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Summary

Cells generate new cells by copying their genome in S-phase, which is followed by 
the separation and distribution of the two genomes to opposite sides of the cell in 
mitosis (M-phase). Next, a cleavage furrow forms in between the two genomes to 
shape two cells which eventually pinch off, resulting in two new cells. S-phase and 
mitosis are separated by gap-phases, called G1 and G2-phase, to allow time for cell 
growth, protein synthesis, DNA repair and to make preparations for the next phase. 
This complete cycle is called the cell division cycle or cell cycle (see Figure 1).

The cell cycle is regulated by oscillations in the activity of cyclin-Cdk kinase 
complexes. Cyclins are produced at specific times in the cell cycle to form complexes 
with cyclin dependent kinases (Cdks). When activated, these cyclin-Cdk complexes 
can trigger events like duplication of the genome and entry into mitosis. Nonetheless, 
they also inhibit subsequent steps in the cell cycle, most obviously mitotic exit and the 
formation of two cells. This means that cyclin-Cdk complexes can trigger events when 
active but need to be inactivated again for the next step in cell cycle progression. 
This inactivation of cyclin-Cdk complexes is controlled by ubiquitin-mediated protein 
destruction of the cyclin subunit, allowing completion of the cell cycle. In this chapter 
we introduce mechanisms that govern the oscillations in cyclin-Cdk activity needed for 
mitotic entry and exit.

Entry	into	mitosis	by	activating	cyclin	B1-Cdk1	complexes

Cyclin dependent kinases (Cdks) play an essential role in the cell cycle and need to bind 
a cyclin protein for activity. Higher eukaryotes have multiple cyclins and Cdks, though 
cyclin A, cyclin B1 and Cdk1 are clearly essential for driving the cell cycle (Santamaria 

Figure	1.	The	cell	division	cycle. Cell division in 
human cells takes approximately 24 hours. The 
average length of each phase is depicted by 
the coloured part of the cycle. The white arrow 
indicates the possibility of cells to withdraw from 
the cell cycle, to G0. In red, different phases of 
mitosis are shown. The spindle checkpoint (SAC) 
prevents premature exit from mitosis when not 
all chromosomes are correctly bound to the 
spindle (see SAC ON, during prometaphase). 
When all chromosomes are correctly attached 
to the spindle in metaphase, the SAC turns OFF 
and cells can enter anaphase and telophase 
in which the chromatids are separated and 
distributed. A cleavage furrow forms in between 
the chromosome masses, forming two cells that 
eventually pinch off and enter G1-phase.
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Figure	2.	Activation	of	cyclin	B1-Cdk1.	(A)	Levels of cyclin B1 and Cdk1 are shown in coloured 
lines and cyclin B1-Cdk1 activity is depicted in red. Note the different time-frames on the x-axis.	
Cyclin B1 levels rise from late S-phase till late in G2-phase and forms complexes with Cdk1 which 
are kept in a low or inactive state until a thresholdlevel of cyclin B1-Cdk1 complexes is reached 
that generates sufficient activity to set off the double activation loop shown in B). This allows 
rapid activation of the cyclin B1-Cdk1 complexes and entry into mitosis depicted in the gray box. 
When the cell is ready to exit mitosis, cyclin B1 is degraded to inactivate its associated Cdk1, 
allowing the cell to exit mitosis and initiate cytokinesis. (B)	Apart from a cyclin, another subunit 
can bind Cdk; called Cks (in red). Cks is a non-catalytic subunit and the cyclin and Cks bind the 
Cdk at different sites.	When cyclin B1-Cdk1 complexes are formed they are kept inactive or in a 
low activity state by inhibitory phosphorylation. The kinases Wee1 and Myt1 are responsible for 
the inhibitory phosphorylation and the Cdc25 phosphatases can remove these phosphorylations 
to activate cyclin B1-Cdk1. If a threshold activity of cyclin B1-Cdk1 complexes is reached, it can 
set of a double feedback loop in which cyclin B1-Cdk1 can inhibit its inhibitors and activate its 
activators through phosphorylation, allowing rapid activation of cyclin B1-Cdk1 and mitotic entry.	

A

B
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et al., 2007; Hochegger et al., 2008). Cyclin binding triggers a conformational change 
in the Cdk to create a proper ATP-binding pocket for catalytic activity (Jeffrey et al., 
1995). The cyclin subunit also provides the cyclin-Cdk complex with some affinity for 
substrates (Peeper et al., 1993; Loog and Morgan, 2005). Also a small non-catalytic 
subunit of cyclin-Cdk complexes, called Cks, provides the complex with affinity for some 
substrates and will be discussed later in this chapter. When cyclin-Cdk complexes are 
formed, they need to be activated by phosphorylation of the T-loop in their Cdk; a loop 
which otherwise hinders access of substrates at the ATP-binding pocket (Russo et al., 
1996). However, even when this prerequisite for cyclin-Cdk activity is met, the activity 
of the cyclin-Cdk complexes is regulated by inhibitory phosphorylation (Lindqvist et 
al., 2009). Moreover, under certain conditions, like DNA damage or cellular stress, cells 
induce the level of Cdk inhibitory proteins, like p21 and p27, to inhibit cyclin-Cdk 
complexes and halt the cell cycle (Abukhdeir and Park, 2008).

