kept in mind that the negative feedback is not direct, as activity of mitotically 
phosphorylated APC/C-Cdc20 towards cyclin B1 is not released until the spindle 
checkpoint is switched off. This makes the feed-back loop less direct, but because 
cyclin B1-Cdk1 activity may also be required for the spindle checkpoint to function, 
either directly or by triggering the mitotic state, it remains valid to state that proper 
cyclin B1-Cdk1 activation eventually drives its inactivation again (Chen et al., 2008; 
Wong and Fang, 2007; D’Angiolella et al., 2003; Kitazono et al., 2003).

Thresholds	during	Cdk1	 inactivation	coordinate	events	during	
mitotic	exit

Evidently, the events triggered by cyclin B1-Cdk1 activation, making the cell mitotic, 
need to be reverted to exit mitosis, to create two functional interphase cells. For this 
to happen, cyclin B1-Cdk1 activity needs to go down again, which is predominantly, or 
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exclusively, caused by the destruction of cyclin B1 (Potapova et al., 2006). The function 
of cyclin B1 destruction is clearly demonstrated by the expression of non-degradable 
versions of cyclin B1, which arrest cells in mitosis due to persistent cyclin B1-Cdk1 
activity (Clute and Pines, 1999). Importantly, experiments in which cells were followed 
that expressed different levels of non-degradable cyclin B1, revealed that also during 
the inactivation of cyclin B1-Cdk1 several activity thresholds are passed that seem to 
order events during mitotic exit (Hagting et al., 2002; Wolf et al., 2006). 

Depending on the level of non-degradable cyclin B1, from high to low, the 
cells arrested in i) metaphase, ii) in a reformed metaphase-like state after the sister-
chromatids had separated in anaphase A, or iii) in telophase, with chromosomes 
that remained condensed. The cytokinesis furrow could be formed in these cells but 
eventually regressed to form a single cell, indicating that abscission was also inhibited. 
Therefore, it appears that also during the inactivation of cyclin B1-Cdk1, different 
thresholds of, in this case, declining cyclin B1 activity control initiation of consecutive 
events required for mitotic exit, anaphase progression and cell division (Hagting et al., 
2002; Wolf et al., 2006).

Also in Drosophila, non-degradable cyclins are able to block specific events during 
mitotic exit (Sigrist et al., 1995; Parry and O’Farrell, 2001). Interestingly, in Drosophila 
cells it is the timing of destruction of the different mitotic cyclins that was proposed to 
order subsequent mitotic exit events. Cyclin A is degraded during prometaphase (den 
Elzen and Pines, 2001; Geley et al., 2001), cyclin B1 during metaphase (Clute and Pines, 
1999) and cyclin B3 during anaphase (Sigrist et al., 1995). Non-degradable versions of 
these cyclins arrest Drosophila cells in metaphase (i), in an aberrant anaphase (ii) or in 
telophase (iii) respectively (Sigrist et al., 1995; Parry and O’Farrell, 2001). However, the 
levels of these non-degradable cyclins were not correlated to the expression levels of 
the endogenous cyclins, making it more difficult to conclude that the effects are truly 
cyclin specific, rather than dependent on the levels of the respective non-degradable 
cyclin present, as shown for cyclin B1 in human cells (Hagting et al., 2002; Geley et al., 
2001). In mammals, cyclin B3 may not have a role in somatic cell division (Nguyen et 
al., 2002; Tschop et al., 2006), but, cyclin A2, cyclin B1 and cyclin B2 are expressed at 
significant levels in somatic human cells. Their non-degradable versions can all arrest 
human cells in mitosis, suggesting that they are likely to have overlapping substrates 
(Clute and Pines, 1999; den Elzen and Pines, 2001; Chan et al., 2008). Cyclin B2 
is dispensable for viability, revealing that phosphorylation of its substrates can be 
compensated (Brandeis et al., 1998). However, as cyclin B2 is normally expressed 
in cells, inactivation of its associated kinase activity and dephosphorylation of its 
substrates may be needed to exit mitosis and initiate cell division (Chan et al., 2008). 
Therefore, it will be interesting to examine the effect of stable versions of these cyclins 
at relevant concentrations in human cells, which may reveal the most critical events 
regulated by their activity.