Activity of cyclin A-Cdk complexes is needed for the transition from G1 to S-phase 
and for DNA-replication during S-phase. However, cells also posses other cyclins and 
Cdks that normally help regulating these transitions, like the cyclins E and D and 
Cdk2, 4 and 6 (Hochegger et al., 2008). Recently, it had been shown that prolonged 
expression of cyclin E could even compensate for cyclin A loss in fibroblasts, 
showing that these cyclins can act redundantly and have overlapping substrates 
(Kalaszczynska et al., 2009). Cyclin A-Cdk activity has also been shown to help entry 
into mitosis, although it is probably not essential for this (Furuno et al., 1999). Activity 
of cyclin B1-Cdk1 complexes is essential for mitotic entry as phosphorylation of its 
targets directs rearrangement of the cytoskeleton, formation of a mitotic spindle, 
condensation of the chromosomes and fragmentation of cellular components like the 
Golgi-system and the nuclear envelope, in short, it triggers the mitotic state (Nigg, 
1993). However, when cyclin B1-Cdk1 complexes are formed during G2-phase, they 
are kept in an inactive or low activity state by phosphorylation on the Cdk1 residues 
T14 and Y15, by the kinases Wee1 and Myt1 (Figure 2A,B)(Lindqvist et al., 2009). 
The removal of these inhibitory phosphorylations on Cdk1, and thus the activation 
of cyclin B1-Cdk1 complexes, is brought about by the family of Cdc25 phosphatases 
(see Figure 2B, note that only the inhibitory phosphorylation is depicted)(Lindqvist 
et al., 2009). Nevertheless, when cyclin B1-Cdk1 complexes are formed they are in 
the phosphorylated low activity state, until a threshold level of these low activity 
complexes is reached that is able to trigger their switch-like activation (Lindqvist et 
al., 2009; Solomon et al., 1990). At this threshold, the low activity complexes of cyclin 
B1-Cdk1 will be able to drive phosphorylation of both its inhibitors (Wee1 and Myt1) 
and its activators (Cdc25A, B and C), thereby inhibiting its inhibitors and activating its 
activators (Figure 2B)(Lindqvist et al., 2009). Activation of this double feedbackloop 
allows rapid and robust activation of the cyclin B1-Cdk1 complexes in the cell and 
triggers mitotic entry (Figure 2A, depicted in the grey box) (Lindqvist et al., 2009).

Most of our knowledge about the kinetics of cyclin B1-Cdk1 activation has come 
from experiments with cell free extracts (Solomon et al., 1990; Pomerening et al., 2005). 
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However, cells contain different compartments, like the cytoplasm and the nucleus. As 
a result, the factors involved in cyclin B1-Cdk1 activation have different concentrations 
in these compartments and undergo changes as cells progress into mitosis (Lindqvist et 
al., 2009). To study the effects that intracellular localisation may have on cyclin B1-Cdk1 
activation and mitotic entry, single cell assays to analyze the activation of cyclin B1-Cdk1 
are required. Moreover, studying cyclin B1-Cdk1 activation in single cells allows the 
activity state of cyclin B1-Cdk1 to be related to specific events in the cell.

Using such an assay, dephosphorylation of cyclin B1-Cdk1 complexes, and thus 
activation of these complexes, could first be detected in cells with separated centrosomes 
(Lindqvist et al., 2007). This happens approximately 30 minutes before mitotic entry, 
which is marked by nuclear envelope breakdown (NEB). Furthermore, we found that 
activation of cyclin B1-Cdk1 complexes could continue in the cytoplasm even when a 
large portion of cyclin B1-Cdk1 complexes entered the nucleus in prophase to trigger 
NEB (see Figure 1A in chapter	7) (Lindqvist et al., 2007). Because cyclin B1-Cdk1 is 
needed for its own activation, this shows that the system of cyclin B1-Cdk1 activation 
is very robust, as even a dramatic drop in cytoplasmic cyclin B1-Cdk1 complexes does 
not cease the activation of remaining cyclin B1-Cdk1 complexes in the cytoplasm. 
These results are in agreement with the proposed bistable activation of cyclin B1-Cdk1, 
which exhibits hysteresis (Pomerening et al., 2003). Bistability means that the system 
can switch between two states, in this case being either active or inactive, depending 
on the level of the input signal, which is the level of cyclin B1-Cdk1 complexes formed. 
Hysteresis means that this system does not react linearly to the input signal, but has a 
lag before the level of input reaches its effect; which is the transition to one of the two 
states. As a result of this lag, sudden fluctuations in the levels of cyclin B1-Cdk1 will not 
disturb the effect its levels had before the fluctuation. In other words, once the threshold 
level of cyclin B1-Cdk1 complexes has been reached to start cyclin B1-Cdk1 activation, 
fewer complexes are necessary to keep the activation going. Such a system may allow 
activation of cyclin B1-Cdk1 to continue in the cytoplasm during nuclear translocation 
of cyclin B1-Cdk1 complexes. This helps to explain how cyclin B1-Cdk1 activity can 
couple events in both compartments, like the formation of the spindle in the cytoplasm 
with condensation of the chromosomes in the nucleus, needed for mitosis to take place 
as soon as the nuclear envelope is disassembled. A recently developed FRET-probe to 
monitor cyclin B1-Cdk1 activity in living cells also revealed that cyclin B1-Cdk1 activity 
was maintained in the cytoplasm during the nuclear translocation of cyclin B1-Cdk1, 
probably because activation starts in the cytoplasm and can continue there (Gavet and 
Pines, 2010a). The high concentration of cyclin B1-Cdk1 on the centrosomes in late 
G2-phase, in the cytoplasm, is likely the first place where activation of cyclin B1-Cdk1 
complexes takes place (Gavet and Pines, 2010b; Lindqvist et al., 2005; Jackman et al., 
2003).

Activation of cyclin B1-Cdk1 complexes continued after centrosome separation 
and even during mitosis (Lindqvist et al., 2007). This means that the activity of cyclin 
B1-Cdk1 is lower at mitotic entry as compared to just before mitotic exit. If cyclin 
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B1-Cdk1 activity would only be needed to enter mitosis, why would its activity still 
increase after mitotic entry? Downregulation of Cdk1 with RNAi results in a clear G2-
phase arrest, in agreement with its function in mitotic entry (Lindqvist et al., 2007; 
Th’ng et al., 1990). However, cells that enter mitosis do so with less cyclin B1-Cdk1 
complexes, apparently with just enough activity to pass the threshold needed for 
mitotic entry. Although the cyclin B1-Cdk1 complexes were active in these mitotic 
cells, in total fewer complexes were present. Importantly, these cells have problems 
during mitotic progression and mitotic exit (Lindqvist et al., 2007). Therefore, apart 
from entry into mitosis, progressive activation of cyclin B1-Cdk1 may control successive 
events during mitotic progression and mitotic exit. Also the recently developed FRET-
probe for cyclin B1-Cdk1 activity showed that Cdk1 activity gradually increased during 
mitosis, supporting this hypothesis (Gavet and Pines, 2010b). Such assays may allow 
more mechanistic comparison between the activity state of cyclin B1-Cdk1 and specific 
substrates that are phosphorylated.

Exit	from	mitosis	with	Cks

Cyclin B1-Cdk1 activity is essential to trigger mitotic entry but as shown in chapter	2,	its 
activity also controls mitotic exit (Lindqvist et al., 2007; Rudner et al., 2000). Exit from 
mitosis and cell division requires cyclin B1-Cdk1 complexes to be inactivated again, 
as its activity maintains the mitotic state and holds back processes like segregation of 
the sister chromatids and formation of a cleavage furrow (Pines, 2006; van Leuken et 
al., 2008). The cyclin B1-Cdk1 complexes are inactivated in mitosis by the destruction 
of the cyclin subunit via the ubiquitin proteasome system. At the right time in mitosis, 
a signal for destruction is generated on cyclin B1 and on another anaphase inhibitor, 
Securin, by a multi-subunit E3 ubiquitin ligase; the Anaphase-Promoting Complex/
Cyclosome (APC/C). The APC/C mediated destruction of cyclin B and Securin then 
allows distribution of the two genomes and the formation of two cells (Pines, 2006; 
van Leuken et al., 2008).

When cells enter mitosis, the APC/C is activated by phosphorylation and binding 
of its activator Cdc20 (van Leuken et al., 2008). However, to ensure that cells will 
exit mitosis only when all the chromosomes can be equally distributed, APC/C-Cdc20 
activity is controlled by the spindle checkpoint (SAC). Spindle checkpoint proteins 
bind to Cdc20 and thereby inhibit APC/C activity, thus keeping APC/C-Cdc20 
substrates stable and the cell in mitosis until all chromosomes are properly attached to 
microtubules of the mitotic spindle (Figure 1, SAC ON, during prometaphase) (Kops, 
2008). When these criteria are met, the SAC is switched off, allowing APC/C-Cdc20 
mediated protein destruction and mitotic exit. The role of cyclin B1-Cdk1 activity in 
controlling mitotic exit, as shown in chapter	2, may thus lie in its own inactivation, 
either indirectly via spindle checkpoint activity or directly via APC/C-Cdc20 activity.

In yeast studies, another Cdk subunit was discovered, called Cks. Yeast cells 
without Cks have problems with mitotic exit (Hayles et al., 1986b; Moreno et al., 1989; 

14



ONE  General introduction  General introduction  ONE

Hadwiger et al., 1989; Morris et al., 2003). Cks and the cyclin bind Cdk at different 
sites and Cks does not influence cyclin-Cdk activity in a catalytic manner (Figure 2B 
shows a cyclin B1-Cdk1-Cks complex) (Bourne et al., 1996; Wolthuis et al., 2008). 
However, Cks does enhance the phosphorylation of certain cyclin-Cdk substrates, as 
further explained below. Higher eukaryotes have two Cks paralogs, Cks1 and Cks2, 
and both of these bind to Cdk1 and Cdk2 (Bourne et al., 1996; Wolthuis et al., 2008; 
Demetrick et al., 1996). Mice without Cks1 or Cks2 are viable but knocking out both 
Cks genes results in very early embryonic lethality, implicating redundancy between 
these two Cks proteins, at least for some essential functions (Martinsson-Ahlzen et al., 
2008). For clarity, we will refer to both Cks proteins and their orthologs as Cks, unless 
a specific function for Cks1 or Cks2 is discussed.