Although the effects of non-degradable cyclin B1 constructs showed that thresholds 
of cyclin B1-Cdk1 activity need to be passed to alleviate constraint on subsequent 
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Figure	 2.	 The	 balance	 between	 cyclin	 B1-Cdk1	 activity	 and	 counteracting	 phosphate	
activity	 dictates	 the	 phosphorylation	 state	 of	 their	 substrates.	 Schematically, the cycles of 
phosphorylation and dephosphorylation during the activation and inactivation of cyclin B1-Cdk1 
over time are shown as blue and dark-red areas that follow the green and red line. The green line 
represents the net phosphorylation activity (kinase activity - counteracting phosphatase activity) 
towards substrates during a normal cycle of cyclin B1-Cdk1 activation and inactivation, while the 
red line depicts the net phosphorylation activity when cyclin B1 destruction is slow. The cycles of 
phosphorylation and dephosphorylation of substrates that determine the initiation of anaphase 
(left panel), cytokinesis (middle panel) and mitotic exit (right panel) are shown separately. The 
height of the peaks is determined by the combined affinity of cyclin B1-Cdk1-Cks and the 
counteracting phosphatases for the respective substrates. For instance, in the case the effect 
of the phosphatase is equal for all substrates, the higher peak for the cytokinesis substrates is 
caused by a higher affinity of the kinase, cyclin B1-Cdk1-Cks for these substrates, as compared to 
its other substrates. Alternatively, low affinity of the phosphatases for the cytokinesis substrates 
allows more efficient phosphorylation of these substrates by cyclin B1-Cdk1-Cks (and a higher 
peak), even if the affinity of cyclin B1-Cdk1-Cks would be equal towards all its substrates. 
Substrate-specific affinities of the kinase or phosphatase would allow ordered substrate (de)
phosphorylation during changes in the activity of the kinase and phosphatase. Such differences 
in affinity may also cause some substrates to stay phosphorylated for a longer period of time 
than others, when cyclin B1-Cdk1 inactivation is slowed down. In the figure, slow destruction 
of cyclin B1 still allows anaphase (left plot; red lines reaches the blue area) and mitotic exit 
initiation (right plot; red lines reaches the blue area), but cytokinesis could not be initiated in 
within the same time-frame (middle plot, red line does not reach the blue area). Robust, switch-
like inactivation of cyclin B1-Cdk1 (green line from metaphase) would allow these substrates to 
be dephosphorylated in the same time-frame.

events, in these experiments Cdk1 activity was fixed at a certain constant level in 
arrested mitotic cells (Hagting et al., 2002; Wolf et al., 2006). In contrast, we have 
examined several situations in which cyclin B1 was degraded too slowly, rather than 
stabilized at a certain level (chapter	5,	6).

Single depletion of the E2-enzymes UBE2S or UbcH10, which support ubiquitination 
of APC/C substrates, delayed cyclin B1 destruction only minimally, at best giving a 
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mitotic delay of several minutes without any other obvious defects, showing that some 
buffering capacity exists in the system ((Walker et al., 2008) and chapter	6). However, 
when both E2-enzymes were depleted simultaneously, most cells delayed in metaphase 
which was followed by a normal anaphase, mitotic exit and cell division (chapter	6). 
Apparently, cyclin B1 was degraded, but only slowly as compared to its destruction 
rate in a normal metaphase. When cyclin B1 destruction eventually completed these 
cells passed all Cdk-inactivation	thresholds required for normal mitotic exit and cell 
division. Interestingly however, in approximately 10-15% of the double-E2-depleted 
cells, we could find all the dose-dependent phenotypes that were also reported for 
cells expressing different levels of non-degradable cyclin B1, which were discussed 
above (chapter	6 and data not shown). Whether cyclin B1 destruction was even slower, 
or blocked at a certain point in some of these of cells, compared to the delayed 
but normally dividing cells, is something we are currently testing. Interestingly, if the 
phenotype of these cells is really caused by slow destruction of cyclin B1, rather than 
reflecting an arrest that keeps cyclin B1 levels stable at a certain level, this opens the 
possibility that distinct activity thresholds do not only need to be passed in a certain 
order, but also within a certain timeframe.