Although Cks appears to have a role in mitosis in several organisms, which could 
explain the effect of cyclin B1-Cdk1 on mitotic exit, its mechanism was unclear and the 
possible other functions for Cks proteins in the cell cycle have complicated its study. 
For instance, Cks has been proposed to regulate entry into mitosis, via transcription 
of cyclin A, cyclin B1 and Cdk1, in mouse and human cells (Martinsson-Ahlzen et al., 
2008; Westbrook et al., 2007). A more direct role for Cks in the activation of cyclin 
B1-Cdk1 was found in Xenopus extracts, as it was required for hyperphosphorylation 
of Wee1, Myt1 and Cdc25 (Patra et al., 1999). Surprisingly, in higher eukaryotes, a 
specific function for Cks1 has evolved, as a co-factor in the ubiquitin mediated 

Figure	3.	Model	of	Cks-dependent	phosphorylation.	In STEP1 a cyclin B1-Cdk1 complex is shown 
that transiently interacts with one of its substrates to phosphorylate it. In this case the substrate 
is the APC/C.	 As Cks has affinity for phosphorylated residues via its anion-binding pocket, it 
can keep its associated cyclin-Cdk bound to the substrate, via the phosphorylated residue from  
STEP 1. The increased affinity for the substrate will allow cyclin B1-Cdk1 to efficiently phosphorylate 
additional residues in the substrate, as seen in STEP2.
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destruction of p27 (Spruck et al., 2001). The level of p27, which can bind and inhibit 
cyclin-Cdk complexes, is regulated to control cell cycle arrest and exit from the cell 
cycle (G0-phase) (Abukhdeir and Park, 2008).

Specifically analysis of the mitotic functions of Cks in human cells could be done by 
replacing endogenous Cdk1 with a mutant of Cdk1 that is unable to interact with Cks 
proteins (the Cdk1-1N mutant,	 chapter	 4,5) (Wolthuis et al., 2008). Cells expressing 
Cdk1-1N do not show obvious problems with mitotic entry (unpublished observations), 
which is in agreement with the Cdk1-1N mutant in budding yeast (note that yeast cells 
only have one Cdk, unlike higher eukaryotes)(Surana et al., 1991). These cells do however 
reveal mitotic phenotypes (Wolthuis et al., 2008; Surana et al., 1991) and chapter	5). 
Importantly, only Cdk1-dependent functions of Cks are impaired in these experiments. 
This is more specific than depletion of both Cks proteins, because the Cdk1-1N cells still 
contained Cks proteins that could bind Cdk2. These experiments therefore pinpoint at 
least some of the mitotic functions of Cks to its ability to bind Cdk1.

Cks proteins have an anion-binding pocket, which provides affinity for negatively 
charged moieties like phosphorylated residues in certain proteins. The anion-binding 
pocket of Cks is oriented parallel to the ATP-binding pocket of the Cdk (Bourne et al., 
1996). This led to the hypothesis that Cks could support phosphorylation of substrates 
by cyclin-Cdk, by binding pre-phoshorylated substrates via its anion-binding pocket. 
Such Cks-mediated binding would then allow the cyclin-Cdk complex to stay bound to 
the substrate and reach for additional sites, resulting in hyperphosphorylation of these 
substrates (STEP 2 in Figure 3) (Pines, 1996).

As explained above, the role of cyclin B1-Cdk1-Cks in mitotic exit was likely to be 
in the inactivation of mitotic cyclin-Cdk complexes, which is essential to exit mitosis 
and divide. Notably, the mitotic delay of the Cdk1-1N cells is independent of spindle 
checkpoint activity	(chapter	5). Therefore, the effect of cyclin B1-Cdk-Cks on mitotic 
exit is likely more direct, on the machinery that targets cyclin B1 for destruction. Indeed, 
Cks binds phosphorylated APC/C in mitosis and allows for hyperphosphorylation of the 
APC/C, which somehow increases global mitotic APC/C activity, resulting in enhanced 
destruction of APC/C substrates (Patra and Dunphy, 1998; Rudner and Murray, 2000; 
Wolthuis et al., 2008) (chapter	5). In addition to the role of Cks in enhancing APC/C 
phosphorylation, also the strong Cks dependent recruitment of cyclin B1-Cdk1 at the 
phosphorylated APC/C contributes directly to the fast turnover of cyclin B1, thereby 
safeguarding normal mitotic exit and cell division (Figure 4) (chapter	5).

Apart from cyclin B-Cdk1 complexes, also cyclin A-Cdk complexes need to be 
inactivated (chapter	3, chapter	4) (den Elzen and Pines, 2001; Geley et al., 2001; Parry 
and O’Farrell, 2001; Wolthuis et al., 2008; van Zon and Wolthuis, 2010). Interestingly 
however, destruction of cyclin A and cyclin B1 is separated by the spindle checkpoint 
(den Elzen and Pines, 2001; Geley et al., 2001; Ramachandran et al., 2007). Cyclin 
A is targeted for destruction via APC/C-Cdc20 as soon as the nuclear envelope is 
disassembled at mitotic entry, during prometaphase. At the same time, APC/C-
Cdc20 activity towards cyclin B1 is inhibited by the spindle checkpoint, as not all 
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chromosomes are captured by microtubules yet (van Zon and Wolthuis, 2010). This 
spindle checkpoint-independent destruction of cyclin A requires its associated Cks 
protein but also binding to the mitotic APC/C activator Cdc20 (Swan et al., 2005; 
Wolthuis et al., 2008). Complexes between cyclin A and Cdc20 already form before 
mitosis, via the unique N-terminus of cyclin A, possibly facilitating competition with 
spindle checkpoint components (Wolthuis et al., 2008). Cyclin B1-Cdk1-Cks complexes 
bind Cdc20 in a different manner and may therefore remain stable while the spindle 
checkpoint is active (chapter	3,5)(van Zon and Wolthuis, 2010). Why cyclin A should be 
degraded before cyclin B1 (and Securin) is not clear, but the timing of its destruction 
may have to do with preparations for the following S-phase, as proposed for a cyclin 
in yeast that is also degraded independent of spindle checkpoint activity (Schwob and 
Nasmyth, 1993; Keyes et al., 2008).

APC/C substrates contain a destruction-motif, often a D-box or KEN box, which 
is essential for their APC/C mediated destruction (Peters, 2006). Cyclin B1 contains a 
D-box, with a minimal amino acid motif of RxxL. Mutation of the arginine or removal of 
this domain results in a non-degradable version of cyclin B1 that arrests cells in mitosis, 
due to persistent Cdk1 activity (Clute and Pines, 1999). As the D-box is essential for 
destruction it was proposed that this motif is recognized by APC/C-Cdc20 and indeed 
specific interactions between D-box fragments and APC/C-Cdc20 could be found 
using in vitro systems and tandem D-box fragments (Yamano et al., 2004; Kraft et al., 
2005; Eytan et al., 2006). Recent experiments, also using such in vitro assays, led to 
the hypothesis that the spindle checkpoint prevents binding of APC/C-Cdc20 to its 
substrates by blocking recognition of the D-box in the substrate, thereby keeping 
these substrates stable and the cells in mitosis (Herzog et al., 2009; Choi et al., 2009; 
Sczaniecka et al., 2008). Interestingly though, we found that the spindle checkpoint 
does not prevent interactions between cyclin B1-Cdk1 and APC/C-Cdc20 as we could 
find a strong Cks-dependent interaction during spindle checkpoint activity	(chapter	5). 
Removal or mutation in the D-box did not affect the strong interaction between APC/
C-Cdc20 and cyclin B1-Cdk1-Cks, but did prevent destruction of cyclin B1	 (chapter	
5). This observation is in line with the idea that preventing recognition of the D-box 
by APC/C-Cdc20 would be a way the spindle checkpoint stabilizes APC/C substrates, 
even when the substrate is already bound to the APC/C. Reversely, cyclins that are 
not recruited to the APC/C via Cks are also impaired in their destruction, even if these 
cyclins have intact destruction motifs	(chapter	5). In line with this, the Cks-dependent 
interaction of cyclins with APC/C-Cdc20 is much stronger than the D-box-dependent 
interaction. Therefore, Cks-mediated recruitment of cyclins at the APC/C appears to 
supports the weak interaction between destruction motifs and APC/C-Cdc20, thereby 
facilitating fast turnover of cyclins in mitosis (Figure 5) (chapter	5).

Taken together, it starts to become clear that activity of cyclin B1-Cdk1-Cks, and the 
robust activation process of cyclin B1-Cdk1-Cks, not only controls entry into mitosis in 
both the cytoplasm and the nucleus, but also the preparations for its own inactivation 
by promoting APC/C-Cdc20 mediated protein destruction, allowing mitotic exit and 
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cell division (Shteinberg and Hershko, 1999; Rudner and Murray, 2000; Lindqvist et 
al., 2007; van Zon and Wolthuis, 2010; Rahal and Amon, 2008; Wolthuis et al., 2008) 
(chapter	2-5).

Similar to mitosis, activity of APC/C-Cdc20 is required in meiosis (McGuinness et 
al., 2009). Interestingly, knocking out Cks genes in mice revealed that Cks2-/- mice are 
sterile while Cks1-/- mice are fertile (Martinsson-Ahlzen et al., 2008). Cks2-/- oocytes 
and spermatocytes were arrested at metaphase I and did not progress to metaphase 
II. This effect could be overcome by injecting Cks1 or Cks2 mRNA in oocytes, showing 
the two Cks proteins could function redundantly in this meiotic function. Likely, Cks1 
is not sufficiently expressed in meiotic cells while Cks2 is, thus resulting in cells devoid 
of Cks proteins when Cks2 is knocked out. Also in other organisms Cks is essential for 
meiosis (Yu and Reed, 2004; Swan et al., 2005; Polinko and Strome, 2000; Hayles et 
al., 1986a), and it could thus be that Cks has a similar role in APC/C-Cdc20 mediated 
protein destruction in meiosis as revealed for mitosis.