In chapters	4	and	5, we found that slowing down cyclin B1 or cyclin A destruction by 
depleting Cks proteins with RNAi delayed mitotic exit (Wolthuis et al., 2008). Delayed 
cyclin B1 destruction made these cells very prone to cytokinesis failure (chapter	5). 
This effect on cytokinesis was not caused by impaired phosphorylation of cyclin B1-
Cdk1-Cks targets earlier in mitosis, as a result of Cks depletion. Namely, slowing 
down ectopic cyclin B1 destruction by impairing its Cks-dependent recruitment at the 
APC/C, in cells that were not depleted of Cks proteins, resulted in similar cytokinesis 
defects (chapter	5). In these cells endogenous cyclin B1-Cdk1-Cks complexes were 
present and able to normally phosphorylate its targets.

We think that in these cells, some cyclin B1-Cdk1 targets that inhibit cytokinesis, 
for which cyclin B1-Cdk1 has high affinity, are kept in a phosphorylated state for too 
long when cyclin B1-Cdk1 is inactivated too slowly, while other targets that inhibit 
events during anaphase and mitotic exit, for which cyclin B1-Cdk1 has less affinity, 
may already start to be de-phosphorylated. This could interfere with the coupling of 
mitotic exit with cytokinesis. Eventually all the cyclin B1-Cdk1-inactivation thresholds 
will be passed, as cyclin B1 is being degraded, but too slowly. This will also allow 
dephosphorylation of the cytokinesis targets, yet this may occur too late to initiate 
cleavage furrowing. This concept will be discussed further below (Figure 2).

Normally, cells enter anaphase when approximately 80% of cyclin B1 is destroyed 
(Clute and Pines, 1999). However, cells with impaired Cks function could already 
enter anaphase when only 60% of cyclin B1 was destroyed, although anaphase 
appeared less organized in these cells (chapter	 5 and data not shown). Therefore, 
it is not yet clear if the cytokinesis-failure in these cells is caused by slow cyclin 
B1-Cdk1 inactivation per se, or whether it may be caused by the fact that cells entered 
anaphase with higher cyclin B1 levels than normal, because of impaired Cks function. 
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Nevertheless, our findings show once more that Cks and increased affinity of cyclin 
B1-Cdk1 for certain substrates may determine the order of substrate phosphorylation 
and dephosphorylation, needed to make cyclin B1-Cdk1 inactivation switch-like, and 
coordinating the timing of events during cell division.

To test the idea that cyclin B1-levels control the timing of events during mitotic 
exit, we followed cells expressing a mutant of cyclin B1 (delta 52-85) that is slowly 
degraded, yet not perturbed in Cdk-Cks binding (chapter	6). A large portion of the 
cells expressing this mutant failed to perform cytokinesis while exiting mitosis. Also 
other phenotypes, like a metaphase-like arrest after anaphase A were frequently found 
and this seemed dependent on the levels of the cyclin B1 mutant at the start of cyclin 
B1 destruction (chapter	 6). Notably, we found that the spindle checkpoint was re-
activated in cells with the metaphase-like phenotype, responsible for the mitotic arrest 
(chapter	6	and data not shown). Taken together, these observations not only suggest 
that rapid, switch-like cyclin B1-Cdk1 inactivation is important to couple cytokinesis 
with mitotic exit but also to prevent spindle checkpoint re-activation in anaphase. The 
latter function was also suggested by other groups studying Drosophila systems (Parry 
et al., 2003; Oliveira et al., 2010). It will be interesting to test this hypothesis more 
thoroughly, with the activity probe for Cdk1 in combination with slowly degradable 
cyclin B1 mutants and different concentrations of Cdk1 inhibitors.

If the processes that take place during anaphase, mitotic exit and cytokinesis, 
initiated by dephosphorylation of cyclin B1-Cdk1 substrates, would exclusively depend 
on progressive decrease of cyclin B1-Cdk1 activity, then slow Cdk1 inactivation per se 
would not be expected to perturb consecutive mitotic exit events. In that case it would 
be expected that each step would simply be initiated at a later time point, or proceed 
slower, yet changes in the order of events would not be expected. Nevertheless, as 
we discussed above and in chapter	5, mitotic exit and cytokinesis can be uncoupled 
by slowing down cyclin B1 destruction. This suggests that not all the regulatory steps 
in anaphase, mitotic exit and cell division are equally dependent on cyclin B1-Cdk1 
activity. It is possible that the phosphatases that dephosphorylate cyclin B1-Cdk1 
substrates also have differential activity towards different cyclin B1-Cdk1 substrates. 
The balance of phosphorylating and dephosphorylating activities will dictate which 
substrate is phosphorylated, and at what time.	 The program of ordered substrate 
dephosphorylation that coordinates mitotic exit events will thus depend on the 
combined activities of cyclin B1-Cdk-Cks and the mitotic phosphatases, which may 
have different affinities towards the same substrates. The switch-like inactivation of 
cyclin B1-Cdk1 may thus ensure that this program remains undisturbed (see figure 2).