Exit	from	mitosis	with	E2	enzymes

Although we learned more about the role of cyclin-Cdk-Cks in its own ubiquitin 
mediated inactivation, as seen in figure 4, the picture is not complete. E3-enzymes, 
like the APC/C, work together with E2-enzymes which carry an ubiquitin moiety that 
can be transferred to the substrate (van Wijk and Timmers, 2010). When the APC/C was 

Figure	 4.	 A	 direct	 role	 for	 Cks	 in	 cyclin	 turnover. Cks can bind phosphorylated APC/C 
which promotes hyperphosphorylation and activity of the APC/C, as shown in Figure 3 and  
chapter	 5. Apart from phosphorylation, also the direct strong recruitment of cyclin B1 to the 
APC/C promotes cyclin B1 turnover, probably by allowing sufficient time on the APC/C to 
generate an ubiquitin chain of sufficient length to be destroyed. Without the strong Cks 
dependent retention, cyclin B1-Cdk1 would require multiple consecutive interactions with the 
APC/C to get an ubiquitin chain of sufficient length.
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found in extracts of clam oocytes, also two E2-enzymes were found that could work 
with the APC/C in the transfer of ubiquitin onto cyclin B, namely UbcH10 and UbcH5 
(Aristarkhov et al., 1996). Although UbcH5 works with many E3-ligases, UbcH10 seems 
much more specific for the APC/C (van Wijk et al., 2009). Indeed in many organisms 
the role for UbcH10 in supporting APC/C activity has been appreciated, and dominant 
negative mutants of UbcH10 delay cells in mitosis (Aristarkhov et al., 1996; Mathe et 
al., 2004; Townsley et al., 1997; Osaka et al., 1997; Yu et al., 1996). However, recently, 
the Pines lab revealed that RNAi mediated depletion of UbcH10 by at least 90% did 
not affect mitosis (Walker et al., 2008). We also analysed the effect of severe UbcH10 
depletion in five human cell lines and did not find a clear mitotic arrest, at best a 
mitotic delay of several minutes (chapter	 6	 and data not shown). It could be that 
5-10% of UbcH10 levels provide sufficient APC/C-Cdc20 activity to drive a normal 
mitosis. Alternatively, the APC/C may use more than one E2-enzyme, for instance 
UbcH5 which is able to work with the APC/C in vitro and could maybe act redundant. 

Figure	5.	The	E2-enzymes	UbcH10	and	UBE2S	work	with	the	APC/C	to	ubiquitinate	its	substrates. 
E2 enzymes, loaded with ubiquitin by an E1 enzyme, bind E3-enzymes. The E3 enzyme brings 
the substrate and ubiquitin loaded E2-enzyme in close proximity and catalyses the transfer of 
ubiquitin from the E2 onto the substrate (Ye and Rape, 2009). APC11 is the catalytic RING subunit 
of the APC/C and the APC3 subunit is needed for Cks mediated retention of cyclin B1-Cdk1 
(Tang et al., 2001; Gmachl et al., 2000) (chapter	5). UbcH10 can initiate ubiquitination of APC/C 
substrates, which is thought to preferentially occur on lysines near the D-box region (Yamano et 
al., 1998; Ramachandran et al., 2007; Fung et al., 2005). The newly identified E2-enzyme of the 
APC/C, UBE2S is used to elongate ubiquitin chains on substrates, needed for recognition at the 
proteasome, which destroys these proteins. The function of Cdc20 is not completely clear, it is 
thought to bind substrates via their destruction-motif, perhaps needed for recruitment or strong 
retention of the substrate. Cdc20 has also been shown to activate the APC/C through binding via 
its C-box (Kimata et al., 2008).

19



ONE  General introduction  General introduction  ONE

Interestingly, in budding yeast, a combination of E2 enzymes, orthologues of UbcH5 
and E2-25K, were shown to support APC/C activity (note that budding yeast cells do 
not have a clear UbcH10 orthologue) (Rodrigo-Brenni and Morgan, 2007; Townsley 
and Ruderman, 1998). Also in fission yeast a combination of E2 enzymes is needed for 
cyclin B destruction, namely orthologues of UbcH5 and UbcH10 (Seino et al., 2003). 
In both these systems one of the E2 enzymes was used to initiate ubiquitination and 
the other was used to elongate ubiquitin chains, which may allow faster processing of 
substrates.

In an unbiased microscopy-based RNAi screen in which each human E2-enzyme, 
of 35 in total, was co-depleted with UbcH10, only cells from which UBE2S was co-
depleted with UbcH10 delayed in mitosis (chapter	 6). This delay is only observed 
when both E2-enzymes are depleted, suggesting that low levels of UbcH10 or UBE2S 
are sufficient for a normal mitosis but also that UBE2S and UbcH10 make a good team 
in mitosis. Even though double depleted cells are delayed in mitosis, these cells exit 
mitosis after this delay. However, these cells exit mitosis faster than cells in which 
APC/C subunits or Cdc20 are depleted to similar levels (data not shown). Possibly, 
even additional E2-enzymes are involved to allow mitotic exit in these cells. These 
could for instance be members of the UbcH5 family, nevertheless, not completely able 
to compensate for the loss of UbcH10 and UBE2S.

UBE2S interacts with APC/C-Cdc20 in mitosis and the destruction of APC/C 
substrates is slower after depletion of UBE2S and UbcH10, while destruction of tested 
non-APC/C substrates is normal (chapter	6). The binding of UBE2S at APC/C-Cdc20 
depended on the last amino acids in the C-terminal tail of UBE2S (Williamson et al., 
2009, chapter	6). Interestingly, the same 4 amino acid motif (LRRL) are conserved in 
the C-terminus of the Emi family of APC/C inhibitors. Emi1 inhibits the APC/C during 
interphase to prevent re-replication of the genome and to allow accumulation of 
APC/C substrates like the cyclins that are needed for mitosis, which is also the time 
Emi1 is degraded (Grosskortenhaus and Sprenger, 2002; Di Fiore and Pines, 2007; 
Machida and Dutta, 2007; Reimann et al., 2001). Clearly, the LRRL motif needed for the 
interaction between UBE2S and the APC/C was also required in Emi1 for its interaction 
with the APC/C and to prevent re-replication of the genome (chapter	 6). Because 
UBE2S and Emi1 use a similar motif to bind the APC/C, we tested whether they could 
compete and influence each other’s function, by introducing a non-degradable Emi1 
in mitosis or by overexpression of UBE2S, though in both cases we did not find clear 
competition between the two proteins (chapter	6 and data not shown).

Also three other groups found that UBE2S can work with the APC/C and have clearly 
shown that it enhances ubiquitination of APC/C substrates by elongating ubiquitin 
chains on the substrate, in cooperation with UbcH10 or UbcH5 (Garnett et al., 2009; 
Wu et al., 2010; Williamson et al., 2009). Surprisingly, UBE2S does not directly support 
ubiquitination of substrates by the APC/C, like UbcH10 and UbcH5 can, but UBE2S 
enhances ubiquitination of substrates when combined with one of these E2-enzymes 
(Williamson et al., 2009; Garnett et al., 2009; Wu et al., 2010)(chapter	6). This effect 
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of UBE2S is ablated if a type of ubiquitin is used that can be put on the substrate but 
cannot be elongated, suggesting that UBE2S works by linking ubiquitin to another 
ubiquitin, instead of directly on the substrate (Garnett et al., 2009; Wu et al., 2010; 
Williamson et al., 2009). In all, it is thus clear that the APC/C uses a combination of E2-
enzymes, one that initiates ubiquitination of its substrates and one that elongates the 
ubiquitin chains, which increases its processivity (Figure 5). This allows rapid protein 
destruction and proper mitotic exit.

Cancer

Cyclin B1-Cdk1 activity is needed for mitotic entry. Therefore, activity of cyclin 
B1-Cdk1 is also the target of responses after replication stress or DNA-damage in 
G2-phase, to prevent cells from dividing under such conditions (Chin and Yeong, 
2010). For instance, activation of the DNA damage response results in destruction of 
Cdc25A, an essential phosphatase for cyclin B1-Cdk1 activation (Mailand et al., 2000). 
Furthermore, upregulation of p21 via p53 halts the cell cycle by inhibiting cyclin-Cdk 
complexes until the damage is repaired (Taylor and Stark, 2001). Single cell analysis of 
cyclin B1-Cdk1 activity during such conditions or during recovery from such conditions 
have not been performed and will be very interesting, as at such moments cyclin 
B1-Cdk1 activity seems even more dependent on additional factors than simply the 
core components of its activation loop (Lindqvist et al., 2009). Many factors that can 
influence the activation loop have changed in cancer cells, like Plk1, Aurora A and, 
potentially, p21 and p27 (Abukhdeir and Park, 2008; Foijer et al., 2005; Bischoff et al., 
1998; Eckerdt et al., 2005). Analysing the consequence of these changes on cyclin 
B1-Cdk1 activity and mitosis could not only tell us more about the steps cells take to 
become cancer cells but may also give a better idea of the effects of radiation-therapy 
and chemotherapeutics that damage DNA, which halt cell cycle progression in normal 
cells but may cause mitotic catastrophe in cancer cells that were able to enter mitosis.

Cdk inhibitors are in clinical trials and show modest anti-tumour activity (Shapiro, 
2006). Cultured cells treated with such inhibitors arrest in G2-phase and some will 
enter mitosis as also observed with Cdk1 RNAi in chapter	 2 but these cells have 
problems in mitosis and with the proper control of cell division, which may be fatal for 
cells (Seong et al., 2003; Lindqvist et al., 2007)(data not shown). Cdk inhibitors are not 
completely specific for a single Cdk and inhibition of multiple Cdks may therefore also 
perturb the cell cycle at other points (Malumbres and Barbacid, 2009; Shapiro, 2006). 
The effects of these inhibitors are likely dose-dependent and to build a successful 
therapy it will be important to determine what the trigger for cell death is in these 
cells (Shapiro, 2006).