Some pathways that regulate cytokinesis are known to depend on prior cyclin 
B1-Cdk1 inactivation (Barr and Gruneberg, 2007). Most notably, these pathways 
involve the kinases Aurora B and Plk1, which are retained at mitotic chromosomes early 
in mitosis by cyclin B1-Cdk1 activity. Probably, their release from the chromosomes 
upon cyclin B1 destruction and Cdk1-inactivation is essential for correct cytokinesis 
(see for instance supplementary figure 5C,D in chapter	5,  (Parry et al., 2003; Neef et 
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al., 2007; Archambault et al., 2008; Hummer and Mayer, 2009). The Aurora B and Plk1 
kinases start to localise to the cellular cortex and to a structure called the spindle mid-
zone, which is formed in between the separated chromosomes in anaphase, to recruit 
and regulate the assembly and activity of the actomyosin contractile ring, needed for 
cytokinesis (for a review on cytokinesis see (Barr and Gruneberg, 2007)). These steps 
are crucial for the synchronisation of cytokinesis onset with anaphase, and are disturbed 
in cells that fail to degrade sufficient amounts of cyclin B1 in metaphase. Delayed or 
blocked re-localisation of Aurora B and Plk1 to the spindle midzone, as a result of 
delayed or blocked cyclin B1 degradation, could be the cause of such cytokinesis 
failures (Wheatley et al., 1997) and chapter	5). Rapid cyclin B1-Cdk1 inactivation may 
thus be required for timely activation of these routes and coordination of the events 
that direct mitotic exit and cell division.

Cyclin	B1-Cdk1	activity	versus	phosphatase	activity

Cyclin B1-Cdk1 activity triggers mitosis, but more precisely, the phosphorylated 
substrates of cyclin B1-Cdk1 create the mitotic state. These targets need to be 
dephosphorylated again to exit mitosis and divide. The balancing activities of kinases 
and phosphatases may dictate the (de)phosphorylation program during mitotic entry 
and exit, thereby orchestrating these cell cycle events. Evidence for this has been 
provided in yeast (Jin et al., 2008). Strikingly, we do not know the targets of cyclin 
B1-Cdk1 that upon their phosphorylation can hold cells in metaphase, anaphase or 
telophase.

In yeast, the Cdc14 phosphatase is essential for mitotic exit, although Cdc14 may 
not be essential for mitotic exit in higher eukaryotes (Visintin et al., 1998; Saito et 
al., 2004). Exit from mitosis in yeast requires Cdc14 to activate a late form of APC/C 
activity, which is needed for the destruction of some late cyclins. In budding yeast 
mitosis, these cyclins prevent mitotic exit, to allow enough time for the positioning 
of the spindle with bound chromosomes into the bud-neck, where cytokinesis takes 
place. Because the site of cytokinesis initiation is not normally pre-determined in 
higher eukaryotes, the yeast network that delays mitotic exit until spindle positioning 
is completed does not seem to be functionally conserved (Pines, 2006). However, 
Cdc14 may still function in the activation of a late form of the APC/C (van Leuken 
et al., 2009; Bassermann et al., 2008). The late form of APC/C activity requires the 
removal of Cdk1-dependent phosphorylation from Cdh1, the APC/C activator in 
G1 cells (Zachariae et al., 1998). Cdc14 is able to remove phosphorylation from 
Cdh1, thereby allowing Cdh1 to bind and activate the APC/C, which triggers the 
proteasomal destruction of Aurora kinases (Bembenek and Yu, 2001; Floyd et al., 
2008). As such, Cdc14 plays a role in counteracting cyclin B1-Cdk1 activity in human 
cells. However, this form of APC/C activity is not essential for mitotic exit and 
cytokinesis, since Cdh1 depletion or knock-out does not dominantly interfere with 
cytokinesis (Floyd et al., 2008; Garcia-Higuera et al., 2008; Sigl et al., 2009). Whether 
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Cdc14 has an essential role in mitotic exit and cytokinesis in higher eukaryotes is 
questionable (Mailand et al., 2002; Gruneberg et al., 2002) vs (Saito et al., 2004; 
Mocciaro et al., 2010). 