The most sensitive role of Cks may be in mitosis, though Cks has more functions 
that may give benefits to cancer cells. In many cancers, the levels of Cks proteins are 
high but whether these high Cks levels help to initiate or maintain tumour growth for 
instance by promoting cell proliferation, cell migration or by inhibition of apoptosis 
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is unclear (Inui et al., 2003; Kawakami et al., 2007; Kitajima et al., 2004; Li et al., 
2004; Masuda et al., 2003; Ouellet et al., 2005; Shapira et al., 2005; Shapira et al., 
2004; Slotky et al., 2005; Stanbrough et al., 2006; Urbanowicz-Kachnowicz et al., 
1999; ‘t Veer et al., 2002; Wong et al., 2006). Studies regarding such mechanism are 
emerging and it is clearly important to study the possible roles of Cks proteins in 
tumour evolution, which may be different for Cks1 and Cks2 (Kitajima et al., 2004; Lan 
et al., 2008; Wang et al., 2009).

Likely, the role of Cks1 in p27 turnover is an important factor promoting proliferation, 
as it will lower the threshold for progression through cell cycle transitions, most notably 
the G1/S transition (Bashir et al., 2004). Cks1 binds phosphorylated p27 in cooperation 
with the F-box protein Skp2, thereby presenting p27 at the SCF; another E3 ubiquitin 
ligase, which then marks p27 for destruction (Hao et al., 2005; Sitry et al., 2002). High 
Cks1 levels by themselves are not sufficient to enhance p27 turnover, though co-
expression with the SCF adaptor Skp2 seems sufficient (Kitajima et al., 2004; Masuda 
et al., 2003). Importantly, in many cases Cks1 and Skp2 are co-upregulated in cancer, 
potentially leading to downregulation of p27 via this pathway (Kitajima et al., 2004; 
Shapira et al., 2005; Shapira et al., 2004; Slotky et al., 2005; Kawakami et al., 2007).

Still, p27 destruction is not a function of Cks2 and thus cannot explain the frequent 
upregulation of Cks2 in cancers (Li et al., 2004; Stanbrough et al., 2006; Urbanowicz-
Kachnowicz et al., 1999; ‘t Veer et al., 2002; Wong et al., 2006). Especially, high 
expression of Cks2 is part of a prognostic profile for bad disease outcome in breast 
cancer patients (‘t Veer et al., 2002). Perhaps the role of Cks in the translation of 
cyclin A, cyclin B1 and Cdk1 gives these cells a proliferative advantage (Westbrook et 
al., 2007; Martinsson-Ahlzen et al., 2008). However, whether overexpression of Cks1 
or Cks2 induces transcription of these or other genes, beneficial for cancer, has not 
been examined. This option and other effects of high Cks levels should be tested. 
Moreover, in case overexpression of Cks1 or Cks2 does give benefit to cancer cells, 
it is interesting to note that because single disruption of Cks1 or Cks2 is not lethal 
in mice, specific inhibition of Cks1 or Cks2 could turn out to be a very manageable 
addition to current therapies (Keller et al., 2007).

Finally, current anti-mitotic treatments arrest cells in mitosis and prevent proper 
cell division, which often cause these cells to die (Harrison et al., 2009). To keep cells in 
mitosis, cyclins must be kept stable either directly or indirectly (van Zon and Wolthuis, 
2010). Directly impairing APC/C-Cdc20 activity does arrest cells in mitosis, as it is 
needed for cyclin turnover, although inhibition should be nearly complete, which is 
not easily reached (Wolthuis et al., 2008; Huang et al., 2009). However, cells have 
evolved a very sensitive signalling cascade, the spindle checkpoint, which inhibits 
APC/C-Cdc20 to arrest cells in mitosis until all chromosomes are properly attached 
to spindle microtubules. Anti-mitotic drugs like taxanes and vinca-alcaloids perturb 
microtubules, thereby impairing interactions between microtubules and chromosomes 
and maintaining SAC activity (Kops, 2008). This way, spindle poisons indirectly inhibit 
APC/C-Cdc20 and stabilize cyclin B1, which keeps cells in mitosis. However, even the 

22



ONE  General introduction  General introduction  ONE

spindle checkpoint cannot completely inhibit APC/C-Cdc20 activity and these cells 
may eventually exit mitosis if cyclin B1 levels became low enough before cell death is 
triggered (Clute and Pines, 1999; Brito and Rieder, 2006; Gascoigne and Taylor, 2008; 
Huang et al., 2009). Therefore, it will be interesting to see whether direct inhibition of 
APC/C-Cdc20, for instance by inhibition of factors described in this thesis, can enforce 
the indirect inhibition of APC/C-Cdc20 by spindle poisons. Possibly, this would result 
in a longer arrest in mitosis and more time to accumulate death signals, thereby driving 
the cell fate decision towards death in mitosis instead of mitotic exit (Gascoigne and 
Taylor, 2008; Huang et al., 2009).
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