Figure	 3.	 Thresholds	 of	 cyclin	 B1-Cdk1	 activity	
regulate	 mitotic	 entry	 and	 exit.	 Cyclin B1-Cdk1 
activity is depicted in gray. The progressive increase 
and decrease of cyclin B1-Cdk1 activity during 
mitotic entry and exit may regulate the order of 
substrate phosphorylation and thereby the order of 
events they trigger or inhibit. The threshold activities 
needed for substrate phosphorylation will also 
depend on the level of phosphatase activity towards 
these substrates. Some of the events known to be 
regulated by cyclin B1-Cdk1 activity, with some of the 
known substrates, which may control these events 
are depicted in the table below the graph.

Event	(substrate) Threshold	(on/off)

Initiation of activation loop (Wee1, Myt1, Cdc25, Greatwall) 1

Cell rounding / flattening (actin, intermediate filaments) 2 / 14

Nuclear translocation of cyclin B1-Cdk1  
(cyclin B1, nuclear entry / exit machinery) 2

Centrosome separation (Eg5, spindle pole components) 2

Chromosome condensation / decondensation (histones, condensins) 2 / 13

Spindle formation / rearrangements  
(microtubules, motor proteins, microtubule interacting proteins and 
indirect via destruction of APC/C-Cdh1 substrates)

3 / 12

Golgi disassembly / assembly (GM130, GRASP65) 3 / 13

Nuclear envelope breakdown / assembly (nuclear pores and lamins) 5 / 13

APC/C activity (APC/C-Cdc20 becomes active by phosphorylation, 
while Cdh1 is inactivated by phosphorylation) 4 /12

Spindle checkpoint activity (BubR1) 6

Chromosome alignment (kinetochore-microtubule interactions, hKid) 6

Inhibition / initiation of sister-chromatid separation (Separase, Securin) ? / 12

Inhibition / initiation of sister-chromatid segregation (spindle 
elongation, motor proteins) ? / 13

Cytokinesis inhibition / initiation (actin, INCENP, XMAP215, PRC1, Ect2, 
indirect via control of Aurora B and Plk1 localisation) ? / 13

Abscission inhibition / initiation ? / 14

Nucleolus factors (UBF and others) ?

Apoptosis sensitivity (caspase 9, Mcl1) Gradual effect during 
arrest?
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Recently, an important role for protein phosphatase 1 (PP1) in reversing 
phosphorylation during mitotic exit has been suggested by experiments in Xenopus 
egg extracts (Wu et al., 2009). Another phosphatase that seems to be involved in 
counteracting Cdk1 activity, at least during mitotic entry, is PP2A with its B55 regulatory 
subunit. Inhibition of this phosphatase by a kinase called Greatwall, promotes mitotic 
entry in Xenopus and Drosophila (Castilho et al., 2009; Yu et al., 2006; Yu et al., 2004). 
These phosphatases may thus counteract Cdk1 activity and may have differential 
activity towards Cdk1 substrates at different times during mitotic entry and exit.

Cyclin B1-Cdk1 activity is clearly dominant in determining whether a cell is in 
interphase or mitosis and progressive activation and inactivation of cyclin B1-Cdk1-
Cks complexes appears to control the coupling of subsequent events during mitotic 
entry and exit, as described in this thesis. Important questions remaining are: (1) what 
are the activity thresholds of cyclin B1-Cdk1 that coordinate timing of events during 
mitotic entry and exit (schematically shown in Fig.3), (2) how do phosphorylated targets 
keep cells in mitosis, (3) what are the feedback mechanisms that allow cyclin B1-Cdk1 
activation to trigger spindle checkpoint control and APC/C activity, and (4) which are 
the phosphatases that help to coordinate (de)phosphorylation of cyclin B1-Cdk1’s 
substrates, and how are they regulated. Because all these events are crucial for the 
outcome of every mitosis, future work should be directed at identifying the key targets 
of cyclin B1-Cdk1 and how the ordered phosphorylation and de-phosphorylation of 
these targets precisely control mitotic entry and exit.
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